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ABSTRACT: Polymer gels have recently attracted attention for Polymer gel JCompressionl
) with metal stamps

their application in flexible devices, where mechanically robust gels
are required. While there are many strategies to produce tough gels
by suppressing nanoscale stress concentration on specific polymer
chains, it is still challenging to directly verify the toughening
mechanism at the molecular level. To solve this problem, the use of
the flapping molecular force probe (FLAP) is promising because it /

can evaluate the nanoscale forces transmitted in the polymer chain

network by ratiometric analysis of a stress-dependent dual )J\ — - -
fluorescence. A flexible conformational change of FLAP enables ) S >k* *I fﬁ,it,l::::i:fe
real-time and reversible responses to the nanoscale forces at the low Short Ar Long A imaging
force threshold, which is suitable for quantifying the percentage of

the stressed polymer chains before structural damage. However, the previously reported FLAP only showed a negligible response in
solvated environments because undesirable spontaneous planarization occurs in the excited state, even without mechanical force.
Here, we have developed a new ratiometric force probe that functions in common organogels. Replacement of the anthraceneimide
units in the flapping wings with pyreneimide units largely suppresses the excited-state planarization, leading to the force probe
function under wet conditions. The FLAP-doped polyurethane organogel reversibly shows a dual-fluorescence response under sub-
MPa compression. Moreover, the structurally modified FLAP is also advantageous in the wide dynamic range of its fluorescence
response in solvent-free elastomers, enabling clearer ratiometric fluorescence imaging of the molecular-level stress concentration
during crack growth in a stretched polyurethane film.

Compression

Force F 0MPa >1MPa

B INTRODUCTION challenging to directly elucidate the toughening mechanism
at the nanoscale.”

Notably, polymer mechanochemistry has rapidly developed
as a related area.*”*' A variety of mechanophores exhibit color
changes™™* and/or luminescence responses®®**®' when a
relatively weak covalent bond undergoes the intramolecular
cleavage by mechanical stimuli, as represented by spiropyran.
While these mechanophores are widely used for developing

A polymer gel is composed of a polymer chain network swollen
with a solvent. Hydrogels have been widely used for drug
delivery systems' and biocompatible materials® due to their
high solvent retention properties and flexibility. In addition to
these classical applications, mechanically robust gels have been
. . . . .3 4
increasingly studied for use in wearable electronics,” actuators,
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soft robotics,” and mechanoactive materials.” mechanoresponsive materials,"> " they can also be used as
However, polymer gels are inherently fragile because of their “force probes” to evaluate molecular-level forces transmitted in
low volume fraction of polymer chains and inhomogeneous a polymer chain network, as long as the chemical doping of the
network structure.” To make tough polymer gels, many mechanophore does not have a significant influence on the
strategies have been proposed in recent decades,”” including intrinsic mechanical properties of host polymers.”>®” Recently,
the motifs of double network structures,'’™"* noncovalent several applications of force probes for quantitative mapping of
crosslinks,"*'* nanoparticles,w_22 and crystalline struc- the local stress distribution in multinetwork elastomers during
tures.”””* These materials have been designed to dissipate the crack propagation have been reported.”®™”" In these
the energy of mechanical stress concentrated on speciﬁc reports, the important role of the sacrificial bonds in the
polymer chains,” as it has also been reported for toughening mechanism of topological polymers has been
elastomers.”™*" Furthermore, to overcome the inhomogeneity
of polymer networks, unique polymer networks have been Received: December 9, 2021 ACS
studied based on (1) multiarm macromers with uniform chain Published: February 2, 2022 |
length®* ™ and (2) polymer gels with rotaxane-based slidable
cross-links.”***™** These nanoscopic polymer designs are
intrinsically important for the creation of polymer gels with

remarkable mechanical properties. However, it remains
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demonstrated. Mechanoresponsive system with a reversible
response is more useful,”””*> which would enable real-time
monitoring of local force distribution in the elastic polymer
deformation.

FRET pairs would be an alternative tool to probe small
forces generated before the covalent bond scission, while at
least 200 piconewtons (pN) are required for the intramolecular
bond cleavage of spiropyran.*”*> The FRET pairs are
commonly used in mechanobiology.**™*" Supramolecular
structural changes, such as the unravelling of a DNA linker,***°
induce a fluorescence (FL) response via perturbation of the
FRET efficiency. The force threshold to cleave the hydrogen
bonds in DNA/proteins has been estimated to be tens of
piconewtons, which is 1 or 2 orders of magmtude lower than
that of conventional mechanophores; 84=89 However, the FRET
efficiency is sensitive to multiple parameters, such as the
distance between and the relative orientation”® of the two dyes,
and the chromophores themselves are not mechanoresponsive.

Flapping molecules (FLAP) constitute another category of
conformationally flexible force probes,”’ which are unique due
to their single-component dual FL properties that originate
from their interchangeable bent and planar conformations.”>”*
The force threshold of the single-molecule fluorescence
switching of FLAP has been predicted by calculations to be
approximately 100 pN.”" The force range is below that for
covalent bond scission (from 200 pN to several nN) and above
thermal fluctuation (several pN). The molecular design of the
central flexible hinge is not limited to cyclooctatetraene
(COT); a series of N,N’-disubstituted-dihydrophenazines
have also been reported as dual fluorescence flexible
chromophores.”*™” Figure 1 shows the newly synthesized

§~ N%

Short ;"FL

Force f Release

*"...,N ™~
Long Ag

Figure 1. Conformational change of a structurally modified flapping
force probe (FLAP) that enables a real-time ratiometric fluorescence
analysis of the molecular-level stress concentration in polymer gels.
Apr: Fluorescence wavelength.

FLAP in this study. Ratiometric force analysis using FLAP
shows promise to obtain the high signal-to-noise ratio in a
simple experimental setup by canceling out the effects of
inhomogeneous probe concentration, excitation source varia-
tion, and light scattering by sample specimens. We recently
reported a flapping force probe FLAPO bearing the
anthraceneimide wings (Figure 2a and 2b).”" In the narrow
free volume of the solvent-free elastomers, FLAPO was
surrounded by the polymer chains, suppressing the sponta-
neous planarization in the S, excited state. As a result, only the
short Az band of the bent form was observed in the steady-
state FL spectrum of the unstretched FLAPO-doped film, while
compulsory planarization in the S, ground state was induced
by stretching the film, accompanied by the enhancement of the

FL intensity ratio, Iy ong/Ishort (Figure 2a and 2b). In the same
previous report, the ratiometric FL analysis of the FLAPO-
doped polyurethanes revealed that the local stress concen-
tration is almost twice as biased at cross-linkers than at the
main chains of the polymer network, particularly in the strain-
hardening region.”"

With these results in hand, we hypothesized that flapping
force probes would also be useful for quantifying local stress
concentration in gels, which are more fragile than elastomers
(see the graphic in the abstract). However, FLAPO only
showed a negligible FL response to mechanical stress in
organogels, because the solvated FLAPO molecule underwent
the spontaneous conformational planarization in the S; excited
state, emitting a long A band even without mechanical stress
(Figure 2c). To solve this problem, we have modified the
molecular design of the FLAP force probe from the flapping
anthraceneimide (FLAPO) to the flapping pyreneimide
(FLAP1) (Figure 2b). This structural modification was
expected to tune the excited-state energy profile by increasing
the S, barrier, thus suppressing the S, planarization and
allowing a mechanical response in polymer gels (Figure 2d).
Namely, the distribution of the planar S, species of FLAP1
became more populated only when the mechanical stress was
applied. This structural modification into FLAP1 also resulted
in an improvement in the dynamic range of the stress-induced
FL spectral change of the stretched elastomers (Figure 2b).

B RESULTS AND DISCUSSION

Synthesis and Characterization of a New Force
Probe. The molecular structure of a new force probe was
designed based on the previously obtained insight. In a series
of flapping acene dimers, we have reported that z-extension of
the rigid wings of FLAP suppressed the spontaneous excited-
state planarization.”®”” Since this suppression is necessary for
designing a force probe compatible with gels, we here selected
a large 7 system for FLAP1 among a variety of 7-conjugated
structures.' "’ Pyrene-fused pyrazaacene'*"'"” is suitable for
this purpose, whose structure can be constructed by a reliable
condensation reaction of pyrene dione and aromatic amines
(Figure 3a). Briefly, a bulky 2,6-diisopropylphenyl group was
introduced to prevent the aggregation of the fluorophore in
solution or polymers. Reactions of the rigid wings, a pyrene
dione derivative 3, with the flexible COT joint, tetramine of
dibenzo[a,e]cyclooctatetraene 4'”* was conducted in a mixed
solvent of chloroform and acetic acid under heating, providing
FLAP1-H as a model compound of the force probe in 72%
yield. FLAP1-OH was synthesized from 9, in which the
hydroxy groups were introduced at the R' position as a reactive
group for polymerization. Note that mesityl groups (Mes)
were attached to the R* position to improve solubility. Wing1-
H and Wingl-OH (see Figure 4b and Section 2 in SI) were
synthesized as reference compounds by the reaction of o-
phenylenediamine with 3 or 9.

To determine the structures of the prepared FLAP probes,
single-crystal X-ray crystallography was conducted. While
Wing1-OH readily formed crystals suitable for this analysis
(Figure S3.2), the crystals of FLAP1-OH and FLAP1-BC
(capped with the butylcarbamoyloxy groups at the probe
termini) were not suitable for the measurement. We finally
obtained the single-crystal X-ray structure of FLAP1-OH’,
which possesses 3,5-di-tert-butylphenyl groups instead of the
mesityl groups. As shown in Figure 3b, FLAP1-OH’ exhibited
a V-shaped structure in crystals, and the bending angles of the

https://doi.org/10.1021/jacs.1c12955
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Figure 2. (a) Force probe function of FLAPO chemically doped into a solvent-free elastomer. (b) Chemical structures of FLAPO and FLAP1 (left).
Wider dynamic range of FLAP1 (right) in the FL spectral response to mechanical stress in solvent-free elastomers (see the discussion in Figure 6).
(c) Sy and S, energy profiles of FLAPO in the presence of solvent molecules. A photograph of the FLAPO-doped organogel is shown in the inset.
(d) Excited-state engineering of the S; energy profile under wet conditions by changing the molecular structure from FLAPO to FLAP1.

central cyclooctatetraene (COT), defined by the inset in
Figure Sb, were 44.2° and 45.0°, which are comparable to
those of the previously reported flapping molecules.”®"'**
Dual Fluorescence in Solution. The optical properties of
FLAP1-H in toluene were measured to determine whether the
excited-state planarization of the new force probe was
adequately suppressed. As shown in Figure 4a, the absorption
spectrum showed a maximum at 447 nm, and the FL spectrum
showed a maximum at approximately 479 nm (corresponding
to a small Stokes shift of 1720 cm™). On the other hand, the
previously reported anthracene-based force probe (FLAPO-H)
underwent spontaneous planarization in toluene and exhibited
a FL spectrum with a peak at 525 nm, corresponding to a large
Stokes shift (4800 cm™) (Figure Sa, inset).”” This result
suggests that FLAP1-H emitted FL mainly from the bent form
due to the effective suppression of the excited-state
planarization, as expected. The FL quantum yield of FLAP1-
H was 0.44 in toluene. Importantly, FLAP1-H showed a small
FL peak at 523 nm with a broad FL band at around 460—480
nm (green solid line in Figure 4a). The shape of the FL bands
in the longer wavelength region was similar to that for FLAPO-
H (Figure Sa, inset), in spite of their skeletal difference. When
the FL spectrum of FLAP1-H was measured in a rigid PMMA

2806

matrix, in which the conformational planarization of FLAP is
not allowed due to the confined space with a small free
volume,'%® the peak at 523 nm disappeared (blue dotted line in
Figure 4a). In contrast, no spectral change between toluene
and PMMA was observed for Wingl-H (Figure 4b).
Moreover, the FL lifetime of FLAP1-H can be fitted by two
components (SI, Section 4.3). Together, these results suggest
that the long-wavelength FL of FLAP1-H can be attributed to
a partially populated planar form in the excited state.

To gain insight into the equilibrium between the bent and
planar forms in the S; excited state, the variable-temperature
FL spectra of FLAP1-H were measured in toluene. The
relative FL intensity of the long-wavelength component
decreased when the temperature was lower or higher than
233 K (Figures 4c and 4d). On the other hand, such behavior
was not observed for Wingl-H (Figure S4.5). No concen-
tration dependence was observed in the shape of the
absorption and FL spectra (Figure S4.1), and no significant
changes were observed in the variable-temperature excitation
spectra of FLAP1-H (Figure S4.4), suggesting that no
impurities present and no structural changes occurred in the
ground state. The variable-temperature FL spectra in Figures
4c and 4d are typical of a dual FL system existing in

https://doi.org/10.1021/jacs.1c12955
J. Am. Chem. Soc. 2022, 144, 2804—2815
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Figure 3. (a) Synthesis of the flapping pyreneimides. Mes: mesityl
groups. Conditions: (i) HOAc, 135 °C; (ii) BBry, CH,Cl,, —78 °C to
rt; (iii) Ag,O, CH,CL, rt; (iv) [Ir(u-OMe)(cod)], 4,4'-di-tert-
butyl-2,2"-bipyridyl, B,(pin),, tert-butyl methyl ether/mesitylene, 70
°C; (v) mesityl bromide, SPhos Pd G2, methyltrioctylammonium
chloride, toluene/K,CO; aq, 100 °C; (vi) 1-bromo-3,5-di-tert-
butylbenzene, SPhos Pd G2, methyltrioctylammonium chloride,
toluene/K,CO; aq, 100 °C; (vii) CHCl;/HOAc, 75 °C for
FLAP1-H, and 1,2-dichloroethane/HOAc, 95 °C for FLAP1-OH
and FLAP1-OH’; (viii) butyl isocyanate, Et;N, toluene, 110 °C. (b)
Single crystal X-ray structure analysis of FLAP1-OH’. Thermal
ellipsoids were drawn at the 50% probability level. Hydrogen atoms
except for those in the OH groups and 3,5-di-tert-butylphenyl groups
were omitted for clarity.

equilibrium in the excited state (Figure 4f),'°>'"” and the
parameters related to this equilibrium (E, and AH in S;) were
calculated by means of a Stevens—Ban plot'°>'* based on the
area ratio of the two FL bands and the measurement
temperature (SI, Section 4.2). The activation energy E, was
estimated to be 4.3 kcal/mol, and the enthalpy change AH was
approximately —0.6 kcal/mol in S; (Figure 4e). The activation
barrier of FLAP1-H for the S, planarization is much larger
than the kT value at room temperature (0.6 kcal/mol at 298
K). This is in stark contrast to the results for FLAPO-H, which
showed fast planarization dynamics in S,.”*

Computational Investigation of the Dual Fluores-
cence. Density functional theory (DFT) calculations were
performed to gain insight into why the excited state
planarization of FLAP1-H was suppressed in solution. Model
compounds in which the 2,6-diisopropylphenyl groups of the
original compounds were replaced by hydrogen atoms
(denoted FLAPO’, FLAP1’, and Wingl’) were used for
these computations. Although the calculation results were
found to be sensitive to the level of theory, we adopted the

2807

Figure 4. Optical properties of FLAP1-H in toluene. (a) Absorption
and FL spectra of FLAP1-H, compared with (b) those of the
reference compound (Wingl-H). (c,d) Variable-temperature FL
spectra of FLAP1-H. (e) Stevens—Ban plot of the FL quantum yield
ratio of the V-shaped and planar forms of FLAP1-H (see Section 4.2
in the SI for details on the spectral decomposition). (f) Energy profile
that accounts for the dual FL of FLAP1-H.

PBE0/6-31+G(d)/PCM(toluene) level because the calculated
absorption wavelengths of Wingl’ were close to the
experimental results, and the shape of the S; energy diagram
of FLAP1’ qualitatively agreed with the Stevens—Ban plot (SI,
Section 5.3). Figures Sa and Sb show the calculated energy
profiles of FLAPO’ and FLAP1' in the S, and S, states as a
function of the COT bending angle (increments of 2.5°). In S,,
the bent forms (6 ~ 40°) were the most stable for both FLAPs
due to the ring strain of COT, and conformational relaxation
in S; occurs from these bent structures. Interestingly, the
energy diagram of the S, state was quite different between
FLAPO’ and FLAP1’: FLAPQ' partially flattened to a shallow
V-shaped form (6 = 29.5°) followed by a complete
planarization with a very small energy barrier (~0.2 kcal/
mol), consistent with the observed green FL (inset in Figure
Sa) and previously reported ultrafast dynamics in the excited
state, whereas FLAP1’ showed a larger energy barrier (~1.3
kcal/mol) between the bent and planar forms. Although these
results were qualitative, the difference in the planarization
behavior could be explained from the viewpoint of molecular
orbital distribution in the bent S; geometries. In FLAPO’, the
frontier orbitals were delocalized over the whole molecular
frame, including the central COT ring (Figure Sc). Since the
double bond character of the single bonds between the cis-
olefins and the anthraceneimide units is enhanced in the S,
electronic configuration, the conformational planarization is
favorable in the excited state. On the other hand, the LUMO of
FLAP1’ was localized on the electron-withdrawing imide
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Figure S. (a,b) S, (top) and S, (bottom) energy profiles of (a)
FLAPO' and (b) FLAP1’ obtained by (TD-)DFT calculations. The
inset in (a) shows the FL spectrum of FLAPO-H. The COT bending
angle 0 was defined by the dihedral angle shown in the inset in (b).
(c,d) Kohn—Sham orbitals of FLAPO’ and FLAP1’ displaying the
distinct S, electronic character at the local minimum in S,. Geometry
optimizations were performed at the (TD-)PBE0/6-31+G(d)/PCM-
(toluene) level.

moiety without contribution from the COT moiety (Figure
5d), suggesting that planarization in S, was less favorable. This
difference in the orbital distribution is also consistent with the
charge-transfer (CT) nature of the FL from the bent form of
FLAP1-H, experimentally evaluated by a Lippert—Mataga plot
(SI, Section 4.4)."°”"'% It is worth noting that the FL derived
from the planar form, peaked at 523 nm in toluene, showed
less solvent dependence (Figure S4.13), consistent with the
similarly delocalized HOMO and LUMO over the planar
molecular frame (6 = 0°) of FLAP1’ (Figure SS5.14). The
excited-state engineering based on the molecular orbital
(de)localization is useful for designing dual-fluorescence
molecules with the desired optical properties.

Improved Dynamic Range of the FL Spectral
Response. Once the photophysical properties of FLAP1-H
in solution were clarified, we next sought to investigate the FL
response of FLAP1-OH as a force probe in a stretched
polyurethane elastomer. Since the FL spectrum of FLAP1-BC
(bearing the butylcarbamoyloxy groups at the termini) in
toluene was similar to that of FLAP1-H (Figure S4.3), it was
assumed that the mesityl groups and the urethane moieties
would not substantially affect the photophysical properties
when the force probe was introduced into polyurethane. First,
FLAP1-OH was incorporated into segmented polyurethane
(SPU) composed of poly(tetrahydrofuran) (PTHF), methyl-
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enediphenyl 4,4’-diisocyanate (MDI), and 1,4-butanediol
(BDO). This is a widely used polymer into which various
mechanophores have been introduced,” and 0.1-0.2 mm
thick dumbbell-shaped specimens (SPU1) were prepared
(Figure 6a). In the same way, the following three polymers
were prepared for control experiments: (1) SPUO, which was
chemically doped (covalently incorporated) with FLAP0-OH,
(2) SPU1-BC, which was physically (noncovalently) doped
with FLAP1-BC, and (3) SPU2, which was not doped with
any force probe (Figure S6.1).

The synthesized polyurethanes were characterized by 'H
NMR spectroscopy (Figures $6.2—56.5), and the ratio of soft
segments to hard segments was confirmed to be 1:2.3, the
same as the preparation ratio. In contrast, 'H NMR signal of
the incorporated force probe was not detectable due to the
minimal amount of probe added. In addition, the thermal
properties of the synthesized SPUs were measured by
differential scanning calorimetry (DSC), and the results were
comparable to those of similar polyurethanes that were
previously reported (Figure $6.7).”°

To investigate the force probe function of FLAP1-OH, we
performed tensile tests of the prepared specimens and plotted
engineering stress—strain curves (Figure 6b). The mechanical
properties of the synthesized SPUs were comparable regardless
of the presence of the probe, indicating that the addition of the
flapping force probe had little effect on the mechanical
properties. DSC analysis also indicated negligible influence of
the probe on the thermal properties of the SPUs (Figure $6.7).
The FL spectrum of SPU1 was monitored during the tensile
tests (Figure 6¢). The relative intensity of the FL band at 472
nm, corresponding to the bent form of FLAP, decreased upon
stretching, and that of the FL peak at 533 nm concomitantly
increased with the appearance of a characteristic vibrational
band at 575 nm, which was attributed to the planarized form of
FLAP. The planarization of FLAP is also supported by the
change in absorption spectra (Figure 6d, $6.15). When the 0.6
mm thick SPU1 specimen was stretched, an absorption band
appeared at longer wavelengths region (450—S50 nm),
indicating that FLAP was mechanically planarized in the
ground state. The absorption tendency is more pronounced in
a cross-linked polyurethane (Figure $7.8d). The distinct blue-
to-green FL color change occurred rapidly and reversibly and
could be clearly observed by the naked eye (Supporting Movie
S1). The reversible FL spectral change was also confirmed
using the tensile tester (Figure S6.10), although gradual
photodegradation of the probe was observed in multiple
loading—unloading cycles (Figure $S6.11). Note that FRET-
induced FL perturbation could be ignored because the average
distance between the fluorescent probes was estimated to be
approximately 20 nm (S, Section 6.1), much longer than that
permitting FRET (<10 nm).

The ratiometric FL analysis was performed by plotting the
ratio of the FL intensity at 533 and 472 nm (Is33/I47,) against
stress (Figure 6e). The FL intensity ratio increased monotoni-
cally from approximately 0.3 to ~11 for SPUL. In contrast,
when the same measurement was performed for SPUO, the FL
intensity ratio reached only ~2 (Figure S6.12). The wider
dynamic range of the FL ratio of FLAP1 is an important
advantage of the new flapping force probe. Since FLAPO and
FLAP1 possess the same flexible hinge (COT), the distinct FL
response should not be attributed to the difference in the
percentage of stressed probes, but the difference in the FL
quantum yields at the bent and planar forms. Indeed, the FL
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Figure 6. (a) Synthesis of a segmented polyurethane elastomer (SPU1) that is chemically doped with FLAP1-OH as a force probe. (b) Stress—
strain curves of different SPUs. (c) FL spectral change of SPU1 during the tensile test. Photographs of the specimen under UV light are shown on
the right side. (d) Absorption spectral change of SPU1 during the tensile test. (e) FL intensity ratio plotted against nominal stress in the tensile
test. Is33nm/Lizanm Was used as the ratio for SPU1 and SPU1-BC, and Is;s,m/Lizsnm Was used for SPUO. (f) Photographs (RGB) and stress mapping
(FL ratio) of the notched SPU1 film. The images were acquired using a hyperspectral camera, and the photographs were reconstructed from the
RGB channels (R = 700 nm, G = 545 nm, B = 480 nm). (g) FL spectra averaged over the regions A—C shown in the left panel (bandwidth: S nm),
and the estimated local stress based on the calibration in the panel (e). Strain rate: 0.17 s™* for the panels (b—e), and 0.2 min™" for the panel (f).

intensity of SPU1 significantly increased upon stretching
(Figure S$6.13b), suggesting a large FL quantum yield of
FLAP1 in the planar form. The FL spectra of the negative
control specimen SPUI-BC showed little response upon
stretching, as expected. Only when the SPU1-BC film was
strongly stretched over 40 MPa stress, a small spectral change
was observed (Figure S6.9), which might be related to the
strain-induced crystallization of the polymer chains (Figure
$6.14) or the hydrogen bonding between urethane moieties of
FLAP1-BC and polyurethane chains.

Ratiometric FL imaging of the notched SPU1 specimen was
performed with a hyperspectral camera (Figure 6f). As shown
in Supporting Movie S2, the FL intensity ratio increased in the
crack front region just before the crack propagation, while it
returned to a small value in the corresponding region after the
crack propagation was completed. From the relationship
between the stress and the FL ratio in Figure Ge, the average
stress was estimated in each of the three regions A—C (Figure
6f and 6g). As a result, the local stress distribution in the range
of 12—27 MPa was visualized with submillimeter spatial
resolution. Thus, the flapping force probe with wider dynamic
range would be useful for mapping local stress distribution
more clearly.
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Synthesis of Cross-Linked Polyurethanes and the
Preparation of the Organogels. To investigate the efficacy
of the force probe FLAP1 in wet materials, cross-linked
polyurethanes (PUs) were synthesized (Figure 7a). Poly-
(tetrahydrofuran) (PTHF) and hexamethylene diisocyanate
(HDI) were selected as the main chain components, while
triethanolamine (TEA) was used as the cross-linker.”’ The
cross-linking density, defined as the molar fraction of TEA to
all monomers, was set to 8.7%. A trace amount of FLAP1-OH
(0.01 mol % to HDI) was added to the mixed monomer
solution, and polymerization was initiated by a tin catalyst
(DBTDL). The resulting solution was poured into a
poly(tetrafluoroethylene) (PTFE) mold to prepare a dry
cylindrical specimen of PU1. The negligible influence of the
probes on thermal and mechanical properties of the dry PUs
were again confirmed (Figures S7.4 and S7.5). Organogels
were prepared by swelling the cross-linked polyurethane PU1
with organic solvents. We selected cyclopentyl methyl ether
(CPME) as the solvent because the short and long Ay bands
of FLAP1-H are well separated in CPME and thus suitable for
the reliable spectral decomposition (Figure S4.11b).
addition, since CPME has a high boiling point (106 °C),
contribution of the solvent evaporation is negligible during
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swelling. As seen in the photographs, the blue FL of PUI was
preserved even after swelling, while PUO showed a significant
FL change when swelled. Thus, FLAPO in Gel0 underwent the
spontaneous S; planarization when surrounded by solvent
molecules, while the S, planarization of FLAP1 in Gell was
almost completely suppressed due to the above-mentioned
excited-state engineering. Here, the observed planarization of
FLAPO in GelO was not attributed to swelling pressure, unlike
the activation of mechanophores by swelling of glassy
PMMA,"'"""? because the percentages of the stressed probes
FLAPO and FLAPI1 are expected to be almost comparable
when doped in the same host polymer. Indeed, the percentages
of the stressed probes in a stretched PU elastomer were
experimentally estimated to be up to 30—40% for both probes,
using an internal standard of a red emitter, Rhodamine 640
(S1, Section 7.5).

Fluorescence Response upon Compressing the
Organogels. Compression tests of the cylindrical gel
specimens with the experimental setup shown in Figure 8a

2810

T T
0 40 80 120
Time /s

0 025 050 4

Strain energy density / MJ m
Figure 8. (a) Experimental setup for the compression test of a
cylindrical specimen of Gell. (b) Nominal stress—strain curves of the
gels. (c) Photographs of the compression process of Gell under UV
light (365 nm). (d,e) FL spectral change of (d) Gel0 and (e) Gell
during the compression test. (f—h) FL intensity ratio plotted against
(f) strain, (g) stress, and (h) strain energy density in the compression
test. (i) Reversible response of the FL ratio for ten cycles of
compression and release. Strain rate: ~0.27 min™" for the panels (b—
h), and 0.14 s for the panel (i).

were successfully conducted (Supporting Movie S3). We note
that the tensile tests using the dumbbell specimens were
difficult due to the fragility of the gel materials. Although the
fracture strain was considerably dependent on the individual
samples, Gel0 and Gell showed the similar stress—strain
curves, as shown in Figure 8b. In contrast, the FL spectra of
Gel0 and Gell showed distinct behaviors upon the
compression, where the bottom surface of the cylindrical
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specimen was observed (Figure 8c). While Gel0 showed
negligible FL change upon compression (Figure 8d), a FL
band at 523 nm emitted from the planar form of FLAP1
became more pronounced for Gell (Figure 8e). The ratio of
the FL intensity at 480 and 523 nm was monitored during the
compression test, whose values were plotted against the
nominal (engineering) strain, stress, and strain energy density
in Figures 8f, 8g, and 8h, respectively. While the dynamic range
of the FL response of Gell was limited due to the fragility of
this material compared to that of the solvent-free PUI,
quantitative analysis was effectively performed with a sufficient
signal-to-noise ratio. On the other hand, the control material,
Gel0, yielded negative results in the spectroscopic analysis
(Figure S9.3). Interestingly, the FL ratio at the center of
compressed Gell was slightly higher than the periphery
(Supporting Movie S4). The values of nominal stress and FL

(a) Compression

intensity ratio in Figure 8 were obtained as spatially averaged Lomm F'zTrfl:i: S((";g’s”s"f") (foo,;/?;a)- s . (:10“‘,?53)
ones.

Importantly, the FL response of Gell started from the (1)1-0 o (e? C: Ratio = 0.87
earlier stage, compared with the corresponding solvent-free Lo8 Lo 3 (>1MPa)
elastomer. In the low-stress region (<1 MPa), Gell showed a % 06 e > B: Ratio = 0.74
remarkable FL response (Figures 8g), while PU1 did not show S04 2 ‘ - 0:51\/|Pa)

a change in the FL ratio (Figures S7.8c). Gell showed an § 02 £ A l(iagoM—P(;.)G °
excellent linear relationship between the FL ratio and the strain F '0 T
energy density, defined as the area under the stress—strain 067 071 075 079 083 450 500 550 600 650 700

curve (Figure 8h, S9.5). These results suggested that the
polymer chains were prestretched by swelling before
compression, although the degree of stretching was not
remarkable. The FL response of Gell was reversible, and a
cycling test with a higher strain rate showed that the FL ratio
could quickly respond to the strain or stress (Figure 8i and
$9.6).

Real-Time Stress Mapping of the Compressed
Organogels by Ratiometric Fluorescence Imaging. To
demonstrate the force probe function of FLAP1 under a
nonuniform stress distribution in gels, we applied pressure to
the plate-shaped Gell with metal stamps using the
experimental setup shown in Figure 9a—b. With the naked
eye, it was difficult to distinguish the degree of the mechanical
stress applied by each alphabetical stamp. However, ratiometric
FL imaging showed that the more local stress was applied by
the “L” and “P” metal stamps than by the “F” and “A” stamps
(Figure 9c and Supporting Movie SS), which probably
originated from the slightly different thicknesses of these
metal stamps. Since the bottom area of the cylindrical
specimen in Figure 8 largely changed upon compression, a
calibration curve was plotted to estimate the true stress from
the observed FL intensity ratio, by tracking and correcting the
change in the bottom area (Figure 9d and $9.7). According to
this estimation, true compression stresses applied in the
regions A—C of Gell were quantitatively evaluated to lie in the
range of 0—1 MPa with a submillimeter spatial resolution

(Figure 9¢ and 9e).

B CONCLUSIONS

A ratiometric flapping force probe (FLAP) that can be used to
evaluate the nanoscale stress concentration transmitted in a
polymer chain network of organogels was developed. A
previously reported FLAP bearing anthraceneimide wings
showed only a negligible fluorescence response to the
mechanical stress under solvated conditions because undesir-
able planarization spontaneously occurred in the excited state
even without stress. In this study, we raised the excited-state
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FL ratio (/s523//480) Wavelength / nm

Figure 9. (a) Photograph of the metal stamps placed on Gell to
apply a nonuniform stress distribution. (b) Photograph of the setup
for observing the bottom of the gel with a hyper spectral camera
through a prism. (c) Photographs (RGB) and stress mapping (FL
ratio) of Gell compressed by the metal stamps. The images were
obtained by following the protocol described in Figure 6. (d)
Calibration curve for estimating the true stress from the observed FL
ratio of Gell, which was obtained from Figure 8g with the
consideration of the change in the bottom area of the gels. (e) FL
spectra averaged over the regions A—C shown in the panel (c)
(bandwidth: 5 nm), and the local true stress estimated from the
calibration curve in the panel (d).

energy barrier by changing the flapping wings into the
pyreneimide units, which suppressed the spontaneous
excited-state planarization and allowed this molecule to serve
as a force probe even in wet environments. The modified force
probe also had a wider dynamic range of the stress-induced
fluorescence spectral change in solvent-free elastomers.
Ratiometric fluorescence imaging of the molecular-level stress
concentration was demonstrated in a real-time and reversible
manner both for the stretched elastomers and compressed gels.
FLAPs are expected to be useful for studying the polymer
chain dynamics of structurally designed tough materials.””
Although the mechanochemistry of hydrogels has been
discussed in several studies,”**”*""*''* increasing the hydro-
philicity of the FLAP probe would lead to new molecular

technology, such as membrane tension probes that work in
cells 26115117
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Movie S2 showing the ratiometric imaging of the stress
applied to the notched SPU1 film (MP4)

Movie S3 showing compression of the cylindrical Gell
specimen (MP4)

Movie S4 showing the distribution of the FL ratio of the
cylindrical Gell specimen under compression (MP4)

Movie S5 showing the ratiometric imaging of the stress
applied to Gell by the metal stamps (MP4)
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