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ABSTRACT: Tracking the behavior of mechanochromic molecules provides valuable insights into force transmission and as-
sociated microstructural changes in soft materials under load. Herein, we report a dual ratiometric fluorescence (FL) analysis
for monitoring both mechanical polymer chain stretching and strain-induced crystallization (SIC) of polymers. SIC has re-
cently attracted renewed attention as an effective mechanism for improving the mechanical properties of polymers. A polyu-
rethane (PU) film incorporating a trace of a dual-emissive flapping force probe (N-FLAP, 0.008 wt%) exhibited a blue-to-
green FL spectral change in a low stress region (< 20 MPa), resulting from conformational planarization of the probe in me-
chanically stretched polymer chains. Only at higher probe concentrations (~0.65 wt%), the PU film showed a second spectral
change from green to yellow during the SIC growth (20-65 MPa) due to self-absorption of scattered FL in a short wavelength
region. The reversibility of these spectral changes was demonstrated by load-unload cycles. With these results in hand, the
degrees of the polymer chain stretching and SIC were quantitatively mapped and monitored by dual ratiometric imaging
based on different FL ratios (Is2s/l470 and Iszs/Is00). Simultaneous analysis of these two mappings revealed a spatio-temporal
gap in the distribution of the polymer chain stretching and the SIC. The combinational use of the dual-emissive force probe

and the ratiometric FL imaging is a universal approach for the development of soft matter physics.

INTRODUCTION

Mechanical properties of polymers are important in a
wide range of applications,! such as shape memory materi-
als,>® self-healing materials,*® stimuli-responsive materi-
als,>1% photoswitching materials,!'-13 actuators,'#'> func-
tional adhesives,'617 wearable materials/devices,’®1° and
3D printing fabrication leading to soft robotics and bio-
material engineering.20-2¢ To effectively design and opti-
mize the mechanical performance of these materials, it is
crucial to have a comprehensive understanding of the force
transmission at the molecular level and the resulting struc-
tural change of polymer network and polymer chains.25-40
In addition to the classical studies,*'-** these multi-scale in-
vestigations of the intricate relationship between stress and
structure have revealed the fundamental principles govern-
ing the mechanical behavior of soft materials.

In relation to this, strain-induced crystallization (SIC) is
an important physical property of polymers. Entropic re-
duction in stretched polymer chain conformations is pre-
dicted to cause anisotropic assembly of the polymer chains,
leading to the formation of local crystalline structures.
While the classical studies of SIC date back to the 1920s,45-
47 SIC is becoming a hot topic in recent materials science due
to its essential role in the self-reinforcement mechanism of
synthetic polymers383° as well as natural rubber#s-5°. In
these reports, SIC remarkably improves mechanical
strength and fracture toughness, particularly resistance to
crack propagation. To date, in situ FT-IR/WAXD/SAXS
measurements are powerful tools for evaluating SIC based

on the ordered structures of each segment in polymers (Fig-
ure 1a).51-5¢ A recently developed digital image correlation
(DIC) technique is also a good alternative.>’-60 However, it is
still challenging to track nano- and microstructures simul-
taneously with the information of local forces on the
stretched polymer chains.

On the other hand, the development of mechano-respon-
sive molecules has contributed greatly to the fruitful mech-
anochemistry®-¢8 and mechanobiology.®-73 Some of these
molecular units can detect and quantify the local forces in
the pico- to nanonewton range. FRET (Forster resonance
energy transfer)-based fluorescent force probes have been
used to quantify forces of several to 50 pN applied to cellu-
lar systems.”4-76¢ Mechanophores can also visualize local
forces in soft materials in the range of more than 200 pN
because, in principle, intramolecular covalent bond scission
is required for the mechanical responses.”’-80 In particular,
mechanophores are useful from multiple perspectives, such
as initiation of chemical reactions,?1-83 toughening of poly-
meric materials by energy dissipation,485 induction of self-
healing ability,8¢ as well as the detection of single-chain
force distribution,3%87 polymer microstructural change in-
cluding SIC®-9, and material damage.3%°192 With these
backgrounds, we have explored the force probing func-
tion?3-% of conformationally flexible dual-emissive mole-
cules, FLAP (flexible and aromatic photofunctional sys-
tem).96-98

While several mechanochromic molecules have been re-
ported with reversible responses,®®-1%8 the flapping
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molecules (FLAP) are suitable for ratiometric fluorescence
(FL) analysis on the distribution of nanoscale stress concen-
tration in polymer chain network.?3%¢ When incorporated
into a polymer chain, FLAP with a central COT ring takes a
relaxed bent form, emitting a blue FL. When the polymer
chain is stretched, the bent conformation of FLAP is me-
chanically planarized to emit a green FL (Figure 1b). This
conformational change does not require covalent bond scis-
sion. Therefore, the mechanical response is fully reversible
and induced with a lower force threshold than conventional
mechanophores, theoretically predicted to be around 100
pN. This force threshold is ideal for monitoring the polymer
chain stretching prior to the mechanical failure, because the
force range lies between the thermal fluctuations at room
temperature (4.1 pN nm)7%1%° and the polymer chain cleav-
age including covalent mechanophore activation (more
than 240 pN).7778 [n addition, ratiometric FL imaging, which
maps the ratio of FL intensity at two different wavelengths
in each image pixel, can be performed for real-time evalua-
tion of nanoscale stress distribution.

Here we report the optical monitoring of mechanical pol-
ymer chain stretching and subsequent SIC growth of seg-
mented polyurethanes (PUs) in separated images based on
a newly developed technique, that is, dual ratiometric FL
analysis using a nitrogen-embedded flapping force probe
(N-FLAP in Figure 1b). In addition to the mechanically in-
duced bent-to-planar conformational change of the N-FLAP
probe, a subsequent FL response was observed with the ap-
pearance of SIC under high stress (Figure 1c, Supporting
Movie 1), resulting from a pronounced self-absorption of
the scattering FL under SIC. The vivid two-step spectral evo-
lution allows ratiometric spatiotemporal imaging of these
two important events separately. Namely, the degrees of the
polymer chain stretching and the subsequent SIC can be
quantitatively mapped and monitored.

RESULTS AND DISCUSSION

Synthesis of the flexible dual-emissive force probe

As a conformationally flexible mechanoresponsive fluor-
ophore, nitrogen-embedded FLAP (N-FLAP)!10 was selected
for this study, which is reported as a more photostable
fluorophore than a conventional anthracene-based FLAP.%7
The synthesis of N-FLAP was improved by using COT-fused
o-phenylene diamine 1! as a key precursor (Figure 2).
Crystalline sample of 1 can be easily obtained as hydrochlo-
ride in gram scale, and the single-crystal X-ray structure
analysis indicated the presence of four counter anions (Fig-
ure S5-1). Condensation of 1 and 2,5-dihydroxy-1,4-benzo-
quinone gave a COT-fused phenazine dimer 2 in 99% yield.
Sn2 reaction of 2 with 1-bromohexane under basic condi-
tion yielded N-FLAP1 in 45% yield. In this synthetic proto-
cols, N-FLAP1 can be synthesized and easily purified in
200-300-mg scale. N-FLAP2 bearing four OH groups at the
terminal positions was also synthesized from 2 in 41% yield,
which can be chemically doped in polymers.

Before incorporating N-FLAP2 into PUs, a model reaction
was performed to confirm the reactivity of N-FLAP2. N-
FLAP2 was reacted with p-tolyl isocyanate to give N-FLAP3
bearing four phenyl urethane units quantitatively, which

supported the successful chemical doping in the following
polymerization. These compounds were identified by 'H
and 13C NMR analysis as well as high-resolution mass spec-
trometry (Figures S3-1 to S3-3 and S4-1 to S4-2).
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Figure 1 (a) Segmented polyurethane composed of hard
segments and soft segments. (b) COT-fused flapping
phenazine, N-FLAP, as a dual emissive force probe. (c)
Concept for the two-step ratiometric monitoring of me-
chanical polymer chain stretching and subsequent
strain-induced crystallization (SIC).
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Figure 2. Synthesis of N-FLAP derivatives. Conditions:
(i) H20, 100 °C, y. 99%; (ii) 1-bromohexane, DMF, 55 °C
for N-FLAP1, y. 45%, and 6-bromo-1-hexanol, DMF,
40 °C for N-FLAP2, y. 41%; (iii) p-tolyl isocyanate, dibu-
tyltin dilaurate (DBTDL), THF, 30 °C, y. 100%.

Synthesis and characterization of segmented PUs

Chemical doping of N-FLAP2 into segmented PUs was
performed using poly-(tetrahydrofuran) (PTHF, Mn =
1,000), 4,4’-diphenylmethane diisocyanate (MDI), and 1,4-
butanediol (BDO) as monomers. Two-step polymerization
method was applied to obtain segmented PUs via a prepol-
ymer (Figure 3), which is commonly used for incorporating
various mechanophores.?4104112 [n the first stage, N-FLAP2
was copolymerized with MDI and PTHF to obtain prepoly-
mers with different N-FLAP doping ratios. Then, BDO was
added to prepare segmented PUs PU1-008, PU1-073, PU1-
210, and PU1-650 containing 0.008, 0.073, 0.21, and 0.65
wt% of N-FLAP2, respectively (Table S6-1). In PU1, N-
FLAP2 probe was introduced at the crosslinking points of
the hard segment. As a control sample, segmented PUO
without N-FLAP2 was synthesized in the same way.

The molar ratio of the soft and hard segments was deter-
mined to be 1:(2.3-2.5) by the 'H NMR analysis, which is
consistent with the monomer ratio used for the reaction
(Figures S6-4 to S6-8). Molecular weight of these PUs was
estimated by SEC (Figure S6-3 and Table S6-3). Thermal
properties of the synthetic PUs analyzed by differential
scanning calorimetry (DSC, Figure S6-10) were similar to

those of the previously reported PUs.?* Since the glass tran-
sition temperature (Tg) of the soft segments was lower than
room temperature, all tensile tests on the PUs were per-
formed in the rubbery state. The number average molecular
weights (Mn) of PUO and PU1-008 were determined to be
66,100 and 55,400, respectively, which are comparable to
similar PUs (M» = 49,600—84,800).°* On the other hand, the
molecular weights of PU1-074, PU1-210, and PU1-650 are
significantly higher (Table S6-3), presumably due to the
crosslinking effect by N-FLAP.

Environment-sensitive properties of the FL probe

Photophysical properties of urethane-capped N-FLAP3
were measured in comparison with the reported N-FLAP1.
In dichloromethane, the absorption and FL spectra were al-
most identical, and the molar absorption coefficient (&) of
N-FLAP3 was 57,300 mol L-* cm-! at 414 nm, as high as that
of N-FLAP1 (Figure 4a). As previously reported,?®110111 the
large Stokes shift (4900 cm1) indicated a dynamic bent-to-
planar conformational change in the excited state (Figure
4d, Table S7-2). The FL quantum yield of N-FLAP3 (&r =
0.34) was a bit lower than that of N-FLAP1 (& = 0.42), and
the FL lifetime of N-FLAP3 (7 = 2.1 ns, Figure S7-1d and Ta-
ble S7-1) was slightly shorter than that of N-FLAP1 (% = 2.4
ns).110 This result indicates that the presence of the phenyl
urethane moieties contributes to a non-emissive decay, but
the performance of the N-FLAP probe is in principle pre-
served.

An absorption band of the PU1-650 film (Figure 4b) was
observed at 418 nm, arising from chemically doped N-FLAP.
The PU1-650 films exhibited a blue FL (& = 0.028) with a
peak at 484 nm, indicating that N-FLAP takes a bent confor-
mation in the unstretched film, and the excited-state planar-
ization is suppressed due to the small polymer free vol-
ume!1® (Figure 4c). On the other hand, a THF solution of
PU1-650 (ca. 0.2 g/L) showed a green FL band at 515 nm
(@ = 0.23), as similarly observed for the THF solution of N-
FLAP3, indicating the excited-state planarization of the
chemically doped N-FLAP probe spontaneously occurs in
the solvated conditions.
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Figure 3. Synthesis and chemical structure of segmented polyurethane elastomers PU1, chemically doped with different
amounts of N-FLAP2.
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Figure 4. UV-visible absorption and FL spectra (dex=415
nm) of (a) N-FLAP3 in comparison to N-FLAP1 in CH2Clz,
and of (b) PU1-650 in the film state and in a THF solution.
PU1-650 means the PU1 elastomer chemically incorpo-
rated with 0.65 wt% of FLAP2. (c, d) Different excited-
state dynamics of the N-FLAP probe in polymers in the
absence/presence of solvent molecules.

Tensile stretching and simultaneous FL measurement

Uniaxial stretching of the prepared PU specimen was per-
formed, monitoring the FL spectrum at the central position
of the stretched film. The obtained stress-strain curves
were comparable among the synthesized PUs (PUO, PU1-
008,PU1-074,PU1-210, and PU1-650) and the previously
reported PU% (Figure 5a and Figure S8-1), in spite of the
different molecular weights. As previously demonstrated in
the other FLAPs, we expected that N-FLAP also showed a
similar blue-to-green FL change, when the PU elastomers
were gradually stretched. Namely, the chemically doped N-
FLAP probe would be mechanically stretched from the bent
to the planar form in the So ground state by local forces
transmitted in polymer chains (Figure 5b).

The prediction was true for PU1-008 (Figure 5c). Up to
the fracture point of the specimen (strain: ca. 600%, stress:
ca. 60 MPa), the obtained stress-strain curve can be divided
into several regions, depending on the degree of strain at
each stage. In the elastic region (strain: 0 to 8%, stress: 0-6
MPa), the blue FL spectra did not change, indicating that the
N-FLAP probe maintains its bent form. In the plateau-like
region (strain: 8 to 100%, stress: 6-10 MPa), the blue FL
(472 nm) of the bent N-FLAP started to decrease, and the
green FL (522 nm) of the planar form concomitantly in-
creased. Then, in the beginning of the strain-hardening re-
gion (strain: 100 to 280%, stress: 10-20 MPa), aremarkable
blue-to-green FL change has evolved. This spectral change
was almost saturated up to 440% strain (40 MPa stress),
where the blue FL band practically disappeared and the
green FL band with vibronic structures was mainly ob-
served. Accordingly, a new absorption band has evolved at

520 nm under 40 MPa, which was assigned to the lowest en-
ergy excitation of the planarized conformation of N-FLAP
(see the next Section and Figure S9-2). It is worth noting
that the average intermolecular distance of the FL probe in
PU1-008 was calculated to be 26 nm, assuming homogene-
ous dispersion (Table S6-2). This value is larger than the in-
termolecular distance at which Forster resonance energy
transfer (FRET) can occur (< 10 nm). Therefore, a spectral
perturbation by FRET can be excluded at least for the blue-
to-green process in PU1-008.
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Figure 5. (a) Stress-strain curves of synthesized seg-
mented polyurethanes PUO, PU1-008, and PU1-650.
See Figure S8-1 for the other PUs. (b) Mechanism of the
mechanically induced FL spectral change of N-FLAP.
(c,d) FL spectral monitoring of (c) PU1-008 and (d) PU1-
650 during tensile tests. A two-step spectral change (0-
20 MPa and 20-65 MPa) was observed for PU1-650.
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On the other hand, the blue-to-green change was followed
by an unexpected green-to-yellow FL color change in PU1-
650 under high stress over 20 MPa (Figure 5d and Support-
ing Movie 1), in which the relative FL intensity of the green
band has significantly decreased. Among PU1-008, PU1-
074, PU1-210, and PU1-650, the second spectral change
became more pronounced as the N-FLAP concentration in-
creased (Figures S8-2). Even when the strain rate was in-
creased from 0.067 s-! to 0.17 s-1, there was virtually no
change in the stress-strain curve and FL spectral evolution
(Figures S8-1 and S8-5). To elucidate the mechanism of the
second FL response, several experiments were performed

below, and we found that SIC should be an important trigger.

Strain-induced crystallization and enhanced self-absorption

During the tensile tests, SIC was observed under high
stress. The synthesized PUs were initially transparent, but
these samples started to cloud when stretched over a cer-
tain strain (Figure 6a). This clouding is typically observed in
segmented copolymers and it was attributed to SIC of the
soft segments.88 Indeed, the intensity of the scattered exci-
tation light has suddenly increased at the late stage of the
stretching tests (Figures S8-6a-d), for example at 370%
strain (~40 MPa stress) in PU1-650. Interestingly, the plots
of the FL intensity ratio (/s25/le00) dropped significantly at
the same strain (Figures 6b and S8-6e-h), although the
small decrease has been also confirmed up to this point.
This decrease was not observed in PU1-008 (at the low con-
centration of the probe). We then assume that as more N-
FLAP probes are mechanically planarized, the self-absorp-
tion of the green FL becomes pronounced in the stretched
PU1-650, and the growing of SIC accelerates the degree of
the self-absorption by internal scattering of the FL emission.
Consistent with this assumption, an absorption band at 520
nm (theoretically assigned to a HOMO-LUMO transition of
the planarized N-FLAP (Figure S9-2)) appeared and gradu-
ally evolved up to 370% strain (~40 MPa stress), while the
unstretched film showed only short wavelength absorption
below 500 nm due to the relaxed bent conformation of N-
FLAP (Figure 6c). In addition, after SIC took place, the inter-
nal light scattering reaching 570 nm became pronounced.
Spectral matching for the reabsorption of the green FL at
525 nm was demonstrated in Figure 6d, in which the de-
crease of the short wavelength FL was remarkable.

The mechanism of the FL spectral perturbation by SIC is
illustrated in Figures 7a and 7b. In the high strain region,
polymer chains of the soft segments begin to align along the
stretching direction, promoting local crystallization. Once
the crystalline domains are seeded, the domain size in-
creases to several hundred nanometers and therefore the
light scattering begins to be observed. Inside the polymer
film, the scattering increases the mean random path length
of the FL emission before FL reaches the surface.’3 At the
low probe concentration (PU1-008), the scattering has no
influence on the FL ratio of Is25/Is00 due to the negligible ef-
fect of the FL reabsorption (Figure 7a). On the other hand,
at the high probe concentration (PU1-650), a dramatic de-
crease in the same FL ratio is induced due to the significant
self-absorption enhanced by SIC (Figure 7b). To support
this explanation, we measured the FL lifetimes of each FL
band in the stressed state. By freezing the stretched PU1-

650 samples with liquid Nz, the low and high stressed states
were fixed before relaxation (Figure 7c). In both states, the
emissive bands at 525 nm (tr = 3.0-3.8 ns) and at 575 nm
(tr = 3.7-4.4 ns) showed a similar FL lifetime regardless of
the relative intensities, while the blue FL at 475 nm (emitted
from the bent N-FLAP) has a significantly shorter lifetime
(Figure 7d and 7e). This result indicates that the two FL
bands at 525 and 575 nm arise from the same species, that
is, the planarized N-FLAP.
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Figure 6. (a) Strain-induced crystallization of the
stretched PU1-650 film, observed at 420% strain. (b) In
tensity of the scattered light at 400 nm (blue dots) and
the FL ratio of Is2s/ls00 (purple dots) plotted against
nominal strain in the tensile tests. Strain rate: 0.067 s-1.
(c) Visible absorption/scattering spectra of stretched
PU1-650. Calculated excitation energies of the bent form
(blue bars) and the planarized form (green bars) of N-
FLAP have been shown with respective oscillator
strengths (See Figure S9-2 for details). (d) Spectral over-
lap around 525 nm in the absorption and FL spectra of
stretched PU1-650.

Ratiometric FL analysis in the reversible SIC

The observed two-step FL responses for different events
(chain stretching and SIC) are useful to obtain quantitative
information of nano-to-microscopic polymer structural
changes. Namely, monitoring of the two different FL ratios
of Iszs /472 (Figure 8a) and Is2s/Is00 (Figure 8b) enables "dual
ratiometric analysis" for providing a valuable insight into
polymer physics, which would be a complementary ap-
proach to the established techniques such as
FTIR/WAXD/SAXS. For example, in Figure 8a, a small
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difference in the monotonically increased FL ratios of
Is2s /1472 between PU1-073, PU1-210, and PU1-650 sug-
gests that the relative percentages of mechanically stressed
N-FLAP crosslinkers are almost comparable at the same
strain, despite the difference in the polymer molecular
weights (Table S6-3). In addition, when SIC occurs at the in-
flection point of the Iszs/Is00 ratio in PU1-210 and PU1-650
(Figure 8b), the chain stretching at the most of crosslinkers
have already done at the corresponding strain.

Furthermore, we employed this method to study reversi-
ble SIC5! (Figure 8c) and thermal melting of SIC'*# (Figure
8d). When PU1-650 was applied to the 11 times repeated
cycles of load (50 MPa) and unload (0 MPa), the change in
both the FL ratios was reversible throughout the cycle test
(Figure 8c). The FL spectrum of the relaxed state was
slightly red-shifted with increasing number of cycles, which
is presumably due to small structural hysteresis of the crys-
talline soft segments. In this experiment, it takes only 38 s
for the single cycle, indicating that conformational entropy
of the polymer chains are smoothly recovered in the re-
versible SIC. In the heating test (Figure 8d), PU1-650 was
stretched to 475% strain, held at this strain for 30 s, and
then heated using a blow dryer while maintaining the 475%
strain. The sample temperature measured by a thermogra-
phy camera increased from 27-28 °C to approximately 40°C
by heating (Figure 8f). As a result, the cloudy sample imme-
diately turned to be soft and transparent, just after the heat-
ing. Accordingly, the scattered intensity of the excitation
light (purple line in Figure 8d) suddenly decreased and the
FL ratio of Is2s/1600 (red line) went back to the value before
SIC, supporting the thermal melting of SIC domains. The
concomitant decrease of the FL ratio of Iszs/ls72 (blue line)
suggested the increased population of the relaxed N-FLAP
probe. Namely, nanoscopic polymer chain entropy was in-
creased with the melting of the microscopic crystalline
phase.
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Figure 9. Real-time stress mapping of segmented PU elastomers by ratiometric FL imaging. (a) FL ratio mapping of a PU1-
650 specimen. Nominal stresses at the central position were measured by the tensile tester. These images were acquired using
a hyperspectral camera. Two ratios (Is2s/1470 and Is2s/Is00) were adopted to detect chain stretching and SIC, respectively. Strain
rate: 0.4 min-L. Six different areas #1-6 are shown in the right figure. (b) Ratiometric analysis for each area. [2lLocal stresses
in each area were estimated from the obtained FL ratio (/s25/1470), using a calibration curve prepared in advance for PU1-650
(Figure S8-9). [PlAreas with the FL ratio (Is2s/Is00) of less than 3.0 were judged to be the areas where SIC occurred. The thresh-
old was determined from Figure 8b. (c) Averaged FL spectra for the selected areas in Figure 9a.

Dual ratiometric imaging to monitor the distribution of chain
stretching and SIC

Finally, dual ratiometric FL imaging of the stretched PU1-
650 film was performed using a hyperspectral camera (Fig-
ure 9a). The values of the two FL ratios (Iszs/ls70 and
Is25/Is00) were obtained at each pixel of the images, and the
distribution was visualized in a combined movie (Support-
ing Movie 2). The two FL ratios can be considered to repre-
sent the chain stretching at the crosslinker and the SIC of
the soft segment, respectively. From the spectrum of a se-
lected area, the degrees of the chain stretching and the SIC
can be separately evaluated at the same time (Figure 9b).
Importantly, the analysis showed that there is a significant
timing gap between the beginning of the chain stretching (at
the crosslinkers) and the onset of SIC at the soft segments.
In other words, these are stepwise events rather than sim-
ultaneous phenomena. To the best of our knowledge, this
fact has only been demonstrated for polyethylene tereph-
thalate (PET) based on the analyses of DSC and polarized
FT-IR after drawing specimens,!!5 which is easy to measure
due to its high glass transition temperature (~342 K). The
optical setup for the ratiometric imaging is universal, allow-
ing the real-time analysis of low-Tg polymers under load.

CONCLUSIONS

In conclusion, we have demonstrated dual ratiometric
fluorescence (FL) analysis on mechanical polymer chain
stretching and subsequent strain-induced crystallization
(SIC) in stressed soft materials. The ratiometric flapping
force probe N-FLAP was chemically incorporated into
crosslinking positions of segmented polyurethanes (PUs) at
different concentrations (0.008-0.65 wt%). The stretched
PU film showed a blue-to-green FL color change under low
stress (below 20 MPa) in response to the polymer chain
stretching. In addition, the PU film with 0.65 wt% of N-FLAP
exhibited a subsequent green-to-yellow FL color change un-
der higher stress up to 65 MPa. Spectral analysis revealed

that the second spectral change occurs simultaneously with
the SIC of the segmented PU. Through multiple experiments
for mechanistic elucidation, the second response was at-
tributed to the effect of self-absorption of the scattered FL
in the crystallized PU. The spectral reversibility for both
steps was confirmed by loading—unloading cycles. Dual ra-
tiometric FL analysis based on the values of Is2s/l470 and
Is2s/Is00 has been developed to monitor the extent of fully
stretched polymer chains and the subsequent SIC sepa-
rately. This analytic approach has the obvious advantages in
simultaneous in-situ observation of these two events based
on the simple optical setup with excellent sensitivity and
thickness independence. As a result, stepwise occurrence of
the polymer chain stretching and the SIC has been experi-
mentally demonstrated for rubbery PUs. Dual ratiometric
FL imaging is a powerful tool for time- and space-resolved
evaluation of the nano- and microscopic structural infor-
mation in a wide range of soft materials under stress. There-
fore, this strategy can be used to analyze and design tough
polymers with improved mechanical properties by SIC. Fur-
thermore, a combination of this method with the 3D print-
ing technology will open up new possibilities for tailor-
made 3D structural design with solid understanding.
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