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Morphing in creatures has inspired various synthetic polymer materials that are capable of shape shifting.
The morphing of polymers generally relies on stimuli-active (typically heat and light active) units that fix
the shape after a mechanical load-based shape programming. Herein, we report a strategy that uses
a mechanochemically active 2,2'-bis(2-phenylindan-1,3-dione) (BPID) mechanophore as a switching unit
for mechanochemical morphing. The mechanical load on the polymer triggers the dissociation of the
BPID moiety into stable 2-phenylindan-1,3-dione (PID) radicals, whose subsequent spontaneous
dimerization regenerates BPID and fixes the temporary shapes that can be effectively recovered to the
permanent shapes by heating. A greater extent of BPID activation, through a higher BPID content or
load, mechanochemical shape fixity. By contrast, a relatively
mechanochemically less active hexaarylbiimidazole (HABI)
efficiency when subjected to the same programing conditions. Another control system without

mechanical leads to higher

mechanophore shows a lower fixing

a mechanophore shows a low fixing efficiency comparable to the HABI system. Additionally, the
introduction of the BPID moiety also manifests remarkable mechanochromic behavior during the shape

programing process, offering a visualizable indicator for the pre-evaluation of morphing efficiency.
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induced plastic deformation or crystallization, our mechanochemical method allows for shape
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Introduction

The capabilities of morphing (or shape shifting) have enabled
creatures to perform various challenging tasks. Cephalopods,
for instance, can adapt their body to navigate through narrow
spaces or to seamlessly blend with their surroundings." The
Venus flytrap utilizes a closable leaf structure to ensnare prey.”
Pufferfish can inflate their body to more than twice their normal
size when threatened.® Similarly, the shameplant can rapidly
fold its leaves inward to avoid potential harm.* These smart
morphing behaviors have inspired a variety of synthetic shape
shifting polymer materials, many of which have been applied in
soft actuators,™> soft robotics,”® adaptive materials,'*** and
biomedical devices.'>**
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programming after the mechanical treatment.

Our concept has potential for the design of

mechanochemically programmable and mechanoresponsive shape shifting polymers.

Morphing of synthetic polymer materials is performed in
either a reversible or irreversible manner. In an irreversible
morphing process, polymer materials are often subjected to
plastic deformation and so lose the elastic energy to return to
their original shape.’'® By contrast, polymers with reversible
morphing behavior (e.g., shape memory polymers) carry the
memory of initial/permanent shape after being morphed into
other desired temporary shapes, and an on-demand external
stimulus is often required to trigger the shape recovery."” In
a more sophisticated design that utilizes two or more distinct
molecular mechanisms for temporary morphing (e.g, crystal-
linity and dynamic covalent/noncovalent bonds),>**** poly-
mers exhibit multi-stage shape recovering behavior.*"**

The morphing of polymer materials often requires prior
stimulus activation of the switching units followed by subse-
quent mechanical loading to create deformation or temporary
shapes. Typical documented switching units include reversible
crystallization,* glass transition,* liquid crystal anisotropic/
isotropic transition,” supramolecular association, dynamic
covalent bonds,*® and so forth. Considering that most potential
applications of shape shifting polymers are as structural
materials, direct application of mechanical force is an inter-
esting trigger mechanism. However, examples have only been
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Fig. 1 Illustrated mechanochemical activation of a reversible scissile
mechanophore for morphing followed by stimulus triggered shape
recovery.

achieved through mechanically created plastic deformation
and strain-induced crystallization,” and the morphing occurs
simultaneously upon applying the mechanical load. It would be
desirable to have a mechanical mechanism that enables
subsequent customized shape programming.

In contrast to conventional stimuli, mechanical force is
clean, directional and can be harnessed at the molecular level to
facilitate otherwise prohibitive or inaccessible chemical reac-
tions with high selectivity and fewer side reactions.”®*° In the
last decade, mechanical force has been widely used as
a productive tool in the study of polymer mechanochemistry
and mechanoresponsive materials,*>* in which the mechan-
ically responsive moieties are termed mechanophores (MPs).
Among the many MPs developed so far,* reversible scissile ones
(covalent or non-covalent) are able to dissociate upon
mechanical loading and further recombine under appropriate
conditions after relaxation.**** We therefore envisaged that the
breaking-reformation capability of reversible scissile MPs can
be exploited as a switching mechanism for the morphing of
polymers. As illustrated in Fig. 1, the polymer network is first
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subjected to mechanical force to dissociate embedded scissile
MPs, and the subsequent morphing can be fixed by the spon-
taneous recombination of the mechanochemically activated
MPs at new sites, under either strained or strain-free states.
Upon application of another stimulus, the reorganization of
activated MPs and entropic gain recover the initial shape.
Herein, we report the first example of mechanochemically
assisted morphing of shape shifting polymers with a dual
crosslinking structure, in which a thermally and mecha-
nochemically sensitive 2,2"-bis(2-phenylindan-1,3-dione) MP
(BPID, Scheme 1a) together with a conventional covalent bond
are used as dynamic and permanent cross-links, respectively.

Results and discussion

We first synthesized 2,2"-bis(2-phenylindan-1,3-dione)tetraol
(BPID-TO) (Scheme S1 and Fig. S1-S97), the hydroxyl function-
alized BIPD, to be used as the dynamic cross-linker. Our
previous studies on the mechanochromic behavior of BIPD,****
along with the reversible thermochromism of a BPID-TO solu-
tion in DMF (Fig. S10%) as well as the mechanochromism of the
BPID-TO powder (Fig. S111) validated BPID as an effective
dynamic covalent moiety that is both thermally and mecha-
nochemically active. Further analysis from electron spin reso-
nance (ESR) results (Fig. S12 and S137) indicated free radical
species of 2-phenylindan-1,3-dione (PID), which can recombine
rapidly upon removal of external stimuli. The use of BPID as
a dynamic motif for thermally activated shape memory poly-
mers has been reported,** while we addressed its application for
an alternative mechanism that is triggered mechanically.

Two polyurethane (PU) shape shifting polymers consisting of
dynamic BPID and conventional triethanolamine (TEOA)
crosslinkers were prepared (PUB1 and PUB2, Scheme 1c), and
the BPID/TEOA molar ratio was varied while the overall cross-
linking density was kept constant (Table S1t). For comparison,
we also synthesized two control polyurethanes: one without
BPID MP (PUc); the other one with a dynamic hexaar-
ylbiimidazole (HABI, with its activated form TPIR, Schemes 1b
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PUB2: MP =BPID (BPID/TEOA=5/13.3)

(a) Activation of reversible BPID into chromic radical species through heat or mechanical force; (b) the HABI mechanophore

undergoes reversible cleavage upon light or force treatment; (c) synthetic route of polyurethane networks used in this study. The total cross-
linking density is kept constant and the ratio of different crosslinkers is varied.
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and S2, and Fig. S14-S207), which has been experimentally and
theoretically scrutinized as a relatively less active mechano-
phore,*** in place of BPID (PUH). The preserved dynamic
feature of BIPD in PUB1 and PUB2 was evidenced by the
reversible thermochromism and ESR study at different
temperatures (Fig. S21 and S227%). On the other hand, the two
controls (PUc and PUH) showed no thermochromism behavior
(Fig. S21 and S23t), and the sluggish thermal activity in PUH
can be attributed to the high energy barrier of HABI (>30 kcal
mol").#>% Alternatively, HABI has been well documented as
a photochromic compound (Fig. S29%),” which makes it
possible for PUH to act as a photoresponsive but mecha-
nochemically and thermally inert control.

Uniaxial tensile tests of all four elastomers showed typical
sigmoid shaped stress-strain curves with strain hardening
occurring at around 300-350% strain (Fig. 2a). A color change
from pale yellow to green in PUB1 and PUB2 occurred beyond
a critical strain, suggesting the mechanochemical activation of
BPID into PID radicals (Fig. 2b and S2471). Further stretching
stimulated intensification of green color, indicating a greater
extent of BPID activation. We then applied an RGB imaging
analysis method*®* to quantitatively evaluate the activation of
BPID in the strained samples. As shown in Fig. 2c, the G/R ratio
at each 10%-strain interval was recorded for all samples during
the tensile tests, and the relative change, i.e., (G/R) — (G/R),, was
calculated. A growth of (G/R) — (G/R), over strain was observed
in PUB1 and PUB2, while there were no observable changes in
PUc and PUH. Further, the onset strains of BIPD activation were
estimated to be ~350% for PUB1 and ~250% for PUB2. Despite
the different activation strains, the corresponding activation
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stress appeared to be similar (2.4 MPa vs. 2.6 MPa) and corre-
lated to the strain-hardening regions. We reasoned that the
activation of BPID requires enthalpic stretching of polymer
chains and so exhibits a critical activation onset, whereas, in
some supramolecular mechanophore systems,**** the activa-
tion can occur during the entropic stretching of polymer chains
and is more correlated with strain change. At 500% strain, the
activation of BPID in PUB2 is ~6-fold that in PUBL.

We verified the activation of BPID into PID radical species in
the PUBL1 films through in situ ESR experiments. In alignment
with the RGB analysis, a rise in the intensity of ESR signals
indicated more BPID activation over strain (Fig. S24t). Upon the
release of strain/stress, a rapid discoloration happened within
3 min, as revealed by the rapid decay of both G/R and B/R ratios
(Fig. S25F). Moreover, when the film was maintained at 500%
strain at room temperature, color fading also took place in
hours (Fig. S261), suggesting the relaxation of chains bearing
PID moieties and recombination of PID free radicals. Therefore,
the mechanochemically generated free radicals can successfully
reorganize and recombine under both strain-free and strained
states.

The remarkable dynamic behaviors of BPID moieties allow
for mechanochemical morphing and thermal recovery of the
shape shifting polymers. As illustrated in Fig. 3a, polymer films
were manually stretched to 500% to activate the BPID moieties
followed by strain release. Subsequently, the films were wrap-
ped around a glass rod, after which the fixed sample was set at
25 °C for various times to assess the morphing efficiency. A
semi-quantitative but visualizable parameter, i.e., the curvature
of the resulting films, was applied to evaluate the efficiency. As
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(a) Stress—strain curves of PU polymer films in this study. (b) Image recording of polymer films at various strains. The black dots are marks

for strain calculation. (c) RGB imaging analysis of polymer films at different strains, and the data were retrieved at a strain interval of 10%. The
increase in G/R value, i.e., (G/R) — (G/R)o, was applied to remove the initial background and to evaluate the color change.
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Fig. 3 (a) Schematic illustration of the morphing of polymer film
through mechanochemical activation of dynamic covalent bonds. (b)
Images showing the morphing efficiency of mechanically treated
polymer films after various fixing times, and PUB2-0 is a reference
sample without mechanical treatment. The purple boxes highlight the
time when fixing reaches a steady state. The shape recovery was
performed by heating at 80 °C for 8 min. The unit of the displayed ruler
iscm.

shown in Fig. 3b, the curvature of both PUB1 and PUB2 films
reached a maximum after 6 h of fixing time, suggesting the
completion of morphing. As expected, PUB2 showed a higher
curvature than PUB1 owing to the greater amount of activated
BPID that acts as a fixing unit in the reshaped film. Notably, the
polymer before and after strain release exhibited nearly the
same WXRD pattern (Fig. S27t), indicating that no residual
crystallinity is induced by the strain process.

The paramount role of mechanochemically activated BPID
was further validated by inspecting the morphing efficiency of
three control samples: (1) a PUc film which does not contain the
BIPD mechanophore, (2) a PUH film containing a relatively
mechanically inert HABI mechanophore, and (3) a PUB2 film
without pre-straining treatment (denoted as PUB2-0). Interest-
ingly, PUc and PUH exhibited a similar morphing efficiency to
PUBL1, but lower than PUB2, and the time to reach maximum
fixity is longer (12 h vs. 6 h). The presence of a certain morphing
efficiency in PUc could be attributed to the reorganization of
hydrogen bonding in the films (as will be discussed later), and
the longer time in morphing might be a consequence of the
more dynamic feature in hydrogen bonding, which fixes poly-
mer chains less efficiently. As such, the morphing depends
more on the slow network relaxation. A similar result was also
observed in PUH film, in which there is no observable mecha-
nochemically activated TPIR (Fig. 2c and S28%). It should be
mentioned that PUB1 presented a shorter morphing time
despite the similar curvature to PUc and PUH, suggesting the
fast kinetics of PID combination that assists morphing, but the
abundance of PID is too low to improve the fixity. Lastly, the
contribution of equilibrium between BPID dissociation and
combination to shape fixing at 25 °C was also ruled out based
on the similar fixity of PUB2-0 to PUc. At a high temperature of
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90 °C, PUB2-0 showed excellent shape fixity and shape recovery
(Fig. S297). Collectively, the mechanochemical activation of
BPID led to the improvement of morphing efficiency, both in
time and fixity.

The shape memory effect of morphed polymer films was
verified by applying heat. All samples recovered their original
shape without any observable hysteresis (Fig. 3b). Alternatively,
shape recovery achieved by applying mechanical force was
scrutinized. The morphed PUB1 and PUB2 samples were
stretched to 500% strain to, potentially, activate the recombined
BPID unit in the morphing procedure. However, the films
uncurved marginally (Fig. S30 and S31f). Two potential
scenarios account for the observation: (1) the recombined BPID
in the morphing process is not activated in the stretching; (2)
the stretching does reactivate BPID, but the PID recombines or
combines with nearby PID species due to the absence of fixing
force.

Hydrogen bonding has been previously explored as
a dynamic motif for shape memory polymers.*>** Similarly, the
certain shape fixity exhibited in PUc and PUH could be attrib-
uted to the carbamate hydrogen bonding (Fig. 3b). To differ-
entiate the contribution of hydrogen bonding to the fixity in
PUB2, we studied the temperature-dependent shape recovery of
PUc and PUB2 at both 60 °C and 70 °C. Because the activation
energy of BPID is much higher than that of the carbamate
hydrogen bond (~20 kcal mol ™ (ref. 53) vs. 5.4 kcal mol " (ref.
54)), the rate of BPID dissociation is more dependent on
temperature and, therefore, the recovery rate of PUB2 would be
more different at these two temperatures than that of PUc.
Consistent with our expectation, PUc recovered quickly within
a similar time of ~16 s at both temperatures (Fig. S32 and S337).
By contrast, the recovery time was >180 s at 60 °C and ~40 s at
70 °C for the PUB2 sample (Fig. S32 and S33t). This
temperature-dependency highly suggested the significant role
of activated PID in the shape programming of PUB2 samples. By
comparing the shape fixity of PUB2 and PUc in Fig. 3b, we can
qualitatively estimate the relative contribution of BPID and
hydrogen bonding, through the bending angle of the strip end
(~90° vs. ~45° against the horizontal direction).

Taken together, mechanochemically assisted morphing has
been demonstrated in shape shifting polymers containing BPID
mechanophores as the dynamic crosslink, and the subsequent
shape recovery can be achieved by heat treatment.

BPID and HABI showed distinct stimuli-responsive proper-
ties in our film matrices, where BPID is mechanically and
thermally active while HABI is only photo-responsive (Fig. S34-
S367). We therefore sought to use mechanical force and light as
orthogonal stimuli for multiple-state morphing. A laminated
film sample consisting of PUB2 and PUH layers was applied to
demonstrate this concept (Fig. 4a). As shown in Fig. 4b, when
stretched up to a strain of 500%, only the bottom PUB2 layer
showed mechanochromism. The sample was then firstly kept at
50% strain (at which there is no observable activation of BPID,
Fig. 2¢c and 4b), and the PUH layer was irradiated with 405 nm
light for 2 min to activate HABI into TPIR. Following setting at
50% strain for an additional 2 min allows for HABI reformation,
yielding morphing state S1 that bends toward the PUB2 side.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Illustrated side view of a laminated film containing PUB2 and

PUH polymers. (b) Imaging record of mechanochemical activation in
the laminated film at various strains. The side view image shows
activation in the PUB2 layer (bottom) at 500% strain. (c) Demonstration
of orthogonal stimuli triggered multiple-state shape memory behavior
using the laminated polymer film shown in (a). S1 was obtained by
fixing PUH using photo-activated morphing, and S2 was obtained by
fixing PUB2 through mechanochemical morphing. The shape recovery
state S1* was achieved by heating at 80 °C for 8 min, and the final
recovery state was obtained through photo-activation coupled with
heating (80 °C).

The second step includes the aforementioned mechanochem-
ical morphing procedure with the PUH side wrapped around
the rod. Consequently, a new state S2 that bends toward the
PUH side was obtained. Upon thermal heating at 80 °C for
8 min, the selective thermal activation of BPID enables recovery
to the S1* state. Further activation of HABI by 405 nm light at 80
°C (high temperature was applied simultaneously to ensure the
fast chain relaxation) recovered the sample to its original state
in 30 min.

Conclusions

In summary, we have demonstrated the concept of mecha-
nochemically assisted morphing of shape shifting polymers by
taking advantage of mechanochemically stimulated dissocia-
tion of BPID moieties into PID radicals and their rapid, spon-
taneous reassociation ability at room temperature.
Complementary to the commonly known mechanisms of
mechanically induced plastic deformation or crystallization, the
mechanochemically triggered morphing allows for shape
programming post the mechanical treatment. The morphing
efficiency was found to be dependent*” on the amount of acti-
vated BPID, where a higher content of activated BPID led to
a better shape fixity. In addition, the mechanochemically acti-
vated PID radical species exhibited remarkable chromism,
providing a useful and visualizable indicator for the pre-
assessment of morphing efficiency. Furthermore, utilization of
a photoresponsive but mechanochemically and thermally inert
HABI to fabricate a composite layered structure enabled
orthogonal morphing. We envisage that our concept is appli-
cable to other mechanophore, both covalent and non-covalent,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cross-linked shape shifting polymers and may open up new
opportunities for polymer morphing and design of shape
shifting polymers.
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