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Grinding-Induced Water Solubility Exhibited by
Mechanochromic Luminescent Supramolecular Fibers

Qiming Liu, Tianyue Zhang, Yuka lkemoto, Yudai Shinozaki, Go Watanabe, Yuta Hori,
Yasuteru Shigeta, Takemi Midorikawa, Koji Harano, and Yoshimitsu Sagara*

Most mechanochromic luminescent compounds are crystalline and highly
hydrophobic; however, mechanochromic luminescent molecular assemblies
comprising amphiphilic molecules have rarely been explored. This study
investigated mechanochromic luminescent supramolecular fibers composed
of dumbbell-shaped 9,10-bis(phenylethynyl)anthracene-based amphiphiles
without any tetraethylene glycol (TEG) substituents or with two TEG
substituents. Both amphiphiles formed water-insoluble supramolecular fibers
via linear hydrogen bond formation. Both compounds acquired water
solubility when solid samples composed of supramolecular fibers are ground.
Grinding induces the conversion of 1D supramolecular fibers into micellar
assemblies where fluorophores can form excimers, thereby resulting in a large
redshift in the fluorescence spectra. Excimer emission from the ground
amphiphile without TEG chains is retained after dissolution in water. The
micelles are stable in water because hydrophilic dendrons surround the
hydrophobic luminophores. By contrast, when water is added to a ground
amphiphile having TEG substituents, fragmented supramolecular fibers with
the same molecular arrangement as the initial supramolecular fibers are
observed, because fragmented fibers are thermodynamically preferable to
micelles as the hydrophobic arrays of fluorophores are covered with
hydrophilic TEG chains. This leads to the recovery of the initial fluorescent
properties for the latter amphiphile. These supramolecular fibers can be used
as practical mechanosensors to detect forces at the mesoscale.

1. Introduction

Over the past 20 years, a vast number
of organic compounds and organometal-
lic complexes capable of changing their
luminescence properties in response to
mechanical stimuli have been developed
owing to their potential applications in
sensors and memory.'”7] In most cases, the
observed changes in luminescence proper-
ties were not caused by the force-induced
cleavage of covalent bonds within the com-
pound. Rather, they result from alterations
in the molecular assembly, which is formed
by the combination of various intermolec-
ular interactions, such as hydrogen bonds,
n-stacking, hydrophobic effect, and dipole—
dipole interaction. Mechanochromic lumi-
nescent materials are ideal for detecting
forces applied to hydrophobic materials,
such as glass, metals, and polymers, as
well as for detecting and visualizing the
forces applied to or generated by living cells
and other biomaterials. However, most re-
ported organicl®3’] or organometallicl38-4¢]
compounds cannot be utilized for the
latter purpose because of their high crys-
tallinity and/or hydrophobic molecular

Q. Liu, T. Zhang, Y. Sagara

Department of Materials Science and Engineering
Tokyo Institute of Technology

2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552, Japan
E-mail: sagara.y.aa@m.titech.ac.jp

Y. lkemoto

Japan Synchrotron Radiation Research Institute/SPring-8
1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan
Y. Shinozaki, G. Watanabe

Department of Physics

School of Science

Kitasato University

1-15-1Kitazato, Minami-ku, Sagamihara, Kanagawa 252-0373, Japan

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202400063

© 2024 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202400063

Small 2024, 20, 2400063

2400063 (1 of 10)

G. Watanabe

Department of Data Science

School of Frontier Engineering

Kitasato University

1-15-1 Kitazato, Minami-ku, Sagamihara, Kanagawa 252-0373, Japan
G. Watanabe

Kanagawa Institute of Industrial Science and Technology (KISTEC)
705-1 Shimoimaizumi, Ebina, Kanagawa 243-0435, Japan

Y. Hori, Y. Shigeta

Center for Computational Sciences

University of Tsukuba

1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan

T. Midorikawa, K. Harano

Center for Basic Research on Materials

National Institute for Materials Science

1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

K. Harano, Y. Sagara

Living Systems Materialogy (LiSM) Research Group

International Research Frontiers Initiative (IRFI)

Tokyo Institute of Technology

4259 Nagatsuda-cho, Midori-ku, Yokohama, Kanagawa 226-8503, Japan

© 2024 The Authors. Small published by Wiley-VCH GmbH


http://www.small-journal.com
mailto:sagara.y.aa@m.titech.ac.jp
https://doi.org/10.1002/smll.202400063
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202400063&domain=pdf&date_stamp=2024-03-10

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

structures. Moreover, compounds with hydrophilic molecular
structures are highly limited /-3 compared with hydrophobic
mechanochromic luminescent compounds, which have been
widely developed. Though a number of amphiphiles are known
to form a variety types of molecular assembled structures
including micelles, cylindrical micelles, vesicles, and planer
membranes,*°! their mechanoresponsiveness has not been
well investigated.

One challenge in utilizing mechanochromic fluorescent ma-
terials as practical mechanosensors is achieving quantification.
Many existing crystalline materials have yet to address this is-
sue. Crystalline materials, comprising numerous micro- and
nanocrystals, exhibit a wide range of particle sizes. Consequently,
the forces required to induce changes in molecular assembly dif-
fer; larger crystals need significant force to break, while smaller
crystals can be broken with considerably less force. Addition-
ally, due to their composition of a large number of molecules,
crystalline compounds require a relatively large force to induce
changes in luminescence properties. This characteristic of crys-
talline compounds spoils the advantage of mechanochromic ma-
terials based on alterations in molecular arrangement, which
can elicit changes in luminescence properties with inherently
weaker forces, as there is no need to break covalent bonds.
Addressing these inherent issues in practical applications re-
quires the construction of molecular assemblies that exhibit
mechanochromic fluorescent properties with a uniform and lim-
ited number of molecules. Rather than constructing 3D molecu-
lar assemblies comprising a vast number of molecules, a low-
dimensional molecular assembly should be pursued to detect
very small forces and maintain uniform thresholds. Potential
molecular assemblies include micelle-like aggregates with uni-
form size, 1D supramolecular fibers, and 2D molecular sheets of
uniform thickness.

In 2014, a study reported that mechanochromic fluorescent
micelles change their fluorescent color upon mechanical stimula-
tion in water; these micelles were composed of 10-15 dumbbell-
shaped amphiphiles.’% In brief, 1,6-bis(phenylethynyl)pyrene
was introduced as a luminescent group at the center of the
amphiphile. Hydrophilic dendrons with multiple hydroxyl and
amino groups at the periphery were attached to the luminophore
via amide groups. In water, the amphiphile self-assembled into
micelles, in which hydrogen bonds formed between the amide
groups, and the fluorescent cores z-stacked to form a static ex-
cimer. Note that when micelles are loaded onto glass or polymer
beads using commercially available crosslinkers, and sufficient
force is applied, the arrangement of the luminophores changes,
thus preventing them from forming excimers. This conversion
results in a blueshift in the fluorescence spectrum. Because the
micelles have almost the same size, a threshold of force exists to
induce a change in the fluorescence color from yellow to green,
which is suitable for practical mechanosensors. However, to in-
duce the fluorescence color change in the micelles, all z-stacked
arrangements of fluorophores must be changed into an arrange-
ment that does not contain any excimers. If an excimer site exists,
energy transfer occurs from other monomer-like regions, thus
resulting in excimer-dominant fluorescence. Consequently, the
sensitivity of the micelles is poor to mechanical stimuli.

To address these issues, this study investigated two
mechanochromic supramolecular fibers consisting of am-
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phiphiles with different hydrophilicities (Figure 1). Further, me-
chanical grinding endows the amphiphiles with water solubility
owing to the transformation of their molecular assemblies. To
the best of our knowledge, this is the first report of force-induced
water solubility, accompanied by mechanochromic lumines-
cence. The supramolecular fibers consisted of dumbbell-shaped
amphiphiles based on 9,10-bis(phenylethynyl)anthracene, with-
out or with tetraethylene glycol (TEG) chains on the fluorophore
(Figure 1a). The present supramolecular fibers exhibited a
grinding-induced redshift of the emission spectra, which is
opposite to the blueshift observed in the emission of previously
reported micelles.’"] The initial supramolecular fibers did not
exhibit excimer fluorescence. By grinding in the solid states, the
molecular assembly structures of the 1D fiber were converted
to micellar structures, and the emitters formed excimers, thus
causing the red shift of emission. Note that if even one excimer
forms at any location within the 1D fibers, energy transfer occurs
from the monomer-like fluorophores in the vicinity, thus leading
to excimer-dominant fluorescence. Consequently, the sensitivity
of the fiber far exceeded those of previous mechanochromic
luminescent micelles. After the addition of water to the ground
samples of amphiphiles without and with TEG chains, both
samples became water-soluble, and different responses were
observed (Figure 1Db). In the former, without TEG groups,
the excimer fluorescence was maintained in water because
the micellar structures were stable and retained in water. By
contrast, the latter, with TEG groups, recovered their initial
fluorescent properties through conversion from thermody-
namically unfavorable micellar structures to stable fragmented
fibers. Given that such mechanochromic supramolecular fibers
possess a width equivalent to that of a single molecule, they
could serve as practical mechanosensing fluorescent materials
if uniformly dispersed onto other materials. The fluorescence
color would change upon the application of a force exceeding
a certain threshold, with the magnitude of this force being
very small.

Recently, supramolecular mechanophores capable of detecting
pN-order forces at the single-molecule level were developed.[®*-¢]
However, to use these mechanophores as molecular tools for de-
tecting forces at the mesoscale level, they need to be introduced
into polymers or supported on the surfaces of other materials.
By contrast, the supramolecular fibers developed in this study
are continuous molecular aggregates with lengths in the order of
micrometers and can be used as is in mesoscale, which is highly
advantageous.

2. Results and Discussion

The molecular structures of the 9,10-
bis(phenylethynyl)anthracene derivatives 1 and 2 are shown
in Figure 1. Two hydrophilic dendritic structures with twelve
hydroxy groups at the peripheral positions were introduced
into the fluorophore through amide groups to form hydrogen
bonds in the molecular assemblies. Given that the fluorophore
is hydrophobic, dumbbell-shaped compounds 1 and 2 are
amphiphiles. In addition, two TEG chains were introduced to
the fluorophore of 2 to enhance its hydrophilicity. Reportedly,
several dumbbell-shaped amphiphiles exhibit mechanochromic
luminescence.[*#3%31 A dumbbell-shaped pyrene derivative with
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Figure 1. a) Molecular structures of amphiphiles 1 and 2, along with schematics of each amphiphile. b) Schematic of the external stimuli-induced change
in the molecular assembly of mechanochromic luminescence supramolecular fibers consisting of amphiphiles 1 (top) or 2 (bottom).

two bulky water-soluble dendritic structures was reported to
exhibit reversible fluorescent color changes upon mechanical
stimulation and exposure to water vapor in the solid phase.[*8]
Additionally, a pyrene derivative with reduced dendron bulkiness
reportedly forms mechanochromic luminescent micelles.[>®) For
these dumbbell-shaped amphiphiles, dendrons were introduced
along the long axis of the fluorophore. By contrast, for com-
pounds 1 and 2, the substitution positions of the dendrons
are tilted 60° from the long axis of the luminophore, thereby
resulting in a sheared, dumbbell-like molecular structure.
These amphiphiles were expected to enable access to thermo-
dynamically stable molecular assemblies other than micelles.
Amphiphiles 1 and 2 were synthesized via Sonogashira coupling
between 9,10-diiodoanthracene and dendritic groups in which
all twelve hydroxyl groups were protected with triisopropylsilyl
(TIPS) groups; subsequently, the TIPS groups were depro-
tected. Both 1 and 2 were characterized by 'H and *C NMR
spectroscopy and high-resolution electrospray ionization mass
spectroscopy (see Supporting Information).

First, the absorption and fluorescence properties of 1 and
2 in solution were examined. Compound 1 in the mixture of

Small 2024, 20, 2400063

2400063 (3 of 10)

chloroform and methanol (1:1, v/v) exhibited peaks at 464 nm
(€=3.9x10* Lmol~! cm™!), 440 nm (¢ = 3.7 X 10* Lmol~! cm™}),
and 273 nm (¢ = 1.3 x 10° L mol™ cm™) in the absorp-
tion spectrum (Figure 2a, left). In the emission spectrum,
the solution exhibited two peaks, at 478 and 509 nm, and
one shoulder at ~540 nm, indicating a vibronic structure
(Figure 2a, right). These spectral features are typical of 9,10-
bis(phenylethynyl)anthracene luminophores in the monomeric
state in solution.’>¢>70] The TEG chains allowed 2 to be solu-
ble in more polar solvents and slightly changed its photophysi-
cal properties because of their electron-donating nature. The ab-
sorption spectrum of 2 in methanol exhibited peaks at 478 nm
(€=5.4%10* Lmol~! cm™), 450 nm (¢ =4.4 X 10* Lmol~! cm™),
and 275 nm (¢ = 1.2 X 10° L mol~! cm™') (Figure 2b, left). The
highest emission peak was observed at 492 nm, which was red-
shifted compared with that of 1 in solution (Figure 2b, right). Am-
phiphiles 1 and 2 showed good quantum yields: 0.94 in a mixture
of chloroform and methanol (1:1, v/v) and 0.84 in methanol, re-
spectively. Additionally, a monomer emission lifetime of 3.0 ns
was calculated from the emission decay profiles recorded for the
diluted solutions of 1 and 2 (Figure S1, Supporting Information).
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Figure 2. Absorption (left) and photoluminescence (right) spectra of a) amphiphile 1 in chloroform/methanol (1:1 v/v, blue line; 11.5:1 v/v, red line)
and b) amphiphile 2 in methanol (blue line) and in water/methanol (7:3 v/v, red line). c = 1.0 X 10~° M. The photoluminescence spectra were recorded

with an excitation light of 400 nm.

Changing the solvent polarity altered the absorption spectra
of 1 and 2 in solution. Increasing the ratio of chloroform re-
sulted in the precipitation of compound 1 and redshift of the ab-
sorption band between 400 and 500 nm with peaks at 489 and
458 nm (Figure 2a, left). As partial precipitation occurred, the ab-
sorbance decreased. A more pronounced redshift was observed
for 2 when water was added to the methanol solution. The ab-
sorption peak at the longest wavelength redshifted from 478 to
510 nm (Figure 2D, left). The baseline of the absorption spectrum
was elevated because of light scattering from the aggregates. The
redshifts in the absorption spectra of these amphiphiles suggest
that the fluorophores formed J-aggregate-like arrangements.[”172]
The larger shift observed for 2 indicates that the fluorophore ar-
rangements were different in 1 and 2. The fluorescence spec-
trum of 2 also showed a large redshift when molecular aggregates
were formed upon the addition of water, displaying peaks at 525
and 552 nm (Figure 2b, right). No significant redshift occurred
in the fluorescence spectrum of 1, presumably because numer-
ous molecules in the monomeric state remained in the solution
(Figure 2a, right). Notably, no excimer emission was observed for
both solutions of 1 or 2 containing supramolecular assemblies.

Atomic force microscopy (AFM) and transmission electron mi-
croscopy (TEM) were used to elucidate the nature of the molec-
ular assemblies of 1 and 2 in solution. The AFM images of the
samples prepared by coating a chloroform/methanol (9:1, v/v) so-
lution of 1 on mica (Figure 3a left; Figure S2, Supporting Infor-
mation) show numerous fibers with a height of ~1.5 nm. Some
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of the observed supramolecular fibers were over 1 um in length.
Supramolecular fibers were also observed in the TEM images
of the sample prepared by coating the same solution onto an
amorphous carbon film without staining (Figure 3a right; Figure
S3, Supporting Information). The width of the supramolecular
fiber was ~5-6 nm, which corresponds to the length of 1. The
low height of the fibers observed in AFM images suggests that
1 was not stacked in a completely overlapping manner perpen-
dicular to the direction of the fiber but rather in a tilted man-
ner (Figure S4a, Supporting Information). 1D supramolecular
fibers were also observed in the AFM images of the samples pre-
pared from a water/methanol (7:3, v/v) solution of 2 (Figure 3b
left; Figure S5, Supporting Information). Some fibers were at-
tached to form a single strand, whereas others were branched.
Longer and more flexible fibers were observed compared with
the supramolecular fibers consisting of 1. The height of the fibers
was more distributed in the case of compound 2. The TEM im-
ages also clarified that the fibers had the width of individual
molecules (~5 nm; Figure 3b right and Figure S6, Supporting
Information). These results suggest that amphiphile 2 formed
more hydrophilic supramolecular fibers (Figure S4b, Supporting
Information) in a mixture of water and methanol owing to the
TEG chains.

Infrared (IR) spectroscopic measurements were conducted to
confirm that both amphiphiles formed intermolecular hydrogen
bonds between the amide groups (Figure 4, top). Because the
large absorption bands attributed to OH stretching mask peaks

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. AFM (left) and TEM (right) images of supramolecular fibers consisting of a) 1 and b) 2. The insets in the left panels show the height profiles
of the supramolecular fibers. The insets in the right panels show magnified views of the areas enclosed by the dotted lines. The TEM images were taken
without staining. Solutions of 1 in chloroform/methanol (9:1 v/v) and solutions of 2 in water/methanol (7:3 v/v) were used for sample preparation.

ascribed to N-H stretching of the amide groups, the C=0 stretch-
ing of the amide groups was investigated for solid samples con-
sisting of supramolecular fibers of 1 and 2. The former sample
was prepared by slow evaporation of a dichloroethane/methanol
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Figure 4. Partial IR spectra of a) 1and b) 2 in the initial solid (top), ground
states (middle), and dried films after the addition of water to ground sam-
ples (bottom).
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solution of 1. Whereas the latter was obtained by removing most
of the methanol from a methanol/water solution of compound
2 using an evaporator, followed by lyophilization. Amphiphiles 1
and 2 exhibited a peak at 1648 and 1640 cm™!, respectively, in-
dicating that the amide groups of both compounds formed in-
termolecular hydrogen bonds in the fibers, and no peaks corre-
sponding to free amide groups were observed. The sharp peaks
suggested the formation of uniform linear hydrogen bonds. Be-
cause the peak positions were different, the hydrogen bonding
modes in the supramolecular fibers were also different, suggest-
ing that the fluorophore arrangements are different from each
other. These results are in good agreement with the fact that com-
pound 2 exhibits a pronounced redshift of the absorption band,
as shown in Figure 2.

The highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) pictures and transi-
tion dipole moments for model compounds identical to the cen-
tral molecular structures of 1 and 2 were calculated (Figures S7
and S8, Supporting Information). The HOMO and LUMO of
both models lay primarily in the anthracene group. Both tran-
sition dipole moments were slightly tilted from the long axis of
9,10-bis(phenylethynyl)anthracene. No clear differences were ob-
served in the HOMO and LUMO pictures and transition dipole
moments between the models of 1 and 2, indicating that the
influence of the methoxy groups is negligible. Given that the
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Figure 5. MD simulation snapshot of amphiphile 1 after 100 ns of equi-
libration run. Solvent molecules are not shown for clarity. Yellow dotted
lines represent intermolecular hydrogen bonds between amide groups.

two amphiphiles form supramolecular fibers via linear hydrogen
bonding, the stable dimer structures were optimized so that the
carbonyl groups of the amide face toward and outward from the
anthracene group (Figure S9, Supporting Information). Consid-
ering the direction of the dipole moments, both calculated ar-
rangements of the luminophores result in a redshift of the ab-
sorption bands of 1 and 2 when the supramolecular fibers form
as conventional J-aggregates show.

Molecular dynamics (MD) simulations were performed to
investigate the molecular arrangement of the supramolecular
fibers of 1. MD simulation with the initial structure of the dimer
revealed that the carbonyl groups of the amide facing the an-
thracene group (Figures S9a and S10a, Supporting Informa-
tion) became a uniform linear supramolecular fiber (Figure 5
and Figure S11, Supporting Information). The average height
and width of the assembly fiber were estimated to be ~1.8 and
5 nm, respectively; these values are consistent with those ob-
served in the AFM and TEM images (Figure 3a). Additionally,
the direction of the continuously connected intermolecular hy-
drogen bonds in the amide groups was parallel to the elongation
direction of the fibers. The distances of the anthracene groups be-
tween neighboring molecules were found to be 0.45-0.5 nm, and
fully overlapped z-stackings were not observed, suggesting that
the molecules formed a J-aggregate-like arrangement. By con-
trast, the molecular assembly obtained from the MD simulation
with the initial structure composed of the other type of dimer
(Figures S9b and S10b, Supporting Information) indicated that
the amide groups between neighboring molecules did not stably
form linear hydrogen bonds, and the molecular arrangement was
nonuniform (Figure S12, Supporting Information). The height
of the molecular assembly exceeded 2.5 nm and its width was
less than 3.5 nm. These values are distinct from those obtained
from the experimental results (Figure 3a). Amphiphile 2 also
formed supramolecular fibers, with an arrangement of amide
groups similar to that in 1. The introduced TEG chains would al-
ter the thermodynamically stable molecular arrangement, which
led to differences in the photophysical properties (Figure 2) and
peaks corresponding to the C=0 bonds in the infrared spectra
(Figure 4, top).

Next, the mechanochromic luminescence of the supramolecu-
lar fibers and their response upon the addition of water were in-
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Figure 6. External Stimuli-responsive luminescence of amphiphiles a) 1
and b) 2. Scale bar: 5 mm. All photos were recorded with an excitation
light of 365 nm under dark conditions.

vestigated (Figure 6). Neither of the supramolecular fibers were
soluble in water. Green fluorescence was observed in the solid
sample of the supramolecular fiber composed of 1 under excita-
tion at 365 nm, whereas amphiphile 2 in fibers exhibited yellow-
green fluorescence. When mechanically ground, their fluores-
cent colors turned yellow and orange, respectively. The grinding
performed here is very straightforward. After placing a solid sam-
ple of 1 or 2 on a glass substrate, uniform grinding is performed
with a metal spatula, requiring no special equipment. The en-
tire sample should be thoroughly ground to properly induce the
conversion of the molecular assemblies, which will be discussed
later. Just pressing the solid sample results in little change in
the photoluminescence properties. Unexpectedly, the responses
of the ground samples significantly differed after the addition of
water. The yellow emission of ground 1 was retained even after
dissolution in water. By contrast, the emission color of 2 changed
from orange to green. The orange photoluminescence obtained
by grinding dry amphiphile 2 was not observed when compound
2 was wetted and ground directly.

Fluorescence spectroscopy was performed to confirm the
emission color changes upon grinding and subsequent addi-
tion of water (Figure 7). The initial solid supramolecular fibers
of 1 and 2 displayed peaks at 529 and 552 nm, respectively, in
addition to shoulders due to their vibronic structure. Although
the emission intensity of the spectra at shorter wavelengths
decreased because of self-absorption, monomer-like emission,
similar to that recorded for solutions containing supramolecu-
lar fibers, was observed for both initial solids. After grinding,
both emission spectra exhibited significant redshifts and be-
came broad and structureless (Figure 7). These spectral features
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Figure 7. Photoluminescence spectra of a) 1 and b) 2 in the initial solid
state (green), in the ground states (yellow), and in the water solution of
ground samples (blue). All spectra were recorded with an excitation of
385 nm.
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Figure 8. Emission decay profiles of a) 1 and b) 2 in the initial solid state
(green), in the ground states (yellow), and in the water solution of ground
samples (blue). The decay profiles of 1 were monitored at 565 nm (yel-
low and blue lines) and 535 nm (green line). The decay profiles of 2 were
monitored at 600 nm (yellow line) and 560 nm (green and blue lines). All
profiles were recorded with excitation light of 405 nm.

indicate that the fluorophores formed excimers in the ground
samples. Similar static excimers were reported for several 9,10-
bis(phenylethynyl)anthracene derivatives.*>] Furthermore, the
addition of water to ground 1 did not significantly change the
fluorescence spectrum, indicating that the excimers were well
maintained. Therefore, compound 1 forms molecular assemblies
different from those of the initial supramolecular fibers in wa-
ter. The assembly of the luminophore in water was confirmed by
the absorption spectroscopic measurements (Figure S13a, Sup-
porting Information). The absorption spectrum of the aqueous
solution of ground 1 is unambiguously red-shifted compared to
that of 1 in chloroform/methanol (1:1 v/v) (Figure 2a). These re-
sults indicate that the fluorophores in water are arranged differ-
ently from those in the supramolecular fibers (Figure S4a, Sup-
porting Information). By contrast, in the case of 2, the addition
of water caused a large blueshift in the fluorescence spectrum,
with peaks observed at 523 and 549 nm (Figure 7b). This flu-
orescence spectrum was similar to that of the water/methanol
solution in which the supramolecular fiber forms, thus suggest-
ing that the excimer of the luminophore in 2 disappeared and the
molecular assembly of the initial supramolecular fiber recovered.
Indeed, the absorption spectrum of ground 2 in water was sim-
ilar to that of the supramolecular fibers in a water/methanol so-
lution (Figure S13b, Supporting Information), except for the un-
ambiguous light-scattering effect. Ground 2 solved in the mixture
of water/methanol (7:3 v/v) also shows almost the same absorp-
tion spectral shape between 400 and 550 nm as that of the initial
supramolecular fibers in the same solvent mixture. In addition
to dissolution in water, exposure to water vapor also induces re-
covery. Exposure of ground 2 to water vapor for 18 h shows a flu-
orescence maximum at almost the same wavelength as the water
solution of ground 2 (Figure S14, Supporting Information).

To gain further insights into the external stimulus-induced
changes in the fluorescence of both amphiphiles, fluorescence
lifetime measurements were performed (Figure 8; Table S1, Sup-
porting Information). All decay profiles recorded for the solid
samples and water solutions of 1 and 2 were fitted with a tri-
exponential decay function. The initial solid states of 1 and 2
forming supramolecular fibers showed emission lifetimes be-
tween 0.4 and 8.7 ns. After grinding, fluorescence decay became
slow for both compounds. Longer lifetimes of 43 and 42 ns were
obtained for ground 1 and 2 in the solid state, corresponding to
the excimer emission lifetime. Longer lifetimes have also been
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reported for the excimers of 9,10-bis(phenylethynyl)anthracene
derivatives.[*>37] A further slower decay was recorded after dis-
solving ground 1 in water, and the longest lifetime of 60 ns was
obtained. By contrast, the water solution of ground 2 displayed a
decay profile similar to that of 2 in the initial samples. The data
obtained from these time-resolved fluorescence measurements
support our speculation that the excimer-forming arrangement
of luminophores after the grinding of 1 was retained upon the ad-
dition of water, whereas the initial supramolecular fiber arrange-
ment recovered for 2 despite the significantly improved water sol-
ubility of 2.

Mechanical grinding and subsequent dissolution in water af-
fected the hydrogen bonding modes of 1 and 2. As shown in
Figure 4, peaks corresponding to the C=0 stretching of amide
groups in 1 and 2 appeared at 1651 and 1643 cm™! after grind-
ing in the solid states, respectively. Therefore, almost all amide
groups were still involved in the formation of intermolecular hy-
drogen bonds. However, the broad peaks suggest that the me-
chanical grinding interfered with the linearly formed hydrogen
bonds. After the addition of water to grounds 1 and 2, thin films
were prepared by the evaporation of water under ambient con-
ditions and were subjected to infrared measurements (Figure 4,
bottom). The broad peak ascribed to C=0 stretching was still ob-
served for 1, indicating that the disordered structures induced
by grinding remained after the addition of water. Conversely,
compound 2 exhibits a sharp peak similar to that of the initial
supramolecular fibers. This result also implies that the addition
of water recovers the initial supramolecular fibers of 2.

AFM and TEM observations were performed on 1 and 2 to
clarify their assembled structures after the ground samples were
dissolved in water. Several spherical structures with heights of
~4 nm were observed in the AFM images of the sample prepared
from the aqueous solution of ground 1 (Figure 9a left; Figure
S15, Supporting Information). The TEM images also showed nu-
merous spheres with diameters between 1 and 3 nm (Figure 9a
right; Figure S16, Supporting Information). These results indi-
cate that compound 1 formed micellar assemblies (Figure S17,
Supporting Information) after mechanical grinding and dissolu-
tion in water. The micelles are assumed to be two-dimensionally
assembled into disk-like structures in the AFM images, which
is why a large difference in diameters was observed between
the AFM and TEM images. In the micelles, as excimer fluores-
cence was observed, the luminophores formed z-stacked struc-
tures. Given that the length between amide groups involved in
hydrogen bonds is generally longer than the distance between
aromatic groups forming z-stacking, a disordered hydrogen-
bonding mode was adopted, thus resulting in the broadening of
the C=0 stretching peak observed in the IR spectrum (Figure 4).
Similar micellar structures have been reported in previous stud-
ies of dumbbell-shaped amphiphiles.l*"! The micelle-like struc-
ture was assumed to form when ground in the solid phase be-
cause the emission spectra of ground 1 and water solution of
micelles are almost identical. Small changes in the molecular ar-
rangement should occur upon dissolution in water because the
emission decay becomes slower (Figure 8a) and the shape of the
peak ascribed to C=0 stretching in the IR spectrum changes
slightly (Figure 4a). Because the dendritic structures were not
well-packed, the length of the micelles in the TEM image became
less than the molecular length.
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Figure 9. AFM (left) and TEM (right) images of a) micelles consisting of 1 and b) fragmented supramolecular fibers of 2. The insets in the left panels
show the height profiles of the micelles or supramolecular fibers. The insets in the right panels show magnified views of the areas enclosed by the dotted
lines. The TEM images were taken without staining. The water solutions of ground 1 or 2 were used for both sample preparation.

In contrast to the micelles of 1, fragmented fibrous molec-
ular assemblies with a height of #2 nm were observed in the
AFM images of the aqueous solution of ground 2 (Figure 9D left;
Figure S18, Supporting Information). The lengths of the fibers
became shorter than those of the initial supramolecular fibers.
The TEM images also showed numerous fibers with a width
of 5 nm (Figure 9b right; Figure S19, Supporting Information).
These height and width values coincide with those of the ini-
tial supramolecular fibers consisting of 2 (Figure 3b; Figures S5
and S6, Supporting Information). Considering the recovery of
the fluorescence properties and the sharp peak attributed to C=0
stretching in the IR spectrum, the initial molecular assembly of
2 should recover by the addition of water after grinding, although
fragmentation occurred.

The proposed changes in the molecular assemblies of 1 and
2 in response to mechanical stimuli and the addition of water
are shown in Figure 1b. Initially, the amide groups of 1 and 2
formed linear 1D hydrogen bonds. The fluorophores were placed
in J-aggregate-like arrangements showing monomer-like fluo-
rescence. In the assembled structures, hydrophilic dendrons do
not prevent the formation of supramolecular fibers at the mi-
crometer scale. In the supramolecular fiber of 1, the arrays of
highly hydrophobic fluorophores are uncovered. Therefore, the
hydrophilicity was not high, and supramolecular fibers formed
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in the chloroform-methanol mixture. By contrast, in the case of
2, as the arrays of hydrophobic fluorophores were covered with
TEG chains, the supramolecular fibers were highly hydrophilic
and formed in the water-methanol mixture. When amphiphile 1
in the solid consisting of the supramolecular fibers was ground,
the supramolecular fibers were converted to micellar assem-
blies in which the amide groups no longer formed the linear
hydrogen bond, and fluorophores formed z-stacked structures.
Consequently, ground 1 exhibited excimer emissions. In this
luminophore arrangement, moderately bulky hydrophilic den-
drons prevented the compounds from forming 1D linear assem-
blies. Compared with the initial J-aggregate-like arrangement of
1, the fragmented array of the hydrophobic fluorophores in the
micelles of 1 was surrounded by hydrophilic dendrons. There-
fore, after the addition of water, the micellar assemblies were
retained because they were more thermodynamically stable in
water. This is the first example of supramolecular fibers being
converted to micelles by mechanical stimuli, concomitant with
emission color changes. The transition to micelles endowed 1
with water solubility, although the initial supramolecular fibers
were insoluble in water. Owing to the molecular structural sim-
ilarity between 1 and 2, ampbhiphile 2 is also expected to form
micellar structures after grinding, resulting in excimer emis-
sion. This assumption is also supported by the fact that micellar
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structures were observed in the AFM image taken for the sample
prepared with a water/methanol solution (3:7, v/v) of ground 2
(Figure S20, Supporting Information). In the case of 2, the frag-
mented supramolecular fibers were more stable than micellar
assemblies in water because the hydrophobic arrays of the lu-
minophores were covered with hydrophilic TEG groups. There-
fore, the addition of water results in the conversion of micel-
lar assemblies in the ground solid to fragmented supramolec-
ular fibers in water, thus resulting in the recovery of the ini-
tial emission properties. Consequently, the fragmentation of the
supramolecular fibers allowed them to dissolve in water. We as-
sume that the significant difference in water solubility between
the initial supramolecular fibers of 2 and the fragmented fibers
after grinding is also ascribed to the inter-fiber interactions. Be-
fore grinding, amphiphile 2 forms long supramolecular fibers
and forms fiber bundles in which strong inter-fiber interactions
occur. Therefore, amphiphile 2 cannot be dispersed in water. Af-
ter grinding and the addition of water, the original molecular ar-
rangements are restored. However, since the fragmented fibers
are separated from each other and cannot form fiber bundles by
being surrounded by water molecules, we speculate that the frag-
mented fibers may dissolve in water.

3. Conclusion

In summary, mechanochromic luminescent supramolecular
fibers consisting of dumbbell-shaped amphiphiles 1 and 2 were
successfully developed. In the initial supramolecular fibers,
the luminophore 9,10-bis(phenylethynyl)anthracene formed J-
aggregate-like arrangements via linear hydrogen bonding be-
tween the amide groups. Because the hydrogen-bonding modes
in the fibers of 1 and 2 were slightly different, compound 2 ex-
hibited a more pronounced redshift in the absorption spectrum.
Both the compounds in the water-insoluble fibers became water-
soluble after grinding in the solid state. When ground, the uni-
form hydrogen bonds were disturbed, and linear supramolecular
fibers were converted into micellar assemblies. In force-induced
molecular assembled structures, the luminophores formed ex-
cimers, thus leading to a significant redshift of the emission
spectra. As the micellar structures were favorable for 1 in wa-
ter, the grinding-induced yellow fluorescence was retained af-
ter the addition of water. Hydrophilic TEG chains introduced
to the hydrophobic fluorophores of 2 stabilized the fragmented
supramolecular fibers in water, thus resulting in the recovery of
the initial fluorescence properties upon water addition.
Mechanochromic fluorescent supramolecular fibers have a
significant advantage over conventional crystalline materials in
that they can be dispersed and supported on the surface of the
material where the force is needed to be detected. Furthermore,
as these fibers are only one molecule wide and uniform, the
force required to induce a fluorescent color change is constant
and highly small. In the previous study on mechanochromic flu-
orescent micelles in which fluorophore is z-stacked to exhibit
excimer emission, fluorescence color change was realized only
when all the arrangements of the fluorophores in the micelle
were changed by force to ensure that no excimer sites existed.
However, in supramolecular fibers, if only one excimer site is cre-
ated by mechanical stimuli, energy transfer from the fluorophore
occurs in the monomeric state, thus resulting in good sensi-
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tivity to forces. Furthermore, compared with mechanophores,
which detect forces at the single-molecule level, supramolecu-
lar fibers are advantageous in that they can detect forces at the
mesoscale without the need to introduce them into polymers or
other materials. Currently, we are attempting to establish meth-
ods to quantitatively evaluate mechanoresponsive luminescence
for supramolecular fibers under conditions in which they are dis-
persed and supported by other materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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