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Christopher P. Kabb, a Christopher S. O'Bryan, b Cameron D. Morley,b

Thomas E. Angelini bcd and Brent S. Sumerlin *a

The recent attention given to functionalities that respond to mechanical force has led to a deeper

understanding of force transduction and mechanical wear in polymeric materials. Furthermore, polymers

have been carefully designed such that activation of “mechanophores” leads to productive outputs, such

as material reinforcement or changes in optical properties. In this work, a crosslinker containing an

anthracene–maleimide linkage was designed and used to prepare networks that display a fluorescence

response when damaged. The pressure-dependent damage of poly(N,N-dimethylacrylamide) networks

was monitored using solid-state fluorescence spectroscopy, with increasing compressive forces leading

to higher degrees of mechanophore activation. When a stamp was used to compress the networks, only

the areas in contact with the raised portion of the stamp underwent mechanophore activation, resulting

in the generation of patterns that were only visible under UV light. Finally, an isomeric “flex”

mechanophore was designed and used to prepare networks that were compressed and compared to the

previously described networks.
Introduction

The burgeoning eld of stimuli-responsive polymeric materials
has typically focused on a relatively narrow range of commonly
encountered stimuli,1 including heat,2–4 light,5,6 pH,7–10 and
chemical triggers.11–15 Alternatively, the input of mechanical
force to a polymer can also lead to changes in chemical prop-
erties. The principle of modifying materials via mechano-
chemical processes has long been studied,16–19 but its precise
implementation into macromolecules had largely remained
underutilized. A recent renaissance in the use of mechanical
force as a means to modulate chemical reactivity has been
motivated by the expanded practice of implementing principles
of green chemistry into industrial processes.20 Concurrently,
mechanochemically active linkages have been integrated into
macromolecules to better understand fundamental aspects of
force transduction in polymeric materials.21–23 Although studies
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related to mechanically facilitated degradation of polymers date
back to the 1930s, until recently, those that harnessed
mechanical force for specic modications on the molecular
level were sparse. The development of polymeric materials that
feature functionalities capable of undergoing bond scission in
response to an applied mechanical force (i.e., mechanophores)
has led to exciting new ndings, ranging from materials that
toughen when damaged24,25 to the mechanically facilitated
“unzipping” of a polymer backbone to yield a conducting
polymer.26 The breadth of chemical functionalities that can be
appended to mechanophores enables their incorporation into
a variety of polymeric systems (e.g., vinyl networks,27,28 sili-
cones,29 polyesters,30,31 and polyurethanes32), further enhancing
their utility.

To accurately assess the inuence of mechanophores in
polymeric materials, thermochemical and mechanochemical
activation mechanisms must be effectively decoupled. A
common strategy to achieve this is the use of thermally stable
mechanophores, such as anthracene-based cycloadducts. For
instance, anthracene–maleimide (Anth–Mal) cycloadducts
display excellent thermal stability (up to 200 �C)2,33 and have
been employed as mechanophores34 to examine the effects of
macromolecular architecture35 or micellar aggregation36 on the
extent of cycloreversion. In the former example, Boydston and
coworkers examined the mechanochemical activation of cen-
trally located Anth–Mal linkages in star and linear poly(methyl
acrylate). Chain-scission rates were consistent with models that
related the scission rate to the molecular weight of two chains
This journal is © The Royal Society of Chemistry 2019
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emanating from the same point. Li et al. examined the effect of
self-assembly of amphiphilic block copolymers on the mecha-
nochemical activation of Anth–Mal groups that linked the two
blocks.36 In a non-selective organic solution (i.e., where the
polymer chains existed as unimers), the hydrophobic block
length was insufficient to promote cycloreversion. However,
when the polymers were dispersed in water, the assembly of
amphiphilic chains into supramolecular assemblies increased
the apparent chain length in the micellar core leading to effi-
cient retro-Diels–Alder reactions with sonication. The ndings
outlined in both reports strongly support the notion that
a critical chain length is necessary to generate sufficient force
on a given point in a polymer chain to promote chain scission.37

Polymer mechanochemistry has also been extended to bulk
materials, in which alternative modes of activation (e.g., shear,
tensile, and compressive forces) are also pertinent. Oen,
mechanochromic materials (i.e., materials that change color in
response to mechanical force) are utilized since optical char-
acterization is generally straightforward, and a change in
absorption, emission, or reection can be used to visualize
applied stresses.38,39 Responsive chromophores such as spi-
ropyrans have been widely utilized due to their large bath-
ochromic shi upon mechanically activated ring-opening to the
corresponding merocyanine.29,40–42 Consequently, incorporation
of color-changing mechanophores allows for detection of
stresses that do not result in visible macroscopic damage. Anth–
Mal cycloadducts lack absorption in the visible region, but upon
cleavage via retro-Diels–Alder and liberation of anthracene,
a yellow color and blue uorescence emission is commonly
observed. This “off–on” signal enables simple and sensitive
Fig. 1 Expected response to compressive stress for networks compo
DMA : DEGDA : 2. DMA : N,N-dimethylacrylamide; DEGDA: di(ethylen
mechanophore-containing monomer.

This journal is © The Royal Society of Chemistry 2019
detection of mechanical force using the emergence of color,
rather than a more difficult-to-detect shi in the absorption
spectrum. Furthermore, the uorescence signal can only be
observed when irradiated with a long-wave UV light source,
rendering it useful as an “invisible ink” in polymeric materials.

In this work, we study the compressive activation of ther-
mally stable Anth–Mal linkages in bulk polymeric networks.
Upon mechanically induced cleavage of the cycloadduct, liber-
ated anthracene functionalities produce a detectable uores-
cence signal under long-wave UV irradiation. The uorescence
emission was quantied using solid-state uorescence spec-
troscopy, with the measured intensity correlating to the
magnitude of the applied force. To demonstrate the application
of Anth–Mal crosslinks as an “invisible ink,” we imprinted
polymeric networks containing mechanochemically active
crosslinking points. Upon irradiation with long-wave UV light,
a persistent, localized uorescence signal was observed in the
imprinted area. Aer the visible deformation to the network
had disappeared, the imprinted areas still displayed a uores-
cence signal. Furthermore, we examined the differences
between a classical mechanochemical activation pathway (i.e.,
bond stretching) with the recently reported “ex-activated”
pathway (i.e., bond bending) by comparing isomeric cross-
linkers designed with differing polymer attachment points.
Although we observed mechanochemical response in networks
crosslinked by classically oriented mechanophores, no
response was detected for the ex-activated system, even at
elevated temperatures. These results reinforce the need for
a deeper understanding of the requirements for the design of
a successful ex mechanophore.
sed of (a) 99 : 1 DMA : 1, (b) 99 : 1 DMA : DEGDA, and (c) 98 : 1 : 1
e glycol) diacrylate; 1: mechanophore-containing crosslinker; 2:

Chem. Sci., 2019, 10, 7702–7708 | 7703
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Results and discussion

Incorporating a mechanophore into a crosslinking unit is
a viable strategy for the preparation of polymeric materials that
are mechanically responsive. As reported previously, anthra-
cene–maleimide cycloadducts (Anth–Mal) can serve as mecha-
nophores.34–36,43 In these examples, attachment of polymer
chains to the nitrogen of the maleimide and the 9-position of
the anthracene led to cycloreversion of the adduct under
mechanical stress. Applied mechanical forces are localized
along the axis of the anthracene–maleimide cycloadduct,
leading to lengthening of the bridging bonds and subsequent
cleavage. Therefore, the diacrylate crosslinker 1 was prepared
with a centrally located Anth–Mal adduct and appropriate
connectivity of the polymerizable functionalities (Fig. S1–S8†).
The crosslinker was incorporated into poly(N,N-dimethylacry-
lamide) (PDMA) networks formed through photoinitiated
radical polymerization. Upon compressing the networks, it was
expected that the adduct would undergo a cycloreversion reac-
tion. Cleavage and liberation of anthracene would then result in
a uorescence signal that could be observed under long-wave
UV irradiation (�365 nm, Fig. 1a). Control networks were also
synthesized in which 1 was replaced with 1 mol% of di(ethylene
glycol) diacrylate (DEGDA). This non-responsive crosslinker
would still be expected to cleave when subjected to mechanical
stress, but the scission events would not result in a uorescence
Fig. 2 (a) Schematic of Anth–Mal cycloreversion under compression, w
signal. (b) Solid-state fluorescence spectra of compressed PDMA netw
compressed PDMA networks. DMA : N,N-dimethylacrylamide; DEGDA: d
2: mechanophore-containing monomer.

7704 | Chem. Sci., 2019, 10, 7702–7708
signal (Fig. 1b). Furthermore, to verify that the applied
compressive force was responsible for cleaving the Anth–Mal
adducts, the control monomer 2 was synthesized in which the
alcohol of the maleimide terminus was converted to an acetyl
group rather than a polymerizable acryloyl group (Fig. S9–S16†).
This monomer would therefore result in Anth–Mal linkages that
are pendent to the polymer backbone, rather than being present
at crosslinking junctions. As such, the applied force would not
be localized on the Anth–Mal linkage and would not be expected
to result in cycloreversion (Fig. 1c). To ensure the stability of
Anth–Mal linkages under the polymerization conditions and
investigate the extent of incorporation into the polymer
networks, the linear polymer P(DMA0.99-co-20.01) was prepared.
The bulk copolymerization yielded a polymer that showed no
indication of changes to the cycloadduct during polymerization,
as evidenced by 1H NMR spectroscopy (Fig. S17†) and GPC
analysis (Fig. S18†). Furthermore, the composition of the puri-
ed copolymer matched with the feed ratio of monomers,
indicating successful copolymerization of the two monomers.

As the uorescence intensity of our samples exposed to
compressive forces is expected to be proportional to the number
of Anth–Mal adducts that break, solid-state uorescence spec-
troscopy was used to quantify the extent of damage to the
network. Thin, cylindrical networks were prepared (d� 0.7 mm,
t � 1.5 mm) and compressed with pressures ranging from
50 MPa to 1065 MPa (Fig. 2a). Using a petite integrating sphere
hich leads to liberation of anthracene and a detectable fluorescence
orks. (c) Plot of maximum fluorescence intensity (l ¼ 415 nm) for
i(ethylene glycol) diacrylate; 1: mechanophore-containing crosslinker;

This journal is © The Royal Society of Chemistry 2019
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attachment, we measured the uorescence intensity of the
compressed samples. Each sample was measured in three
discrete locations to account for spatial heterogeneity (Fig. S19–
S28†), and the averaged spectra for a network crosslinked with
1 mol% 1 (99 : 1 DMA : 1) are shown in Fig. 2b. The intensity at
415 nm was plotted as a function of applied pressure (Fig. 2c),
with higher pressures leading to greater degrees of network
damage and cycloreversion. The same experiments were per-
formed with DEGDA-crosslinked networks (99 : 1
DMA : DEGDA), and as expected, the incorporation of this non-
responsive crosslinker led to a lack of uorescence signal in the
damagedmaterials. Furthermore, networks containing pendent
Anth–Mal groups (98 : 1 : 1 DMA : DEGDA : 2) were absent of
uorescence following compression. These results suggest that
for cycloreversion to occur, the polymer chains must be
attached to both ends of the mechanophore. The applied stress
is then localized on the crosslinking points as the polymer
backbone is extended, leading to elongation of the Anth–Mal
Fig. 3 Anth–Mal mechanophore activation in AnthMalDA-crosslinked
PDMA networks with varying crosslink densities.

Fig. 4 (a) Stamping “invisible ink” into PDMA networks crosslinked by Ant
DMA : AnthMalDA networks before compression under (b) white light and
apparent under (d) white light and (e and f) UV light. 99 : 1 DMA : DEGDA n
no defects. After stamping, the anthracene pattern is apparent under (i)

This journal is © The Royal Society of Chemistry 2019
bonds. If only one end of the mechanophore is covalently con-
nected to the polymeric network, force is not transduced to the
cycloadduct, and it remains intact.

We expected the ability of the network to dissipate an
applied stress would be diminished with increasing crosslink
density, as stresses would be more readily localized at cross-
linking junctions, leading to more rapid failure of Anth–Mal
bonds.44 When a force is applied, elongation of the polymer
chains leads to chain rupture once a critical rupture force is
reached. This process becomes more likely as the length of the
stretched chain approaches the contour length of the polymer,
and is therefore more pronounced with shorter chains.44 Thus,
as the crosslink density of the network is increased and the
length of the parent chains (i.e., linear segments connected by
crosslinking junctions) consequently decreases, greater degrees
of activation are expected.45 To test this hypothesis, we prepared
networks with high crosslink densities (i.e., 5 and 10 mol%) by
adding the desired amount of the non-responsive crosslinker
DEGDA (i.e., 4 and 9mol%) along with the responsive 1 (1 mol%
for all samples, Fig. S29–S48†). The Young's moduli of the
networks were measured by indenting 1 mm thick samples with
a hemispherical glass indentation tip and tting the Hertz
contact model to the resulting force vs. displacement curves
(Fig. S49†). As expected, increasing the crosslink density resul-
ted in an increased modulus, ranging from E* ¼ 1.33 MPa for
1 mol% crosslinked networks to E* ¼ 9.00 MPa for 10 mol%
crosslinked networks (Fig. S50†). Aer compression with
a hydraulic press, the uorescence intensity for each was
compared against a calibration curve of 9-anthracenemethanol
embedded in PDMA networks (Fig. S51†) to normalize for the
initial concentration of 1 in each responsive network. Over the
range of crosslinking densities considered, there is not
a signicant difference in activation proles (Fig. 3). Further-
more, it was observed that each of the samples plateau around
a similar value, ranging from 4–5% mechanophore activation.
While these results do not clarify the denitive role of cross-
linking density on mechanophore activation, cycloreversion is
hMalDA leads to a fluorescence signal in the shape of the pattern. 99 : 1
(c) UV light show no defects. After stamping, the anthracene pattern is
etworks before compression under (g) white light and (h) UV light show
white light, but no signal is detectable under UV light (j and k).

Chem. Sci., 2019, 10, 7702–7708 | 7705
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Scheme 1 Comparison between “classic” mechanophore activation pathway, in which bond stretching promotes cycloreversion, and “flex”
activation, in which the force is directed perpendicular to the axis of cycloreversion, such that bond bending leads to cycloreversion.
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observed in each case to an extent such that the emitted light is
intense enough to be observed by eye when irradiated with long-
wave UV light.

The mechanochemical activation of Anth–Mal linkages
provides a unique opportunity to encode information into
polymeric materials using an “invisible ink.” Patterns stamped
into the networks under compression may be invisible or nearly
invisible unless illuminated with UV light (Fig. 4a). To examine
this process, we prepared a stamp with a raised anthracene
pattern (see ESI for details†). A rectangular network consisting
of 99 : 1 DMA : 1 was prepared. Before compression, no large
defects were observed (Fig. 4b), and no uorescence was
detected when irradiated with a UV lamp (Fig. 4c). Aer
stamping under a pressure of approximately 150 MPa, the
pattern was visible under white light (Fig. 4d) and uoresced
blue when irradiated with 365 nm light (Fig. 4e and f). Inter-
estingly, the pattern was no longer visible under white light two
days aer compression, but the uorescence could still be
observed under UV irradiation (Fig. S52†). This indicates that
even aer relaxation of the polymer network, the anthracene–
maleimide bonds do not reform to a signicant extent, so the
uorescence signal of anthracene is still detected. The control
network, consisting of P(DMA0.99-co-DEGDA0.01), also showed
no defects (Fig. 4g) or response under UV irradiation (Fig. 4h).
Aer stamping the material, the anthracene imprint is clearly
observed (Fig. 4i), but no uorescence signal is detected under
UV irradiation (Fig. 4j and k).

Traditionally, mechanophores are designed in such a way
that the elongated polymer chains are in alignment with the
labile bond. As such, applied forces lead to bond elongation and
ultimately chain scission. Alternatively, Boydston and
coworkers have introduced the nascent concept of “ex” acti-
vation, in which the labile bonds are orthogonal to the elon-
gated polymer backbone.27,28,32 In this mechanism, the resultant
bond bending and/or bond angle distortion leads to cleavage of
the mechanophore and release of a small molecule (Scheme 1).

By design, this pathway does not lead to destruction of
network integrity upon activation. All examples to date have
relied on the use of [4 + 2] cycloadducts, which have been shown
to undergo cycloreversion due to deformations induced by
mechanical force. Therefore, we designed an isomeric “ex”
crosslinker in which the polymer chains would be connected via
7706 | Chem. Sci., 2019, 10, 7702–7708
the 2- and 6-positions of the anthracene ring (Fig. S53–S68†).
Networks crosslinked with the ex mechanophore were
prepared and subjected to compression as described above.
However, under the conditions studied, no cycloreversion was
detectable by solid-state uorescence spectroscopy (Fig. S69 and
S70†). Furthermore, the samples were heated to 75 and 100 �C
and subjected to 1050 MPa compressive loads. No uorescence
signal was observed (Fig. S71†), indicating a lack of cyclo-
reversion, even under these harsh conditions. When heated to
200 �C, a small percentage of free anthracene is noted, but
compression at this temperature yields a negligible increase in
the degree of cycloreversion. This is not unprecedented, as work
by Craig and coworkers on Anth–1,2,4-triazoline-3,5-dione
adducts necessitated the use of high temperatures under
tension to achieve small degrees of activation.29 Alternatively, in
Boydston's pioneering work, adducts of furans and alkynes have
much lower energies of activation, and therefore are more
applicable as ex mechanophores.27 From our comparison, it is
apparent that the necessary energy for ex activation is larger
than classic activation, and further examination is needed to
elucidate the pertinent design criteria for a successful ex
mechanophore.
Conclusions

In summary, we have prepared networks crosslinked by
mechanoresponsive Anth–Mal adducts. When the networks are
subjected to compressive forces, cycloreversion of the adduct
occurs, liberating uorescent anthracene groups. As expected,
the extent of cycloreversion is strongly dependent on the
applied pressure; higher uorescence intensities are measured
with larger pressures. When compressed with a patterned
stamp, the raised areas of the stamp imprinted the network. In
the imprinted areas, cycloreversion to anthracene yielded
a uorescent signal. We demonstrated this technique by
preparing an anthracene-shaped stamp. Aer the polymeric
network had relaxed, the imprinted pattern was invisible under
white light. However, under UV irradiation, the damaged
crosslinking points uoresced in the shape of the pattern.

Mechanophores that result in a visual output when damaged
have proven valuable in many applications. For example,
damage-reporting objects28,46 have been developed, in which
This journal is © The Royal Society of Chemistry 2019
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stresses on the material can be easily visualized. The use of
mechanophores has been extended into prototyping using
additive manufacturing, in which optimization of object design
can be achieved by visualizing potential failure points. This
visualization allows for the creation of more robust objects that
are reinforced at areas that have a high likelihood of failure.
Furthermore, it may be possible to use the uorescent response
to compression to aid in recycling, where plastics can be
stamped and sorted based on the output from the imprinted
area, or anticountertting applications. The type and/or the
optical response may be tuned simply by altering the mecha-
nophores. In the case of anthracene derivatives, substitutions
along the aromatic rings can greatly inuence the electronics,
providing access to a wide range of colors. Finally, further
understanding of the principles that guide mechanophore
design (namely, the criteria for a successful ex mechanophore)
will provide access to mechanophores that imbue numerous
benecial properties to polymeric networks.
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