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Many-body mechanochemistry: Intramolecular strain in condensed matter chemistry
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Molecular strains can greatly alter chemical reactions in covalent systems. Experimental and computational
tools designed to characterize this have focused on simple elongation forces. Yet, mechanical loading in
condensed matter results in complex, many-body deformations. Hence, we use four-body external potentials
designed to reproduce these strains with reactive molecular dynamics. Mimicking these deformations results
in significant lowering of activation barriers and different reaction pathways in the energetic material 1,3,
5-trinitro-2,4,6-triaminobenzene (TATB) and a lower-energy reaction pathway for isomerization in spiropyran.
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I. INTRODUCTION

Mechanochemistry, the use of mechanical loads to trig-
ger or influence chemistry, can enable otherwise forbidden
reactions [1], strengthen polymers without limiting their
elongation [2,3], and prompt isomerization reactions in
mechanophores [4-9]. Mechanochemistry is also believed to
play a role when materials are subjected to extreme dynamical
loads such as during planetary collisions [10,11] and shock
initiation of explosives [12—15].

Over the last few decades, significant progress has occurred
towards an understanding of covalent mechanochemistry in
organic and molecular solids [16]. Experiments with exquisite
resolution have revealed the strong effect of mechanical forces
on chemistry [17,18]. Electronic structure calculations have
shown that elongation forces on mechanophores can induce
isomerization and ring-opening reactions [4,5,19,20], shown
a reduction in strength and distribution of stresses in knot-
ted/entangled polymers [21-24], explored the mechanical
stresses in protein folding [25], and assessed the rupture
force and electronic properties for extension and scission
of metal-organic junctions [26-28]. These types of stud-
ies use special-purpose methods to characterize the effect
of pairwise external forces on chemistry, including steered
molecular dynamics [29-33], constrained geometries simu-
late external force (CoGEF) [34], and explicit force methods
such as force-modified potential-energy surface [20], exter-
nal force explicitly included [35], and enforced geometry
optimization [36].

In general, the understanding of mechanical strains in
molecules can be used to assess reaction barriers for ther-
mal activation. The distortion/interaction model [37,38] (or
activation-strain model [39]) defines the activation barrier
for the reaction as the strain energy needed to deform the
molecule to the geometry of the transition state and the in-
teraction energy of the constituent components of the reaction
[40]. This helps to define the idea of an activation strain, or the
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strain needed for a molecule to be able to reach the transition
state. While thermal vibrations can cause these distortions
to occur stochastically, nonthermal strains due to pressure
and material flow can cause these deformations as well [41].
Deformations will not always be along the reaction path to the
transition state, but will project onto it by some amount.

To date, computational and experimental studies designed
to single out the effects of mechanochemistry have focused on
elongation (two-body forces), while most cases of extempo-
raneous mechanochemistry [15] in condensed matter involve
more complex, many-body (MB) deformations. Examples of
such MB mechanochemistry (MBMC) include shock-induced
chemistry in shear bands [14] and pore collapse [13], the
deformation of polymers [4,16,42,43], and organic systems
under uniform shear loads such as prebiotic compound for-
mation [10], energetic material decomposition [44], and phase
transitions in carbon [45,46]. These material events tend to
bend and twist molecules instead of elongate them. While
the importance of nonelongation mechanochemistry is incon-
testable, we currently lack a complete understanding of how
specific deformations affect chemical kinetics and reaction
paths and the tools to perform such studies. Condensed mat-
ter leads to significantly different deformations in molecules
than that of single-molecule force spectroscopy, and therefore,
condensed matter mechanochemistry must be studied in a way
that captures these effects.

In this paper, we utilize a computational approach,
many-body steered molecular dynamics (MBsMD), to
characterize MBMC. The approach is designed to capture
and mimic the conditions experienced in condensed matter
via the application of four-body external potentials that
affect torsional and out-of-plane deformations to match
molecular states measured in condensed matter simulations
under relevant conditions. Our approach demonstrates the
importance of many-body deformations on the thermal de-
composition of 1,3,5-trinitro-2,4,6-triaminobenzene (TATB)
and the activation energy of mechanophore isomerization
(spiropyran). The former exemplifies a mechanochemically
assisted thermal reaction, in which molecular strains
accelerate the decomposition reaction. The latter is a case in
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which the reaction is entirely mechanochemical, but involves
deformation work applied along different paths. In both
examples, the external four-body potentials are designed to
match the intramolecular strains observed in independent
simulations of deformation in the condensed system. The first
example, TATB, using reactive molecular dynamics, shows
marked changes in chemical kinetics and decomposition
paths that can explain previous inconsistencies in reactions
from mechanical and thermal insults [13,14,47]. In the second
example, spiropyran, we apply a four-body deformation to
torsionally strain the molecule around the spiro atom and use
the CoGEF [34] method to load the mechanophore, showing
a ~ 45° rotation reduces the energy barrier associated with
isomerization by 45%.

II. METHODS

Computational mechanochemistry studies of single-
molecule deformations use various techniques to deform
systems of interest and explore the evolution of the system
as an external force or displacement is increased. However,
most approaches cannot readily capture complex many-body
molecular distortions observed in condensed matter by uti-
lizing linear strains [14,43,48,49]. To address this gap, we
develop MBsMD that uses a four-body external biasing po-
tential to deform molecular groups of interest along torsional
and out-of-plane degrees of freedom (DoF). Four-body terms
are motivated by our observation of the large molecular dis-
tortions observed under shock loading [43] and uniaxial strain.
This external biasing potential is implemented in the form of
four-body harmonic interatomic potential,

E = 3K($ijut — $0)°, e
where ¢;j; is either a dihedral angle measuring torsions
around the central j bond, or an improper dihedral angle
measuring out-of-plane distortions. MBsMD implementation
details in LAMMPS [50,51], as well as statistical characteriza-
tions of deformed molecules, are available in Secs. S1 and S2
of the Supplemental Material [52]. We apply deformations in
independent simulations for a variety of values for the spring
constant (K) and target angle (¢,) to parametrically study the
effects of each deformation parameter on reaction kinetics, as
shown in Sec. S3 of the Supplemental Material (SM) [52].

All simulations use all-atom representations, and molec-
ular dynamics (MD) simulations were performed using
LAMMPS [50,51] with a 0.025-fs timestep, integrated with the
Verlet scheme under isothermal-isochoric (NVT) conditions.
The ReaxFF [53] reactive force field was used and partial
atomic charges were calculated using the charge-equilibration
scheme [54] at every step in the simulations with a tolerance
of 1 x 107%. While ReaxFF is well parametrized for the mate-
rials used here, we note that highly strained systems may not
be well defined by the potential. Future work will leverage
machine-learning potentials that can be easily retrained to
include ab initio data on highly strained molecules.

For TATB [see Fig. 1(b)], we used a fully periodic simu-
lation cell with 250 molecules (6000 atoms) in the triclinic
crystalline lattice setting of Cady and Larson [55]. Atomic
interactions were calculated using the ReaxFF parametrized
in Ref. [56] that has previously been used to study the TATB
system for shock loading and thermal decomposition [57,58].
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FIG. 1. Spiropyran (a) and TATB (b) molecules. Atoms colored
cyan are used as anchor atoms for CoGEF simulations. Atoms col-
ored yellow take part in an external potential deformation. Yellow
with a black border corresponds to torsional deformations. Yellow
atoms with a red border take part in out-of-plane deformations. For
TATB (b) each deformation is separately applied to different decom-
position simulations. Angles below molecule panels are equilibrium
angles for proper (¢) and improper (x ) dihedrals.

Thermal decomposition under the presence of the external
potential is simulated by linearly heating the system from
1000 to 3000 K at various rates (from 4 to 40 K/ps) [59]
under isochoric conditions. The characteristic reaction time,
t4, defined as the point of maximum internal energy, follows
the expected dependence on heating rate (see Sec. S6 of the
SM), from which we extracted activation energies.

To mimic the deformations observed in shocked TATB
[43], we applied two external potentials in two independent
sets of simulations: (i) proper dihedrals of C-C-N-O atoms
that control the torsional rotation of the nitro group, and
(ii) improper dihedrals of C-C-C-N (nitro group only) that
bend the nitro groups away from the plane of the ring, an
“out-of-plane” deformation. The external potential is applied
simultaneously to all three nitro groups in all 250 molecules,
and the system is equilibrated and relaxed for 20 ps at 300 K
and 1 atm (NPT conditions) under the presence of the external
potential to equilibrate the strained system prior heating and
decomposition.

For mechanophore simulations, a gas-phase spiropyran
molecule (open boundaries) [see Fig. 1(a)] is employed.
Atomic forces were calculated with REAXFF, parametrized
in Ref. [60]. We employ the CoGEF [34] algorithm, with
anchored H atoms, using a constrained structural relaxation
via the conjugate gradient method [61] with energy and force
tolerances of 1 x 10~ (percentage) and 1 x 10~®kcal/molA,
respectively. To better explore the underlying energy land-
scape and avoid local minima, we perform a short, 10-fs,
adiabatic (NVE) MD simulation prior to each geometry opti-
mization, which improves the predicted reaction pathway; see
Sec. 4 of the SM.

We include a four-body potential to control the dihedral
angles around the spiro atom and a C atom in the adjacent six-
member ring. This is found to be a common deformation in
spiropyran + Polymethyl methacrylate (PMMA) condensed
matter systems under compression [9]. The equilibrium di-
hedral angle in the gas phase predicted by ReaxFF is 72°,
which compares well to the density-functional theory (DFT)
prediction of 77.2° [5]. A spring constant of 50 kcal/mol is
used and the target angle is varied from 70° to 25° across
independent CoGEF simulations. We determine the energy
barrier for isomerization as the difference in total energy (not
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FIG. 2. Distributions of common intramolecular deformations in a shock-induced hotspot [43] compared to a relaxed crystal at 300 K.

including the biasing potential-energy contributions) between
the initial configuration and the state just before C—O bond
scission is observed. The system was predeformed in regards
to the central torsion at 300 K.

III. TATB MECHANOCHEMICALLY ASSISTED THERMAL
DECOMPOSITION

When materials experience dynamic mechanical loading,
such as during a high-velocity impact, the resulting shock-
wave can generate a plethora of ultrafast thermal, mechanical,
and chemical processes [62]. These processes are accelerated
by energy localization into so-called hotspots. There is in-
creasing evidence from computational studies that hotspots
formed under shock loading react at rates significantly faster
than equilibrium thermochemistry [13,14]. A possible ori-
gin of this increased reactivity is the presence of highly
strained and deformed molecules [43,48]. This increase in
strain energy in TATB is caused primarily by torsional and
out-of-plane deformations of the nitro and amino groups,
shown in Fig. 2, and a local amorphization of the material that
affects kinetics [63] and heat transport [64].

To assess the influence of these extemporaneous molecular
strains on reactivity, we applied four-body biasing potentials
to all nitro groups in all TATB molecules in two sets of sim-
ulations: torsional-deformation simulations and out-of-plane
deformation simulations. Figure 3(a) shows the resulting ac-
tivation energy associated with decomposition as a function
of the average value of the angle (dihedral or out of plane)
obtained from a series of simulations with varying external
potentials. The green star represents the value for a system
with no applied external potential. Both MB strains result in a
reduction of the activation energy for decomposition. Yet, we
find a significantly larger effect for the out-of-plane bending
deformation compared to the torsional deformation, implying
a mode-specific effect, which is mostly expected assuming the
reaction path and transition state do not change as a result of
the deformation. It is interesting to note that the application
of MBsMD using angle values close to the equilibrium values
results in an increase in the activation energy, as the molecules
become more rigid. To further assess the mechanochemical

potency of each MB deformation, Fig. 3(b) shows the de-
crease in activation energy as a function of the strain energy
caused by the external MB potential at 300 K. Strain energy
is calculated as the REAXFF potential energy of the strained
molecule, referenced by the relaxed molecule, i.e., the energy
of the external field is not counted. While the out-of-plane
deformation of the nitro groups imparts more strain energy, it
still has a stronger effect on facilitating the decomposition of
TATB given some energy.

We fit these activation barrier results to generate a simple
mechanochemical kinetics model with an Arrhenius-like form
[65]. In both cases a linear functional form for the change in
activation energy from the change in molecular energy works
well. This follows the ideas of Hammond’s postulate [66]
and the Bell-Evans-Polanyi principle [67,68], which show that
the difference in reaction barriers of two similar reactions
is proportional to the enthalpy of reaction: £, = E, + ¢« AH,
where « is the relative position of the transition state along
the reaction coordinate. This also follows the linear trend in
activation energy with applied force from Bell [65]: E,,,. =
E,, — Fx, where the decrease is from the force along some
reaction coordinate x. We chose to use the molecular energy
increase value in Fig. 3(b) (AUsuain) and multiply it by a
scaling factor that shows how the strain energy projects onto
the reaction path. For the torsional deformation, this unitless
scaling factor [the slope of the line in Fig. 3(b)] is 0.045. For
the out-of-plane deformation, we use a bilinear fit above and
below 25 kcal/mol, where this corresponds to a strain-induced
conformational change in the molecule, as shown in Sec. S8 of
the Supplemental Material [52]. This conformational change
also alters the chemical paths, described below. The lower and
higher-energy slope values are 0.144 and 0.034, respectively.
Section S7 of the SM shows these fits using the deformation
angle of Fig. 3(a) [52].

We turn our attention to whether many-body deformations
affect the decomposition path, specifically, the primary, initial
step. Several initiation mechanisms have been proposed and
studied for TATB. Intramolecular hydrogen transfer from the
nitro to amino groups is the primary reaction pathway, occur-
ring in nearly 100% of reactions under thermal insults [69]
and the majority of initial reactions for shock insults [58].
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FIG. 3. (a) Activation energies for both types of deformations applied to NO, groups. Green star represents unbiased system. The x axis is
measured level of deformation at unreacted 300 K state, which is always lower that set angle of biasing potential. (b) Decrease in activation
energy compared to undeformed state. The x axis is deformation’s rise in potential energy as compared to the 300 K unreacted state.

Intermolecular hydrogen transfer is the main alternative re-
action pathway [69] and TATB shear-band chemistry showed
an increase of nitro-scission reactions [14].

Our simulation reveals that both molecular strain types
have a strong effect on decomposition paths, as shown
in Fig. 4. While intramolecular H transfers dominate at
low strain, torsional deformations around the C-N (nitro
group) bond of over 40° opens a second decomposition path:
bimolecular hydrogen transfer. This bimolecular path be-
comes the primary path for angles above 70°. Interestingly,
for angles below the 40° deformation, the amino groups in-
crease their level of deformation as nitro groups deform.
Above 40° the amino groups begin to significantly undeform
with increasing nitro deformation, i.e., they find that breaking
their hydrogen bonds with the nitro groups and relaxing is

) (@) Torsional
Intra- H-Transfer ' ; : :

E Inter- H-Transfer
8 0.8 Nitro Scission —l—
@)
& 0.6
~
e
O
NO04
E
c0.2
p

0

0 10 20 30 40 50 60 70 80 90
Actual Angle (Degrees)

energetically preferable to deforming alongside the nitro
groups, as shown in Sec. S9 of the SM, which corresponds
to the onset of the alternate reaction pathway.

For the out-of-plane bending, shown in Fig. 4(b), there is
also a change in mechanism for strong enough many-body
potentials. Surprisingly, this deformation opens up a different,
alternate reaction path: nitro-group scission. The availabil-
ity of these alternative paths coincides with a conformation
change in the TATB. As described in detail in Sec. S8 of the
SM, the inner C ring buckles and the nitro and amino groups
may more freely rotate (torsional). This structural change
causes the change in slope of activation energy vs deformation
shown in Fig. 3. Hence, we find that deforming different DoFs
in the system results in both different levels of activation bar-
rier reduction and opens different reaction pathway changes.
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FIG. 4. Percentage of first step reaction pathways for both TATB deformations: torsional (a) and out of plane (b). Inset images are molecular
renderings of relevant reactions. Panel (a) shows an intermolecular H transfer; panel (b) shows an intramolecular H transfer (lower arrow) and

a nitro scission (upper arrow).
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IV. SPIROPYRAN TORSIONAL-DEFORMATION
PROMOTED ACTIVATION

Extension of the spiropyran molecule can induce the
scission of the C—O bond at the spiro atom through an iso-
merization reaction, as shown in Ref. [5]. Note that REAXFF
overpredicts the DFT barrier to isomerization by roughly
0.5 eV. As was done in prior studies of mechanophores
[5,20], we performed CoGEF simulations to characterize this
reaction but, in addition to the constraints applied to the an-
chor H atoms, we applied MBsMD around a central bond.
Ten independent CoGEF simulations were performed for
each target torsional angle, ranging from 70° to 25°. These
mimic deformations seen in a condensed phase spiropyran
PMMA copolymer under mechanical loads [9], which show
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a significant deviation in the central dihedral angle from the
equilibrium gas-phase value, as shown in Fig. 5.

Figure 6(a) shows a significant reduction in the energy
barrier as the torsional angle is driven away from the
equilibrium value of 72°, with a torsional deformation of
45° reducing the energy barrier by 45%. The free-energy
difference is obtained from the Jarzynski equality [29], the
blue line in Fig. 6(a). The central rotation studied here does
not greatly affect the reaction path or product state of the
reaction, which is critical in engineering applications of
mechanophores. Renderings of the reaction pathway are
available in Sec. S4 in the SM, which compares well to
predicted isomerization pathways from DFT results [5].

The energy difference in Fig. 6(a) is referenced to the
deformed state, but, quite remarkably, MB strains also reduce
the total work required for isomerization (referenced to the
unstrained system with no MB strain) [see Fig. 6(b)], which is
the sum of the pulling work and the work needed to torsionally
strain the molecule. The total work needed is also equivalent
to the energy rise before reaction, with respect to the relaxed
molecular structure. We present this as a “relative total work”
where everything is referenced to the case with no torsional
strain. This indicates that the MB deformation not only in-
creases the absolute energy of the reagent, but also reduces
the energy needed to reach the transition state. Approximately
two-thirds of the reduction in the reaction barrier originates
from a decrease in the latter. Torsional deformations resulting
in dihedral angles approaching 20° (change >50°) result in a
small percentage of systems undergoing isomerization with-
out applying a linear strain, at 300 K.

V. CONCLUSIONS

Mechanical loads can cause complex, many-body strains
in molecular solids. Such deformations are ubiquitous dur-
ing dynamical loading and their effect on chemistry is

(b)

0.4

e

o
o N

o
[\
T

<o
(o)
T

Relative lTotalll Work (eV)

1
—
T

3)

30 40 50 60 70
Central Angle (Degrees)

1
=
()

[~}
o

FIG. 6. Reaction energy differences (a) and relative total work (b) for spiropyran isomerization as a function of torsional deformation.
Relative total work is pulling work and torsional work done, referenced by value for no torsional deformation. Inset (1) is an undeformed
spiropyran, inset (2) is a spiropyran deformed to a 30° state, and inset (3) is a reacted spiropyran. Dashed line in (a) corresponds to undeformed

state.
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not understood. To fill this gap, we study the effect of
four-body molecular strains on condensed matter using re-
active MD simulations. This approach captures the complex
mechanochemical states experienced in condensed matter
chemistry, including shock-induced chemical initiation in
high explosives. Our results indicate that many-body strains
play an important, sometimes dominant, role in covalent
mechanochemistry.

For TATB, MB strains designed to mimic the deforma-
tions found during shock loading and pore collapse lead to
a significant decrease in activation energy and, quite inter-
estingly, change in the decomposition path. These results
explain the increasing evidence of accelerated chemistry in
highly deformed areas in shocked explosives and MBsMD
will likely be a vital method for developing a predictive
understanding of their initiation as well as separating the
effects of mechanochemistry from pressure. Additionally,
new-generation machine-learning potentials may be tuned for
a more accurate description of highly deformed molecular
states.

In the isomerization reaction of the mechanophore spiropy-
ran, torsional deformations around the central spiro atom that
are induced during compression of a PMMA copolymer, led to

a decrease in the energy barrier by 45% for rotations of 45°.
Importantly, such intramolecular deformation lowers the ab-
solute energy of the transition-state pathway associated with
the activation of the mechanophore as compared to the simple
two-body deformations studied to date. These two examples
illustrate the pervasiveness of MBMC in condensed matter
and the necessity to consider condensed matter effects in
mechanochemistry.

Datasets for this work are available publicly through the
Materials Data Facility [70].
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