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Singlet oxygen molecules are useful in several therapeutic applications involving photo-activated release of
oxygen from carrier molecules toward targeted cells. However, the drawbacks of existing photo-activated
methods encourage the development of alternatives, particularly polymer mechanophores that act as
oxygen carriers. Here, we present a reactive molecular dynamics simulation-based study of an
release can be activated either thermally or
mechanochemically. Simulations of the polymers heated are compared to simulations of the polymers

endoperoxide-based polymer for which oxygen

subject to compression and shear at room temperature. Results show that oxygen release is preceded

by deformation of the anthracene ring in both thermal and mechanochemical reactions. However, in the
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oxygen and atoms in the shearing surfaces, eliminating the need for high temperature to initiate the
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Introduction

The release of singlet oxygen molecules from oxygen carriers is
a desired process in certain medical treatments. For instance,
some cancer therapies require the release of singlet oxygen
molecules near the tumor to form hydroxyl radicals that will
eventually cause apoptosis on the cancer cells.'” A common
therapy is photo-activated oxygen release, where the oxygen
molecule is released upon molecular excitation under ultra
violet light. However, disadvantages of photo-activated methods
include the persistence of the photosensitizer molecules in the
body after treatment and low yield in the oxygen production.®
Hence, the development of molecules that can release oxygen by
methods other than photo-activation is highly desired. A
promising alternative is the mechanochemical activation of
molecules, i.e., mechanophores, that undergo chemical trans-
formation in response to mechanical force.®

Polymeric mechanophores are of particular interest because
such mechanophores have shown the potential to release
oxygen under mechanical force. For instance, multi-functional
polymer-based micelles that release oxygen by sonication have
been used to increase the concentration of hydroxyl radicals
next to malignant cells.* Other examples include polymers that
contain an anthracene-endoperoxide (EPO) functional group.
EPO-based polymers contain oxygen atoms in the peroxide
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that do not rely on photo-activated reactions.

group (O-O) loosely attached to the anthracene functional
group that is part of the polymer backbone.” It has been shown
that the O-O pairs can be released by the force applied to the
polymers during ball milling.?

Polymeric mechanophores are usually chemically modified,
where a moiety that has shown mechanochemical activity is
added to the structure as one or more of the monomer units.?
However, the reaction mechanisms of such mechanophores are
still not fully understood.*** Exploring mechanochemical reac-
tion mechanisms is challenging because a polymer can go
through different reaction pathways and form different prod-
ucts depending on the method used to trigger the reaction. For
instance, EPO polymeric mechanophores go through a cyclo-
reversion reaction that is not observed when the reaction is
attempted using solvent and temperature.>** Specifically, in
a ball mill, the cycloreversion reaction of EPO-based polymers
generates a singlet oxygen molecule and another double bond
in the original ring. It was suggested that this reaction is
primarily driven by the shear force exerted by the ball mill.®
Additionally, even within mechanochemical methods, the
instrument used potentially affects the kinetics of the reaction.
For instance, the rate of the cycloreversion reaction of EPO-
based polymers can be increased by switching from a ball mill
to a ring-and-puck mill.** Efforts to determine reaction path-
ways™ and the effects of different moieties on the mechano-
chemical activity in polymers are currently underway.**
Understanding the mechanisms by which a polymer can be
mechanochemically activated to release singlet oxygen is
important for the development of potential cancer therapies.*
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However, understanding these effects is challenging using only
experimental tools.

Computational techniques such as molecular dynamics
(MD) simulations and density functional theory (DFT) have
been used to understand the mechanochemically driven cyclo-
reversion reaction mechanisms that can lead to the release of
molecules from EPO polymers. MD simulations with reactive
force fields have been used to study cycloreversion reactions in
polymers, where the bond scission happens in one of the
aromatic rings in the backbone chain.'® Reactive MD simula-
tions have also shown that the bond scission in cycloreversion
reactions greatly depends on the direction of pulling force on
the targeted atoms in a polymer.*® DFT methods have been used
to study the effect of compression on cross-linked polymers and
the release of groups of atoms not in the polymer backbone by
a covalent bond scission.'” More recently, DFT was used to study
the force dependence of energetic barriers in aromatic mole-
cules, such as anthracene cycloadducts, that undergo cyclo-
reversion reactions when subject to shear force.™®

Previous work has shown that computational tools can be
useful for investigating the mechanisms of mechanochemical
reactions of EPO polymers. However, the thermal and
mechanical paths leading to the release of oxygen are not
completely understood, which impedes the development of new
polymers that might be used in medical applications. In this
study, we used reactive MD simulations to study the mecha-
nisms of oxygen release for a polymethacrylate-endoperoxide
(PMA-EPO) polymer activated either thermally or mechan-
ically. Two sets of dynamic simulations were run, one with the
polymers subject to heating and another with the polymers
sheared between two graphite walls. The rate of oxygen release
was tracked in both sets of simulations and then individual
reactions were analyzed to identify the corresponding reaction
pathways. Guided by visual observation of the pathways that
identified molecular deformation as a key step in the process,
deformation was quantified and compared between the thermal
and mechanochemical reactions. Results provide insight into
how mechanical force, particularly shear force, can directly
activate oxygen release reactions from EPO polymers.

Methods

Reactive MD simulations were performed with the ReaxFF"
potential, with a parameter set*® that was previously developed
to add a low-gradient correction to the original ReaxFF* for
long-range London Dispersion. This force field has been used to
model polymeric reactions in previous studies.* Two sets of MD
simulations of the PMA-EPO were conducted, heating and
shearing. The first set was used to determine the onset
temperature at which the oxygen release occurred in a thermal
reaction; the second set was used to investigate the effects of
pressure and shear on bond breaking in the polymer. The
polymers and shearing surfaces were created in Schrodinger
Maestro v. 2022-3,>* using the polymer builder and the nano-
sheets modules, respectively.

Fig. 1 shows the PMA-EPO monomer, a representative poly-
mer, and the model system in heating simulations. The heating
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model comprised a periodic box with five 5-monomer PMA-EPO
chains. After a minimization step, the system was equilibrated
for 500 ps in the NVT ensemble at 300 K followed by an addi-
tional 500 ps in the NPT ensemble at 1 atm. The Nosé-Hoover
thermostat and barostat were used. The initial system density
was 1.37 g cm? and the density after thermal equilibration was
1.23 g em >, Finally, the temperature was increased from 300 K
to 1200 K at a rate of 0.01 K fs~' in the NPT ensemble.

For the shearing simulations, the model system consisted of
five 5-monomer PMA-EPO chains confined between rigid gra-
phene sheets (Fig. S11). The choice of graphene was made due
to its simplicity and relative inertness,*® while still being
capable of bonding with polymers.* The initial dimensions of
the simulation box were 15 nm x 15 nm in the directions
parallel to the graphene basal plane and 7 nm in the surface-
normal direction. The top graphene sheet was treated as
arigid body and the positions of the atoms in the bottom sheets
were fixed. The endmost monomer in each polymer chain was
bonded to the upper of the two bottom graphene sheets.
Specifically, the non-cyclic C atom from bond 4 and the non-
peroxide O atom double bonded to the linear chain in one
monomer (see Fig. 1a) were placed close enough to the lower
graphene sheet such a chemical bond was formed per the
ReaxFF potential.

Minimization and equilibration in the NVT ensemble fol-
lowed the same settings as in the heating simulations. Next,
a pressure of 1 GPa was applied to the topmost graphene sheet.
Pressure was applied for 250 ps, during which time no bonds
formed or broke. Then, the top graphene layer was moved
laterally with a sliding speed of 10 m s~ *. The high pressure and
fast speed were selected to accelerate chemical processes such
that a sufficient number of reactions occurred within the short
timescale of the simulations. The sliding continued for 400 ps.

In all the simulations, the timestep was set to 0.25 fs.
Simulations were run using the LAMMPS package,* and the
visualization of trajectories and structures was conducted using
Ovito.* Three realizations were conducted for both the heating
and shearing simulations. The number of oxygen molecules was
tracked during the simulations using the bond orders from the
ReaxFF potential.

Results and discussion

Fig. 2 shows the number of oxygen molecules completely
separated from the polymer chains in the heating and sliding
simulations. Snapshots of the simulations highlighting the
release of oxygen molecules are shown in Fig. S2.f In the
heating simulation, the onset of oxygen release occurred at
~800 K and then the number of oxygen molecules increased
approximately linearly with the linear temperature increase, as
shown by Fig. 2a. In contrast, the results from the sliding
simulations in Fig. 2b show that oxygen release can occur at
room temperature when mechanical force is present. Further,
since no oxygen molecules were released until sliding began,
these results show that shear stress is the key driver of the
reactions, consistent with observations in previous studies.””>°
By the end of either the heating or sliding simulations,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
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(c)

(a) Schematic of the PMA-EPO monomer where select bonds relevant to the reaction are numbered to facilitate discussion in the text. (b)

Snapshot of one polymer used in the simulations. (c) Snapshot of the simulation box for the thermal reactions. The white and black spheres
represent hydrogen and carbon atoms, respectively. The blue and gold spheres represent oxygen atoms, where the gold color is used to identify

the atoms that will be released as oxygen molecules.

approximately 15 oxygen molecules (50%) were released. The
reaction pathways leading to this release were then analyzed to
understand the thermal and mechanochemical mechanisms.
The thermal pathway was tracked and found to involve three
steps, depicted in Fig. 3a—-c. First, the undeformed anthracene
group of the monomer (Fig. 3a) received thermal energy during
the heating process. With increasing thermal energy, the central
ring of the anthracene group started to deform until one of the
C-0 bonds broke (Fig. 3b). This ring deformation continued as
the temperature increased. Finally, the second C-O bond broke
resulting in the formation of a double bond in the middle ring,
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Fig. 2

producing a planar structure, and the oxygen molecule was
completely released (Fig. 3c). Relative energies for these bonds
from a DFT-based relaxed coordinate scan are shown in
Fig. S3.f The double bond formation and structural changes
observed in the central anthracene ring after the reaction are
consistent with previous research on mechanochemical oxygen
release from anthracene-endoperoxide-based mechanophore in
ball milling.®

The reaction mechanism observed in the shearing simula-
tions also consisted of three steps. First, the undeformed
anthracene group (Fig. 3d) approached the upper graphene
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(@) Number of oxygen molecules (left y-axis, black) and system temperature (right y-axis, red) as a function of simulation time from the

heating simulations. (b) Number of oxygen molecules as a function of simulation time from the compression and sliding simulations, where the
onset of sliding is identified by a dashed vertical line. In both cases, the number is out of a total possible 30 molecules. The solid black lines in both
plots represent the average of three independent simulations and the shaded gray regions reflect the standard deviation.
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(a)

(d)

Fig. 3 Close-up snapshots of representative reactions through the thermally driven pathway (a—c), and the shear-driven pathway (d—f). (a) The
undeformed anthracene rings hold the peroxide oxygen atoms (in gold color) before undergoing any thermal reactions. (b) One of the two C-O
bonds breaks due to thermally induced deformation in the anthracene rings. The deformation here was a flattening of the central anthracene ring
as shown by the red arrow. (c) Finally, the second C—-O bond breaks, the central anthracene ring becomes planar, and the oxygen molecule is
released. (d) Undeformed anthracene rings before shear-driven reactions. (e) A graphite carbon atom (in light grey color) bonds with one of the
oxygen causing the central anthracene ring to flatten and leading to the first anthracene C-O bond scission. (f) The second oxygen atom breaks
free from the anthracene rings due to the sliding motion and a free oxygen molecule is released. The colors of the atoms are the same as in Fig. 1.

layer. Then, as the sliding process continued, a C atom from the
graphene layer bonded with one of the peroxide O atoms
causing deformation of the central anthracene ring, eventually
leading to the first C-O scission in the central anthracene ring
(Fig. 3e). In the last step, the second O broke from the anthra-
cene group due to the motion of the graphene layer and the two
peroxide oxygen atoms were released as a free oxygen molecule
(Fig. 3f). Similar to the thermal reaction pathway, a double bond
formed at the central anthracene ring after the oxygen release,
and the anthracene ring became planar (Fig. 3f).
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The evolution of the reaction was tracked quantitatively for
both thermally activated and shear-activated reactions in terms
of the bond order of the C-O (bond 5) and O-O bonds (bond 6).
Fig. 4 shows these bond orders averaged over all molecules that
underwent the reaction. The data is plotted vs. reaction onset
time where the reaction onset is identified as the point in time
when the C-O bond is completely dissociated. Using reaction
onset time for this analysis, as opposed to simulation time, is
advantageous since the reactions proceeded at different times
for the different molecules. Dissociation of the C-O bond in
Fig. 4 is identified by the point where the C-O bond order
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Fig. 4 Evolution of the average angle of the anthracene group (left y-axes) and the bond orders of the C-O and O-0O bonds (right y-axes) in (a)
heating simulations and (b) shearing simulations. The data is plotted vs. reaction coordinate, where reaction onset is defined as the coordinate at
which the C-O bond order reaches zero for each molecule. The symbols and connecting solid lines in both plots represent the average of three
independent simulations and the shaded regions reflect the standard deviation.
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becomes zero. The bond order is calculated by the ReaxFF
simulation and is around one for single bonds and around two
for double bonds. Therefore, as shown in Fig. 4, the order of the
C-0O bonds decreases from 0.8 to 0 as those bonds dissociate,
and the order of the O-O bonds increases from 0.8 to about 1.6
as the reaction proceeds and an oxygen molecule is released.
This occurs in both the heating and sliding simulations.

Next, based on the visual observation of deformation prior to
reaction as seen in Fig. 3, we tracked the angle at the central
anthracene ring (angle definition in Fig. S4F). As shown in
Fig. 4, prior to reaction, this angle is 120°. Then, as the C-O
bond order decreases (the bond becomes weaker), the ring
angle increases. Finally, at the end of the reaction, the angle is
180° such that the middle ring has a planar structure, and the
oxygen molecule is released.

Fig. 4 confirms that the deformation of the monomer
precedes the oxygen release reaction in both the heating and
shearing simulations. The rate of change of the angle with
reaction onset time cannot be compared between the two types
of simulations since the temperature is linearly increasing
during heating whereas the shearing simulation involves
compression and then steady sliding. However, the order of
events in the reaction appears to differ between the thermally
and mechanochemically activated reactions. Specifically, in
Fig. 4a, the C-O bond order starts to decrease before the angle
has increased much from its initial value of 120°. In contrast, in
Fig. 4b, the angle increases rapidly and is already larger than
160° when the C-O bond order begins decreasing. This suggests
that molecular deformation is an effect of the thermally acti-
vated reaction but the initiator of the mechanochemical
reaction.

Bond and molecule deformation has been observed in other
mechanochemical reactions.'****" Specifically with respect to
reactions activated by shear force in a sliding interface, it has
been reported that reactant species bond with the surfaces such
mechanical energy is transmitted to the reactants as the
surfaces move relative to one another.”®*>* This is observed
here as bond formation between the oxygen in the polymers and
carbon atoms in the graphite (Fig. 3e) which directly causes
deformation of the central anthracene ring (Fig. 4b). Impor-
tantly, the mechanochemical reaction proceeds at 300 K, in
contrast with the thermal reaction that did not start until 800 K.
These results demonstrate that molecular deformation and
intermediate steps that involve the substrate enable the reac-
tion to proceed at a lower temperature than the thermally driven
reaction.

Conclusions

Reactive molecular dynamics simulations showed that oxygen
release from a polymethacrylate-endoperoxide polymer can be
activated either thermally or mechanochemically. Both reac-
tions involved deformation of the anthracene holding the
peroxide oxygen atoms. However, tracking the strength of the
individual bonds and angles in the simulations suggested that
deformation was a result of the thermal reaction and the cause
of the mechanochemical reaction. This is consistent with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observation of chemical bonding between the reactant and the
sliding surface, enabling transmission of shear force that
directly deformed the monomer which led to bond dissociation.
This direct activation by mechanical force enabled reactions
that required high temperatures in thermal conditions to
proceed at room temperature under shear. Although this study
included just one type of polymer and simple graphite surfaces,
the simulation methodology could be extended to other mole-
cules and surfaces as a means to characterizing their mecha-
nochemical susceptibility and understanding the role of
deformation more generally. We hope these findings help in the
design of polymeric mechanophores that can be used as oxygen
carriers for therapeutic applications.
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