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Abstract
Over 8 billion tons of plastic have been produced to date, and a 100% reclamation recycling strategy is not foreseeable. This
review summarizes how the mechanochemistry of polymers may contribute to a sustainable polymer future by controlling
the degradation not only of de novo developed designer polymers but also of plastics in existing waste streams. The
historical development of polymer mechanochemistry is presented while highlighting current examples of mechan-
ochemically induced polymer degradation. Additionally, theoretical and computational frameworks are discussed that may
lead to the discovery and better understanding of new mechanochemical reactions in the future. This review takes into
account technical and engineering perspectives converging the fields of trituration and polymer mechanochemistry with a
particular focus on the fate of commodity polymers and potential technologies to monitor mechanochemical reactions while
they occur. Therefore, a unique perspective of multiple communities is presented, highlighting the need for future
transdisciplinary research to tackle the high-leverage parameters governing an eventually successful mechanochemical
degradation approach for a circular economy.

Introduction

The use of mechanochemical reactions for the chemical
recycling of polymers is a relatively new concept, although

the underlying phenomena have been described for decades.
Initially, the widespread introduction of polymers as com-
modity materials necessitated the investigation of their
behavior under mechanical action. In 1934, Staudinger and
Heuer observed that the degradation of polystyrene (PS)
and natural rubber led to a decreasing viscosity and hence
attributed this to a decreasing molar mass. They hypothe-
sized that this was caused by the mechanochemically
induced depolymerization of the polymer backbone [1].
Kauzmann and Eyring confirmed this hypothesis in 1940
and developed the first kinetic description of the mechan-
ochemical bond scission process in polymers [2].

The last decade has experienced rapid growth of polymer
mechanochemistry employing tailored polymers that bear
force-sensitive functional molecular motifs (mechan-
ophores) [3–5]. These mechanophores were placed in dif-
ferent polymer architectures, and their mechanochemical
actuation resulted in specific molecular transformations
realizing the desired function. Although it is a promising
technology, the mechanophore concept still suffers from
some unsolved limitations, such as expensive syntheses,
processability, and alteration of the physicochemical prop-
erties of the host polymer matrix, rendering scalability and
transfer to application problematic [6–8].

An alternative approach to exert force on molecules and
materials is the use of trituration mechanochemistry [9],
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which is defined as the realization of chemical reactions by
direct absorption of mechanical energy exerted by grinding
and milling [10]. In contrast to polymer mechanochemistry,
trituration mechanochemistry relies on the compression and
shearing of molecules and is hence mostly associated with
bond formation reactions. Trituration mechanochemistry is
often conducted in ball mills, where mechanical energy is
delivered by collisions. This allows solid‒solid reactions to
be performed in a solvent-free environment or with little
solvent [11] and enables reactions that normally require
high temperature to activate reactants and rapid quenching
to prevent undesirable series reactions [12]. In addition, ball
mills are an established and scalable technology industrially
used in ore and concrete processing with performances of
multiple thousand tons per hour.

Very recently, the historically separated fields of polymer
and trituration mechanochemistry started to converge, as
researchers found that milling and grinding are very much
suited to mechanochemically synthesize or degrade poly-
mers – with and without mechanophores [13–15]. This has
led to a recent rapid increase in reported research where on
the one hand, trituration techniques are being used to
indiscriminately pulverize and breakdown polymer materi-
als for sustainability applications, and, on the other hand,
tailored mechanophores in the polymer mechanochemistry
community are selectively activated using milling proce-
dures. While the polymer mechanochemistry community
struggles with the aforementioned hurdles for real-world
applications, the trituration mechanochemistry community
has not yet implemented the full conceptual framework of
polymer mechanochemistry that has been established over
the last few decades [16]. This is complicated by con-
ceptually unclear obstacles, such as the alignment of the
reactive bonds with the force vector. While polymer
mechanochemical reactions are mostly dissociative and
hence bonds are stretched while the reacting atoms are
moved away from each other on the reaction coordinate, the
same mechanism cannot be applied to trituration where a
mixture of shear and compressive forces occur. In addition
to direction, the intensity, duration, and rate of mechanical
force application play an elusive role in mechanochemical
reactions. This leads, among others, to problems in the
theoretical description of force-induced trituration reactions.

This review aims to facilitate this disciplinary exchange
and to catalyze future endeavors in the context of sustain-
able polymer degradation so that both communities can
profit from their respective established principles and pro-
cedures. Therefore, we summarize recent notable examples
and discuss a possible future path with challenges and
obstacles to be overcome. We introduce tailor-made poly-
mers adhering to the mechanophore concept that depoly-
merize partially or completely upon force application. We
then summarize the theoretical and computational

frameworks that are necessary to describe the mechan-
ochemical reactivity of mechanophores to render them
applicable in real-world sustainability scenarios. Hereafter,
we provide an overview of trituration mechanochemistry
efforts in combination with heterogeneous catalysis and
their potential in depolymerization reactions. Last, we
highlight current in situ mechanochemical observation
techniques to tackle the big challenge of how to rationalize
mechanochemistry in ball milling processes.

Mechanophores for the accelerated
degradation of polymers

A fundamental requirement for a degradable polymer is that
the stimulus initiating the degradation reaction must be
orthogonal to the application profile of the polymer. For
example, it would be disadvantageous to endow a polymer
used for organic photovoltaics with light-induced degrad-
ability. One approach to circumvent this problem is to gate
the degradation stimulus by an additional functionality.
Particularly in the field of mechanochemistry, this approach
is useful since mechanical force is ubiquitous and acts on
polymers during their manufacturing and application [15].
To construct a molecular gate, a secondary gated reactivity
is masked by a primary gating function. Force is currently
reported exclusively as a primary gating function, while
secondary reactivity can be either an increased suscept-
ibility to degradation reagents (acids, bases, catalysts) or a
self-immolative function [17, 18]. These efforts comple-
ment research activities on mechanochemical bond scission
reinforcement reactions that can be used to prolong the
material life cycle through inducing secondary poly-
merizations [19–23] or the dissipation of mechanical energy
by mechanophores as sacrificial bonds [24–26].

Ceiling temperature engineering

In 2014, Moore and coworkers presented what could be
described as the first mechanochemically degradable polymer
with specifically tailored force-responsive functionality [27].
They prepared cyclic poly(o-phthalaldehyde) (PPA) with a
high molar mass and subjected it to ultrasound (US) [28]
in solution (Fig. 1a). In addition to the expected chain scission
and average molar mass decrease, they observed depolymer-
ization of the polymer. The PA monomer was produced and
could be effectively repolymerized into PPA using an anionic
initiator, thus accomplishing a full cycle of depolymerization
and repolymerization. With combined experimental trapping
techniques and ab initio computational simulations, they found
that mechanochemical scission proceeded in an unusual (for
polymer mechanochemistry) heterolytic fashion, producing
both hemiacetalate and oxocarbenium end groups. These
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reactive sites effectively lowered the ceiling temperature Tc of
the polymer, consequently initiating depolymerization even
under the given sonication conditions at −15 °C. While US-
induced inertial cavitation can create hot spots with very high
temperatures [29, 30], this did not cause the depolymerization
reaction of the low-Tc PPA, as verified on shorter, mechan-
ochemically inactive PPA derivatives.

A comparable approach relying on a low-Tc polymer
was developed by Kumar and Goodwin in 2015. They
prepared a strictly alternating copolymer of vinyl acetate
and SO2 at −70 °C, namely, poly(vinyl acetate-alt-sulfur
dioxide), which was found to be responsive to a variety of
stimuli, including reactive oxygen species, light, and
mechanical force (Fig. 1b) [31]. Mechanistically, an US-
induced homolytic bond scission reaction at the S–C bond

likely spurred the generation of radicals and thus equili-
bration to free monomer, leading to depolymerization at
low concentrations. Low-Tc poly(vinyl acetate-alt-sulfur
dioxide) showed a continuous decrease in molar mass and
continued to generate monomers even after the sonication
process was terminated. Throughout the sonication pro-
cess, the temperature of the solution was maintained, and
no increase of more than 2 °C was observed. Conse-
quently, the temperature remained within the previously
reported range of Tc (−20 °C) and the decomposition
temperature (140 °C).

This and the example by Moore and coworkers are
particularly appealing since they showcase the depolymer-
ization into the original monomers used for synthesizing the
polymers in the first place. However, low-Tc polymers
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Fig. 1 Mechanochemically induced depolymerization reactions. The
force-responsive bond is depicted in red, and the degradable moiety is
depicted in green. a Poly(o-phthalaldehyde) by Moore and coworkers
[27]. b Poly(vinyl acetate-alt-sulfur dioxide) by Kumar and Goodwin
[31]. c Poly(cyclobutane lactone) by Wang and coworkers [33].
d Poly(cyclobutane ketal) by Craig and coworkers [34].

e Poly(cyclobutene diol) by Craig and coworkers [35]. f Latent poly
(2,5-dihydrofuran) by Wang and coworkers [36]. gem-Dichlor-
ocyclopropane (gDCC) mechanophores in Panels (d) and (e) are
shown but were only used as internal standards for scission rate
analysis
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remain without any notable real-world application, limiting
their role in closed-loop recycling strategies since they can
be mechanochemically degraded but require storage and
processing at low temperatures due to their low thermal
stability. Conceptually, it may be possible in future endea-
vors to introduce significantly large alterations in the Tc by
mechanochemical gating [32], rendering the polymer ther-
mally stable and processable in the latent state. Therefore,
fundamental thermodynamic constraints of the
polymerization-depolymerization equilibrium might be
overcome (cf. Section “Mechanochemical recycling of bulk
polymers to small molecules”).

Mechanochemical gating of degradability

Wang and coworkers followed a different approach in 2020
when they implemented the protection of a base-cleavable
lactone with a cyclobutane mechanophore (Fig. 1c) [33].
While the lactone was also base-sensitive in the protected
form, saponification without antecedent scission of the
mechanophore did not result in chain cleavage. The appli-
cation of US to a solution of poly(cyclobutane lactone)
generated alkylic esters, which degraded upon methanolysis
in the presence of Bu4NOH. Almost simultaneously pub-
lished and conceptually similar was the approach by Craig
and coworkers, who relied on the cyclobutane protection of
an acid-sensitive ketal functionality (Fig. 1d) [34]. In the
nonactivated form, the hydrolysis of the ketal moieties did
not lead to chain scission, while after US-induced cleavage
of the cyclobutane mechanophores, CF3COOH induced
fragmentation to the corresponding olefinic alcohols and the
α,β-unsaturated γ-lactone.

Craig and coworkers then improved this mechan-
ochemically gated degradability approach in 2020 to a point
where no external addition of a degradation agent was needed
after the latent mechanophores were activated (Fig. 1e) [35].
They achieved this by appending the hydrolyzing sub-
stituents directly to a cyclobutene mechanophore, effectively
producing a poly(cyclobutene diol). Upon US-induced ring
opening, the alcohol termini underwent intramolecular 5-exo-
trig lactonization, thereby depolymerizing those chain seg-
ments that contained the activated mechanophore. Most
notably, Craig and coworkers showed for the first time that
this was also in principle possible by using a typical com-
pounding twin screw extruder. Using an extruder increased
the rate of the lactonization process, matching the expectation
due to the simultaneously increased temperature. While
several conceptual challenges remained, this showed that
depolymerization mechanochemistry in widely available and
scalable extruders is possible for adapting to industrial plastic
recycling.

In 2023, Wang and coworkers then reported the combi-
nation of a strong mechanochemical gating function and a

low-Tc polymer (Fig. 1f) [36]. Therefore, they prepared a
masked poly(2,5-dihydrofuran) including cyclobutane
mechanophores that can switch from high-Tc to low-Tc on
demand. The ring-opening metathesis polymerization of the
starting monomer using a 2nd generation Grubbs catalyst
afforded the corresponding high-Tc polymer at room tem-
perature. Upon US application, these were ring-opened and
reformed the native poly(2,5-dihydrofuran) backbone,
which was prone to depolymerization to 2,5-dihydrofuran
by processing it at 30 °C for 6 h in the presence of a 2nd
generation Grubbs catalyst. Most notably, the authors also
attempted extrusion and compression to prove the scal-
ability of their approach leading to no significant mechan-
ophore activation. However, when ball milling a
crosslinked film of the masked poly(2,5-dihydrofuran), they
found considerable mechanophore activation, constituting a
promising outlook for further convergence in polymer and
trituration mechanochemistry. Although they observed the
highest degradation via sonication, the technique is self-
limiting for sustainable polymer degradation in terms of
scalability due to the necessity of using large amounts of
solvent.

Challenges and opportunities

Overall, several challenges for the development of polymers
that are mechanochemically degradable by design remain.
First, the conceptual conundrum is that the degradation
trigger must be protected with another stimulus that is
orthogonal to the environmental usage parameters in which
the polymer is applied. Second, until now, mechanical force
was only used as the gating stimulus and not as the gated
stimulus. Effectively, mechanochemistry has only been an
auxiliary technology to date. It may be possible to use
different stimuli to gate mechanochemistry [37, 38] as the
actual stimulus, which would then widen the scope of
possible depolymerization and recycling techniques.

Moreover, the scalability of the mechanophore principle
into commodity polymers remains elusive. Mechanophores
are expensive, more suitable for use in the production of
high-technology goods, and deprive most commercial
polymers of their beneficial physicochemical properties.
Either mechanophore design must be radically simplified or
nonlinear, e.g., catalytic processes must be implemented
where very little mechanophore activation spurs complete
depolymerization reactions. Commodity polymers could
also be transformed into mechanically gated degradable
polymers through postpolymerization functionalization or
via copolymerization of commercial and mechanophore-
based monomers to diminish the cost. The aspect of non-
linearity is also relevant to mechanochemical conversion.
Designs relying on quantitative mechanophore conversion
to unmask the latent degradable site suffer from incomplete
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degradation and depolymerization since the critical force
threshold can only be overcome in the central region of the
linear polymer [39]. Thus, a significant portion of the parent
polymer remained in the presented non-Tc-based depoly-
merization reactions. Last, no developed methods until now
show compatibility with existing waste streams, and all
would require the roll-out of de novo developed polymer
materials.

Computational elucidation of
mechanochemical reactivity

The goal of computational or quantum mechanochemistry is
to understand the molecular mechanisms of the bond
breaking and formation processes that are involved in the
degradation of polymers. This can help to improve
degradability by either designing new potential mechan-
ophores or investigating the most likely breaking point upon
trituration. The methods described in this section are based
on quantum chemical investigations of molecular systems
by means of (approximately) solving the electronic Schrö-
dinger equation. Currently, this is done by using density
functional theory (DFT), which gives a good compromise
between accuracy and computational cost. To evaluate
whether a compound can be mechanically activated, dif-
ferent computational approaches have been developed.
They can be based on isometric or isotensional approaches
and will be described in the following section.

Isometric simulations

Isometric simulations are based on simulating external
forces as a geometrical constraint. This allows for a sys-
tematic investigation of molecular properties depending on
a geometric parameter. The most commonly used method of
this subclass, Constrained Geometries simulate External
Force (CoGEF), is based on subsequent minimizations,
where the system is allowed to relax except for the atoms on

which an extrinsic force is supposed to act [40, 41]. With
each optimization, the distance between the two atoms is
gradually increased. As a result, the potential energy along
the displacement from the minimum structure is obtained,
and the maximal force necessary to activate the mechan-
ophore can be received as the slope of the resulting energy-
displacement plot (Fig. 2). The method is efficient and easy
to implement, which has spread its use in the last decade. A
recently published exhaustive study showed that CoGEF
predicts the mechanochemical product correctly in 88% of
the more than one hundred studied mechanophores [42].

The CoGEF method can be understood as a static picture
of the mechanochemical process, i.e., thermal and dynamic
effects are neglected. This leads to two drawbacks: (i) As
alluded before, some reactions are not described correctly,
particularly in cases where the scissile bond is not aligned
with the pulling vector, such as for “flex-activated”
mechanophores [43–45] or so-called head-to-tail dimers
[42]. (ii) The maximal force obtained by CoGEF, Fmax,
although shown to correlate somewhat with the experi-
mentally determined forces from single-molecule force
spectroscopy (SMFS), is overestimating the experimental
force, as no thermal effects are considered [46].

Isotensional simulations

In mechanochemical experiments, the increase in force
acting on a system is slow compared to the molecular
motion. Therefore, it can be assumed that the external force
is constant on the timescale of chemical reactions and
events, i.e., that the system behaves adiabatically with
respect to the change in force. This enables computational
protocols of isotensional simulations where the external
force is a mere parameter F0, which differs in how the force
is incorporated.

According to Bell’s theory, the activation energy of a
mechanochemical reaction, GA, is linearly dependent on the
strength of the applied force, F0, and ΔR, which is the
change in the distance of the atoms at which an external
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Fig. 2 Schematic representation of the CoGEF method. a The dis-
sociation of a C–C bond in polypropylene (PP) is shown. b The
change in potential energy with respect to a displacement of the

pulling atoms (outermost atoms of the model PP) is shown. The
derivative of the potential energy along the displacement corresponds
to the force necessary to break the bond
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force is applied from the reactant to the transition state (Eq.
(1)) [47].

GA F0ð Þ ¼ G0
A � ΔR � F0 ð1Þ

Here, G0
A is the activation free energy without external

force. While Bell’s theory assumes a linear dependence of the
activation barrier on the external force, this is often not
sufficiently accurate, and an extended Bell theory was
suggested going beyond the linear term and including
second-order corrections based on the curvature of the
potential energy [48]. These quadratic terms proved necessary
to describe the force dependence of the ring-opening reaction
of benzocyclobutenes correctly [48]. Both original and
extended Bell theory have in common that the external force
is added after reactant and transition structures are obtained
without external force, i.e., the ab initio potential energy
surface constructed from quantum chemical computations.
This post hoc inclusion of mechanical force requires that the
stationary points that are essential for the mechanochemical
reaction can be located without external force. This is not the
case for dissociation reactions or someWoodward–Hoffmann
forbidden reactions, where the transition structures are not
optimizable without external force [49].

To be able to investigate mechanochemical reaction
pathways that are qualitatively different from the thermal
reaction pathways without external force, the mechanical
force needs to be included explicitly. The application of a
constant (curl-free) external force is mathematically
equivalent to a change in the potential energy surface (PES)
of the specific compound and therefore leads to the creation
of a Force-Modified Potential Energy Surface (FMPES)
[50]. The FMPES is constructed by a modification of the
forces resulting from the quantum chemical ab initio cal-
culations and is used in computational mechanochemistry
rather than the ab initio potential energy surface, Vab initio.

In the EFEI (External Force is Explicitly Included) approach,
one variant of constructing the FMPES, the external force
F0 multiplied by the distance ΔR between the atoms being
pulled is subtracted from the ab initio energy Vab initio to deter-
mine the effective, force-dependent energy VFMPES (Eq. (2)).

VFMPES x;F0ð Þ ¼ Vab initio xð Þ � ΔRðxÞ � F0 ð2Þ
The bold, upright x denotes the 3N–6-dimensional vector

of the internal degrees of freedom of the molecular system.
The difference from Bell’s model is that VEFEI x;F0ð Þ, i.e., the
3N–6-dimensional FMPES, is now used to perform geometry
and saddle point optimizations and for other techniques.
When molecular dynamics (MD) simulations are performed
on an FMPES, the term steered molecular dynamics (SMD)
is used to denote the use of an external force.

The FMPES can differ significantly from the non-
modified potential energy surface. Not only lowers the

external force the mechanochemical reaction barriers or
even makes them disappear but also allows for new mini-
mum structures to form or disappear. As a result, the
mechanochemical reaction mechanism can deviate qualita-
tively from the thermal reaction mechanism, as the extrinsic
force can enable new reaction pathways [50, 51]. For
example, transition state structures can be trapped, such that
the ring-opened form of gDCC becomes a minimum
structure [52]. Additionally, the force-dependent product
distribution caused by isomerization reactions of (biradical)
intermediates could be explained by means of FMPES
computations in combination with SMD [53].

A typical force dependence of a chemical reaction is
displayed in Fig. 3b, where the effective potential energy
against the reaction coordinate is shown for an exothermic
reaction without an external force and with the application
of a medium and a strong force. As the force increases, the
potential energy surface becomes increasingly deformed,
and the transition state of the reaction is further lowered in
energy. The reaction rate constant k can be estimated by the
Eyring Eq. (3),

k T ;F0ð Þ ¼ kBT

h
� e�

GA F0ð Þ
RT ð3Þ

where kB is Boltzmann’s constant, h is Planck’s constant, R is
the ideal gas constant, and T is the temperature. In general,
the rate constant becomes larger when increasing the
magnitude of the external force F0 for mechanically
activatable reactions. Therefore, at high enough forces, the
activation barrier GA(F0) is low enough that the lifetime of
the molecular system corresponds to the timescale of the
respective experiments. In Fig. 3c, the force dependence of
the activation energy is shown. The gray area marks the range
where the activation energy was reduced by an external force
so that the lifetime of the reaction is short enough for the
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Fig. 3 a Schematic illustration of the effect of an extrinsic force on the
ring opening of cyclobutene. b Increasing force alters the reaction path
on a FMPES, such that the activation energy is reduced. c The
increasing force leads to a lowered activation barrier. The gray area
denotes the energy region where a (mechano-)chemical reaction pro-
ceeds with a lifetime in the order of the time of the experiment
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reaction to take place [49, 50]. This approach includes
thermal effects in the computations of the activation barriers
and thus differs from CoGEF computations, which require
the potential energy barrier to completely vanish to predict a
mechanochemical reaction [42].

Regarding polymer degradation, the FMPES method can
be used to simulate external forces acting on the molecular
system. In general, the FMPES method is suitable for
describing mechanochemical reactions occurring during ball
milling, but the direction of the external force vector is not
uniquely defined. In any case, the application of an extrinsic
force on a polymer chain will lead to fragmentation.

To assess where commodity polymers degrade when
subjected to mechanical stress, the possible breaking points
in the main chain need to be identified, and force-dependent
barrier heights need to be computed and compared. For the
search for possible breaking points in the main chain,
automated reaction discovery methods can be used in cases
where the polymer becomes more complex and more than
one or two different bonds might be broken. Recently,
Maeda and coworkers published a study in which they
modified the Artificial Force Induced Reaction (AFIR)
method, an established method for reaction discovery [54]
that they developed [55], to predict the mechanochemical
reactivity of various systems [56]. In that study, in addition
to known mechanophores, the degradation of commodity
polymers was investigated to determine where bond scis-
sion appears under mechanical stress (cf. Figure 4 and
Table 1 below for a selection of investigated polymers). The
rather simple polymers polyethylene (PE), PS, and poly-
propylene (PP) have just one possible breaking point.
Polysulfone (PSU), on the other hand, can break in two
places: either a carbon‒carbon bond is broken or, alter-
natively, a carbon-sulfur bond scission takes place [56]. The
study proceeded by investigating the influence of tacticity
on the mechanochemical degradability of commodity
polymers, showing that the force needed to degrade syn-
diotactic PP is approximately 370 pN higher than for iso-
tactic PP (Table 1).

Macroscopic models for mechanochemical bond
scission

Apart from the quantum mechanical approach described
above to calculate reaction rates, empirical models were

developed to quantify the speed of reaction. Mechan-
ochemical bond scission in polymer backbones is described
by the Thermally Activated Barrier to Scission (TABS)
model by Odell and Keller [57–60]. While the TABS model
was developed for strain in flow fields occurring in polymer
solutions, Zhurkov and Bueche investigated the fracture of
polymer chains when exposing solid polymer samples to
mechanical stress [61–63]. Their observations are in
agreement with the TABS model. Zhurkov formulated a
modification of the Arrhenius equation for the rate constant
k for chain cleavage when a macroscopic stress σ is applied
(Eq. (4)) with the preexponential factor k0, the activation
energy barrier EA and an activation volume α, which relates
the macroscopic stress to the force acting on the bond to be
broken [64].

k ¼ k0 � e�
EA�α�σ

RT ð4Þ

This is similar to Bell’s model, which describes the change
in a chemical reaction barrier by an external force at the
molecular level, as shown in Eq. (1). Accordingly, Eq. (4)
can be seen as a macroscopic version of Bell’s theory. A
comparison of experimental values obtained for the para-
meters in Eq. (4), in comparison to computational values,
such as force-dependent reaction barriers, could yield insight
into the force transfer from the macroscopic to the molecular
level, i.e., the activation volume α.

Challenges and opportunities

While the basic principles of force-dependent quantum
chemical investigations are established and the
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a b

c d

Fig. 4 Selection of recently
examined polymers [56]. The
bonds that are cleaved
mechanochemically are marked
in red. a PE, b PP, c PS, and
d PSU

Table 1 Glass transition temperatures (Tg), melting temperatures (Tm),
ceiling temperatures (Tc), limiting degrees of polymerization (Xn,lim),
and computational bond activation forces (Fmax) of PE, PP, PS, and
PMMA

Polymer Tg (°C)
[139]

Tm (°C)
[139]

Tc (°C)
[140]

Xn,lim Fmax (pN)
[56]

PE −120 135 400 71–100 [84] 3660

PP −10 188 300 3040

PS 100 240 230 96–130
[85–87]

2950

PMMA 110 183 220 63–120 [88] 2400

Leveraging mechanochemistry for sustainable polymer degradation 255



abovementioned methods work well for a wide range of
linearly acting forces in polymer mechanochemistry, mod-
eling the effect of trituration remains a challenge since the
direction of the forces acting on the substrate is not well
defined. For example, in ball milling, balls crush the
molecular probe, exerting forces in random directions at
every collision. While some studies claim that the
mechanical effect of ball milling only results in a change in
the local concentration and/or the dielectric constant [65],
others used more sophisticated approaches such as hydro-
static pressure or selected molecular distortions to mimic
uniaxial compression to model the influence of trituration
[66]. Moreover, the direction as well as the magnitude of
the external force vector acting on a molecular level is
unknown. Thus, it remains unclear how to connect
molecular-level simulations to the macroscopic forces
exerted by ball milling, and a comprehensive comparison of
different approaches with experimental results is needed to
build methods able to predict the outcome of trituration
experiments.

Another challenge for computational methods is to
explain and quantify the reactions occurring after the pri-
mary mechanochemical reactions. In particular, the non-
selective reactivity of the resulting radicals leads to a
plethora of unforeseen chemical reactions, such as hydrogen
migration, initiation of autoxidation, and radical transfer
reactions. Automated methods of computational reaction
discovery can explore these degradation pathways. How-
ever, this is a computationally demanding endeavor, as the
resulting chemical reaction network can easily consist of
hundreds of molecular species. Furthermore, surrounding
molecules, such as solvent or other polymer segments, must
be included in the simulations to find intermolecular reac-
tions, such as reactions with O2, which can lead to accel-
erated degradation via autoxidation [67]. The resulting
chemical reaction network can be used to construct a
microkinetic model to predict the most likely reaction
pathway and products upon the degradation mechanisms
depending on temperature, external force, concentration of
environmental molecules, and other parameters. This can
help to optimize conditions for an optimal degradation
efficiency and reveal possible catalytic mechanisms.
Among various methods for automated reaction discovery,
the ab initio nanoreactor approach might be a suitable tool
for the discovery of radical reactions [68, 69]. Additionally,
the recent extension of the AFIR method was able to find all
possible scission reactions of a crosslinking agent upon
mechanochemical activation [56], making this method a
promising tool for the systematic exploration of mechan-
ochemical reaction networks. However, further develop-
ment of computational methods is needed to make
molecular reaction discovery more efficient and construct
more complete chemical reaction networks.

Mechanochemical recycling of bulk
polymers to small molecules

While the coupling of mechanochemistry and design-for-
recycling can provide the next generation of sustainable
materials, this concept is not applicable to the >8 Gt of plastic
already produced [70]. Nonetheless, mechanochemistry
offers potential for the chemical recycling of these bulk
polymers by transforming them into their monomers or other
raw materials needed in the chemical industry. The
mechanochemical liberation of small molecules from poly-
mers with a C–C backbone was already shown by Regel and
coworkers in 1967, who observed that poly(methyl metha-
crylate) (PMMA), PS, and PP release volatile products,
among others monomers, after rupture of the backbone bonds
due to mechanical load [71]. This effect has recently received
attention as a strategy for depolymerization of PS and PMMA
[72, 73]. However, especially for most produced plastics, i.e.,
polyolefins such as PE and PP, key challenges have to be
addressed: (i) Control over the selectivity is challenging due
to the absence of predefined breaking points. (ii) Polyolefins
are difficult to depolymerize due to their low glass transition
temperatures Tg. (iii) The existence of a limiting molar mass
below which no chain cleavage can occur seems to prohibit
full depolymerization. (iv) Finally, providing the thermo-
dynamic driving force for depolymerization is challenging.

(i) Polyolefins offer no functional groups in the backbone
that can be targeted for selective (mechano-)chemical
cleavage strategies. During the purely thermal conversion of
PP by pyrolysis above 400 °C, over 500 products are
obtained [74]. While lower temperatures during mechan-
oactivation could help direct selectivity due to the lowered
reactivity of active intermediates, the fundamental challenge
of controlling where the polymer is cleaved and how sub-
sequent reactions proceed remains. Condensation polymers
such as polyethylene terephthalate (PET), on the other hand,
offer heteroatom functionalities in the backbone, which can
be targeted as breaking points for selective mechan-
ochemical cleavage strategies, such as those observed in
thermochemical recycling by solvolysis [75–77]. Recent
examples have demonstrated the mechanochemical depo-
lymerization of PET with NaOH [78, 79] and of the bio-
polymers cellulose [80], chitosan [81], and chitin [82] under
acidic conditions.

(ii) The degradation rate constant, a measure of chain
scission frequency, when milling PMMA and PS is
strongly dependent on the Tg, with a high Tg indicating
high cleavage rates [83]. However, the Tg of polyolefins is
far below room temperature, which likely leads to a lower
impact efficiency (Table 1). Thus, it is not surprising that
the mechanochemical recycling of PE and PP is very
challenging and, to the best of our knowledge, has not yet
been reported.
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(iii) Full depolymerization of polymers requires the
mechanochemical activation of very short-chain polymers.
To enable polymer backbone cleavage, however, macro-
scopic forces have to be translated to submolecular forces
along multiple length scales. To explain how macroscopic
stress “arrives” at molecular C–C bonds, Zhurkov and
Bueche proposed that chain entanglements play a crucial
role [61–63]. While entanglement keeps the polymer chains
from slipping past each other, allowing for effective force
transfer, a higher number of entanglements also allows the
forces to dissipate along a larger number of bonds, which
leads to lower stress concentrations [63]. However, the
exact nature of force application in milling processes
remains unclear (cf. Section “Macroscopic models for
mechanochemical bond scission”). It is clear, however, that
polymeric interactions are a prerequisite for mechan-
ochemical bond cleavage and that hydrocarbons below a
certain degree of polymerization (Xn,lim) are “inert” to ball
milling [63, 84]. Values for Xn,lim have been reported for PS
[85–87], PE [84], PMMA [88] (Table 1), and poly-
vinylpyrrolidone (Xn,lim= 75) [89]. Sohma and Sakaguchi
explained this phenomenon in terms of a balance between
interatomic forces (i.e., chemical bonds) and intermolecular
forces (i.e., van der Waals forces) [63, 90]. The presence of
a limiting molar mass under which no chain cleavage takes
place has important implications for the mechanochemical
recycling of bulk polymers since it poses a fundamental
challenge to full depolymerization.

(iv) To design a successful mechanochemical conversion
strategy, kinetic and thermodynamic considerations must be
made. As discussed in Section “Macroscopic models for
mechanochemical bond scission”, macroscopic mechanical
stress is introduced into the plastic material and translated to
mechanical bonds, thereby increasing the energy of the
starting material and lowering the experienced activation
energy barrier to bond cleavage. This accelerates the
kinetics of generating radicals as active chain ends, which
can then undergo depolymerization to shorter hydrocarbons
(Fig. 5). However, a thermodynamic driving force must
exist to drive depolymerization of this active chain end. The
ceiling temperature Tc is the temperature above which
depolymerization is thermodynamically favored over poly-
merization. When comparing different polymers, a lower Tc
indicates a higher thermodynamic drive to depolymerize.
The high Tc of polyolefins is thus unfavorable (Table 1).
This is also illustrated in Table 2 using dodecane as a model
compound: cracking to hexane and hexene is only favored
above 500 °C. Therefore, pathways beyond cracking
deserve attention to drive thermodynamics. For example,
aromatization creates an entropic driving force, but the
reaction remains unfavorable under ambient conditions
unless it is coupled with the consumption of H2 in a suffi-
ciently favorable reaction. In contrast, negative free energies

of reaction are obtained for the hydrogenolysis or oxidative
cracking of dodecane. Indeed, hydrogenolysis [91], tandem
hydrogenolysis/aromatization [92], and mechanocatalytic
oxidative cracking [78] have been used as driving forces for
PE conversion in the literature.

Mechanocatalysis can provide a kinetic driving force,
while oxidative strategies can provide a thermodynamic
driving force. For example, in their report on mechan-
ochemical conversion of PS to its monomer, Balema, Luzi-
nov, and coworkers proposed that O2 in concert with steel
shavings is crucial to the production of monomers via a
mechanism involving oxidation of C-centered chain-end
radicals to peroxy radicals [73]. Further work by Sievers and
coworkers determined that styrene is also produced in the
absence of O2, but its presence increases the initial rate of
monomer production and leads to the formation of oxyge-
nated products. An example of explicit catalytic oxidation to
cause cracking of polyolefinic chains using mechan-
ochemistry is the work of Sievers and coworkers, where PE
was processed mechanocatalytically with a peroxide-based
Fenton system to randomly oxidize some of the carbon atoms
in the polymer backbone [93]. The resulting functional
groups facilitate subsequent mechanochemical C–C clea-
vage, leading to shorter chains. These strategies could also
address the challenge of a limiting degree of polymerization.

Compared to thermochemical scission, mechanochemical
approaches offer unique advantages to bypass classical
equilibrium thermodynamic limitations. Conceptually,
mechanical energy, such as that producing during ball mil-
ling, is supplied in a highly localized manner and enables
chemical transformations without bulk heating, thereby
allowing control over the selectivity. While cleavage and fast
primary radical reactions occur under purely mechan-
ochemical and low-temperature conditions, respectively,
undesired follow-up reactions, as discussed in the following
section, can be suppressed. Furthermore, mechanical forces
continuously remove products from the impact zone, and
gaseous products can be continuously removed from the
milling chamber, which drives equilibria in a favorable way.

Reactions of mechanoradicals

The chain cleavage yields two mechanoradicals, and their
fate is governed by the same principles as observed in
radical polymerizations. Subsequent reactions either pre-
serve or annihilate the radical functionality (Fig. 5). The
desired pathway in the context of chemical recycling is β-
scission, yielding the monomer. However, direct scission
products are unstable primary or secondary radicals, and H
abstraction and transfer of the radical functionality to more
stabilized positions within or outside of the same polymer
chain can induce crosslinking and branching [94]. Termi-
nation of the reactive radical functionality can occur via the
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combination of chain radicals and disproportionation [60].
Disproportionation of two polymer radicals leads to one
saturated and one unsaturated chain end [95]. Dis-
proportionation and recombination are two competing
reactions, but recombination is often faster due to its lower
activation energy. Similar to thermal degradation, a radical
cage model was hypothesized, where after homolytic clea-
vage of a C–C backbone bond, two radicals reside relatively
close to one another. This can lead to prompt termination.

However, in mechanochemistry, ball collisions can free
radicals from the cage, thereby overcoming the slow dif-
fusion observed for thermal reactions, which could decrease
the rate of recombination [96].

ESR spectroscopy of mechanoradicals

To generate insight into the depolymerization mechanism
and direct selectivity patterns, exact knowledge of the active
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Table 2 Exemplified thermodynamic constraints of olefin depolymerization on dodecane as a model compound under different conditions

Reaction ΔH0
f /kJ mol−1 ΔS0f /J mol−1 K−1 ΔG0

f /kJ mol−1 T/°C

77.6 100.6 47.6 25

77.6 100.6 −0.1 500

−48.1 −29.22 −39.4 25

−101.2 −10.7 −98.0 25

447.3 770.62 217.7 25

447.3 770.62 5.7 300
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intermediates is necessary. To this end, electron spin
resonance (ESR) spectroscopy is a key technique to study
even low concentrations of radicals. Splitting patterns
occurring due to hyperfine interactions of radicals and
atomic nuclei allow us to characterize the products of
mechanochemical bond cleavage [90]. ESR spectroscopy
can be used directly on milled plastics without further
additives [73, 97, 98]. Therefore, Sohma and coworkers
identified the initial scission products produced by sawing
PE at 77 K (Fig. 6a) and confirmed that mechanical frac-
ture yields primary radicals [99]. To counter the limited
lifetime of mechanoradicals, such as those generated from
PE and PP [100], at room temperature, spin traps can be
used to scavenge these transient species [63]. These
typically nitroso- or nitrone-derived molecules (Fig. 6b)
trap the transient radical as a spin adduct (i.e., nitroxide
radical, Fig. 5) [100, 101]. Sohma and coworkers used this
method to identify the mechanoradicals generated upon
ultrasonic irradiation of PMMA and PS solutions [102]. At
even higher temperatures (230 °C), more stable hindered
amine light stabilizers were used as radical traps to prove
the formation of mechanoradicals during the extrusion of
PP in air (Fig. 6c, d) [103]. In another approach, Dondi,
Buttafava, Faucitano and coworkers added the radical
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) to styr-
ene butadiene rubber to study the yields of mechan-
oradicals under mechanical treatment. TEMPO combines
with generated mechanoradicals, leading to a hydro-
xylamine ether without radical functionality, and

the decline in radical concentration was followed by
ESR [104].

Challenges and opportunities

Historically, mechanochemical bond scission has been
treated as an unwanted effect in polymer processing and
production, and research has focused on preventing or
controlling these effects. Now, in the quest for tapping
polymers as sustainable hydrocarbon feedstock for the
chemical industry, this knowledge base is instrumental to
retailoring mechanochemistry for the purposeful degrada-
tion of polymers to small molecules. The advantage of this
approach over other chemical recycling strategies is that the
energy supplied is highly localized, which bypasses the
need for bulk heating. The low bulk temperature also pro-
vides a handle to control unwanted reactions following
initial C–C cleavage that lead to cyclization, branching, and
recombination during pyrolysis. In addition, polymers are
not cleaved randomly under mechanical force but have a
preference for cleavage near the middle of the chain and for
cleavage of longer chains over shorter chains [39].

The mechanochemical approach, however, still suffers
from low activity, especially for very thermodynamically
stable high-Tc polymers, such as PE and PP (cf. Section
“Mechanophores for the accelerated degradation of poly-
mers”). In addition to mechanochemically gated reactivity,
catalytic strategies lowering the activation energy for C–C
bond cleavage and stabilizing chain-end radicals promoting

after extrusion at 230 °C

after heat treatment at 230 °C
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Fig. 6 a Identification of primary scission radicals during the fracture
of PE: Measured (above, observed after sawing of PE) and simulated
(below, assuming a primary chain-end radical) ESR spectra. Adapted
from Sohma and coworkers [99]. b Commonly used agents in ESR
spectroscopic studies of polymer fracture: (2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl (TEMPO, b1), pentamethylnitrosobenzene
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hindered amine light stabilizer, b3). c ESR spectrum after extrusion of
PP under air with b3 as a radical stabilizer at 230 °C. Reprinted from
Sohma [103]. d Comparison of ESR intensity as a measure of the
amount of radicals generated at 230 °C with and without mechanical
activation (extrusion) under air with b3. Reprinted from Sohma [103].
Graphics are reproduced with permission from Springer Nature
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depolymerization over termination via recombination and
novel reactor geometries inducing higher stress in the
plastic materials could tackle this. Another challenge is the
presence of a limiting molar mass, which seems to prohibit
full depolymerization to monomers. However, well-defined
oligomers of the limiting degree of polymerization could be
an interesting byproduct that is easily separated from liquid-
or gas-phase monomers.

While industrial chemical processes are mostly driven by
burning fossil fuels for heating, ball milling provides a
unique conceptual advantage of tapping green electricity or
even mechanical energy directly to drive chemical conver-
sions. This would make the conversion of mechanical
energy from, for example, hydropower to electricity,
unnecessary and mitigates associated conversion losses. In
addition, a ball milling process could be less vulnerable to
impurities in plastic waste. For example, chlorine, a com-
mon impurity stemming from polyvinylchloride, leads to
HCl formation and reactor fouling in high-temperature
plastic conversion, such as pyrolysis, and ball milling
slightly above room temperature could create a condition
under which HCl is much less corrosive [105, 106].

Analysis of mechanochemistry: ex situ,
in situ, and online

Spectroscopic analysis is key to understanding the
mechanism of reactions during ball milling. However,
sampling during milling disturbs the reaction by adding air
and removing volatile components [107, 108]. In addition,
the remaining sample amount is reduced, changing the
impact and kinetics of the reaction [109–111]. To circum-
vent this, a variety of online and in situ analytical techni-
ques have been implemented to monitor mechanochemical
reactions during ball milling. While they have not been
applied to polymer ball milling, their applicability to study
polymer transformations is discussed below.

Online and in situ ball milling

Both in situ Raman spectroscopy and X-ray diffraction
(XRD) have been applied to ball milling [112]. For exam-
ple, a hand-held Raman probe was positioned close to a
custom-made PMMA milling container placed in a con-
ventional ball mill [107, 109] to study the reaction of cad-
mium chloride and cyanoguanidine to form coordination
polymers [109]. The placement of all components is critical
for recording a clear signal and depends on the geometry of
the milling container. For a horizontal shaker ball mill, the
probe is ideally placed below the jar and focused close to
the inside of the container wall where the material con-
tinuously falls (Fig. 7a) [107]. However, not all ball mills

allow for such placement. The InSolido Technologies IST
636 was used in the above example, while a plate at the
bottom of the Retsch MM400 prohibits this. In organic
systems, Raman signals from PMMA may overlap with
those from the analyte, and other milling container materials
may need to be considered because Weidenthaler and
coworkers detected small amounts of decomposition pro-
ducts of their PMMA container during milling [113].

While Raman spectroscopy is performed at the lab bench
with a probe, XRD often requires a synchrotron light
source. For in situ operation, high flux is necessary for the
scattered beam to exit the container. Examples of reactions
studied by this method are the mechanosynthesis of zeolitic
imidazolate frameworks, inorganic metathesis reactions,
and disulfide exchange reactions [110, 114]. Several
beamlines allow PMMA containers to be directly placed in
the beam path (Fig. 7b) but often require modifications to
the horizontal shaker mill [110, 113, 114]. Due to the
semicrystalline nature of PMMA, some scattering is
observed from the container and may also be observed from
the milling spheres. A dedicated setup developed by the
Scherrer Institute circumvents this issue with a double
chambered milling/analysis container, where milling occurs
in a metal half-jar that allows the product but not the
grinding spheres to fall into a probing chamber made from
X-ray transparent foil through which the beam passes
(Fig. 7c) [115].

To allow for solid-state nuclear magnetic resonance
(ssNMR) measurements during ball milling, Wüllen and
coworkers built a ball mill inside an ssNMR tube by
attaching a rotational motor that caused translational motion
moving a polyoxymethylene sample container (sample
chamber 10 × 8 mm) back and forth by 1 cm [116]. As a test
reaction, they studied the formation of zinc phenylpho-
sphonate from zinc acetate and phenylphosphonic acid
milled with 50 ZrO2 milling balls (1 mm diameter). Initial
results were obtained using single-pulse acquisition
experiments, which necessitated deconvolution. Addition-
ally, the concurrent shaking of the milling container in the
NMR interfered with the measurement; thus, they alternated
quickly between milling and measuring. In another ssNMR
technique, magic angle spinning (MAS), the sample is
rotated rapidly around a magic angle of 54.74°, leading to
an elimination of the orientational dependence of aniso-
tropic interactions of powders in NMR [117]. Attempts by
Wüllen and coworkers to use MAS led to problems due to
mechanochemical reactions being induced by spinning,
even without the presence of milling media, indicating that
in situ milling with spheres could be driven by MAS
motion. However, as Wiegand, Bolm, and coworkers
recently reviewed, very small milling media (0.1 mm) need
to be used to avoid an imbalance of the rotor [118]. Such
small spheres, however, would not create enough force to
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directly cleave C–C bonds, which is necessary for poly-
olefin degradation.

Gases evolving from mechanochemical depolymerization
are also of interest. Schüth and coworkers used online gas IR
analysis to monitor the presence of CO and CO2 when oxi-
dizing CO over Cu catalysts in a ball mill [119]. Other gas
analytical techniques are also possible, with Sievers and
coworkers using online mass spectrometry to analyze the
formation of ammonia from H2 and N2 over TiN [120].

Finally, multiple analytical techniques can be used
simultaneously. Halasz, Užarević, and coworkers combined
XRD and Raman to quantify polymorphs in cocrystalline
species [121], while Emmerling and coworkers and Her-
nández and coworkers methods for monitoring both organic
and inorganic reactions with a combination of XRD,
Raman, and thermography using an IR camera [122, 123]
(Fig. 7c).

Spectroscopy of depolymerization reactions

Ex situ measurements performed during polymer processing
and polymerization reactions can inspire future studies during
ball milling to understand depolymerization. In Raman and
IR, vinyl stretches are observed between 1645 and 1640 cm−1

and can be used to track disproportionation [124, 125]. In the
case of the oxidative degradation or depolymerization of PET,
the C=O stretches (ca. 1700 cm−1) and C–O stretches
(1050–1250 cm−1) can be used to monitor the extent of the
reaction [93, 124]. IR and Raman can also be used to detect
bond angle distortions under mechanical loading [64]. XRD
can be used to follow transitions between crystalline and
amorphous states as well as between multiple crystalline

states, for example, the formation of a monoclinic phase from
an orthorhombic phase in strained PE [126–129]. In NMR,
changes such as alkene formation and branching could be
monitored.

Single impact studies

An approach to rigorously probe the reaction environment
during mechanochemical reactions is to examine physical
and chemical transformations on a thin piece of reactant
material that is subjected to a single collision. Any char-
acterization technique that is compatible with microscopy or
spatial mapping can be leveraged for physical or chemical
analysis of the impacted area to correlate the extent of
chemical changes to the parameters of the collision. The
kinematic properties of the impact can be obtained via
motion analysis with a high-speed camera.

For binary interfacial reactions such as between PET and
NaOH, a dispersion of the latter can be coated from a
suspension onto a thin film of the former to create a model
interface. Compression of the film sample during collision
will press the two layers into each other to induce solid-
solid mixing and the desired mechanochemical reaction.

A simple setup to carry out single-collision experiments
involves a stationary flat base on which the film sample is
mounted and a milling ball that is dropped from an appro-
priate height to hit the film sample. This concept is inspired
in part by setups reported in the thermographic study of heat
transfer during mechanical impact between solid bodies
[130, 131]. The simplicity of the setup allows for more
sophisticated environmental controls and monitoring
instruments to be implemented without tremendous effort.

Fig. 7 In situ analysis configurations for reaction monitoring during
milling. a Raman spectroscopy where a probe is placed perpendicular
to the motion of the shaker ball mill. Care is taken to ensure that the
focus of the probe is within the PMMA container. Horizontal arrows
indicate the direction of shaking. reprinted with permission from Lukin
and coworkers [107]. b A custom-made milling geometry used at the
Scherrer Institute beamline leads to narrower diffraction peaks and less
background than the setup similar to the one shown in Panel (a) for
in situ XRD. The custom-made container has a steel inner milling

chamber and an X-ray transparent outer analysis chamber (pink). The
shaking can be set to either vertical or horizontal movement (blue
double arrow), while the jar is also rotated (blue curled arrow).
Adapted from Casati and coworkers [115]. c Configuration for
simultaneous XRD, Raman spectroscopy, and thermography during
milling. The vibratory mill shakes a PMMA jar vertically. Care is
taken to ensure that the various techniques do not interfere with each
other. Adapted from Emmerling and coworkers [122]
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Challenges and opportunities

While the in situ spectroscopy techniques highlighted here
have been successfully used for a variety of mechan-
ochemical transformations, their applicability to polymer
milling has yet to be demonstrated. Due to the simplicity of
the setup, in situ Raman spectroscopy is the most likely to
be implemented, while infrared spectroscopy measurements
are more difficult due to the need to measure in transmis-
sion. These transmission measurements require two probes
to be placed less than a centimeter opposite each other and
would thus penetrate into the milling jar. In addition, the
sticky nature of polymers could acerbate problems observed
with other milled powders, such as accumulation at the wall
of the milling jar, leading to a false signal if the spectro-
scopic probe is focused there. A focus closer into the mil-
ling jar might not yield the desired result either as not
enough sample might be in the beam and scattering due to
the milling spheres is likely to disturb the measurement.
New dedicated ball milling chambers for Raman, IR, and
XRD measurements are thus needed, especially if quanti-
tative measurements are desired. In addition, NMR mea-
surements are unlikely to be performed on polymer milling
directly. Apart from the methods discussed above, UV‒Vis
spectroscopy could be interesting. This technique was
applied for tracking radicals formed during ultrasonication
of PMMA, stabilizing the radicals with spin trap 2,2-
diphenyl-1-picrylhydrazyl (DPPH) [132]. In addition,
in situ fluorescence spectroscopy could be combined with
spin probes that show increased fluorescence intensity upon
trapping, as was previously shown for ultrasonication and
bulk polymer processes [133–136]. These technologies
additionally have the advantage of being mechanophore-
free, as opposed to usually employed optical force probes
[137], thereby exhibiting universal and scalable character
(cf. Section “Mechanophores for the accelerated degrada-
tion of polymers”).

Despite these difficulties, this observation would yield
crucial insight into the propagation and termination of
mechanoradicals. This knowledge is necessary for the targeted
promotion of propagation reactions such as β-scission, which
would yield the desired monomer formation and thus selective
depolymerization. Finally, combining single impact and bulk
in situ studies could be used to elucidate the effect of the
collision of the grinding spheres with each other and the wall
from other macroscopic effects such as mixing, agglomeration
of polymer at the milling jar wall or heat dissipation.

Conclusion

Polymer mechanochemistry shows tremendous potential to
tackle the polymer waste streams of today and the future. In

particular, the amalgamation of polymer and trituration
mechanochemistry presents itself as the only currently
available method to exert force on polymers at scale with the
necessary energy input. As an example, Rinaldi and cow-
orkers analyzed the energy requirement for H2SO4-catalyzed
hydrolysis of cellulose to water-soluble oligosaccharides in
Simolayer ball mills and reported that the energy requirement
decreased from ca. 200–9.6MWh t−1 as the process was
scaled from 1 g–1 kg with milling times of 2.0–2.5 h [138].
They suggested that this economy of scale can be extra-
polated to even larger mills. While rigorous process models
would be needed to assess the energy efficiency of
mechanochemical plastic depolymerization at the ton scale, it
appears that the requirements will not be prohibitive.

However, many fundamental and grueling barriers must
be overcome to eventually apply the polymer mechan-
ochemistry principle for sustainability. This starts with the
high cost of mechanophore production, which will require
the development of future concepts with inexpensive or
even mechanophore-free approaches. In addition, the ther-
modynamic and kinetic aspects of highly endergonic and
self-limiting depolymerization reactions must be addressed
by catalytic or other nonlinear approaches decoupling the
thermal from the mechanochemical reaction pathway.
Computational approaches will play a major role in ratio-
nalizing and unifying the understanding of mechan-
ochemical reactions but will also contribute to the discovery
of entirely new force-steered reactions of polymers. This
will be accompanied by new methods to observe polymer
mechanochemical reactions, which have their own technical
difficulties in decoupling highly abrasive mechanochemical
conditions from delicate analytic instruments.

While these obstacles require the communal efforts of the
brightest minds for eventual success, the authors of this
review are convinced that the polymer mechanochemistry
principle shows no irresolvable dilemmas that would
sabotage its eventual application at scale to play a sig-
nificant role in a sustainable and circular polymer future.
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