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A systematic study on mechanoluminescence in heteroleptic Cu' complexes revealed that in the
amorphous state, these complexes generate mechanoluminescence by friction as well as non-
destructive stimuli such as contact—separation through an inert layer without direct physical damage to
them, even under ambient air. No fracturing of the crystalline solids and no polymer matrix are required.
Our findings overcome the limitations of the reported molecular crystalline mechanoluminescent
materials generating luminescence by fracturing the crystalline solids, and enable a simple material

design to develop non-crystalline flexible mechanoluminescent materials using photoluminescent
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Accepted 14th October 2025 molecules, which emit light under various non-destructive mechanical stimuli, including bending and
twisting. The detailed study shows that the mechanism involves the generation of a strong electric field

DOI: 10.1039/d55c05673] on the contact surface between two materials, caused by triboelectrification and contact electrification,
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Introduction

Mechanoluminescence (ML) or triboluminescence (TL) is
a light emission phenomenon caused by mechanical stimuli.
ML materials have been considered attractive components for
mechanoresponsive materials used for visualization of damage
and applied stress, friction, self-powered devices, or mechanical
energy-converting technology because the luminescence is
generated without light irradiation.”™® In the case of photo-
luminescent (PL) compounds, ML can be generated by frac-
turing the crystals (Fig. 1), which limits possible applications of
this approach due to the decay of the ML intensity as the crystal
breaks and its size decreases upon continuous stimulus,
resulting in limited repeatability. There is also a dependence on
the crystalline structure, which requires establishing the rela-
tionship between molecular structure and crystal design.
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which leads to the excitation of molecules.

Several reports have shown that a mixture of a mechanolu-
minescent compound with a polymer matrix also exhibits
ML."'*® Earlier, Demir et al. reported that microcrystals of
known mechanoluminescent Cu' or Eu™ complexes were
required to observe ML by the impact of a steel ball on the
polymer films containing them.'*'* However, our group has
demonstrated that cationic (pyridinophane)Cu' N-heterocyclic
carbene (NHC) complexes show bright ML in the crystalline
state, as well as in amorphous, physically blended polymer films
in the absence of a crystalline phase."” Later, triboelectrification
of polymer matrices was found to enable versatile ML of
common PL compounds in the blended amorphous polymer
film by friction in the absence of a crystalline phase of the PL
compounds.'® However, the possibility of ML generation in pure

This report:
ML in amorphous state without polymer matrix

Reported ML

Friction and contact-separation

Crystal fracture

Fig.1 Schematic illustration of the reported ML in PL compounds and
this work.
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amorphous PL solids without polymer matrices has not been
investigated. Utilization of amorphous solids directly for ML
can provide a simple and convenient preparation method that is
universally applicable to a wide range of PL organometallic,
inorganic, and organic compounds.

There are only a limited number of examples in PL
compounds where transition metal complexes display ML,
including MnH,IG,lQ,ZO PtII,21‘22 II'HI,IS RuII,23 and Cu1,15,17,18,z4—26
which is in stark contrast to the large number of reported
organic compounds and rare-earth metal complexes.>* %%’
Among them, metal complexes based on earth-abundant and
inexpensive copper offer a practical alternative to precious
metal- and rare-earth-based materials. In order to gain deeper
insight into the mechanism of ML and develop bright and long-
lasting ML materials, we performed a systematic investigation
of a family of heteroleptic Cu' complexes. These types of Cu'
complexes have previously been intensely studied in the context
of their PL properties, including applications in photo-redox
reactions, organic light-emitting diodes (OLEDs), and as
sensors.”*3° However, their ML properties have not been
previously investigated in detail. Heteroleptic Cu' complexes
can be easily prepared, providing both cationic and neutral
species, and show higher PLQYs compared to some homoleptic
Cu' complexes, which enables not only systematic study of ML
but also developing practical and tunable ML materials. Herein,
we demonstrate that ML can be easily generated by friction,
contact-separation, and other types of stimuli (Fig. 1), in
amorphous films made of pure heteroleptic Cu' complexes even
without a polymer matrix. Surprisingly, ML generated by fric-
tion is observed essentially across the entire studied family of
Cu' complexes; this is in contrast to their ML properties in the
crystalline state, which were highly dependent on the crystal
structure, clearly showing that ML in the amorphous state is
governed by different factors. Our results suggest that tri-
boelectrification (friction-induced electron transfer) and
contact electrification are likely involved in the excitation of the
Cu' complexes in the amorphous films. The versatility of the ML
generation by friction and contact-separation was also
demonstrated using common luminophores that do not
contain copper thus showing that these findings can generally
be applied to a wider class of materials.

Results and discussion
Synthesis and preparation of amorphous solids of 1-8

In previously reported syntheses of heteroleptic Cu' complexes,
they were prepared from [Cu'(MeCN),]’X™ (X = BF, or PF¢) and
the corresponding ligands. Herein, we developed a more
convenient synthetic procedure to obtain heteroleptic Cu'
complexes using readily available and inexpensive Cu' chloride,
which subsequently allowed facile counter anion variation
(Scheme $1). Cu'Cl is combined with bis[2-(diphenylphosphino)
phenyl]ether, then with the desired N-donor bidentate ligand
followed by counter anion exchange or deprotonation with
a base (if an NH group is present); the resulting complexes were
isolated in 59-86% yields on a gram-scale. The PL properties
and the charge of the complex can be easily tuned by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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appropriate selection of the N-donor ligand. After analysis of the
literature-reported complexes,**° cationic complexes 1-5 3
and neutral complexes 6-8%° were selected for this study
(Fig. 2) as they reliably provide sufficiently large, millimeter-size
crystals reproducibly and show good air- and thermal stability,
which was confirmed by heating the acetone solution at 50 °C or
acetonitrile solutions at 70 °C for 6 hours under air (Fig. S97-
S100) and by thermogravimetric analysis (TGA) of the solids
(Fig. $104-5106). Cu' complexes 1-8 were characterized by NMR
spectroscopy, single crystal X-ray diffraction, and powder X-ray
diffraction (PXRD) analysis. All the obtained single crystal
structures in this study are new,*® except for previously reported
3.*2In the case of 8, mechanoluminescent crystal modification A
and non-mechanoluminescent crystal modification B were ob-
tained. They could be selectively prepared by optimized crys-
tallization under different conditions (see the SI). PXRD
analysis of the bulk crystals of 1-8 confirmed the absence of
polymorphs (Fig. S57 and S58).

Thin film-shaped amorphous solids of 1-8 were prepared by
spin coating on a glass plate (thickness of the films: 0.6-2.4 um,
SI, Fig. S6). As references, (tris(8-hydroxyquinolinato)
aluminium) (Alqs) and 4,4’-bis(9H-carbazol-9-yl)biphenyl (CBP),
which provide amorphous solids used for OLEDs,*”*® were also
investigated. Yokoyama et al. investigated the parameters, such
as spin speed, solvents, and concentration of solution, to
control the thickness of spin-coated amorphous films.*® Based
on this, the conditions to prepare amorphous films of 1-8 were
optimized, and the details of film preparation of 1-8 are
described in the SI. XRD analysis of the thin film-shaped solids
on the glass plate showed the absence of crystalline phase peaks
(Fig. 3). Mechano-induced crystallization of the amorphous
solid was not observed by XRD analysis (Fig. S61).
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Fig. 2 Heteroleptic Cu' complexes 1-8 and reference compounds
Algs and CBP used for this study.
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Fig. 3 XRD patterns of the amorphous thin films of 1-8, Algs, and CBP
on a glass plate.

Attempted preparation of amorphous solid glasses by
melting—cooling resulted in their decomposition when heated
near the melting points (200-300 °C) determined by differential
scanning calorimetry (DSC) (Fig. S107 and S108), and was
accompanied by color changes to brown or black.

Photoluminescence properties

Photoluminescence (PL) properties of 1-8 in the crystal and the
amorphous state are summarized in Table 1. The photo-
luminescence quantum yield (PLQY) varies depending on the
bidentate ligand (from 0.02 to 0.79). It has been reported that
Cu' complexes undergo large structural relaxation (distortion
from tetrahedral to planar geometry) in the excited state, which
results in the promotion of non-radiative decay, and can be
suppressed by a rigid ligand structure, bulky substituents, or
a rigid matrix, leading to an improvement of PLQY.*®**° This
general trend was also observed in complexes 1-8. PL properties
of 1-8 in solutions and polymethylmethacrylate (PMMA) are
summarized in Tables S3, S4, Fig. S63 and S65-S67. For
example, 1, 5, and 7 are non-PL in dichloromethane solution
(PLQYs < 0.01), while they are moderately luminescent in the

Table 1 Summary of PL and ML properties of 1-8 in crystalline and
amorphous solids®

In crystalline state” In amorphous solid

d

Cu  PLQY PLAnax ML Anax  PLQY'  PLAna® ML Ama
1 0.26 585 593 0.09 597 606

2 0.79 559 546 0.48 550 557

3 0.77 533 546 0.48 550 556

4 0.69 545 567 0.49 553 560

5 0.17 561 n.d. 0.08 583 586

6 0.02 509 n.d. 0.02 575 590

7 0.57 528 n.d. 0.20 542 547

8A 0.75 517 520 0.49 536 537

8B 0.72 499 n.d.

“PLQY: photoluminescence quantum yield. Apa¢ maximum
wavelength/nm. ? Under air. © Under a nitrogen atmosphere. ¢ Under
an argon atmosphere. Excitation wavelength for PL spectra: 385 nm.
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crystalline and amorphous states, as well as PMMA films (2 wt%
of the Cu' complex) (PLQY: 0.08-0.57). PLQY of 2-4, and 8 are
0.27-0.41 in dichloromethane, and increase in both amorphous
solids and crystals (PLQY: 0.48-0.75), accompanied by a blue-
shift, which can be explained by the suppression of structural
relaxation in the excited state. Among 1-8, neutral 6 is an
exception to this trend, showing lower PLQY in the crystalline
and amorphous solids compared to solution and PMMA films
(PLQY: 0.02 in crystal and amorphous, 0.52 in PMMA films, and
0.06 in CH,Cl,). This could be due to the overall neutral charge
of the complex and the absence of a counter anion and bulky
substituents on the ligand, which could make it more suscep-
tible to intermolecular interactions in the solid state, lowering
its PLQY.

Interestingly, the crystals of 6 and 8B exhibit much longer PL
lifetimes (6: 210 us and 8B: 270 us under N,) compared to 1-5, 7,
and 8A (10-52 ps under N,) (Table S6 and Fig. S68-S70) and
other reported heteroleptic Cu' complexes.?** Controlling the
rates of intersystem crossing and radiative and non-radiative
decay has been an important subject in studies of luminescent
Cu' complexes. Long PL lifetimes that are over a hundred
microseconds at room temperature may be advantageous for
visualization of damage and stress with ML. This is a rare
property for Cu' and has been confirmed only for five examples
of heteroleptic Cu' complexes,* and for recently reported two-
coordinate Cu' complexes bearing a carbene ligand.***?

Mechanoluminescence in the crystalline state

ML was first investigated by grinding the same amount of
millimeter-size crystals of 1-8B (5 x 10~° mol, 42-54 mg) using
a glass rod in a glass tube under air. In order to systematically
compare the irregularly blinking ML in the fracturing crystal (SI
Movie 1), photographs of ML were taken by integrating the
photons emitted from the crystals for 15 seconds in the dark
under the same conditions. The results show no detectable
luminescence from 5, 6, 7 and 8B under air (Fig. 4). 8A exhibits
the strongest ML in this series. When the atmosphere is
replaced with dry N, or argon, visible ML is observed for
complexes 5 and 6, but not for complexes 7 and 8B. It has been
proposed that piezoelectricity (polarity, or non-centrosymmetry)
of the crystal may be important to generate an oppositely
charged cracked surface that causes the excitation of molecules
in the crystal (or surrounding gas). Investigation of the crystal
space group of 1-8B indicates that only the crystals of 2 (P1) and
8A (P1) are polar (Table S2). The two polar crystals exhibit ML
upon fracturing. However, the entire investigation of this Cu'"
complex family reveals that even non-polar crystals such as 1
(P242424), 3 and 4 (P2,/.) exhibit visible ML under air. In addi-
tion, 5 (P2,/,) and 6 (P1) show visible ML under an inert gas
atmosphere. However, among two crystalline modifications of
the same complex, 8A and 8B, the non-polar 8B shows no ML.
Therefore, ML generation in crystals does not show a simple
correlation with the polarity of the crystals based on the space
groups. Several other reports, including ours, also confirmed
that centrosymmetric (non-piezoelectric) crystals may show ML
in the crystalline phase,"”'®***” suggesting that no clear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Glass tube

Grinding andiod
crystals

Fig. 4 Schematic illustration of the ML experiment and photographs
of the crystals of 1-8B being ground in the dark under air (the expo-
sure time of the camera: 15 s), and the photographs of the pristine PL
crystals before grinding under a UV lamp in the glass tube (inner
diameter: 21 mm).

relationship between crystal structure and ML properties can be
established. The most important observation arising from this,
however, is that ML properties depend on the crystal structure,
while they are not correlated with the presence or absence of ML
in the amorphous state for the same compounds (see below).
We have confirmed that ML is dependent on the particle size,
with no ML observed when the particle size was less than 20 pm
(Fig. S55).

ML spectra were measured by crushing the crystal with
a glass tube that contains a fiber optic probe inside, which
revealed shifts in the ML spectra compared to PL (Table 1). For
example, ML of 1 shows a red-shift compared to PL, while that
of 2 is blue-shifted. The shift of ML spectra can be due to the
different environment resulting from mechanical grinding on
the fractured surfaces, such as changes in crystal packing and
intermolecular interactions, compared to the bulk pristine
crystal.”** To investigate this, we compared the ML spectra with
PL spectra of well-ground micropowders with the particle sizes
less than 20 um (Fig. S55) that show no ML upon grinding with
a glass rod and with the PL spectra of thin amorphous films
made of the same Cu' complexes (Table 1 and Fig. S81). This
comparison indicates that ML spectra from the fractured crys-
tals are not always in good agreement with the PL spectra of the
ground powders and those of the amorphous solids. The pho-
tophysical properties of 1-8 are influenced by several factors
(Table S4 and Fig. S65-S67), implying that the wavelength shift
in ML of the Cu' complexes cannot be simply explained by
excitation of disordered molecules on the fractured crystal
surface.

In order to gain further insight into the mechanism of ML,
crystals of 1-6 and 8A were ground under the flow of different
gases, including N,, Ar, He, CO,, and a high dielectric strength
gas, SFe. Previous reports established that ML of non-PL crystals
(such as sugars and inorganic salts) can be ascribed to the
luminescence of discharging gases.**™** Based on this, one of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proposed mechanisms of ML observed in PL crystals suggests
that excitation of PL molecules occurs by absorption of the light
emitted from the generated gas plasma (mechano-photo-
luminescence).>***** ML spectra of 1-6 and 8A under different
gas flows show the presence of luminescence from gas
discharge under Ar and He gas atmospheres (Fig. 5b and S74),
which was compared against the luminescence spectra of gas
discharge tubes (Fig. S71 and S75). Notably, ML intensity of 1-6
changes depending on the surrounding gas atmosphere
(Fig. 5¢, S74 and S76), showing more intense ML under Ar and
He when compared to N,, and a much weaker ML intensity
under CO, and SF,. This result confirms the correlation with the
dielectric strength of the gas, and the luminescence efficiency of
the gas plasma, as discussed in the previous reports.*>°
However, in the case of 8A, no apparent gas effect on ML
intensity was observed (Fig. S76), implying that ML in crystals is
not governed by a simple mechanism. In any case, these results
indicate that ML properties of heteroleptic Cu' complexes in the
crystals are highly dependent on the crystal structure, without
a clear correlation between ligand molecular structure, crystal
structure, and ML properties.

The temperature dependence of the ML in the crystals was
also investigated. The crystals of 1, 3, and 8A were heated at 120
°C in an oven for 30 minutes, and then ground immediately
before they cooled down under air. The heated crystal of 3
shows a significant decrease in ML intensity, while less
dramatic changes were observed for the heated crystals of 1 and
8A compared to the analogous experiments at RT (SI Movie 9).

We also examined the possibility of utilizing friction with
macroscopic size crystals to generate ML. Complex 3 was
selected for this experiment as it provided sufficiently hard
crystals among the series 1-8B. Although ML of 3 was confirmed
by rubbing the two crystals against each other, or by rubbing
a crystal against a plastic rod under an Ar atmosphere, this was
accompanied by crystal fracture (Fig. S86 and SI Movie 3). Thus,
in the case of friction using crystalline samples, it was not
possible to separate ML generated by fracture and friction due

B
C

Normalized ML intensity
ML intensity (a.u.)

R

. . . . ,
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig.5 ML spectra of crystals; (a) 1-4 and 8A ground under air and (b
ground under the flow of different gases. (c) Photographs of the
crystals of 1 (47 mg, 5 x 107> mol) being ground with a glass rod in
a Schlenk tube under different gas flows (the exposure time of the
camera: 15 s).

(c)
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to crystal fragility. Hence, the use of amorphous thin film solids
described in the next section is advantageous for repeatedly
generating ML by friction and avoiding the confounding factor
of crystal fracture.

Mechanoluminescence in amorphous films

Despite several reports on ML from PL compounds blended in
polymers,*%*® there has been no example of PL compounds
showing ML in an amorphous solid in the absence of polymer
matrices. In this work, amorphous thin films made of Cu'
complexes 1-8 were successfully obtained by spin coating on
a glass plate (Fig. 3 and S6). When the surfaces of amorphous 1-
8 and the reference Alq; were rubbed with a flexible silicone rod
under an Ar atmosphere, visible ML was observed (Fig. 6). ML of
CBP was generated by using a rod made of perfluoroalkoxy
alkane (PFA) for efficient ML generation. The ML spectra, which
were recorded by rubbing the surface using a PFA tube con-
taining an optic fiber probe, consist of luminescence from the
corresponding Cu' complex along with intense luminescence
from the surrounding gas discharge (Fig. 7a and S77). The
presence of branching, lightning-like luminescence patterns in
the ML from amorphous 1-8 films (Fig. 6, S78 and SI Movie 2)
suggests that gas discharge induced by friction is involved in
the ML. Gas plasma luminescence generated by tribo-charging
during the friction of inorganic insulators or polymer materials
has also been reported previously, in the absence of PL
materials.*>'">*

The maximum wavelengths of ML peaks corresponding to
the heteroleptic Cu' complexes are red-shifted compared to the

Friction with a silicone rod

Fig. 6 Schematic illustration of ML experiments and the photographs
of the amorphous solids 1-8, Algs, and CBP being rubbed with a sili-
cone rod (diameter: 10 mm) on a glass plate in the dark under an Ar
atmosphere. The insets show the photographs of the solid under a UV
lamp before the friction. The glass plates were held by hand against the
glovebox window. The exposure time of the camera for ML is 10 s.

22380 | Chem. Sci., 2025, 16, 22376-22386
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Fig. 7 ML spectra of the amorphous solids of 1-8, Algs, and CBP on
a glass plate: (a) direct friction under an Ar atmosphere with a PFA tube;
(b) indirect friction with a glass tube via a PVC covering film placed on
the surface of the films of amorphous solids under humid air (25 °C,
relative humidity: 31-34%).

PL spectra (Table 1 and Fig. S85). Miyata et al. reported the
generation of luminescence in fluorescent compounds blended
in a host polymer, polyvinylcarbazole, by corona discharge
under Ar gas,* in which a red-shift was observed and attributed
to the effect of a high electric field (a few kV), based on a control
experiment with and without applying voltage to the fluorescent
compound on an anode. Similarly, the red-shift of 1-8 in
amorphous films may be due to an electric field generated by
triboelectrification, or because of the different environment on
the surface as compared to the bulk solid. Amorphous films
with varied thicknesses of 0.076, 0.528, and 1.46 pum were
prepared by changing the concentration of the solution for spin-
coating using 3. When the films were rubbed with a silicone rod
under an Ar gas atmosphere, no significant difference was
observed for the ML intensity.

Importantly, ML of 1-8 is dependent on the materials used
when generating ML by friction. Visible ML of 1-8 was observed
when a rod made of PFA, polytetrafluoroethylene (PTFE), or
polyvinylchloride (PVC), was used, which have been reported to
be negatively charged by friction (Table $9),>****” while the use
of glass, polymethylmethacrylate (PMMA), or polyethylene
terephthalate (PET), which have been reported to become rela-
tively positively charged based on the triboelectric series,***” or
polyethylene (PE) and polypropylene (PP), which bear no elec-
tron withdrawing group on the polymer chain, gave extremely
weak or no detectable ML. Thus, we propose that tri-
boelectrification between the PL amorphous solid film and the
rod is involved in the generation of an electric field at the
contact area, which leads to the excitation of PL compounds as
well as gas discharge.

To generate ML in a more practical manner and to avoid
direct physical damage to the amorphous solid film, ML
generation by friction through an inert PVC layer was investi-
gated. Previously, we demonstrated that ML of blended polymer
films that contain common PL compounds is generated by
friction even via an outer covering film that does not contain
a PL compound.’® When a PVC covering film (ca. 20-30 pm) is
physically placed on top of the surface of the amorphous films
of 1-8, friction applied via the outer PVC film also generates ML
from the inner PL amorphous solid, even under humid air
(Fig. S80). In the ML spectra recorded under air in such

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a double-film setup, the peaks of nitrogen gas discharge lumi-
nescence are observed in the UV region (Fig. 7b). Notably, when
the outer film, which is made of PMMA, polystyrene (PS),
polycaprolactone (PCL), or poly(bisphenol A carbonate) (PBAC),
was used instead of PVC, ML was not observed. This result also
indicates that the position of the polymer material in the
triboelectric series is likely to be an important factor and
suggests that triboelectrification may be involved in lumino-
phore excitation. Interestingly, ML of cationic 1-5 is stronger
than that of neutral complexes 6-8, Alqz, and CBP obtained by
this method (see Fig. S80 and SI Movie 4 showing ML of
amorphous 1-5 on a glass plate generated by rubbing the outer
PVC covering film with a finger under air).

Generation of luminescence by contact-separation

For example, when a double-film setup consisting of a covering
PVC film placed on top of the inner layer composed of amor-
phous solids of 1-5 was pressed lightly with a silicon rod (10
mm diameter), and the silicon rod was then removed, ML was
generated under a humid air environment at the moment of
separation (Fig. 8 and SI Movie 5). The ML was generated
repeatedly and monitored using a CCD camera under air,
showing a repeatable response over 90 cycles of contact-sepa-
ration (ca. 1 Hz) without noticeable decay. According to the
literature, gas discharge occurs between two insulators by
contact electrification,**** however, to the best of our knowl-
edge, the generation of the excited state of PL compounds in
amorphous solids upon separation has not been previously
reported.

Although ML in polydimethylsiloxane (PDMS)-embedded
semiconducting particles of ZnS:Cu®* and ZnS:Mn® generated
by compression-separation has been reported, this was attrib-
uted to the tilted band structure of ZnS:Cu, followed by the
transition of the trapped electron caused by a tri-
boelectrification-induced electric field®® or to injection of elec-
trons from the PDMS matrix to ZnS:Mn,* thus operating by

S

(@) Contact-separation of a silicone rod
under air

PVC covering film

Image intensity (a.u.)

Silicone sheet to promote
separation

Amorphous solid on a glass plate 20
Time (sec)

Fig. 8 (a) Schematic illustration of the experimental setup for lumi-
nescence generation by contact—separation of a silicone rod on
a covering film placed on an amorphous solid; (b) luminescence
imaging of ML of 3 (in pseudo color based on grayscale pixel intensity)
and the time profile of the average image intensity of ML during
repeated cycles of contact—separation monitored using a CCD
camera; (c) photographs of the ML of 1-5 generated upon separation
of the rod under air. The photographs were taken at 30 fps.
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different mechanisms. Recently, static electricity-induced
luminescence of SrAl,0,:Eu, was reported, in which the lumi-
nescence was generated using an electrostatic generator
without contact.** Another example is the mechano-induced
bioluminescence, however; it was generated by compres-
sion.***¢ The novelty of the current report is the observation of
a robust and visible ML in response to contact-separation using
amorphous, PL molecular solids.

Peeling off (separating) a PVC covering film placed on top of
the surface of amorphous films of 1-8 also generates ML (Fig. 9
and SI Movie 6). While it is very well known that striping
adhesive tapes also generate ML, usually attributed to lumi-
nescence of gas discharge or adhesive components,***~*° no
adhesive was required in our case; contrary to the adhesive
peeling-off effect, the amorphous films composed of 1-8 exhibit
no ML by peeling off adhesive tapes. The generation of ML can
be caused by strong electric field induced by contact
electrification,*®* "% between the amorphous solid and the PVC
covering film. At the moment of separation, which generates
oppositely charged surfaces due to contact electrification, the
excitation of a Cu' complex may occur by bombardment of
electrons and ions or charge recombination caused by gas
discharge. Interestingly, in the case of contact-separation, an
apparent gas effect (N, Ar, CO,, and SFs) on ML intensity was
not observed for 1-5, probably due to a much stronger electric
field exceeding the threshold of dielectric strength of the
surrounding gas, or suggesting that gas discharge is not
involved in the Cu' luminophore excitation. Currently, the
mechanism of gas discharge caused by triboelectrification and
contact electrification is not clearly understood in the literature,
and the generation of charged interfaces by contact-separation
or friction has been attributed to the transfer of electrons, ions
or charged fragments of polymer chains on the interfaces
between two materials.”® 7>

Considering our previous report on common luminophore
excitation in blended amorphous polymer films in which tri-
boelectrification of the blended polymer matrix was proposed,®
we then set out to compare the performance of the films

Peeling off a PVC
covering film under air

Amorphous solid
on a glass plate

Fig. 9 Schematic illustration of the ML experiment and photographs
of the ML generated by peeling off a PVC covering film (thickness: ca.
20 pum) placed on the surface of the amorphous solid films of 1, 3, and 7
on a glass plate under air. The photographs were taken at 30 fps.
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composed of pure, amorphous Cu' complexes, with polymer
amorphous films physically blended with 1-8 (8 wt%). ML was
observed by rubbing the surface of PMMA films containing 1-8
(8 wt%) under an inert atmosphere (Fig. S82-S84); however,
contact-separation and peeling off a PVC covering film did not
generate visible ML. In the case of 3, enhancement of ML
intensity was observed upon increasing the ratio of 3 in PMMA
(10, 30, 50, 70, and 90 wt%) by friction. Overall, these results
show that the presence of a polymer matrix is not essential for
ML generation in amorphous solids.

The generality of ML in amorphous solids was further
investigated using additional common metal complexes and
organic luminophores (Fig. 10). XRD analysis of the obtained
thin films on glass plates, which were prepared by spin coating,
confirmed the presence of crystalline peaks for six of the eight
samples (Fig. S62), thus showing that the preparation of purely
amorphous samples is not always possible. Among them,
cationic triphenylpyrylium tetrafluoroborate (TPP) and
tris(1,10-phenanthroline)ruthenium(u) bi-
s(hexafluorophosphate) ([Ru(phen);](PFg),) did not show
detectable ML by direct friction with a glass or a PFA tube under
Ar (Fig. S87 and S88). However, all the additional eight reference
PL compounds showed detectable ML by friction with a glass
tube via a PVC covering film under air (Fig. S89 and $90),
indicating the dependence of ML on a combination of materials
used for triboelectrification. The generation of apparent visible
ML by contact-separation was observed for BBOT, DPVBI,
Eu(dbm);(phen), TPBD, TPP, and VB2TB (Fig. S91). ML by
peeling off a PVC covering film was also observed for the
reference PL compounds except [Ru(phen);](PFg), (Fig. S92 and
S93), demonstrating that ML materials can be prepared by
a simple method using non-crystalline solids of common PL
compounds, and that ML from PL compounds can be generated
without fracturing the crystalline solids.

ML in thin film-shaped solids of non-crystalline PL
compounds generated by triboelectrification and contact elec-
trification enables fabrication of flexible ML materials. To
demonstrate the versatility of this approach, PL compounds
were coated on a flexible PET film, which generated ML by
friction, for example, via a polypropylene bag using a naked
finger under air (Fig. 11 and SI Movie 7). Moreover, when
a double-film system with PL compounds coated on a PET film

BBOT DPVBi Eu(dbm);(phen)

Eu(dbm),TBA

OR

2 RO.
2PFg

mmng

R= C003H7
VB2TB

X N\i/ N

Ru(phen);PFg

TPBD

Fig. 10 Chemical structures of reference common PL compounds
(alphabetical order).
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covered with a PVC layer was used, ML generation was
confirmed by bending and twisting (Fig. 12, S94, S95 and SI
Movie 8). This was also seen when other common PL
compounds were used. Control experiments without the PVC
covering film showed no ML by bending, indicating that tri-
boelectrification and contact electrification between the PL
compound on the PET film and the outer PVC covering film are
involved. When the outer covering film composed of PMMA, PS,
PCL, or PBAC was placed, visible ML generation from the Cu'"
complexes on the PET film by bending and twisting was not
observed, suggesting that ML generation depends largely on the
nature of two materials (e.g. position in triboelectric series) in
contact rather than their flexibility or other properties, consis-
tent with electrification induced by mechanical stimuli being
the leading factor. The irregular pattern of instant ML genera-
tion upon bending and twisting the films is confirmed by SI
Movie 8. We believe that further optimization of the materials
will provide ML materials exhibiting more sensitive and
brighter luminescence under various mechanical actions, using
a wide range of common luminophores and polymers.

The previously reported molecular ML materials emit light
by fracture of the crystalline solids, which imposes limitations
on their technical implementation, not only because of the
difficulty in the incorporation of well-defined crystals, but also
due to the non-repeatable ML generation caused by destructive
mechanical stimuli such as fracture and size-dependent inten-
sity. The current finding demonstrates that ML can be gener-
ated from non-crystalline PL solids by non-destructive
mechanical stimuli, such as contact-separation via an inert
covering layer, bending, and twisting of the films, which may
pave the way for practical applications of ML materials. As
a demonstration of practical performance, we prepared a screen
made of an amorphous film of complex 3 coated on glass, and
sandwiched with a PVC cover, which was used to write letters
instantly by applying pressure with a flexible silicon rod (or
a bare finger), without any external source of energy (Fig. S96
and SI Movie 10). This experiment demonstrates the potential of

(a) APET film on which a PL (b)
compound is coated

x PVC covering film

Polypropylene bag
(filled with air)

Naked hand

| ! : 2

Fig. 11 (a) Schematic illustration of the ML experiment with flexible
films; (b) photographs of the sample used for the experiment; (c)
photographs of the ML of 3, DPVBI, TPBD and Eu(dbm)s(phen) coated
on a polyethylene terephthalate (PET) film covered with a PVC film,
which was generated by rubbing the surface of the outer poly-
propylene bag with a naked finger under air (27 °C, relative humidity:
31%). The exposure time of the camera for ML is 5 s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Bending and twisting PVC covering film (b)

Eu(dbm);(phen)

Fig. 12 (a) Schematic illustration of the ML experiment; (b) a photo-
graph of a PET/PVC film sample used for the experiment; (c) photo-
graphs of the ML generated by bending and twisting under air. The
exposure time of the camera for ML is 5 s.

ML for developing smart windows and displays that operate by
mechanical actions without external electrical power, as well as
mechanical sensors capable of visualizing subtle mechanical
stimuli. This study also highlights that triboelectrification and
contact electrification, along with other phenomena based on
static electricity,** play an increasingly important role in
studying and application of ML.

Conclusions

We demonstrated that heteroleptic Cu' complexes 1-8 show ML
as amorphous solids without being embedded in a polymer
matrix, generated either by friction directly applied to the films,
or through a PVC layer without direct physical friction damage;
this ML generation is independent of ML properties in the
crystalline phase, showing that the fracture of crystalline solids
is not required in ML generation by this method. The presence
of intense surrounding gas discharge luminescence peaks in
the ML spectra of amorphous solids and the dependence of ML
on the combination of materials used for friction implies that
a localized electric field generated at the contact area by tribo-
charging, likely leads to Cu' complex excitation. Contact-sepa-
ration, or peeling off (separating) of a polymer film physically
placed on the surface of the amorphous PL solids also generates
ML, which is a new type of mechanoresponse reported for PL
compounds. These ML properties can be further generalized by
utilizing other common organic and coordination compounds.
The current findings enable a convenient and simple approach
to the generation of ML even under ambient conditions, which
may find applications in the development of flexible mecha-
noresponsive materials that emit light under various mechan-
ical stimuli, and in the visualization of electrical phenomena
induced by mechanical actions, such as heterogeneous local
charge distribution and discharge on material surfaces®-*
caused by triboelectrification or contact electrification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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