
Extreme Mechanics Letters ( ) –

Contents lists available at ScienceDirect

Extreme Mechanics Letters

journal homepage: www.elsevier.com/locate/eml

Computational investigation of shear driven mechanophore
activation at interfaces
Meenakshi Sundaram Manivannan, Meredith N. Silberstein ∗

Sibley School of Mechanical and Aerospace Engineering, Cornell University, United States

a r t i c l e i n f o

Article history:
Received 26 August 2015
Received in revised form 13 October 2015
Accepted 13 October 2015
Available online xxxx

Keywords:
Interface
Double-well
Molecular dynamics
Self-reporting
Self-healing
Mechanochemistry

a b s t r a c t

Self-healing and self-reporting interfaces can alleviate damage related costs for both
coatings and composites. In this paper we propose to utilize molecular units termed
mechanophores, that undergo productive chemical transformations in response to force, to
augment interfaces with self-healing and self-reporting functionality. We investigate the
critical parameters for mechanophore-functionalized interfaces by building two computa-
tional models: a kinematic model with rigid non-interacting walls forming the interface
and a molecular dynamics model with substrates of Lennard-Jones particles. In both the
models the mechanophore is idealized as a coarse grained two-bead system governed by
a double-well potential that emulates a force directed chemical reaction. Subjecting the
interface models to shear, our study reveals that mechanophores progressively activate as
interfacial displacement increases starting with the mechanophores aligned along the di-
rection of shear. Subsequently we find that activation happens only if the bonds attaching
the mechanophores to the substrates are strong enough to transmit the force necessary to
activate themechanophore.When substrates forming the interface are adhesive, the trans-
mission of shear is delayed, in turn delaying activation of mechanophores. Adhesion-based
changes in the conformation of the interface alter the extent of mechanophore activation.
These results are a first step towards designing mechanophore-enabled self-reporting and
self-healing composites and coatings.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solid interfaces are prevalent bothwithinmaterials and
structures. Some ubiquitous examples include nanopar-
ticle polymer composites [1], fiber-reinforced compos-
ites [2], and polymer coatings [3–5]. Interfaces with self-
reporting [6–8] and autonomous self-healing [9,10] capa-
bilities help manage damage and lower life cycle costs.
The self-reporting approach provides a localized indica-
tion of the extent of damage and the autonomous self-
healing approach provides localized repair at the site
of damage mimicking biological systems. In this work
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we propose to augment interfaces with mechanochem-
ical functionality by bonding force triggered chemical
units (termed mechanophores) [11] at the interface of
two substrates. Several mechanophores have been de-
veloped that are promising for self-reporting and self-
healing, including spiropyran that changes color [12],
bis(adamantyl)-1,2-dioxetane that luminesce [13], gem-
dichlorocyclopropanated indene that releases an acid [14],
gem-dibromocyclopropane that triggers cross-link forma-
tion [15,16] and olefinmetathesis catalyst with two tightly
boundN-heterocyclic carbene ligands triggers polymeriza-
tion of monomers or forms cross-links [17].

This paper is focused on mechanophore triggering at
a sparsely populated interface subjected to shear loading.
This focus on triggering intentionally neglects the chem-
ical details that would be associated with a particular
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Table 1
The extremal values for the cubic Bezier of the double-well and the parameters for the Morse
and the Lennard-Jones potentials.

Double-well cubic Bezier

Minima 1 Minima 2 Maxima

Distance (Å) 7.03 13.19 11.89
Potential (kcal/mol) −55.37 −55.30 −1.69

Morse potentials

Double-well Attachment

D (kcal/mol) 61.03 50.79 [8, 140]
α (Å−1) 0.17 0.36 [0.2, 1.4]
r0 (Å) 7.69 13.73 4.0
Range (Å) (0, 4.67) (15.08, ∞) –

Lennard-Jones potentials

Substrate-mechanophore Intra-substrate Inter-substrate

ϵ (kcal/mol) 1.23 12.31 6.16
σ (Å) 3.12 2.57 5.14
n (Å−3) 0.06 0.06 –

Fig. 1. Representative plot of potentials used in kinematic and MD
simulations. The mechanophore double well potential is stitched from
a cubic Bezier curve ( ) flanked by two Morse potentials ( ). Inset:
Zoomed in view of the nonbonded interactions near the well. Note that
the LJ 9-3 potential is deeper than the corresponding LJ 12-6 potential.

self-healing or self-reporting reaction in order to ascer-
tain general design guidelines. We develop both a kine-
matic model and molecular dynamics model with coarse
grained mechanophores and representative substrates.
These models are used to interrogate the percentage of
mechanophores activated as a function of interfacial dis-
placement for different degrees of interactions between
the mechanophore and substrate. Furthermore we exam-
ine how the presence of ambient temperature and adhe-
sive interfacial conditions affect activation.

2. Methods

To build a model that captures mechanophore activa-
tion due to interfacial shear, we begin with a representa-
tive mechanophore and its interactions with a substrate.
The mechanophore is simplified to two coarse grained
beads bonded together. This bond is captured as a double-
well potential that models a reversible isomerization reac-
tion with bond length change. This 1D potential model in-
spired by first principle steered molecular dynamics stud-
ies of mechanophores [18,12], assumes that the entire re-
action can be mapped onto a single reaction coordinate

and that the force directed chemical reaction takes this
same reactionpathway [19]. Thedoublewell potential cap-
tures the basic physics seen across mechanophores: with
applied force the energy barrier for the forward reaction
is lowered and the energy barrier for the reverse reaction
is increased (supporting information Section 1.2). To con-
struct the potential (Fig. 1) two Morse potentials (Eq. (1))
were stitched together with a Bezier cubic spline (sup-
porting information Section 1.1). The Bezier cubic spline
and the Morse potential values were chosen to obtain ex-
tremal energy values (Table 1) in the range of those from
quantum mechanical calculations of the mechanophore
spiropyran [12]. A mechanophore is termed open (acti-
vated) if the bond length is greater than the position of the
second potential minima and is termed closed otherwise.

Each bead of themechanophore is covalently bonded to
a substrate. The covalent substrate attachment is modeled
with a Morse potential that captures the anharmonicities
of the bond away from equilibrium [20] and the dissocia-
tion of the bond [21] with a finite energy. The Morse po-
tential VMorse as a function of bond length r is

VMorse
= D


e−2α(r−r0) − 2e−α(r−r0)


(1)

where r0 is the bond length, D is the energy required to
break the bond, and α is inversely proportional to the half-
width of the potential well. The bond stiffness (kMorse) of
the bond at r0 is directly related to α and D:

kMorse
= 2α2D. (2)

The half-width wMorse
1/2 is defined as the distance from

the equilibrium point r0 at which the applied force
dVMorse/dr is maximum (FMorse

max ). The maximum force and
half-width are related to the Morse potential parameters
by:

FMorse
max =

αD
2

(3)

wMorse
1/2 =

ln(2)
α

. (4)
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For the interpretation of results, we define a finite bond
break off point rMorse

break :

rMorse
break = r0 + 3wMorse

1/2 . (5)

A mechanophore is termed detached if one of the attach-
ment bonds extends beyond rMorse

break . The ranges of attach-
ment bond parameters used in this study are given in Ta-
ble 1.

The substrates can interact with each other and with
themechanophore beads through nonbonded interactions.
The nonbonded interactions are modeled with Lennard-
Jones (LJ) potentials (Fig. 1)—in the molecular dynamics
model we use LJ 12-6 potential for each particle, in the
kinematic model we use LJ 9-3 [22] which is an integration
of the LJ 12-6 over the substrate. These LJ potentials are
given by:

V LJ 12−6
= 4ϵ

σ

r

12
−

σ

r

6


(6)

V LJ 9−3
=

2
3
πϵnσ 3


2
15

σ

z

9
−

σ

z

3


(7)

where ϵ is the depth of the potential, σ is the length
scale associatedwith the potential, n is the number density
of the substrate, and r and z are the distances from the
substrate particle and the substrate plane respectively.
These parameter values are listed in Table 1.

The kinematic model is a potential energy minimiza-
tion based analysis developed here to study the effect of
interfacial shear on mechanophore activation. We lump
each substrate forming a side of the interface into a
rigid wall. The walls are positioned 4.71 Å apart and a
mechanophore is placed in a particular orientation be-
tween the substrates. Each mechanophore bead is bonded
to a point on the closer wall at the equilibrium attach-
ment bond length (Fig. 3(a)). The walls are tangentially
displaced in 400 equally spaced steps until the maxi-
mum distance necessary to either activate or detach the
mechanophore system. At each step the potential energy,
comprised of bonded attachments, nonbonded interac-
tions, and the mechanophore double-well bond, is mini-
mized. A single result is comprised of an average over 128
uniformly distributedmechanophore orientations. The ori-
entations are sampled within the range found by the geo-
metric constraint that both mechanophore beads must be
placed between the rigid substratewalls (supporting infor-
mation Section 1.3).

A molecular dynamics (MD) model is developed in
LAMMPS [23] to study the impact of discrete substrate par-
ticles and intersubstrate interaction at room temperature
on mechanophore activation. Though computationally ex-
pensive the MD approach is robust and can capture effects
such as adhesion, substrate elasticity, and thermal pertur-
bations. The energy barriers for the bonds are high relative
to room temperature, but the force applied by the shear in-
terface displacement performs work on the bonds and re-
duces the barrier to the regime for which thermal effects
can be felt (Fig. 2).

Each substrate consists of Lennard-Jones particles
arranged in a face centered cubic (FCC) lattice. The LJ
parameters are set to gold [24] (Table 1). The simulation

Fig. 2. Force modified energy barriers for dissociation of the substrate
attachment bond for varying depths of the Morse potential with
α = 1.07 Å−1 . Inset: Zoomed-in view highlighting that the barrier is
comparable to thermal energy for the forces close to 1.44 nN that activates
the mechanophore.

box is periodic in x and y and with a LJ 9-3 wall adjacent
and parallel to one x–y face emulating bulk and vacuum
on the opposite face creating a free surface. The ⟨111⟩
direction of the FCC crystal is aligned with the z-axis.
Each substrate is 80 Å wide in the x- and y-directions and
16 Å deep in the z-direction. The substrate is step cooled
from 1000 K to 300 K in 10 equally spaced temperature
steps. At each temperature level we equilibrate using
NPT dynamics at a 1fs timestep for 40000 steps and
the transition between temperature levels happens over
10000 timesteps (supporting information Section 3).

Two substrate configurations are assembled on top of
each other with the exposed {111} surfaces forming the
interface as shown in Fig. 3(b). Two LJ 9-3 walls that
emulate bulk substrates flank the assembly. The substrates
interact through a LJ 12-6 potential (Table 1) that was
turned on and off to study effects of adhesion between the
substrates. In the cases forwhich adhesion is turned on, the
interface is equilibrated after the substrates are assembled
but prior to the insertion of mechanophores (for the cases
without adhesion this equilibration would be redundant
since the substrates do not interact). For all cases, 8
mechanophores are inserted between the substrates at
randomly selected orientations and locations within the
criteria that both mechanophore beads are placed within
the interface and that center ofmass ofmechanophores are
at least 14 Å apart. The mechanophore beads are bonded
covalently to the nearest substrate particle. The whole
interface is then equilibrated. All equilibrations during
the assembly process happen in 40000 steps with a 1fs
timestep. Quasistatic shear is simulated by displacing a
single atom thick layer on each end of the interface in
opposite directions through 40 steps of 0.45 Å each. At each
step the interface is equilibrated (excluding the controlled
displacement top and bottom atomic layers) for 10000
steps at 1fs timestep and the mechanophore beads and
the attached substrate particles are tracked (supporting
information Section 3). A single result is an average over
25 simulations [25].

3. Results and discussion

3.1. Kinematic model

When mechanophores are rigidly attached to rigid
substrates all mechanophores will progressively activate



4 M.S. Manivannan, M.N. Silberstein / Extreme Mechanics Letters ( ) –

Fig. 3. Schematics of the two models for activation of mechanophores subjected to interfacial shear. (a) Kinematic model: Interface is formed by two LJ
9-3 walls with a randomly oriented coarse grained mechanophore in between. (b) MD model: Interface is formed by two atomistic substrates with eight
randomly oriented and placed coarse grained mechanophores.

with interfacial displacement (Fig. 4(a)). Activation initi-
ates at an interfacial distance close to the distance between
the two minima of the double-well potential (slightly
reduced due to the inclination of the mechanophore).
Mechanophores that are oriented along the direction of
shear activate first. To quantify mechanophore orientation
we use the second order Legendre polynomial (P2):

P2 =
3⟨cos2(θ)⟩ − 1

2
(8)

where θ , is the angle with the direction of shear and ⟨ ⟩

represents an average over a set of mechanophores. This
function takes the value 1 for perfect alignment along the
direction of shear, 0 for uniform random distributed orien-
tations, and−0.5 for alignment perpendicular to the direc-
tion of shear. All mechanophores align themselves along
the direction of shear given sufficient interfacial displace-
ment, as indicated by the evolution of P2 from 0.2 to 1 with
interfacial displacement. The first mechanophores to open
are those that are highly oriented along the shearing direc-
tion (Fig. 4(b)). Note that perfect alignment (P2 = 1) is not
necessary for activation, and that the details of the progres-
sion of activation with interface displacement are a con-
sequence of the choice of uniform random mechanophore
orientations.

For non-rigid mechanophore to substrate attachments
two kinds of behavior are observed. In Fig. 4(a) the progres-
sion of activation is plotted for three different bond poten-
tials of the same α (α = 1.07 Å−1) and different D. When
D equals 69.22 kcal mol−1 (case 1) and 44.30 kcal mol−1

(case 2) activation coincides with the rigid attachment
scenario with all mechanophores activating as the shear
progresses. For D equals 38.76 kcal mol−1 (case 3) no
mechanophores activate with applied interfacial displace-
ment. For case 3 all of the mechanophores detach from the
substrate due to the weak substrate attachment (Fig. 4(c)),
thereby removing the driving force for activation.

To identify the range of parameters of the attach-
ment potential that enable mechanophore activation, we
performed a grid search over α and D—the parameters
for the Morse potential, and evaluated what percent of
mechanophores activated at each combination of parame-
ters. As seen in Fig. 4(d) there are twodistinct regimes—one

for which 100% of the mechanophores activate and one for
which 0% of mechanophores activate. The former regime
occurs when the attachment potential is deep and narrow,
while the latter regimeoccurswhen the attachment poten-
tial is shallow and wide. The curve that separates the two
regimes coincides with a rectangular hyperbola

FMorse
max =

αD
2

= 1.44 nN = FMe
Activate (9)

where the left hand side is the maximum force that can
be exerted by the Morse potential and the right hand
side is the force required to activate the mechanophore
(derived from the double-well potential). For this scenario
with perfectly flat substrates and only bonded interactions,
the mechanophore-substrate attachment bond must be
capable of transmitting the force required to activate the
mechanophores in order for any of the mechanophores to
activate.

The presence of nonbonded interactions between the
substrates and mechanophores perturbs the mechano-
phore response to interfacial shear (Fig. 5(a)). This per-
turbation is most apparent for case 2, which reaches only
3% activation when nonbonded interactions are present as
compared to 100% activation with only bonded interac-
tions. Revisiting, the grid search now with nonbonded in-
teractions present, we notice a narrow band over which
the transition from 2% activation to 98% activation oc-
curs (Fig. 5(b)). Some activation occurs for attachments
with FMorse

max < FMe
Activate and some detachment occurs with

FMorse
max > FMe

Activate. To enable significant activation, the at-
tachment potential needs to be reasonably stronger than
theminimal requirement given by the force required to ac-
tivate the mechanophore.

3.2. Molecular dynamics model

The presence of discrete substrate particles and ensem-
ble dynamics as captured by theMDmodel does not signif-
icantly alter activation behavior (Fig. 5(a)). The substrate
is effectively rigid as no substrate disintegration or shape
change is observed during the MD simulation. Hence here
too there are only two mechanisms at play, activation and



M.S. Manivannan, M.N. Silberstein / Extreme Mechanics Letters ( ) – 5

Fig. 4. Results for the kinematicmodelwith only bonded interactions. (a) Activation trends ofmechanophoreswith different attachment potential depthsD
andα = 1.07 Å−1 . Here ‘‘Inf’’ refers to a rigid attachment. (b) Orientation trends over allmechanophores and over the set of activatedmechanophoreswhen
the attachments are rigid. (c) Dissociation trends of the mechanophores indicate that they complement the activation trends i.e., mechanophores either
activate or dissociate. (d) The grid search over the space of the attachment potentials separates the space into two regimes—one where nomechanophores
activate and one where all mechanophores activate is given sufficient interfacial displacement.

Fig. 5. Results of the kinematic model with and without nonbonded (NB) interactions, and of the corresponding MD model. (a) Activation trends with
interfacial displacement. (b) In the presence of NB interactions the grid search performed with the kinematic model shows a narrow band over which the
transition from no activation to complete activation happens.

detachment. There is a secondary thermal effect in case 2
for which activation reaches 5% with the total applied in-
terfacial displacement instead of 3% predicted by the kine-
matic model.

Intersubstrate adhesion significantly influences mech-
anophore activation. Adhesion changes the configuration
of the substrate atoms, resulting in substrates that are

rougher and on average close together (Fig. 6(a)). In con-
trast to the previously studied scenarios, adhesion retards
the interface displacement in relation to the prescribed
shear boundary displacement (Fig. 6(b)). As most clearly
evident in case 1, the reduced interface displacement re-
duces the mechanophore activation at a given boundary
displacement. Furthermore, the more closely interacting
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Fig. 6. Effect of inter-substrate adhesion on mechanophore activation determined by the MD model. (a) The interface configuration along the XZ plane
is shown. The substrates come closer and they are rougher in comparison to the case without adhesion. (b) The interface displacement is less than the
applied boundary displacement in the presence of adhesion. (c) Activation trends with and without adhesion.

substrates aid in both activation and detachment of the
mechanophores as can be seen in the simulated cases
(Fig. 6c). This adhesion study illustrates that atomistic de-
tails of the substrates play an important role in altering the
progression of mechanophore activation.

4. Conclusion

We have constructed a kinematic model and a molec-
ular dynamics model to simulate mechanophore activa-
tion at an interface subjected to shear. Our investiga-
tion reveals that mechanophore activation happens pro-
gressively with interfacial displacement starting with the
mechanophores aligned along the direction of shear. The
onset of activation happens when the interfacial distance
nearly equals the distance between two equilibrium states
of the mechanophore. If only limited interfacial displace-
ment is expected in the composite or coating failure, then
the distance between the equilibrium states of a poten-
tial mechanophore may limit its utility. Our analysis high-
lighted that one critical aspect of interface design is to use
mechanophore to substrate bonds that can survive forces
larger than the mechanophore triggering force. However,

some limited activation can occur even for weaker attach-
ment bonds. Nonbonded interactions, temperature, and
adhesion all contribute to both activation and detachment
of mechanophores. If there is strong adhesion between
the substrates, the conformation between the substrates
change and the transmission of shear through the sub-
strates is delayed, reducing the degree of activation for
a given applied boundary displacement. This study offers
insight for designing mechanophore functionalized self-
healing and self-reporting interfaces for effective damage
management. Based on these results, futurework is needed
to investigate the effect of specific substrates for prospec-
tive applications.
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