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Abstract: Mechanochromic mechanophores are reporter
molecules that indicate mechanical events through
changes of their photophysical properties.
Supramolecular mechanophores in which the activation
is based on the rearrangement of luminophores and/or
quenchers without any covalent bond scission, remain
less well investigated. Here, we report a cyclophane-
based supramolecular mechanophore that contains a
1,6-bis(phenylethynyl)pyrene luminophore and a pyro-
mellitic diimide quencher. In solution, the blue mono-
mer emission of the luminophore is largely quenched
and a faint reddish-orange emission originating from a
charge-transfer (CT) complex is observed. A polyur-
ethane elastomer containing the mechanophore displays
orange emission in the absence of force, which is
dominated by the CT-emission. Mechanical deformation
causes a decrease of the CT-emission and an increase of
blue monomer emission, due to the spatial separation
between the luminophore and quencher. The ratio of
the two emission intensities correlates with the applied

stress.
J

Mechanochromic mechanophores, i.e., molecular entities
whose optical properties change in response to mechanical
force, allow detecting mechanical events in polymers, and
are useful for mechanistic studies, sensing applications, and
failure detection.™ Numerous mechanophores that under-
go mechanically activated bond scission have been
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reported.”™ There is also an increasing number of
mechanophores that rely on changes in inter- and intra-
molecular interactions,! such as altering coordination states
of metal complexes,®* conformational changes of n-
conjugated  structures,”™*!  changing efficiency  of
fluorescence resonance energy transfer,**! or controlling
excited-state intramolecular proton transfer.”? The activa-
tion of such mechanophores occurs generally at low force
and is reversible. Besides, several motifs have been
developed, whose mechanochromic response results from
changing arrangements of n-conjugated moieties."*>*1 Most
of them combine an emitter/quencher pair and the
fluorescence is turned on upon mechanically triggered
separation.”*>"! Examples of mechanophores which change
their emission color are more limited.’*>* This operating
mode is attractive because the ratiometric signals produced
are independent of the acquisition parameters. We demon-
strated this operating mode with a cyclophane containing
two identical, excimer-forming luminophores.[S‘H However,
since the extent of excimer formation was limited in the
polymer, the mechanochromic luminescence was difficult to
assess by the unassisted eye. We show here that this problem
is overcome in a cyclophane-based mechanophore in which
the intramolecular assembly of a blue-light emitting 1,6-
bis(phenylethynyl)pyrene luminophore and a pyromellitic
diimide (PMDI) quencher leads to the formation of a
charge-transfer (CT) complex with reddish-orange emission
(Figure 1a). An instantly reversible and easily detectable
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Figure 1. Depiction of a) the cyclophane-based mechanophore and
b) its function in a polymer. In the idle state, the luminophore (blue)
and quencher (brown) form a CT-complex (red), which disassembles
upon deformation.
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emission color change is observed when polyurethane
elastomers containing the new mechanophore are deformed
and the CT-complexes are separated (Figure 1b). This is the
first supramolecular mechanophore in which CT-complex
emission is strategically exploited.

The cyclophane-based mechanophore 1 (Figure 2) con-
tains the electron-rich 1,6-bis(phenylethynyl)pyrene motif, a
widely used emitter with high quantum efficiency,”*** and
the electron-deficient PMDI quencher, which forms CT-
complexes with pyrene.”®! Triethylene glycol and ethylene
glycol chains were attached to the Iuminophore and
quencher, respectively, to allow the covalent incorporation
of mechanophore 1 into polymers (Figure 2, Schemes S1,
S2). The key step in the synthesis of 1 is a Cu(I)-catalyzed
Huisgen reaction® between a luminophore derivative
carrying two alkynes and a PMDI featuring two 5-azidopen-
tyls (Scheme S2). The high yield of this reaction (71 %) is
attributed to intramolecular CT-interactions between the
luminophore and the PMDI. The linear reference compound
2 featuring the same luminophore and quencher and
reference luminophore 3 were also prepared (Scheme S3).
Compounds 1-3 were characterized by 'H and “C NMR
spectroscopy and high-resolution electrospray ionization
mass spectrometry (see Supporting Information for details).
The '"H NMR signals corresponding to the pyrene protons of
1 are shifted upfield compared to those of 3, due to pyrene-
PDMI interactions (Figure S1).

To probe how cyclophane-integration affects the 1,6-
bis(phenylethynyl)pyrene-PMDI interactions, the photo-
physical properties of 1-3 were examined in toluene

Figure 2. Molecular structures of cyclophane-based mechanophore 1,
acyclic reference compound 2, and reference luminophore 3.
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solutions (c=1.0x10"°M). The absorption spectrum of 3
displays a band with peaks at 406 and 412 nm (Figure 3a).
Upon excitation, the solution fluoresces blue. The photo-
luminescence spectrum shows a vibronic structure with
peaks at 438 and 466 nm (Figure 3b) and a high photo-
luminescence quantum yield (¢p=0.87) is observed. These
characteristics  match the ones of other 1,6-
bis(phenylethynyl)pyrene derivatives.’*>* The absorption
spectrum of cyclophane 1 is slightly red-shifted vis-a-vis 3,
displaying maxima at 409 and 424 nm and a characteristic
tail into the red (Figure 3a). These features indicate ground-
state CT interactions between luminophore and PMDI. The
emission of the 1,6-bis(phenylethynyl)pyrene is strongly
quenched (¢ = 0.01) (Figure 3b). Closer inspection reveals
that the emission spectrum of 1 shows, besides weak signals
at 440 and 466 nm, a broad, structureless band centered at
650 nm that is indicative of a CT-complex (Figure 3c).[”!
This is supported by excitation spectra, which exclude
exciplex formation. The excitation spectrum of cyclophane 1
in toluene monitored at an emission wavelength of 650 nm
(Figure S2) has similar spectral features as the absorption
spectrum of 1 (Figure 3a), suggesting that photons absorbed
by the CT-complex contribute to the emission. The
absorption spectral features of solutions of 1 are concen-
tration-independent, which confirms that the CT-complexes
form intramolecularly (Figure S3). The absorption spectrum
of 2 largely mirrors that of 3, except below 370 nm, where
the PMDI residue absorbs. CT-complex absorption and
emission, as seen in cyclophane 1, are negligible for
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Figure 3. a) Absorption and b) photoluminescence spectra of 1 (red), 2
(blue), and 3 (black) in toluene. c) Magnified photoluminescence
spectrum of 1 in toluene. d) Emission decay profiles of 1 (red), 2
(blue), and 3 (black) monitored at 440 nm in toluene. A,,=400 nm for
the panels (b) and (c). A.,=405 nm for the panel (d). c=1.0x10"° M.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

compounds 2 and 3 (Figure S4). The emission spectrum of 2
mirrors the one of 3, albeit with a lower quantum efficiency
(p=0.41), likely due to dynamic quenching. Also, in the
case of 2, a concentration series confirms that the effect is
intramolecular (Figure S3).

The steady-state emission measurements were comple-
mented with time-resolved experiments. The emission decay
profile of 3 in toluene, monitored at 440 nm, is well-fitted by
a single-exponential decay with a lifetime (¢) of 1.2ns
(Figure 3d), similar to other 1,6-
bis(phenylethynyl)pyrenes.****! The emission decay of 2 is
also exponential; the slightly lower lifetime (:=0.9 ns)
reflects quenching through dynamic luminophore-PMDI
encounters. A similar decay curve, indicating dynamic
quenching, was also recorded for cyclophane 1 (z=0.8 ns) at
440 nm. Since the emission of most luminophores is
quenched in 1, due to static CT-complex formation, only a
few luminophores undergo dynamic quenching. When the
emission decay of 1 was monitored at 650 nm (Figure S5), a
biexponential decay with emission lifetimes of 1.0 and 1.6 ns
was observed, confirming that the reddish-orange emission
band is not due to phosphorescence.

Cyclophane 1 was covalently embedded into a linear,
segmented polyurethane elastomer that was previously
functionalized with other mechanophores.*>"*1 Thus, 1-
PU, containing cyclophane 1 mainly between soft segments,
was prepared by the reaction of 1 (&~ 02wt%) with
telechelic poly(tetrahydrofuran)diol (M, ~2000 gmol ), 1,4-
butanediol, and 4,4-methylenebis(phenylisocyanate). A
reference polymer containing 2 in the same molar concen-
tration (2-PU) and a reference polymer without dyes (PU)
were also synthesized. The 'H NMR spectra display the
characteristic peaks of the polyurethanes (Figure S6), where-
as the concentration of 1 or 2 is too low to be discernible.
However, the absorption and emission spectra of 1-PU and
2-PU in THF (Figure S7) unequivocally confirm the integra-
tion of 1 and 2 and reveal that their optical characteristics
remain unchanged. Thermogravimetric analysis traces re-
corded for 1-PU, 2-PU, and PU are similar (Figure S8).
Differential scanning calorimetry traces show weak endo-
thermic peaks at 190°C upon heating, and broad exothermic
peaks around 100°C upon cooling (Figure S9), which are
associated with the melting and crystallization of hard block
domains. Another endothermic peak around 10°C observed
upon heating is associated with melting of the crystallized
PTHF moieties.

Thin films of 1-PU, 2-PU, and PU were prepared by
solution-casting from THF. For reference purposes, films of
PU into which cyclophane 1 (1inPU) or luminophore 3
(3inPU) were physically doped were also prepared. Stress-
strain curves acquired in uniaxial tensile tests (Figure S10)
and dynamic mechanical analysis traces (Figure S11) reveal
that 1-PU, 2-PU, and PU have similar (thermo)mechanical
properties as similar polyurethanes,*3%! with a rubbery
regime from ~ —40 to 160°C, a strain at break of ~700 %, a
tensile strength of ~60 MPa, and a Young’s modulus of
~7 MPa. The introduction of 1 or 2 does not affect the
mechanical properties of the polyurethanes.
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The 1-PU films show orange fluorescence, but upon
deformation, the color gradually changes to blue; the initial
color is restored upon stress release (Figure 4a, Figure S12a,
Movie S1). This response is ascribed to the reversible
separation of luminophore and quencher as depicted in
Figure 1. Neither of the reference films shows a detectable
emission color change upon deformation; regardless of the
strain, 2-PU and 1inPU films show blue monomer emission
and CT-complex dominated orange emission, respectively
(Figure 4b, c, Figure S12b, ¢, Movies S2, S3).

The mechanochromic response of 1-PU was probed by
in-situ photoluminescence spectroscopy (Figure 5a, b). The
emission spectrum of the unstretched 1-PU film displays a
broad structureless emission band with maximum at 580 nm
and a slightly weaker, well-structured band with a peak at
464 nm associated with the emitter. The CT-complex
emission is blue-shifted and more prominent in the solid 1-
PU film than in solutions of 1, due to the limited mobility of
the motif’s components in the solid polymer. The conjugated
moieties can relax in solution and assume low-energy
configurations, while such rearrangements are suppressed in
the solid polymer. This is supported by the fact that the CT-
complex emission of 1 in toluene is blue-shifted in liquid
nitrogen, whereas it is red-shifted upon heating 1-PU films
(Figures S13, S14a). Furthermore, a red shift of the CT-
complex emission was observed when the films were swelled
with toluene or chlorobenzene (Figure S14b). The solid
cyclophane 1 exhibits slightly blue-shifted CT-complex
emission with a maximum at 632 nm (Figure S13) compared
to the CT-emission band of toluene solution, indicating that
the blue-shift of CT-complex emission observed for 1-PU
films is not due to aggregation. The position of the CT-
complex emission band is concentration-independent (Fig-
ure S15). The relative emission intensity of the shorter-
wavelength mode of the monomer band is reduced in the
films relative to that of 1 and 3 in toluene (Figure 3b, c),
because of self-absorption. Upon deformation of the 1-PU
film, the CT-complex emission intensity gradually decreases,
while the monomer emission intensity increases (Figure 5a).
Upon release of the stress, the changes are instantly
reverted. However, the emission spectra acquired during the
first stretch and release cycle at the same nominal strain
differ (Figure 5b). The change observed upon decreasing the
strain from 600% to 500 % is much larger than the one
observed when the sample is first stretched. This hysteresis

0% 600%

relaxed

Figure 4. Pictures of a) 1-PU, b) 2-PU, and c) 1inPU films before
stretching (left), strained to 600% (center), and after stress release
(right). All images were taken in the dark with excitation at 365 nm.
The camera sensitivity was reduced for 2-PU films because of their
high fluorescence intensities.
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Figure 5. Photoluminescence spectra of a 1-PU film recorded in the

a) first stretching and b) release cycle at the indicated strains. The
spectra were not normalized. c) Plots showing the I,4,//s5 ratio in the
stretched (600 % strain) and relaxed state of a 1-PU film over 25 cycles.
d) Overlay of the stress-strain curves recorded in the first stretch (solid
line) and release (dotted line) cycle of a 1-PU film and the
corresponding lye4/lss values (stretching=squares, release =triangles).
e) Overlay of the nominal stress (solid line) and I,¢,/lsg, values
(squares) as a function of time after straining a 1-PU film to 600 % and
maintaining the strain.

is due to irreversible changes of the molecular arrangement
upon stretching.**®! The differences diminish with the
number of deformation cycles (Figure S16). The emission
decay profiles of the 1-PU films upon deformation show
reversible changes when monitored at 580 nm (Figure S17).
The relative ratios of monomer and CT-emission intensity
(I464/Isgo) recorded for stretched and relaxed 1-PU films
remain constant over at least 24 cycles after the second cycle
(Figure 5c). The response is instantly reversible, as demon-
strated by manual cyclic tests with a frequency of up to 3 Hz
(Movie S4).

Opverlays of the stress-strain curves and Iy4/Isg, of a 1-PU
film (Figure 5d) show that the optical signal correlates with
the applied stress. While the stress required to deform the 1-
PU film is reduced after the first cycle (Figure S18a), due to
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permanent molecular rearrangements that are typical for
thermoplastic polyurethanes,®®! the correlation between
Lii/Isgy and stress persists over at least 25 stretching and
relaxation cycles (Figure S18b). Further, a stress-relaxation
experiment was carried out by straining a 1-PU film to
600 % and maintaining the strain for 180 seconds (Fig-
ure 5e). Both the stress and I,4,/Isg, value gradually decrease
over time with similar tendency. Interestingly, the optical
property changes of a previously reported, otherwise identi-
cal polyurethane containing an excimer-forming cyclophane
mechanophore correlate with the applied strain.® The
differences might be related to the fact that the charge-
transfer interactions between the luminophore and the
quencher in the present cyclophane are stronger than the n-
n interactions between the previously employed excimer-
forming luminophores. However, further investigations in
which the nature of polymer and the mechanophore are
judiciously altered will be needed to unequivocally explain
the differences in mechanochromic behavior that originate
from such seemingly minor molecular modifications.

The 2-PU reference films show an increase of the
monomer emission intensity upon stretching, in spite of the
fact that the film thickness and therewith absorbance
decreases upon deformation. Thus, a part of this loop-
forming motif functions as a turn-on mechanophore (Fig-
ure S19a) in which the fraction of quenched emitters
decreases upon stretching, due to the spatial separation of
luminophore and quencher. The response is reversible, but
neither spectral shape nor color changes occur. Neither
3inPU nor 1inPU films show any significant changes upon
deformation, beyond a reduction in emission intensity
related to the reduced film thickness (Figure S19b, c). These
observations clarify that the cyclic structure of 1 and its
covalent integration into the polyurethane are prerequisites
for the ratiometric mechanochromic luminescence observed
for 1-PU.

In summary, a new supramolecular cyclophane mecha-
nophore was developed based on the change of emission
species from CT-complex to monomer. This is the first
supramolecular mechanophore in which CT-complex emis-
sion is strategically exploited. Mechanical activation causes
the spatial separation of a 1,6-bis(phenylethynyl)pyrene
luminophore and a pyromellitic diimide quencher and
induces a pronounced change in the emission characteristics.
Accordingly, the ratio of unperturbed luminophore to CT-
complex emission intensity changes notably upon deforming
films of a polyurethane elastomer containing the motif. The
instantly reversible color change is clearly detectable by the
unassisted eye. The optical changes can be expressed by a
ratiometric signal that correlates with the applied stress.

Supporting Information includes Movies S1-S4, Figur-
es S1-S19, and Table S1, as well as a detailed description of
the materials, experimental methods, synthetic procedures,
and analytical data for all compounds.
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