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Force-induced activation of covalent bonds in
mechanoresponsive polymeric materials

Douglas A. Davis', Andrew Hamilton?, Jinglei Yang’t, Lee D. Cremar’, Dara Van Gough®, Stephanie L. Potisek’,
Mitchell T. Ong', Paul V. Braun'>*, Todd J. Martinezl’3T, Scott R. White>?, Jeffrey S. Moore">* & Nancy R. Sottos™*

Mechanochemical transduction enables an extraordinary range of
physiological processes such as the sense of touch, hearing, balance,
muscle contraction, and the growth and remodelling of tissue and
bone'®. Although biology is replete with materials systems that
actively and functionally respond to mechanical stimuli, the default
mechanochemical reaction of bulk polymers to large external stress
is the unselective scission of covalent bonds, resulting in damage or
failure’. An alternative to this degradation process is the rational
molecular design of synthetic materials such that mechanical stress
favourably alters material properties. A few mechanosensitive poly-
mers with this property have been developed®'*; but their active
response is mediated through non-covalent processes, which may
limit the extent to which properties can be modified and the long-
term stability in structural materials. Previously, we have shown
with dissolved polymer strands incorporating mechanically
sensitive chemical groups—so-called mechanophores—that the
directional nature of mechanical forces can selectively break and
re-form covalent bonds'>'’. We now demonstrate that such force-
induced covalent-bond activation can also be realized with
mechanophore-linked elastomeric and glassy polymers, by using
a mechanophore that changes colour as it undergoes a reversible
electrocyclic ring-opening reaction under tensile stress and thus
allows us to directly and locally visualize the mechanochemical
reaction. We find that pronounced changes in colour and fluor-
escence emerge with the accumulation of plastic deformation, indi-
cating that in these polymeric materials the transduction of
mechanical force into the ring-opening reaction is an activated
process. We anticipate that force activation of covalent bonds can
serve as a general strategy for the development of new mechano-
phore building blocks that impart polymeric materials with desir-
able functionalities ranging from damage sensing to fully
regenerative self-healing.

We created mechanoresponsive synthetic polymeric materials by
directly linking force-activated mechanophores into the polymer
chains of bulk polymers or by using the mechanophores as cross-links
(Fig. 1). The mechanophore motif must efficiently transfer external
force to a relatively small number of specific bonds in the bulk poly-
mer, with this mechanochemical activation depending critically on
the molecular structure of the mechanophore and the attachment
points to the polymer chains. To demonstrate directly that external
forces can locally activate a mechanophore linked into elastomeric or
glassy polymer solids, we first selected a mechanophore with the
potential to undergo a force-induced, 6-7 electrocyclic ring-opening
reaction'” that is accompanied by a colour change (Fig. 1a). The
selected molecule is well-characterized and exhibits both thermo-
and photochromic responses'® that reversibly transform a closed,

colourless spiropyran form to a highly coloured, planar merocyanine
structure through rupture of the spiro carbon-oxygen (C-O) bond.
The increased conjugation of the merocyanine form shifts the absorp-
tion to longer wavelengths, thus giving rise to visible colour and fluor-
escence. The spiro C-O bond is the critical point for mechanically
induced activation, and there are many possible attachment points on
the spiropyran that differ in their ability to transmit force efficiently
across the junction (Fig. 1a). Simple mechanical models indicate that
attachment on opposing sides of the spiro-junction, specifically
positions 5" or 6" of the indole side and positions 7 or 8 of the benzo-
pyran side, preferentially stresses the spiro C-O bond over the spiro
C—C bond.

We selected positions 5" and 8 as the attachment points and func-
tionalized them with o-bromo or methacryloyl esters for subsequent
polymerization by single-electron-transfer living radical polymeriza-
tion" or suspension radical polymerization, respectively (Fig. 1b,
structures 1 and 4). We prepared control structures to determine
whether the observed colour change was dependent on linking
through the spiro-junction or was the result of other factors, such
as localized heating or radical generation from polymer chain cleav-
age during mechanical deformation®. The monofunctional control
lacked the polymer chain attached to the indole portion (Fig. 1c,
structures 2 and 5), precluding the transfer of any substantial force
into the spiropyran. A difunctional control (Fig. 1¢, structure 3) with
a structure closer to the purported mechanophore was prepared by
placing the spiropyran in the centre of the polymer chain, but with
polymer chains linked only to one side of the spiro-junction. This
placement allowed the transfer of force to the spiropyran, but not to
the spiro-fused C-O bond specifically.

We modelled the effect of external force on the mechanophore
(Fig. 2a) with both first-principles steered molecular dynamics®>
and constrained optimization (COGEF)** simulations, and using
truncated (t) as well as extended (e) models of the mechanophore
unit 1 (insets to Fig. 2c and d, see also Supplementary Figs S6 and S7).
The results of dynamics simulations using density functional theory
(DFT) are shown in Fig. 2b for mechanophore model 1t and difunc-
tional control model 3t. The C-O distance at the spiro bond is plotted
as a function of time for a variety of applied forces, ranging from 2 to
3nN. For 1t, scission occurred exclusively at the C-O bond for all
applied forces investigated within this range (Supplementary Video
S2). For 3t, no C-O bond rupture was observed on the indicated
timescale (Supplementary Video S3).

The origin of this behaviour was further explored using the COGEF
procedure at the DFT level (Fig. 2c). For 1t, the potential energy of
the molecule rose as the distance between the attachment points
increased, leading to a reaction activation barrier of 2.3eV at an

'Department of Chemistry, Department of Mechanical Science and Engineering, 3The Beckman Institute, “Department of Materials Science and Engineering, “Department of
Aerospace Engineering, University of Illinois at Urbana-Champaign, lllinois 61801, USA. tPresent addresses: School of Mechanical and Aerospace Engineering, Nanyang Technological
University, Singapore (J.Y.); Department of Chemistry, Stanford University, Stanford, California, USA (T.J.M.).

68

©2009 Macmillan Publishers Limited. All rights reserved


www.nature.com/nature
www.nature.com/nature
www.nature.com/doifinder/10.1038/nature07970

NATURE| Vol 459(7 May 2009

a Mechanophore-linked polymer

Spiropyran

“ 6

b Mechanophores
Br>kn/0 O S
0 4
o
L°
Br
1 4

Br}\ﬂ/o MeO O =
5 NOQ Yol )-vo,
o
{0
o <°

b

2 3 5

A o o

(0]

€ Controls

MeO. S —
e
e}
b

Br

elongation of 17%; further elongation of the molecule to 20% ruptured
the spiro C-O bond. In contrast, 3t showed no C-O bond rupture at
20% elongation and the activation barrier increased to 3.7 eV at an
elongation of 24%; further elongation finally caused rupture of the
N-H bond. In the case of the extended models, the DFT COGEF
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Figure 1| Chemical structures and bulk polymeric samples. a, Schematic
diagram of ‘dog bone’ specimens prepared from linear 80 kDa PMA. Upon
application of tensile force, a hypothesized conversion between the
colourless spiropyran and coloured merocyanine forms of the
mechanophore occurs. Exposure to visible light reverses the conversion back
to the original spiropyran form. b, The polymer connectivity of spiropyrans
1and 4 is across the spiro-junction, and therefore these materials are
expected to be mechanically active. ¢, Materials derived from spiropyrans
2, 3 and 5 serve as controls, since the polymer connectivity does not include
the spiro-junction. Spiropyrans functionalized with o-bromo esters were
used to initiate single-electron-transfer living radical polymerization and
incorporate a single spiropyran in the middle (1, 3) or at the end (2) of the
polymer chain. Spiropyrans functionalized with methacryloyl esters

(4, 5) were copolymerized with methyl methacrylate in aqueous suspension
to form PMMA beads incorporating spiropyrans at cross-linked junctions
(4) or as pendant groups (5).

energy profiles for 1e (Fig. 2d) again showed spiro C-O bond rupture,
whereas the difunctional control molecule 3e underwent a bond
rupture at one of the side chains that does not lead to a colour change.
Rupture of this side chain required more energy than that needed to
activate le. Thus, the COGEF calculations predicted selective spiro
C-0O bond rupture for the 1t as well as the 1e models. Semi-empirical
calculations were in good agreement with DFT for both the truncated
and extended models (Supplementary Figs S9 and S12), justifying their
use in longer-lasting dynamics simulations to explore the effects of
lower applied forces.

Experimentally, mechanochemical transduction was demonstrated
for an elastomeric mechanophore-linked poly(methyl acrylate)
(PMA) and a glassy mechanophore cross-linked poly(methyl meth-
acrylate) (PMMA). Elastomeric materials consisted of 1, 2 or 3 poly-
merized into PMA, resulting in a single mechanophore per chain.
Polymer samples were heat moulded into a ‘dog bone’ shape, which
was loaded either monotonically or cyclically under displacement
control while monitoring the applied stress (Fig. 3a). Glassy materials
consisted of solutions of 4 and 5 in a methyl methacrylate suspension
copolymerized using benzoyl peroxide and N,N-dimethylaniline to
give 100-500 pm diameter beads (Fig. 4a). These PMMA beads were
compressed with a stepper actuator coupled to a load cell, which
allowed for strain rate control while monitoring the resulting stress.

The active mechanophore-linked PMA (PMA-1-PMA), the mono-
functional control (PMA-2), and the difunctional control (PMA-
3-PMA) specimens were tested to failure under monotonic tensile
loading. An intense colour change occurred in the active specimen
(the absorption band is in the 550-590 nm range; Supplementary
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Figure 2 | First-principles dynamics and constrained optimization models
of mechanical activation. a, Truncated model of spiropyran showing the
pulling directions (mechanophore 1t, red arrows; control 3t, blue arrows).
The extended model includes ester chains in place of the H atoms (see inset
of d). b, Steered molecular dynamics for the truncated mechanophore and
control. The C-O bond distance is plotted versus time at 2, 2.5 and 3 nN, as
shown. ¢, Potential energy versus percentage elongation for the truncated
models (1t and 3t) calculated at the DFT level. Elongation, the distance

Molecular elongation (%) Molecular elongation (%)

between the pulled H atoms, is increased systematically and all other
geometric coordinates are optimized at each point. Bond rupture occurs at
the highlighted spiro C-O and N-H bonds for 1t and 3t, respectively.

d, Potential energy for the extended models (1e and 3e) calculated with DFT.
Elongation is the distance between the terminal H (instead of Br in 1 and
3) atoms on the side chains. Rupture for 1e and 3e occurs at the highlighted
C-O spiro and C-C ester bonds, respectively.
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Figure 3 | Mechanochromic response of mechanophore-linked PMA
elastomer under tensile loading. a, Schematic of tensile loading direction.
Optical images of active PMA-1-PMA, monofunctional control PMA-2, and
difunctional control PMA-3-PMA specimens before testing and after failure
in monotonic tension. b, Accumulation of plastic (unrecovered) strain and
relative change in green intensity for active PMA-1-PMA and
monofunctional PMA-2 control samples after each loading cycle in a fatigue
test. ¢, Optical images of an active PMA-1-PMA specimen acquired after the
loading cycles indicated in b and just after failure. For comparison, a failed
monofunctional PMA-2 control sample subjected to the same cyclic loading
regimen is included (lower right). Scale bars in a and ¢ are 2 mm.

Fig. S17), whereas no colour change was observed in the monofunc-
tional or difunctional controls (Fig. 3a). The mechanically induced
colour change could be reversed after approximately 6 h of exposure
to fluorescent room light.

We further evaluated the evolution of the colour change in the
active PMA-1-PMA by a cyclic loading regime, in which increasing
levels of strain were applied with each cycle (Supplementary Figs S3
and S4) causing plastic (unrecovered) strain to accumulate during the
testing time frame. Digital images of the gauge section were acquired
after each cycle, and the change in the RGB (red, green, blue) colour
ratios was analysed as described in Supplementary Fig. S14.

The representative images of the active PMA-1-PMA samples
undergoing cyclic loading in Fig. 3c reveal the emergence of red colour
with increasing plastic deformation. The corresponding relative
change in the green channel intensity is plotted in Fig. 3b as a function
of the accumulated strain at the end of each loading cycle. The active
PMA-1-PMA shows a nearly monotonic reduction in the relative
green intensity after reaching a plastic strain level of 200%. In contrast,
the monofunctional control PMA-2 exhibited no change in the green
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intensity level throughout the loading regime. After reaching a strain
level of just over 1,000%, the active PMA-1-PMA failed, leaving an
intense red colour throughout the entire gauge section. An image of
the failed monofunctional control PMA-2 sample is also included in
Fig. 3¢ for comparison. The lack of activation in the control samples
provides strong evidence that the colour change is induced solely by
the application of mechanical force, rather than by temperature
change or photolytic activation (Supplementary Table S1).

We adapted a compressive loading configuration (Fig. 4a) for the
glassy, mechanophore cross-linked PMMA-4 and corresponding
monofunctional PMMA-5 control beads. Although compressive
stresses (g;) develop in the bead parallel to the loading direction
(X3), significant tensile stresses (g,) are induced perpendicular to
the loading direction (X,). Elastic predictions**® of the o, stress field
on the equatorial plane of a compressed bead are plotted along the X,
axis in Fig. 4b, and a more detailed stress analysis is included in the
Supplementary Information. The maximum tensile stress develops in
the centre of the bead (r=0) and reaches a value of 0.6 of the mag-
nitude of the applied compressive stress (a,). Hence, compressive
loading generates tensile stresses that are expected to activate
mechanophore 4 in this configuration. For this specimen geometry,
we characterized mechanochemical activation by analysis of the rela-
tive change in RGB intensity during loading (Supplementary Video
S7) and the relative change in fluorescence after testing.

The evolution of a mechanochemically induced colour change in
the active cross-linked PMMA-4 bead is shown in Fig. 4a and ¢ for a
representative compression test. The colour change emerges in the
centre of the bead at a strain level just beyond the yield point. The
corresponding fluorescence intensity, as measured by confocal laser
scanning microscopy, is plotted across the equatorial plane in Fig. 4b.
The maximum fluorescence intensity at the bead centre correlates
with the predicted tensile stress distribution (just before yield) in
the same plane. No detectable change in colour or significant fluor-
escence was observed for the monofunctional control PMMA-5 beads
(Supplementary Fig. S18). As with the mechanophore-linked PMA,
the evolution of colour in the active cross-linked bead corresponds to
a reduction of the relative green channel intensity, and the colour
(and fluorescence) intensifies with accumulation of plastic strain. The
colour change in the glassy PMMA is more stable than in PMA and
remains after several weeks of exposure to fluorescent room light.

To explore further the relationship of colour change with the onset
of yielding, we characterized the threshold stress and strain levels
required to produce colour change in the active cross-linked
PMMA-4 beads over a range of strain rates. As shown in Fig. 4d, the
yield stress and threshold stress both increased linearly with the natural
log of the strain rate, while the threshold strain remained nearly con-
stant. This relationship between threshold stress, yield stress and strain
rate indicates that the mechanochemical reaction in the bulk polymer
may be a strain-activated rate process”’. With plastic flow above a
strain threshold, activation of the mechanophore-linked polymer is
achieved, and a colour signature is obtained.

We have shown that routinely encountered loads and strain rates
are sufficient to trigger covalent bond changes with appropriately
designed mechanophores. The spiropyran mechanophore can func-
tion as a molecular force sensor, providing visible detection and
mapping of mechanical stresses within bulk polymeric materials.
We expect that the spiropyran mechanophore will serve as a molecu-
lar probe to aid in understanding the effects of stress and damage on
polymeric materials, providing an opportunity for assessment, modi-
fication and improvement before catastrophic failure. Overall, the
mechanophore motif is general and capable of translating many
other desirable responses including polymerization, cross-linking
or even strain-activated mechanical fuses. With a deeper understand-
ing of mechanophore design and efficient chemical response path-
ways, we envision new classes of dynamically responsive polymers
that locally remodel, reorganize or even regenerate upon mechanical
stimulation.
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Figure 4 | Mechanochromic response of glassy mechanophore cross-
linked PMMA beads under diametral compression. a, Schematic of
compression loading; deformed beads are imaged from bottom. Optical
images as indicated on the stress—strain curve in c. Scale bars 50 pm.

b, Measured fluorescence intensity in the equatorial plane for a bead
deformed just past the yield point (left inset, scale bar 50 jum). Initial
signature (dotted line) and fluorescence intensity after deformation (solid
line) plotted along the X, axis. Elastic prediction (dashed line) of the

METHODS SUMMARY
Materials. The spiropyran functionalized PMA was compression moulded into
non-standard ‘dog bone’ shaped tensile samples (Supplementary Fig. S1). The
PMA material was pressed in an aluminium mould at 54 °C under 100 pounds
per square inch (psi) for five minutes, and then cooled to room temperature
while holding the pressure at 100 psi. Any thermally induced ring-opening of the
mechanophore during processing was reversed by illumination with intense
white light. Mechanophore cross-linked PMMA beads were annealed at 90 °C
and illuminated with bright visible light for 2.5 h to close the merocyanine to the
spiropyran form.
Mechanical testing. PMA samples were tested on a screw-driven load frame. The
initial gauge length ranged between 2 and 4 mm. For monotonic tension tests,
samples were loaded under displacement control at a rate of 1.5mms ' to
failure. For fatigue tests, the sample was initially loaded to a maximum extension
of twice the gauge length and then unloaded. The maximum extension of sub-
sequent loading cycles was increased by the initial gauge length each time, such
that on the second cycle the maximum extension was three times the initial
gauge, on the third cycle it was four times the initial gauge length, and so on
until the sample failed. Compression tests of spiropyran functionalized PMMA
beads were conducted using a custom-built apparatus (Supplementary Fig. S5)
at loading rates ranging from 1 to 25ums™'. The beads were immersed and
tested in oil with a refractive index (1.518) similar to that of PMMA (1.50) to
minimize light scattering and improve imaging. A confocal scanning laser
microscope (Leica SP2) in fluorescence mode exciting with 543 nm laser
light and collecting between 570 and 650 nm was used to obtain fluorescence
images.

More detailed descriptions of the materials synthesis and mechanical test
protocols are provided in the Supplementary Information.
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