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ABSTRACT. Herein we report a versatile method for the
preparation of triboluminescent polymer films by physical
blending with common luminophores. This method does not
require the presence of a crystalline phase, or the use of mate-
rials known to be triboluminescent. Emission is generated in
response to friction of the polymer surface via triboelectrifica-
tion, either by rubbing directly or through an inert coating
layer, even with low applied stress (< 0.1 MPa). Our findings
offer a convenient and practical method of preparation of tri-
boluminescent, amorphous polymer films with easily tunable
emission properties.

Triboluminescence (TL), or mechanoluminescence (ML), is
an emission of light generated in response to mechanical ac-
tion. In contrast to photoluminescence (PL), TL does not re-
quire light irradiation to produce the excited state (Figure 1),
which offers great advantages for the development of mecha-
noresponsive materials capable of visualizing applied me-
chanical force or as components for self-powered light-emit-
ting devices. A variety of materials have been discovered to
show TL, including photoluminescent as well as non-photolu-
minescent compounds such as sugars, inorganic salts, rare-
earth doped ceramics, and semiconducting particles.° The
most widely studied TL materials are crystalline solids that
show emission upon their fracture. In practical terms, the uti-
lization of crystalline materials to observe TL imposes serious
limitations to reliable preparation and repeatable use, as the
observed effect is usually a function of a crystal size and it
tends to diminish after mechanical damage.>3
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Figure 1. Schematic concept of photoluminescence and tribo-
luminescence of luminophores in a polymer film.

Considering widespread practical applications of synthetic
polymers across all sectors in industry as components of con-
sumer products, electronic devices, flexible displays, etc., the

development of a general method to fabricate tribolumines-
cent polymer films is of great practical importance. The most
commonly adopted approach to fabricate TL polymer films is
through the doping of polymers with additives of compounds
known to show TL in the solid (crystalline) state. However,
this leads to a limited choice of TL additives and often requires
the presence of a crystalline phase within the polymer. For ex-
ample, Demir et al. found that a known triboluminescent eu-
ropium and copper complex blended with polymer matrix
does not produce TL by impact of a steel ball when it is amor-
phous, while the films containing microcrystalline material
are triboluminescent.>3 Although examples when polymers
are blended with triboluminescent europium complexes were
known, the presence of crystalline phase has not always been
confirmed experimentally.'4'¢ A different class of tribolumi-
nescent materials are based on rare-earth doped ceramics and
semiconducting particles.> 56 89 However, the limitations to
their practical include limited dispersion in polymers, which
in turn affects film transparency, homogeneity, and mechani-
cal properties. Developing a simple and general method to
fabricate triboluminescent amorphous polymer films and
coatings with tunable emission is thus an important milestone
for the practical use of the TL phenomenon.

We have recently reported a family of copper(I) complexes
supported by macrocyclic pyridinophane ligands (RN4) and N-
heterocyclic carbene (NHC) that were used as cross-linkers in
polyacrylate films that showed repeatable changes in PL in-
tensity in response to elastic deformation.” Interestingly, the
same complexes were also found to exhibit TL in their crystal-
line state, and even when physically blended into amorphous
polymer films.® We have shown that TL in amorphous
blended polymethylmethacrylate (PMMA) films likely origi-
nates from triboelectrification of the polymer matrix.

Considering that excitation via triboelectrification is likely
to be a general phenomenon, we sought to develop a simple
and convenient method of generating TL in polymer films.
Herein we report a versatile and simple method to fabricate
triboluminescent polymer films containing a wide range of
common luminophores and polymer matrices, which simpli-
fies the preparation of triboluminescent polymers without the
need for presence of a crystalline phase. Moreover, the lumi-
nophores may be selected from a wide range of common or-
ganic and organometallic photoluminescent compounds,
which are not limited only to TL materials.



To investigate the versatility of this method, we selected
nine representative organic compounds or metal complexes
that were reported to show fluorescence, thermally activated
delayed fluorescence (TADF),92° or phosphorescence in the
literature (Chart 1): Before testing them as additives for lumi-
nophore-blended polymers, we examined whether these com-
pounds show TL properties in the crystalline state.

Chart 1. Common luminophores and polymers
selected for this study.
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The TL of crystalline samples was confirmed by grinding the
crystals using a glass tube under Ar. The generated emission
was detected using a fiber optic probe. The summary of PL and
TL properties in Table 1 show that five of the selected com-
pounds show no detectable or very weak TL in the crystalline
state (see SI and supporting movie 6 for details). Previous
studies also confirm that Py shows no TL in crystalline state.>
22 Only the crystals of TPE, RiTB, Ir(ppy);, and
Eu(acac);phen showed visible TL under argon.

Although currently there is no unifying theory to explain
the origin of TL in solids, it has often been attributed to the
formation of oppositely charged planes upon crystal fracture,
generating a sufficiently strong electric field to cause dis-
charge through the surrounding gas, which is manifested by
the presence of gas-specific sharp emission lines in TL spec-
trum of non-photoluminescent materials. If the materials are
tribophotoluminescent (emit PL when fractured), this may re-
sult in excitation of the luminophore via absorption of the UV
emission from the excited gas or directly by electron bom-
bardment.» 5% 9:2324 While many earlier studies reported that
this phenomenon is most commonly observed in non-centro-
symmetric (piezoelectric) crystals,® several other studies
showed that TL may also be present in centrosymmetric crys-
tals (as well as achiral polymers and metals), and no full cor-
relation is present between lack of centrosymmetry and TL.-
1 To establish whether non-centrosymmetric crystals were re-
quired to observe TL among our selected compounds, we
(re)examined their crystal structures by single crystal X-ray
diffraction (SC-XRD) (Table S1) and powder X-ray diffraction
(PXRD), which confirmed the absence of polymorphs in the
studied samples and that the PXRD patterns were consistent
with patterns simulated based on the SC XRD structures (Fig-
ure S0, 11). No correlation was observed between TL proper-
ties and the crystal space group, with both non-centrosym-
metric TPE (P21), RiTB (P1) and centrosymmetric Ir(ppy)s (P),

and Eu(acac)sphen (P2i/c) crystalline samples showing TL in
the crystalline state. This is also consistent with our previous
results’® and many recent examples showing TL in centrosym-
metric crystals.® 910

Table 1. Summary of PL and TL properties in crystal
and PMMA film (1 wt%).?

Luminophore In crystalline state In PMMA film
@ PL TL [ PL TL
Amax® Amax® Amax® Amax®

Py 0.25 473 n.dJd 058 393 393
DPA 0.73 452 n.d. 0.88 433 432
TPE 0.23 442 456 0.35 464 471
Coumarine153 0.17 527 n.d. 0.59 516 508
RITB 0.06 601 610 0.24 530 521
Cu(dmp)xantp 0.61 524 550¢ 0.60 523 535
Ir(ppy)s 0.34 540 548 0.74 537 534
Ru(phen)s 0.03 620 n.d. 0.17 598 595
Eu(acac)sphen 0.08 611 613 0.07 611 613

?PL properties were measured under N, gas flow. TL were
measured under Ar gas atmosphere. Photoluminescence
quantum yield (PLQY). cnm. ¢Not detected or extremely weak.
¢Very weak emission detected spectroscopically.

Next, we prepared luminophore-blended polymethyl-
methacrylate (PMMA) films by dissolving the luminophores
and the polymers in dichloromethane solution, followed by
casting on glass and drying under vacuum. Transparent films
were obtained, with film thickness of ca. 50-80 um (Figure S7).

Notably, all of these nine luminophores showed TL when
blended in PMMA and rubbed directly with a glass rod under
an inert atmosphere (Figure 2). PXRD and emission micros-
copy images of the films confirmed the absence of crystal and
nano/micro particles (Figure 3 and Figure Si4), confirming
that a crystalline phase is not necessary to observe TL in
blended polymer. The TL spectra in PMMA containing 1 wt%
of each luminophore are shown in Figure S22. The film thick-
ness was not an essential factor and TL under argon was ob-
served when the film thickness was varied in 50-300 um range.
Emission maxima of PL and TL in PMMA are summarized in
Table 1and the PL spectra of the luminophores in PMMA films,
solutions and solid are summarized in Figure Si5. TL maxima
of Coumarin 153, RiTB, and Ru(phen); show a blue-shift
compared to PL, while that of TPE and Cu(dmp)xantp are
red-shifted. Such emission shifts are likely due to the different
environment on the surface of PMMA compared to bulk
PMMA.>528, The slight shift of the PL and TL maxima in
PMMA films as compared to crystalline state is likely due to
different environment in PMMA and lack of intermolecular
interactions.
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Figure 2. (i) The schematic illustration of TL generation by
direct friction of a polymer film surface. (ii) Photographs of TL
generated by direct friction of PMMA films containing 10 wt%
of (a) Py (b) DPA (c) TPE (d) Coumarine 153 (e) RiTB (f)
Cu(dmp)xantp, and (g) 3 wt% of Ir(ppy); (h) 5 wt% of
Ru(phen); (i) 15 wt% of Eu(acac);phen (j) no luminophore.
The films were placed on a glass Petri dish and rubbed with a
glass rod under Ar. Exposure time of the camera is 5 or 10 s.
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Figure 3. PXRD patterns of PMMA films including 2 or 3 wt%
of luminophores.

Next, to examine if TL can be observed in other polymer
films, we prepared luminophore-blended films in other com-
mercially available polymers including polystyrene (PS),
poly(e-caprolactone) (PCL), poly(bisphenol A)carbonate
(PBAC), poly(vinyl chloride) (PVC). All of these polymers
showed TL, with PCL samples prone to exhibit less intense TL
(Figures S23). Interestingly, visible TL was also observed in the
films prepared by blending RiTB and PCL, which may be use-
ful for preparation of biocompatible triboluminescent materi-
als. When the luminophores were blended in PBAC, visible TL
was observed even under humid air (relative humidity 40%)
(Figure S28, S29 and supporting movie 3), which may be con-
venient for practical application of TL films under ambient at-
mosphere.

Although TL in polymers has not been studied to the same
extent as TL in crystalline materials, relevant studies indicate
that closely related phenomena occur upon friction being gen-
erated on a polymer surface, resulting in electric field genera-
tion through tribocharging.2+ 293! Similar to TL in crystals, this
may result in surrounding gas discharge and triboemission of
particles (electrons, ions, photons), which may be experimen-
tally detected by observation of gas-specific emission lines in
the TL spectrum. In addition, if gas discharge is involved, the
TL intensity may be dependent on the gas dielectric strength,

with helium and argon being more likely to undergo dielectric
breakdown, followed by CO,, N,, O, and air, and with SFs
showing highest resistance to discharge.>

To determine if triboelectrification-induced gas discharge
occurs in luminophore-blended films, TL spectra were meas-
ured in PMMA films under an atmosphere of different gases:
argon, nitrogen, oxygen, helium, and dry air. The full range of
TL spectra of PMMA films containing DPA and
Cu(dmp)xantp, which exhibit good PLQY (0.88 and 0.69, re-
spectively), clearly show the presence of a broad intense emis-
sion peak of a luminophore and sharp peaks (Figure 4), which
can be ascribed to the emission from the corresponding gas
discharge. These peaks are in good accordance with emission
spectra of gas discharge tubes obtained independently (Figure
S17) or reported in the literature.29 The gas discharge spectra
were observed even in PMMA films in the absence of lumino-
phore additives (Figure 4c), however, the weak emission could
only be detected effectively by spectroscopic measurements,
showing that polymer blending with luminophores is essential
to observe clearly discernible visible emission. Consistent with
the order of relative dielectric strengths of gases, the TL inten-
sity increases under He, while it is extremely weak or absent
under an SF¢ atmosphere, with intermediate intensity ob-
served under an N, or Ar atmosphere.

Although absorption of emission in UV region from excited
gas was proposed as one of the mechanisms of TL generation
in PL solids,>3 ¢ 23 this does not appear to be the main factor
in luminophore-blended PMMA films, as TL was also ob-
served under CO, gas, in which no clearly observed gas dis-
charge emission lines were present (Figure 4a, 4b, and sup-
porting movie 2). Under vacuum (>0.1 Torr), a slight increase
in the TL intensity was observed (See supporting movie), how-
ever detectable gas discharge emission peaks were not present
in the TL spectra (Figure 4a, b and Figure S24 and S25). Inter-
estingly, although O, is usually expected to quench TL of Cu
complexes, TL of Cu(dmp)xantp in PMMA was spectroscop-
ically detected even under O,, presumably due to steric pre-
vention from contact with O, in a rigid polymer matrix.

Furthermore, following the hypothesis that triboelectric
charging may be involved in electric field generation, we ex-
amined whether TL intensity depends on the relative position
of the two materials in the triboelectric series, which rank the
materials according to the ability to acquire positive or nega-
tive charge. In general terms, if two materials are further away
in the triboelectric series, greater charge may be accumulated,
and less efficient charge separation should occur by friction
between two identical materials, although reported studies in-
dicate that several factors such as surface roughness and gen-
eration of polymer fragments may also be responsible for tri-
boelectrification by rubbing two chemically identical materi-
als. When the surface of the PMMA films containing the lumi-
nophore was rubbed by a rod made of polyethylene or PMMA
instead of glass, negligible TL is observed, while rubbing with
PTFE (poly(tetrafluoroethylene) or PVC, both of which are po-
sitioned as more negatively charged compared to PMMA and
PE in the triboelectric series (Table S2), produced visible TL,
consistent with the hypothesis that triboelectrification is in-
volved in generating the TL. Overall, triboelectrification in
polymers and other materials occur via complex mechanisms
and this phenomenon remains poorly understood at the mo-
lecular level 3235



Based on these observations and previously reported stud-
ies,3* we propose that tribocharging in luminophore-
blended polymer films leads to electric field generation, which
causes surrounding gas discharge and luminophore excitation
by energy transfer from excited gas and electron bombard-
ment.
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Figure 4. Observation of gas-specific emission lines in TL
spectra of PMMA films containing (a) DPA (2 wt%) and (b)
Cu(dmp)xantp (3 wt%) and (c¢) PMMA without lumino-
phores under different gases.

Considering the idea that electric charge buildup via tribo-
electrification likely plays a major role here3°3' we then ex-
plored the possibility of generating TL in the absence of a di-
rect physical damage to the sample which contained the lumi-
nophore, via mechanical force applied through a layer of an-
other, inert material not containing luminophores (Figure 5i).
This was demonstrated in two experimental setups described
below.

First, to demonstrate this method, PMMA or PS films con-
taining a luminophore (1 wt%) were covered with a PVC film
containing no additives (thickness: ca. 20 um), as illustrated
in Figure 5i. The surface of the PVC cover was then rubbed
with a glass tube under dry air allowing us to detect TL spec-
troscopically. We observed the same spectrum as upon direct
contact, although with much weaker intensity (Figure S30).
Rubbing the surface of PVC covering film with silicone rubber
provides stronger TL than with a glass rod. To the best of our
knowledge, this is the first demonstration of TL of common
luminophores blended in polymers by friction through the
layer of another inert, additive-free polymer not containing
luminophores. The photographs of TL generated by rubbing
the PVC cover with a silicone rubber under Ar are shown in
Figure 5. TL was observed by gentle rubbing of the outer coat-
ing surface while keeping the mechanical stress at less than 0.1
MPa. The versatility and simplicity of this method can be fur-

ther extended to use commonly available materials and addi-
tives. When PS film was painted with permanent fluorescent
markers and covered with PVC film, rubbing of the PVC cov-
ering film with a silicone rod in an argon atmosphere pro-
duced clearly visible TL (Figure S31-S32, supporting movie 4).
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Figure 5. (i) The schematic illustration of TL generation by
indirect friction through a layer of inert dielectric material. (ii)
Photographs of the TL generated by this method using PVC
outer layer and luminohore blended PS inner layer containing:
(a) Py (b) DPA (c) TPE (d) Coumarine 153 (e) RiTB (f)
Cu(dmp)xantp (g) Ir(ppy); (h) Eu(acac);phen blended in PS
(1 wt%). The PS/PVC layers are held by a finger against the
glove box window and rubbed by a silicone rubber. Exposure
time of the camera is 5 s.

In another experiment, PMMA blended with luminophores
(DPA or Cu(dmp)xantp) was placed inside the glass flask un-
der vacuum, then simple rubbing of the outer surface of the
glass flask with a latex rubber glove also produces clearly dis-
cernible emission, showing that TL may be obtained via con-
tactless method (Figure S33, supporting movie 5). This
demonstrates potential and great variability of the discovered
method for a convenient fabrication of triboluminescent ma-
terials by using commonly available items.

In summary, we disclosed a general and simple method for
the preparation of triboluminescent, amorphous polymer
films based on a wide range of blended luminophores and pol-
ymer matrices. We demonstrated that TL amorphous polymer
films can be prepared using a wide range of common lumino-
phore additives, which do not exhibit TL properties in the
crystalline state. Although the exact mechanism of TL gener-
ation in solids remains poorly understood, our studies show
that tribocharging of the polymer matrix is likely involved in
generating the electric field, eventually resulting in lumino-
phore excitation by energy transfer from excited gas and elec-
tron bombardment. A significant finding resulting from these
conclusions is that TL can also be generated by friction
through an outer layer of another inert dielectric material
which does not contain any luminophores. These findings of-
fer a new, convenient, and broadly applicable method for pro-
ducing light by applying mechanical stimuli on polymer films
with commonly available luminophores. A range of materials



made up of polymer matrices with variable properties, includ-
ing biocompatible materials, and luminophores with a tunable
emission range, can be created via this method.
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