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ABSTRACT: A near-infrared (NIR) mechanophore was developed and incorporated into a poly(methyl acrylate) chain to
showcase the first force-induced NIR chromism in polymeric materials. This mechanophore, based on benzo[1,3]oxazine
(0X) fused with a heptamethine cyanine moiety, exhibited NIR mechanochromism in solution, thin-film, and bulk states. The
mechanochemical activity was validated using UV-vis-NIR absorption/fluorescence spectroscopies, gel permeation chroma-
tography (GPC), NMR, and DFT simulations. Our work demonstrates that NIR mechanochromic polymers have considerable
potential in mechanical force sensing, force mapping, biological imaging, and biomechanics.

Polymer mechanochemistry! endows a unique method
for triggering selective chemical transformations in which
mechanical force inputs are converted to various outputs,
including color and fluorescent variation,? chemilumines-
cence,? small molecule* and drug release,® catalyst genera-
tion,® and reaction pathway alteration.” In the past decade,
research into polymer mechanochemistry has made sub-
stantial progress in single-molecule force spectroscopy,?
mechanochemical degradation of polymers,® cascade un-
zipping of ladderanes,!® regioisomeric mechanoreactivi-
ty,11 mechanochemistry of supramolecular architectures,!?
and mechano-activation in biological systems.!? In particu-
lar, mechanophore-based chromism has demonstrated
significant advantages in force mapping and in-situ me-
chanics sensing in a wide range of polymeric materials.1#

Several classes of mechanochromic mechanophores
have been reported, such as spiropyran,2 5 naphthopy-
ran,2b 11b rhodamine,'¢ Diels-Alder adducts,!” and radical
systems.'8 Due to limited m-conjugation sizes, these mech-
anophores demonstrated mechanically activated visible
color (absorption) or fluorescence (emission) changes only
in the UV-vis region. However, near-infrared (NIR) lumi-
nescence is more favorable in bioimaging,'® medical diag-
nostics,?? anti-counterfeiting,?! and optical storage?? owing
to their deep penetration depth, low background noise
(i.e., by avoiding autofluorescence), and low phototoxici-
ty.28 Developing NIR mechanophores could, therefore,
greatly expand the applications of mechanochemistry. Un-
fortunately, expanding the m-conjugation of mechano-
phores toward the NIR luminescence poses synthetic chal-
lenges and affects molecular packing and efficacy of me-
chanical responses, creating a significant yet unexplored
challenge.

This paper reports the first near-infrared mechanophore
with a fused oxazine-heptamethine cyanine (OHC) struc-
ture to showcase mechanochemically-induced NIR chrom-
ism in polymeric materials (Scheme 1). We demonstrate
that this NIR mechanophore could be mechanically acti-
vated in solution (via ultrasonication), thin-film (via blade-
cutting), and bulk state in a polymer matrix (via impact),
endowing it with considerable potential in various applica-
tions, such as molecular logic gates and force sensing.

Scheme 1. Molecular design strategy of the near-
infrared mechanophore OHC.

e <«— polymer chain \% NIR mechanophore

>

ring-closed form (nonemissive)
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@ Dual mechanoactivation modes @ NIR absorption/emissions
The structural design of the OHC mechanophore com-
bines a benzo[1,3]oxazine-based mechanical switch (0X)
and a classic NIR heptamethine cyanine (HC) fluorophore
(Scheme 1). HC is highly fluorescent in the cationic form
due to its extended conjugation and charge delocalization;
however, it becomes non-emissive in its neutral form.24
The mechanical switch OX, according to the latest research
from our group and a recent literature report,'!c repre-
sents an efficient mechanophore with rapid dynamics, ver-
satile functionalization, and diverse regioisomeric mecha-
nosensitive modes. We reasoned that introducing an 0X
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Figure 1. (a) UV-vis-NIR absorption spectra and (b) corresponding kinetics, (c) Photoluminescence (PL) spectra and (d)
corresponding Kinetics of PMA-OHC-PMA (1.5 mg/mL in CH3CN) under ultrasonication; Insets of (b) and (d): Visual and
fluorescent images of the solution before and after ultrasonication. (e) Time-dependent GPC traces and (f) the number-
average molecular weight (M) and the weight-average molecular weight (Mw) of PMA-OHC-PMA under ultrasonication.

cage to cap the HC nitrogen via a covalent C-O bond might
modulate the charge state of cyanine, resulting in a struc-
tural switch between a ring-closed form (CF; non-
emissive) and a ring-open form (OF; emissive). According-
ly, the mechanically triggered ring-opening of OX could
modify the cyanine conjugation length and thereby control
the optical properties of the HC moiety, enabling a near-
infrared mechanophore OHC.

Motivated by this design strategy, we synthesized a di-
bromoisobutyryl-functionalized OHC initiator Br-OHC-Br,
followed by an atom transfer radical polymerization
(ATRP) to incorporate the OHC mechanophore into the
center of a poly(methyl acrylate) (PMA) chain (Supporting
Information). The OHC-centered PMA chain allows us to
test the mechanochemical reactivity of OHC both in solu-
tion and bulk states under various mechanical force
modes, including ultrasonication, scratching, and impact.

The ring-opening behavior of OHC was first studied in
solution by UV-vis-NIR absorption and 'H NMR spectros-
copy. Oxazine exhibits reversible switching between its OF
and CF states tuned by acid-base stimuli.?2> Such switching
is reflected by significant changes in UV-vis-NIR absorp-
tion maxima at 430 nm and 781 nm in Br-OHC-Br (as-
signed to the CF and OF states, respectively, owing to their
different m-conjugation sizes as well as the characteristic
NIR absorption band of the cationic HC unit, Figure S1).
These assignments were confirmed by using 'H NMR spec-
troscopy. The methylene hydrogens and alkenyl hydrogens
adjacent to the indoline unit showed significant downfield
shifts in the OF state because of the positively charged in-
doline nitrogen (Figure S2). Upon treating the OF state
with a base, the equilibrium shifted to the neutral CF state,
with proton signals ultimately returning to their ring-
closed positions.

We next tested and confirmed the mechanochemical re-
activity of PMA-OHC-PMA in the solution state using ultra-

sonication. Ultrasonication is a well-established method to
test mechanophore reactivity in solution by taking ad-
vantage of dynamic acoustic cavitation to generate poly-
mer chain pulling, followed by applying a molecular
stretching force to the chain-centered mechanophore.?¢
Pulsed ultrasonication (1s on and 1s off) was applied to a
dilute acetonitrile solution of PMA-OHC-PMA (1.5 mg/mL)
for 50 min. A flow cell cuvette was hooked up to the soni-
cation cell to collect real-time UV-vis-NIR absorption data.

The mechanophore reactivity of PMA-OHC-PMA in solu-
tion was confirmed using UV-vis-NIR absorp-
tion/fluorescence spectroscopies and gel permeation
chromatography (GPC) (Figure 1). As predicted in our
mechanophore design, a NIR absorption band peaked at
784 nm (due to the OF state) gradually enhanced during
the ultrasonication (Figure 1a,b). Concurrently, the UV-vis
absorption band peaked at 428 nm (due to the CF state)
progressively decreased. The UV-vis-NIR absorption spec-
tra of the ultrasonication treated PMA-OHC-PMA and the
acid-induced OF state of Br-OHC-Br showed a negligible
difference, confirming that mechanical force generated by
ultrasonication led to the ring-opening of the OHC mech-
anophore in acetonitrile. As expected, the OF state of PMA-
OHC-PMA is fluorescent, with an emission peak at ~810
nm (Figure 1c,d). Based on our exponential fitting to the
emission intensity as a function of time, the ultrasoni-
cation-induced NIR emission showed a reaction rate of
0.071 min? (Figure S3). Detailed photophysical parame-
ters of PMA-OHC-PMA under ultrasonication were summa-
rized in Table 1. The molecular weight of PMA-OHC-PMA
was also monitored by GPC during 60-min ultrasonication.
No significant molecular weight changes were detected
(Figure 1e,f), suggesting that no chain scission occurred
during the ultrasonication.
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Table 1. Summary of photophysical parameters of PMA-OHC-PMA under ultrasonication.

ecr (M1 cm1)lal  gor (M-1cm-1)lal Aorlb] Aem, oF (nm)[c] ®cr-or (%)L
49,835 138,842 0.5 812 26.4

[alMolar extinction coefficients (ecrand eor) of UV-vis-NIR absorption peaks of the CF and OF states of Br-OHC-Br (10-5 M in acetoni-
trile); the OF state was obtained by pre-addition of trifluoroacetic acid (TFA, 0.1% v/v) to the sample solution; [PIPeak UV-vis-NIR
absorption wavelengths (Aabs, cr and Aabs, or) and corresponding absorbances (Acr and Aor), and [clpeak PL emission wavelength (Aem,
or) of PMA-OHC-PMA (1.5 mg/mL in acetonitrile) before and after sonication (50 min); [d®cr-or (%) = Cor/Crota X100%, was the
sonication-induced ring-opening reaction yield.

Aabs, cF (nm) bl

428

Acrlb]
1.02

Aabs, oF (nm) bl

784

a b _ C
H 45.86 kJ/mol c-0
)\(O(‘igéov” ‘Nﬁ\?L | l}v— distance
g Wy
0
1o O

o

Relative Energy (kJ/moal)
) ]
S [S)

1 2 3 4 5
C-0O distance (A)

®Ring-Closed Form @ Transition State @ Ring-Open Form

=300 e
& £ Fra =8.15nN _
=8 3 E,,, = 284.3 kJ/mol
v < 200
L 3 ? §
[
s =
e W 100 -
-] o 2
80° L {';”'L' % 1
4~ I S o _
5 —‘—-& )

0 0.5 1 1.5

Distance from Equilibrium (A) e Equilibrium state eBefore bond cleavage e After bond cleavage

Figure 2. (a) ORTEP drawings (50% probability ellipsoids) with selected intramolecular H-bonding and dihedral angle in
the single crystal of Br-OX-Br; (b) Potential energy surface of simplified OHC as a function of the C-O distance in acetoni-
trile; (c) Optimized geometries of simplified OHC in the ring-closed form, at the transition state, and in the ring-open form
in acetonitrile; (d) Potential energy surface of OHC plotted as a function of displacement from equilibrium. The inset
shows Emax (the bond dissociation energy) and Fmax (the maximum force) immediately before bond rupture; (e) Optimized

structures at critical points in the CoGEF calculations.

To further validate the mechanochemical reactivity of
the OHC mechanophore, two control compounds, Br-OHC-
Br (OHC with no PMA chain attached, Scheme S1) and
OHC-PMA (OHC at the PMA chain end, Scheme S2), were
tested under identical ultrasonication conditions. Neither
control compound was susceptible to ultrasonication-
induced mechanical force because mechanophores located
in the center of the polymer chain were more readily acti-
vated, owing to efficient stretching by the two polymer
sidechains.2¢ Indeed, no NIR absorption band was ob-
served during 60-min ultrasonication for the small mole-
cule Br-OHC-Br (Figure S4a). Similarly, ultrasonication of
the OHC-PMA solution showed a very weak absorption
band at 784 nm (Figure S4b), suggesting that only a small
fraction of OHC-PMA was mechanically activated.

The same contrast in the mechanochemical activity was
also observed in the solid state, where OHC-PMA remained
inactive (Figure S5) but PMA-OHC-PMA was responsive to
impact (see more details later). These control experiments
collectively validated that OHC was only activated by me-
chanical force.

The single-crystal structure of an OHC derivative, Br-OX-
Br, was obtained and formed a foundation to establish a
clear correlation between the mechanosensitivity and mo-
lecular structures (Figures 2a and S6; Table S1). Br-OX-Br
showed a nearly perpendicular configuration between the

benzoxazine plane and the indoline plane with an 80° di-
hedral angle (Figure 2a). The C-0 bond cleaved by mechan-
ical force was located close to the intersection of the ben-
zoxazine-indoline planes. In the crystal structure, two in-
tramolecular hydrogen bonds were detected at the amide
group, with bonding distances for C-O---H-N and C=0-:-H-C
of 2.166 A and 2.311 A, respectively.

Based on this crystal structure, we built and optimized
the three-dimensional geometries of OHC and scanned its
potential energy surface along with the breakage of the C-
0 bond in the ground state in acetonitrile (Figure 2b). This
bond breakage was accompanied by the bending of ben-
zoxazine-indoline planes and the flattering of the HC scaf-
fold, with an energy barrier of 45.86 k]-mol-l. Our calcula-
tions also showed that the OF state of OHC was more stable
than the CF state by 13.58 kJ-mol-'. The DFT-derived in-
tramolecular hydrogen-bonding distance of OHC (2.14 A)
matched very well to that of the crystal structure (2.166 A;
Figure 2c¢) in the CF state, corroborating the accuracy of
our calculations. Moreover, DFT calculations showed that
this H-bonding distance became even shorter (2.08 A) in
the OF state. These results revealed that the intramolecu-
lar hydrogen bonding facilitated the mechanochemical
activation of OHC.

The CoGEF (Constrained Geometries simulate External
Force) simulation?’ also validated the mechanochemical
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activity of the OHC mechanophore. This DFT-based simula-
tion scanned the distance between two designated atoms
via a stepwise increment to simulate mechanical stretching
applied to these two atoms. Figure 2d showed a plot of the
increased energy vs. the distance increment throughout
the molecule elongation. After reaching an energy maxi-
mum of 284.3 kJ-mol!, the C-O bond was cleaved (Figure
2e), leading to a subsequent sharp energy decrease. The
maximum force was calculated to be 8.15 nN based on the
tangent slope right before the rupture point.

Finally, we explored potential applications of the OHC
mechanophore based on its versatile mechanical sensitivi-
ty in both solution and solid states. Molecular logic gates
have attracted considerable research interests in under-
standing life sciences and complementing silicon-based
computing.?® Nevertheless, most molecular logic gates use
chemical inputs, requiring direct contact and creating sub-
stantial complexities concerning precise spatial and tem-
poral control. In contrast, the fluorescent output of the
OHC mechanophore could be controlled by two clean, in-
stantaneous, and precise physical inputs—ultrasonication
and NIR excitation-light—in a non-contact way. The pres-
ence of these two inputs could light up a star-shaped object
filled with a PMA-OHC-PMA solution, acting as an “AND”
gate with its unique truth table (Figure 3a).

a ultrasound — .
AND ¥ hv (810 nm)
hv (780 nm) —

Solution Phase

Thin Film

£ % A s A T
Bt A S

force

+—
solvent fuming

Figure 3. (a) An PMA-OHC-PMA based “AND” gate, with
both NIR excitation-light and ultrasonication as inputs. 0
and 1 refer to input states of the truth table. (b) Schematic
illustration of a blade-cut PMA-OHC-PMA film and its fluo-
rescence image under microscopy. (c) The reversible col-
or change of the OHC-centered PMA tuned by mechanical
force and solvation in the bulk state.

Moreover, PMA-OHC-PMA was mechanochemically acti-
vated in both thin-film and bulk states. Under fluorescence
microscopy equipped with a NIR-sensitive EMCCD, bright
NIR emission was detected only in a blade-cut area under a
660 nm LED illumination (Figure 3b). The bulk PMA-OHC-

PMA sample was also mechanically activated by impact
(Figure 3c). Notably, the OF state of PMA-OHC-PMA in the
bulk state was dark red. Upon dissolution in various apro-
tic solvents, the red color immediately disappeared. After
solvent evaporation, the PMA-OHC-PMA bulk samples be-
came yellowish and ready for mechanical activation again.

In summary, we reported the first near-infrared mech-
anophore, OHC, by installing a mechanically activatable
oxazine cage to a heptamethine cyanine motif. When the
OHC mechanophore was introduced to the center of a PMA
chain, PMA-OHC-PMA was mechanochemically responsive
in solution, thin-film, and bulk states. The mechanochemi-
cal activation of OHC was confirmed and validated by UV-
vis-NIR absorption/emission, NMR, GPC, and DFT/CoGEF
simulations. We anticipate that the OHC mechanophore
will inspire the design of a series of NIR mechanophores
with tunable NIR wavelengths, including the NIR-II regime.
With structural optimizations for water-compatible envi-
ronments, the OHC mechanophore will open new avenues
toward various promising applications in bioimaging and
biomechanics.
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