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ABSTRACT: A mechanically active spiropyran (SP) mechanophore is
incorporated into the backbone of prepolymer which is further end-capped
with ureidopyrimidinone (UPy) or urethane. Strong mechanochromic
reaction of SP arises in the bulk films of UPy containing materials whereas
much weaker activation occurs in urethane containing counterparts,
coincident with their stress—strain responses. The difference in the
magnitudes of supramolecular interactions leads to different degrees of
chain orientation and strain induced crystallization (SIC) in the bulk and
consequently distinct capabilities to transfer the load to the mechanophores.
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This study may aid the design of novel mechanoresponsive materials whose
mechanoresponsiveness can be tailored by tuning supramolecular interactions.

D 1 echanochemistry, the use of mechanical force instead of

conventional stimuli (i.e., heat, light, and electricity) to
activate chemical bonds, has attracted a great deal of interest in
the past few years.'* A considerable part of this field focuses
on searching of mechanically functional molecules, that is,
mechanophores. Mechanophores are often embedded into
polymer chains which act like holders for macroscopic force.
Rational design of the mechanophores and polymer architec-
tures turns on a new route toward novel functions and products
that are difficult to be accessed by other means.' In fact, a
variety of novel functions have been successfully demonstrated
by the mechanical activation of polymer-linked mechanophores,
including biased reactivity,5 force sensing,é_11 reconfiguration
of stereoisomers,"? mechanical-triggered release of small
molecules,'*™1° self-healing,lé_18 catalysis,lg_20 remodeling of
polyrners,zL22 radical stabilization,®® and chemiluminescence,*
among others.”>° In spite of these fruitful developments,
fewer efforts have been directed to understand the factors that
influence the mechanical activation of polymer-linked mecha-
nophores, especially in the bulk.

Pioneer works on polymer degradation and recent studies on
mechanophore activation by sonication in dilute solution have
demonstrated that the mechanical activation of chemical bonds
is governed by single chain dynamics,®' ~>> which depends on
the rigidity of the backbone,*® molecular weight and the quality
of the solvent.>* During sonication, high extensional rate is
generated due to the collapse of cavitation bubbles.>>*® When
the extensional rate is faster than the relaxation speed of
polymer chain, that is, the reciprocal of the longest relaxation
time, the chain undergoes a coil-to-stretch transition that will
elongate individual chemical bonds and activate the mechano-
phores.**

The mechanical activation of mechanophores in the bulk is
less understood than that in solution owing to its complexities.
Chain entanglements, phase separation, crystallization, intra-
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and interchain interactions, and so on, all can affect the effective
load transfer to mechanophores. Moore and co-workers have
covalently incorporated spiropyran (SP) into different polymer
chains to create mechanoresponsive materials.’'* They further
exploited the effects of linking site,*® glass transition temper-
ature,” locations in the blocks,'® and strain rate®®> on the
mechanical activation of SP. Our group recently designed a
microphase separation mediated mechanical activation of SP in
triblock copolymers.®® We also incorporated both hydrogen
bonding ureidopyrimidinone (UPy) and covalent mechano-
chromic SP into the polymer backbone to afford a novel
polymeric material with superb mechanical performance and
stress sensing functionality.39 Herein, we demonstrate, for the
first time, that the mechanical activation of mechanophores in
the bulk can be enhanced by supramolecular interactions using
strong UPy-based hydrogen bonding moieties attached to the
polymer chain ends.

Our supramolecular design is based on macromers of SP
containing prepolymers end-functionalized with UPy moieties
that are decorated with two urea and one urethane motifs
(Figure 1) primed for lateral hydrogen bonding.**~*
different macromers were synthesized and denoted as U10 and
U20 (Figures S6—S8) in which the numbers 10 and 20 are the
approximate molecular weights of the prepolymers in kDa
(Tables S1 and S2). Experimentally, the two hydroxyl groups of
SP (Figures S1 and S2) were first completely reacted with a
large excess of 1,6-hexyldiisocyanate (HDI). The mixture was
then reacted with dihydroxyl poly(tetrahydrofuran) (PTHF, M,
= 2000 g mol™') to form isocyanate functionalized prepol-
ymers. The prepolymers were then end-capped with UPy-1-(6-
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Figure 1. (a) Mechanochemical reaction from SP form to MC form activated by mechanical force. (b) Chemical structures of UPy containing
macromer (only part of the chain was depicted for clarity). (c) Illustration of supramolecular polymerization of SP containing macromers.

aminohexyl)-3-pentylurea synthon (Figures S3—S5) to afford
the target macromers. To emphasize the strength of the
supramolecular interactions, the prepolymers were also reacted
with ethanol instead of the UPy synthon, yielding two control
polymers (E10 and E20) end-functionalized with two urethane
motifs (Figure S6). Films were then prepared via solution
casting in Teflon casters and subsequent drying for 2 days in
vacuo.

The morphology of solution-casted films of the supra-
molecular polymers and controls were first studied by small-
angle X-ray scattering (SAXS). Shoulder peaks are present in
U10 and U20 (Figure 2a). This is ascribed to the stacking of
UPy dimers (Figure S11) and their phase separation from
PTHEF to form hard domains.** The precise peak positions g*
were evaluated from a Lorentz-corrected plot™ (Figure $21) to
be 0.47 and 0.49 nm™' for U10 and U20, respectively. The
values of average interdomain distance d are 13.1 and 12.8 nm
accordingly, close to literature reports.*> These hard domains
are randomly orientated, as evidenced by the isotropic 2D
SAXS patterns (Figures 2a and S$22). The soft/hard
morphology were further found to be thermally labile (Figures
$17—S19 and Figures $23—S26) due to the melting of lateral
hydrogen bonds at high temperature.** Phase separation in E10
and E20 is not as significant as in U10 and U20 under the same
conditions.

The effect of supramolecular polymerization as well as phase
separation on the mechanical properties of the materials was
then explored. The stress—strain responses of the four materials
are shown in Figure 2b. The curves of Ul0 and U20 exhibit
typical sigmoid shape for elastic polymers and take on
significant strain-hardening behavior at large strain (arrows in
Figure 2b), which is less obvious in E10 and E20. U10 and U20
emerged superior mechanical performance in four parameters,
that is, Young’s modulus, ultimate strength, strain at break, and
toughness, over E10 and E20 by virtue of the strong hydrogen
bonding interactions (Table S3). For example, the toughness of
U20 (175 MPa) is 8 times that of E20 (21.6 MPa).

We further turned to study the effect of strong supra-
molecular interactions on the mechanical activation of SP. No
color varied when the engineering strain £, was small. As ¢,
exceeded a critical strain value (denoted as &,,., Figures S12—
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Figure 2. (a) SAXS results from the UPy containing materials (solid
curves) and the controls samples (dashed lines). Curves are vertically
shifted for clarity. Inlets are typical 2D scattering patterns of U10 (up
right) and E10 (bottom left) in logarithmic scale. (b) The
corresponding stress—strain responses. The arrows indicate the start
of strain-hardening.

S15), pale blue developed from the middle of the sample,
indicating the mechanochemical transduction from SP form to
MC form. The extent of mechanical activation of the four
materials after failure can be also judged from optical images
shown in Figure 3a—d. Specimens from U10 and U20
displayed much more intense blue purple color in the gauge
sections than E10 and E20, implying a much higher degree of
conversion from SP to MC in UPy containing materials than in
the control materials. To further confirm the result, four
materials were stretched under a much lower strain rate (0.0017
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Figure 3. Mechanochromic response of the four materials (a) U10,
(b) U20, (c) E10, and (d) E20 after mechanical failure under a strain
rate of 0.05 s™'. (b) The normalized fluorescent intensity I, as a
function of strain for U10, U20, E10, and E20. The black arrows
indicate €

onset*

s™!, Figure S16) and U10 and U20 again showed superior
mechanical activation over E10 and E20.

According to literature,** the ring-opened MC form has two
characteristic peaks at 578 and 620 nm in the emission
spectrum. We then chose the peak intensity at 620 nm
(denoted as I) to represent the amount of MC (Figures
$30—S33) and monitored it as a function of €eng We further
transformed all SP units into MC form by UV light’ and
recorded the corresponding peak intensity as Igouy. The
normalized fluorescent intensity I, is expressed as (I(€eng)
— Iézo(seng = 0))/gouv — Iézo(seng = 0); see Supporting
Information), which gives the molar fraction of mechanically
activated SP and is displayed in Figure 3e. The fractions of
mechanically activated SP in U10 and U20 are 4—5X higher
than those in E10 and E20 near fracture, respectively. For
example, 34% SP is converted to MC for U20 at Eeng = 900%,
whereas only 7% for E20 at same strain. The values of &,
evaluated from the dashed extrapolation lines in Figure 3e are
500 and 670% for UPy containing materials and the controls,

respectively. Interestingly, for all samples, &, is well located
inside the stress-hardening region (Figure 2b). Generally,
strain-hardening is caused by highly oriented polymer chain™
or by strain-induced crystallization (SIC). Therefore, our
results suggest a strong interplay between the chain orientation
or SIC and the mechanical activation of mechanophores.

Figure 4a shows the respective 2D SAXS patterns at selected
strains for U20. Before deformation, the pattern is isotropic,
indicating randomly oriented UPy stacks. With increasing
strain, the UPy stacks rotate and fragment into smaller pieces
by shear.*® In the strain-hardening region, a bright streak
appears along the equator direction (right angle to the tensile
axis) as a result of reduced electron density contrast between
the hard segments and the PTHF chains.*” The SAXS pattern
further revealed scattering lobes along the meridian direction
(parallel to the stretching directions), showing the fragmented
stacks were oriented perpendicular to the tensile axis with
highly orientated soft segments lying parallel to the tensile axis
(see Figures $27—S30 for more information).*

These highly oriented segments will further nucleate
crystallization in the soft phases. Evidences of SIC of PTHF
at high strain were found from differential scanning calorimetry
(DSC) and wide-angle X-ray scattering (WAXS). Shown in
Figure 4b,c are the DSC and WAXS of strained U20 and E20.
DSC revealed an additional melting endotherm peak around 45
°C for strained U20 specimens. Meanwhile, the strained
samples exhibited two sharp crystalline peaks at 26 = 20 and
24° in WAXS pattern. Both DSC and WAXS results are
consistent with literature reports on PTHF crystallization.***’
In contrast, E20, which is lacking strong supramolecular
interactions, emerged no SIC even strained up to 700%.

Collectively, by introducing strong hydrogen bonding UPy to
the chain ends, Ul10 and U20 exhibited mechanical and
mechanochemical properties comparable to those of SP
containing polyurethanes with covalent chain extenders.'”*
Three main types of mechanically labile units are present in
U10 and U20: UPy stacks, UPy dimers, and SP. The UPy
dimerization increases the “virtual” molecular weight of the
supramolecular polymers U10 and U20, while the stacking of
UPy dimers leads to physical cross-linking. Both dimerization
and stacking contribute to superior mechanical properties of
U10 and U20. The force required to break the UPy dimer is
reported to be 100—200 pN,*® which should be larger than that
to break the UPy stacks (see Supporting Information) but is an
order of magnitude lower than that to activate SP (2—3 nN°).
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Figure 4. (a) 2D-SAXS patterns recorded from U20 after straining to specified deformations indicated in the legend. The tensile (meridian)
direction is vertical. (b) DSC measurement: reversible heat flow of U20 and E20 after different strains. (c) WAXS profiles of U20 and E20 at

different strains.
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When U10 and U20 samples are subjected to tensile stretching,
the randomly orientated stacks (Figure Sa) bear the load and
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Figure 5. Proposed mechanism of mechanical activation in U10 and
U20; The stretching axis is vertical: (a) before stretching, (b) within
strain-hardening region, (c) SIC of PTHF segments, and (d)
mechanical activation of SP to MC.

are gradually shattered by shear stress.*® As the strain steps into
strain-hardening region, the fragments of the stacks are oriented
perpendicular to the tensile direction, with soft segments lying
parallel to the tensile axis (Figure Sb). The soft PTHF chains
start to endure the load. Since the transient UPy dimer “chain
extenders” are relatively strong and can slow the stress
relaxation of the polymer chains, the orientation of the soft
segments at large scale along the tensile direction is promoted.
High degree segment orientation can initiate SIC. The resulting
PTHE crystallites then act as additional cross-linkers to bear the
majority of the load (Figure Sc). It is highly possible that only
part of the UPy dimers is dissociated at this moment. Upon
further stretching, the force is effectively transferred to SP,
leading to mechanical activation and color change of the
specimens (Figure Sd). Meanwhile, more and more dissocia-
tion of the UPy dimers occurs. On the other side, since there is
no strong noncovalent association in E10 and E20, stress
relaxation of the short PU chains is much faster than that in
U10 and U20. Therefore, segment orientation is not significant
and little or no SIC occurs in these controls during stretching
(Figure 4b,c), leading to much less mechanical activation of SP.

In conclusion, mechanoresponsive SP have been incorpo-
rated into the backbone of prepolymer chains that were end-
capped with UPy moieties. Significant SIC as well as
mechanical activation of SP were observed in the bulk films
of the UPy containing materials, whereas little or no SIC was
found and weaker mechanical activation were observed in
urethane motif end-capped control materials. This enhance-
ment of mechanical activation of SP in UPy containing
materials was ascribed to the strong supramolecular interactions
promoted chain orientation and subsequent SIC. Our study
may open a new way to create novel mechanoresponsive
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polymers whose mechanoresponsiveness can be controlled by
tailoring the supramolecular interactions of the system.
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Synthetic details, NMR, DMA, SAXS, TGA, and additional
information. This material is available free of charge via the
Internet at http://pubs.acs.org.
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