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ABSTRACT: A new methodology is developed to
activate and characterize mechanochemical transforma-
tions at a solid interface. Maleimide−anthracene mecha-
nophores covalently anchored at a fused silica−polymer
interface are activated using laser-induced stress waves.
Spallation-induced mechanophore activation is observed
above a threshold activation stress of 149 MPa. The retro
[4+2] cycloaddition reaction is confirmed by fluorescence
microscopy, XPS, and ToF-SIMS measurements. Control
experiments with specimens in which the mechanophore is
not covalently attached to the polymer layer exhibit no
activation. In contrast to activation in solution or bulk
polymers, whereby a proportional increase in mechano-
phore activity is observed with applied stress, interfacial
activation occurs collectively with spallation of the polymer
film.

Mechanical stress causes covalent bond scission in
polymeric materials. In contrast to the typical

mechanisms of failure such as homolytic bond cleavage,
mechanically sensitive molecules called mechanophores are
able to harness mechanical stress to achieve selective and
productive chemical transformations.1 Mechanophores have
been developed to access a range of force-induced reactivity in
polymers including fluorescence/color change,2 catalyst for-
mation,3 cross-linking,4 small molecule release,5 and even
changes in electrical conductivity.6 Typically, activation of
covalently linked mechanophores in polymers is achieved using
ultrasonication in solution,7 mechanical loading in bulk
polymeric materials,2b,d,8 or by single molecule force spectros-
copy.9 Ultrasonication of polymer solutions provides a
convenient and reliable method for screening mechanochemical
activity, while single molecule force spectroscopy is able to
characterize the forces required for activation of individual
mechanophores in polymer chains. In bulk polymeric materials,
tensile or shear force is applied to macroscale specimens to
study the relationship between the activation stress/strain and
mechanophore reactivity. In one example,8b laser-induced stress
waves were used to achieve high-strain-rate activation of
mechanophores incorporated in bulk polymer films.
The potential for using mechanophores in coatings and

composite materials has inspired recent efforts to investigate
the mechanochemical activity of mechanophores localized at
solid interfaces. For instance, the mechanochemical activation

of a maleimide-anthracene (MA) mechanophore anchored
between an inorganic nanoparticle surface and grafted polymer
chains was achieved using ultrasonication in solution.10

Interfacial mechanophore activation in this system was found
to follow a similar behavior as chain-centered mechanophores,
including first-order reaction kinetics and a minimum polymer
chain length for mechanical activation. Additionally, the
interfacial mechanochemical reaction of a diarylbibenzofur-
anone mechanophore in polymer−silica composite materials
was accomplished under tension.11 The shear-induced
activation of mechanophores located at interfaces has also
been studied computationally.12 Nevertheless, experimental
methods for investigating mechanophore activation at solid
interfaces remain limited, encouraging the development of new
protocols to aid in the design and understanding of interfacial
mechanochemical processes.
Herein, we demonstrate that laser-induced stress waves are

capable of activating mechanophores located at solid interfaces.
Moreover, this method provides a protocol for quantifying
activation stress thresholds. Using this method, the activation of
a MA mechanophore anchored at a solid interface is found to
exhibit mechanochemical characteristics distinct from typical
polymer systems, specifically a collective “on−off”-type
activation response. The demonstration of laser-induced stress
waves as a tool for mechanophore activation and character-
ization establishes a new platform for studying covalent
mechanochemistry at solid materials interfaces and elucidates
fundamental molecular processes that govern the mechanics of
debonding and other interfacial phenomena.
Laser-induced stress waves have been used to generate large

tensile stresses at thin film interfaces.13 As shown in Figure 1,
stress waves are generated by impingement of a Nd:YAG
pulsed laser on an Al energy-absorbing layer. Rapid expansion
of the Al layer and the presence of a sodium silicate confining
layer causes a compressive stress wave, σ(t), to propagate
through the silica substrate toward the surface, where it reflects
and generates a tensile stress at the interface between the
substrate and the polymer thin film. Importantly, the magnitude
of applied stress is systematically controlled by varying the laser
fluence. The interface stress is determined by measuring the
out-of-plane displacement of a calibration specimen with a
Michelson interferometer to numerically calculate interface
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stress for a given laser fluence (see the Supporting Information
(SI) for details).14

The feasibility of mechanophore activation at a solid interface
using laser-induced stress waves was investigated. A fused silica
substrate was covalently functionalized with a maleimide−
anthracene (MA) mechanophore10 and subsequently patterned
with an epoxy polymer layer (Figure 2a). The active specimen

contains a MA mechanophore with a terminal primary amine
group, enabling covalent attachment to the patterned epoxy top
layer (Figure 2b). In addition, control specimens were also
prepared with a mechanophore that contains an alkyl bromide
instead of an amino group, thus preventing covalent attachment
to the epoxy film (Figure 2b). Importantly, the MA
mechanophore was anchored to the silica surface such that
mechanochemical activation is expected to result in the

formation of a substrate-bound and highly fluorescent
anthracene moiety (see the SI for synthesis and specimen
fabrication details).
Specimens were subjected to laser-induced stress waves with

increasing interface stress and subsequently analyzed using
optical and fluorescence microscopy (see the SI for
experimental details). Mechanochemical activation of the MA
mechanophore anchoring group is expected to occur only in
regions containing covalently bonded epoxy films following
spallation of the polymer from the specimen. For active
specimens, complete spallation of the epoxy films from the
substrate occurred at an interface stress greater than 149 MPa
(Figure 3a; see SI, Figure S1, for all optical and fluorescence

micrograph). Fluorescence micrographs indicate that spallation
of the polymer films coincides with the activation of MA
mechanophore anchoring groups (Figure 3b). A bright
fluorescent pattern was observed in the same regions previously
occupied by the epoxy films, indicating the spatially defined
generation of anthracene on the surface. No fluorescence was
observed prior to epoxy spallation, suggesting that partial
mechanophore activation does not precede complete interfacial
debonding of the polymer films.
In contrast to active specimens, spallation of the polymer

films from control specimens occurred at a significantly lower
interface stress (between 120 and 130 MPa) with no changes in
fluorescence being detected (see SI, Figure S2). A comparison
of the fluorescence intensity between specimens with covalently
and non-covalently bonded polymer layers after an applied
stress of 163 MPa is shown in Figure 4. The intensity profiles
along 400 μm line segments of the corresponding fluorescence
micrographs demonstrate that negligible mechanophore
activation occurs in the control specimens while uniform

Figure 1. Interfacial mechanophore specimen design. Schematic
representations of the experimental setup for generating laser-induced
stress waves and mechanical activation of covalently anchored
maleimide−anthracene (MA) mechanophores located at the epoxy−
fused silica (FS) interface, which generates a fluorescent anthracene
moiety bound to the silica surface with concurrent spallation of the
epoxy film.

Figure 2. Interfacial mechanophore specimen preparation. (a)
Fabrication process involving functionalization of a silica surface
with a monolayer of the MA mechanophore followed by deposition
and photo patterning of a 1 μm thick epoxy top layer, and (b) the
fused silica−epoxy interface comprising the MA mechanophore, which
is covalently anchored to both surfaces in the active specimen. The
control specimen does not contain a covalent linkage between the
mechanophore and the epoxy layer.

Figure 3. Activation of interfacial MA mechanophores using laser-
induced stress waves. (a) Optical (1-photopatterned epoxy, and 2-MA-
functionalized silica substrate) and (b) fluorescence micrographs of an
active specimen following laser impingement with increasing laser
intensity. At stress values >149 MPa, the generation of a fluorescence
pattern coincides with spallation of the epoxy films. The contrast of all
images was increased 30% for clarity (original micrographs available in
the SI).
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fluorescence is observed across the specimens in regions of
covalent polymer attachment. These results confirm that
covalent attachment of the mechanophore at the interface is
required for mechanophore activation.
Fluorescence intensity as a function of interface stress was

measured using fluorescence microscopy to quantify the extent
of mechanophore activation (Figure 5). At each interface stress

level, the average fluorescence intensity of a 400 μm × 400 μm
area was calculated for specimens with covalent and non-
covalent attachment of the polymer films to the mechano-
phore-functionalized substrate. As described above, specimens
with covalently anchored polymer films exhibited an abrupt
increase in fluorescence intensity between 149 and 163 MPa
that coincided with film spallation. The fluorescence intensity
plateaued following this apparent threshold activation stress,
indicating that mechanophore activation occurs all at once and
that no detectable mechanochemical transformations take place
before or after epoxy film spallation. These results differ from
the behavior of the MA mechanophore under alternative
activation conditions, where a proportional increase in
mechanophore activity with applied stress is typically
observed.7d,10,15 The collective activation behavior observed
here is attributed to the monolithic structure of the cross-linked
epoxy polymer compared to prior studies with mechanophores
located in individual polymer chains, where bond breaking
occurs in a stochastic process that is accelerated with increasing
force.1a,16 The fluorescence intensity achieved after mechano-

chemical activation using laser-induced stress waves reaches
approximately 80% of that measured from an anthracene-
functionalized reference specimen in the same square array (see
SI for details). This relatively small discrepancy is likely due to
incomplete bonding between the mechanophore-functionalized
substrate and the epoxy layer. The non-covalently bonded
control specimens exhibited negligible fluorescence at all levels
of applied interface stress, both before and after film spallation.
Additional surface analysis using time-of-flight secondary ion

mass spectrometry (ToF-SIMS) imaging and X-ray photo-
electron spectroscopy (XPS) was performed to further confirm
activation of MA mechanophores with laser-induced stress
waves. Active specimens were subjected to an interface stress of
163 MPa and subsequently analyzed. ToF-SIMS imaging for
the CNO− negative ion, originating from the maleimide
fragment,17 illustrates the distribution of the intact MA adduct
on the silica surface after laser impingement (Figure 6a). A low

concentration of maleimide groups was detected within the
square arrays where the epoxy films were initially deposited
whereas a relatively high concentration was found in the
interstitial regions. This result is consistent with the
fluorescence measurements that showed selective mechano-
phore activation in locations of the covalently bonded epoxy
films, which leads to the loss of the maleimide fragment via a
retro Diels−Alder reaction upon spallation from the surface.
Similarly, N 1s XPS spectra acquired in the same regions
confirm the presence of the MA adduct in the interstitial
regions with negligible signal detected within the square arrays
(Figure 6b). The N 1s XPS signal peak at 401.2 eV detected in
the interstitial regions of the patterned film where no polymer
was originally present agrees well with the expected binding
energy for the MA adduct, indicating that it still remains after
laser impingement and polymer spallation. The ToF-SIMS and
N 1s XPS measurements support the fluorescence microscopy
results and indicate that, in the regions where the
mechanophore is covalently bonded to the epoxy polymer,
laser-induced stress waves in excess of the threshold activation
stress cause the MA mechanophore to undergo a retro Diels−
Alder reaction resulting in the generation of an anchored
anthracene moiety and concomitant spallation of the polymer
film.

Figure 4. Comparison of the cross-sectional fluorescence intensity
profiles between active and control specimens after they were
subjected to an interface stress of 163 MPa.

Figure 5. Average fluorescence intensity (400 μm × 400 μm region)
after laser-induced stress wave generation as a function of interface
stress for active and control specimens. Each data point represents the
average of four measurements. As a reference, the dashed line
represents the average fluorescence intensity of an anthracene-
functionalized substrate with similar grafting density.

Figure 6. XPS and ToF-SIMS surface analysis of a covalently bonded
specimen after laser impingement at 163 MPa. (a) ToF-SIMS image
for fragment 41.99 u (CNO−) corresponding to the maleimide moiety.
(b) N 1s XPS spectrum corresponding to the maleimide and primary
amine groups in the MA mechanophore. Blue and orange traces
correspond to the raw N 1s XPS signals inside and outside the square
array, respectively. The black trace corresponds to a fit of the signal
outside the square array.
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In summary, we demonstrated that laser-induced stress waves
are capable of activating MA mechanophores covalently
anchored at a silica−polymer interface. The interface stress at
the mechanophore functionalized interface was systematically
increased by tuning the laser fluence. The measured threshold
activation stress for the MA mechanophore was between 149
and 163 MPa. Covalent attachment of the mechanophore to
both the silica and polymer surfaces at the silica−polymer
interface was critical for mechanochemical activation, which
occurred concurrently with polymer spallation from the surface.
These findings were supported with fluorescence microscopy,
XPS, and ToF-SIMS measurements. Mechanophore activation
was not observed in specimens with a non-covalently anchored
polymer film even after film spallation, which occurred at
significantly lower interface stress compared to the covalently
bonded specimens. More broadly, this research introduces a
new technique for investigating covalent mechanochemistry at
solid interfaces and expanding the fundamental understanding
of molecular processes that underpin the mechanics of
debonding and other interfacial phenomena.
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