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Near-infrared mechanoluminescence materials have great potential in higher order encryption and bio-
mechanical visualization in vivo because of their unique properties such as biopenetrability and invisibility to
the naked-eye. However, organic NIR mechanoluminescence materials remain unexplored. Herein, the design,
synthesis and photophysical studies of the first organic host/guest (H/G) NIR mechanoluminescence system
with the organometallic complex Pt(i)FooTPPL as the guest and N-hexyl carbazole (N-hexyl Cz) as the host are
reported. Based on the efficient triplet energy transfer and rigid host environment in this H/G system, pure NIR
mechanophosphorescence can be detected at 746 nm with high efficiency and the phosphorescence lifetime
can be prolonged up to 167 ps when doping 2.0% (w/w) Pt)FooTPPL into the N-hexyl Cz crystal. Further
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studies on theoretical calculations have been carried out to gain a deeper understanding of the energy transfer
process in this organic H/G system. Additionally, when this material is subjected to a friction, the naked-eye
invisible pure NIR mechanophosphorescence could be clearly detected using a NIR camera. This organic H/G
NIR mechanophosphorescence material has also demonstrated potential application in higher order
encryption and biomechanical visualization due to its naked-eye invisible pure NIR mechanophosphorescence.
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Introduction

Mechanoluminescence, caused by mechanical stimuli (such as
grinding, pressing or stretching), is one of the earliest reported
luminescence phenomena." Mechanoluminescent materials
have aroused great attention over the past decades because of
their potential applications in optoelectronic devices,” anti-
counterfeiting,® real-time sensing for mechanical stress and
materials damage,’ and light generators driven by naturally
vibrating mechanical action,” as well as their environmentally
friendly excitation mode.® In recent years, organic mechano-
luminescent materials have attracted great attention due to
their easy synthesis, low cost, low toxicity and wide lumines-
cence range. Till now, a series of organic/organometallic ML
materials have been developed,” such as organic rare earth
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metal complexes,® organic transition metal complexes,” carbazole
derivatives,'’ phenothiazine derivatives,"" N-phenylimide deri-
vatives,'” tetraphenylethene derivatives,’® phosphine (phosphine
oxide) derivatives,"* and borate derivatives.'> Besides, other materi-
als like aggregation-induced emission (AIE)-based,'*>*»'® ther-
mally activated delayed fluorescence (TADF)-based,'”'**'” and
phosphorescence-based"“'** materials have also shown good mec-
hanoluminescent properties. However, almost all mechanolumi-
nescence from organic materials was limited to the visible light
range. Recently, NIR ML materials, which can penetrate tissues and
are invisible to the naked eye, have found potential application in
higher order encryption and biomechanical visualization in vivo."®
To the best of our knowledge, only about 12 NIR ML materials have
been documented,'® with all of them being inorganic crystals, while
organic mechanoluminescent materials with emission wavelengths
in the near-infrared region remain unexplored.

Organic near-infrared light-emitting materials, with Apax >
700 nm, have attracted great attention due to their widespread
applications in night-vision readable displays, information
processing and bio-imaging.’® Till now, organic dyes, ">
core-enlarged perylene dyes,” fused polycyclic aromatic com-
pounds,?® transition metal complexes'®* and porphyri-
noids**"** have been developed as NIR materials. Among them,
porphyrinoids, which represent porphyrin-related systems, are one
of the most investigated classes over the last two decades.”® There
have been several types of porphyrinoids demonstrating good NIR
luminescence at room temperature, such as Ir(m)- > Pt(u)-,'**” and
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Fig. 1 Schematic illustration of the host/guest NIR ML system.

Pd(u)-porphyrins,'*»?7**/ pt(u)}?® and Pd(u)}-porphodilactones,?®
expanded porphyrins,* core-modified porphyrins,* bacteriochlo-
rins,* porphyrin tapes,® linear porphyrin oligomers® and
phthalocyanines.* While many advances in this area have been
made, there are ongoing efforts to expand the stimulus type from
light to mechanical force and to develop new and efficient NIR
mechanoluminescence emitters for the high demands in technolo-
gical applications. The traditional force-induced fluorescence only
uses singlet excitons, leading to 75% of triplet energy produced by
electrical excitation being wasted, and the low-level excitons are
easily dissipated by non-radiative transitions (Fig. 1). However,
mechanophosphorescence could enable high exciton utilization
through efficient ISC or RISC conversion and also it possesses a
long lifetime which could reduce background interference during
stress sensing and material breakage monitoring processes. There-
fore, developing novel organic NIR mechanophosphorescence mate-
rials is of high demand. Doping guest emitters into rigid matrices to
realize various organic ML emitters is a concise, effective and eco-
friendly strategy.®> The energy levels could be easily tuned by
adjusting energy transfer from the host to the guest. Additionally,
a suitable host matrix can prevent triplet energy quenching from
ambient humidity and oxygen and provide effective transition path-
ways for energy transfer between the host and the guest to generate
and stabilize triplet excitons. However, a suitable H/G system is
difficult to be rationally chosen to realize NIR mechanophos-
phorescence.

Herein, we report the design, synthesis and photophysical
studies of the first organic H/G NIR system (the organometallic
complex Pt(u)F,,TPPL as the guest and N-hexyl Cz as the host;
Fig. 1). NIR mechanophosphorescence properties were realized
and investigated. Interestingly, different doping ratios of
Pt(11)F,,TPPL can affect the ML properties of this H/G system.
When doping 2.0% (w/w) Pt(u)F,,TPPL into the N-hexyl Cz
crystal, pure NIR mechanophosphorescence can be detected
at 746 nm with high efficiency and the phosphorescence life-
time can be prolonged up to 167 us, which was realized by
efficient triplet energy transfer and the rigid environment of the
host. Moreover, theoretical calculations were carried out to gain
a deeper understanding of the energy transfer process in this
organic H/G system. Additionally, when this material was
subjected to a friction, the naked-eye invisible pure NIR
mechanophosphorescence could be clearly detected using a
NIR camera. Demonstrations of higher order encryption and
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biomechanical visualization based on these naked-eye invi-
sible pure NIR mechanophosphorescent materials were also
performed.

Results and discussion

First, the organometallic complex Pt(u)F,,TPPL was chosen as
the guest because it exhibits good emission properties in the
NIR region. Besides, the broad excitation range of Pt(u)F,,TPPL
enables H/G energy transfer. Pt(u)F,,TPPL was synthesized by
treating H,F,TPPL with 2 eq. [PtCl,(PhCN),] in anhydrous
benzonitrile at 190 °C under a nitrogen atmosphere as reported
in the literature.*® The chemical structure of Pt(u)F,oTPPL was
confirmed by "H NMR and MALDI-MS spectroscopy (Fig. S1-S3,
ESIt). Since molecular alignment and intermolecular interac-
tions are crucial in mechanoluminescence,®” a series of host
matrices with different triplet energy levels and packing modes
in the crystalline state were screened, such as benzophenone
(BP), thianthrene (TA), triphenylamine (TPA) and N-hexyl Cz, as
shown in Fig. 2a. Because these matrices are tightly packed in
the crystalline state to provide rigid environmental conditions,
the twisted molecular structures give them enough space to
facilitate the insertion of the guest emitter. These H/G materi-
als can be manufactured by a solvent-less preparation method*®
(details are shown in the ESIf), showing the advantages of
concise and easy fabrication of the H/G system. To our delight,
1.0% (w/w) Pt(u)F,oTPPL dispersed in N-alkyl carbazole exhib-
ited intense NIR luminescence under 365 nm UV irradiation.
This might be dependent on the ML properties of the N-hexyl
Cz crystal, which is non-centrosymmetric, possessing the alkyl
chain region and loose packing mode, as well as the spectral
overlap between the ML emission of the host N-hexyl Cz and the
absorbance of the guest Pt (1) F,,TPPL. It was reported that TPA
was chosen as the host matrix in the doping system to generate
ML. However, TPA did not work in our doping system. The
reason might be that although the TPA crystal has an asym-
metric structure, the TPA crystal itself does not have ML
properties.*®
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Fig. 2 (a) Chemical structures of the guest emitter Pt(i)F,oTPPL and host
matrices (BP, TA, TPA, and N-hexyl Cz); (b) excitation spectra and steady
state PL spectra of Pt()F,oTPPL, (c) 0.5% Pt()FooTPPL/N-hexyl Cz,
(d) 1.0% Pt(n)FooTPPL/N-hexyl Cz and (e) 2.0% Pt()F,oTPPL/N-hexyl Cz
(Jex = 365nm).
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Photophysical investigations of pure Pt(u)F,,TPPL and the
H/G NIR materials with different doping ratios of Pt(i)F,,TPPL
into N-alkyl carbazole were subsequently performed. The
corresponding spectra measured under 365 nm excitation at
room temperature are shown in Fig. 2b—e. Phosphorescence of
pure Pt(u)F,,TPPL was detected as a sharp band with the
emission maximum at 736 nm, as shown in Fig. 2b. The broad
excitation band of Pt(u)F,,TPPL indicates its wide applicability
in different excitation sources. The photoluminescence pro-
cesses of the H/G systems with different doping ratios were
all detected as two major emission bands at corresponding
wavelengths. When the doping ratio was changed from 0.5%
to 2.0%, the emission band at ca. 409 nm (originating from
N-hexyl Cz) was significantly reduced and the emission band at
ca. 746 nm was drastically enhanced. Compared with the solid
state emission of Pt(i1)F,,TPPL, a slight red-shift was observed
in the H/G system. This might be attributed to the rigid
environment of the host matrices. The crystallinity of N-hexyl
carbazole, Pt () F,,TPPL and N-hexyl carbazole/Pt (i) F,,TPPL
doped materials was characterized by X-ray diffraction (Fig. 54,
ESIt). Moreover, the time-resolved decay curves of these H/G
NIR materials were measured at room temperature and are
presented in the ESIf (Fig. S6 and S7). The phosphorescence
lifetime extended obviously to 34.01 ps (76.71%) and 167.79 ps
(23.29%) as the content of Pt(u)F,,TPPL increased to 2.0% in
the H/G systems. These results indicated a higher energy
transfer efficiency from the host to the guest with increasing
Pt(u)F,,TPPL doping ratio.

The mechanoluminescence properties of pure N-hexyl Cz
and the H/G NIR materials with different doping ratios of
Pt(u)F,,TPPL into N-alkyl carbazole were measured by mechan-
ical force at room temperature and the corresponding spectra
are shown in Fig. 3. The mechanoluminescence band of pure
N-hexyl Cz was detected at about 400-450 nm. The H/G systems
with different doping ratios of Pt(u)F,,TPPL excited by mechan-
ical force at room temperature also exhibited intense NIR
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Fig. 3 (a) ML spectra of N-hexyl Cz, (b) 0.5% Pt()F,oTPPL/N-hexyl Cz,
(c) 1.0% Pt(n)F,oTPPL/N-hexyl Cz and (d) 2.0% Pt(n)F,oTPPL/N-hexyl Cz.
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Fig. 4 (a) MO and (b) energy transfer diagrams.

luminescence. These profiles are identical to those of their
photoluminescence (PL) spectra, which means the energy
transfer process of ML is similar to that of PL. Intriguingly,
when 2.0% (w/w) of Pt(n)F,,TPPL was doped into N-alkyl
carbazole, the emission band at about 400-450 nm disappeared
and a pure NIR ML band at 746 nm was realized. This result
indicates that the energy transfer from the host to the guest is
the dominant process in this H/G system and suggests that
mechanical force is a superior stimulus type compared to light.

Theoretical calculations were performed at the PBE0/6-31g*
level for a better understanding of the energy transfer process
in this organic H/G system. The diagrams of frontier molecular
orbitals (MO, HOMO and HOMO—1, LUMO and LUMO+1) and
the host/guest energy transfer process are shown in Fig. 4. DFT
results showed a good agreement between the calculated
results and the experimental data. In phosphorescence spectra,
the emission band at 736 nm indicates the transition energy is
1.67 eV, which is very close to the calculated energy of the
guest’s T; of 1.54 eV. Compared to the other calculated values
illustrated in Fig. 4 (host Sy, 3.90 €V; host Ty, 2.84 eV; guest Sy,
2.33 eV), it is demonstrated that the mechanophosphorescence
originates from the exciton in the guest’s triplet state transition
to the guest’s ground state. Besides, since the calculated energy
of the exciton in the host’s S; and the host’s T; is 3.90 and
2.84 eV respectively, both higher than that in the guest’s Ty, the
phosphorescence may originate from the host’s S; or the host’s
T;. Based on our experimental results, there is no blue light but
pure NIR luminescence, and this phosphorescence is most
likely induced by the direct transition of the exciton in the
host’s T; to the guest’s Ty, followed by the emission from the
guest’s T; to the guest’s S,.

NIR luminescence materials have extensive application pro-
spects in biological imaging because of their unique properties
of high penetration, high sensitivity, and safety to the detected
objects. Compared with the mechanoluminescence of visible
light, the NIR emission is invisible to the naked eye and can
only be detected using a near-infrared camera, which is called
“invisible mechanoluminescence”. Accordingly, we examined
this property by scratching the 2.0% Pt(u)F,,TPPL/N-hexyl Cz
powder with a spatula in the dark, and obvious mechanolumi-
nescence was observed using a near infrared camera (Fig. 5a),
but no emission was detected when using an ordinary camera
(similar to human eyes). This demonstrates that the 2.0%
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Fig. 5 (a) Image presenting the ML of 2.0% Pt(i)F2oTPPL/N-hexyl Cz with
(left) a near infrared night camera and (right) an ordinary camera; (b) NIR
ML images of 2.0% Pt()F,oTPPL/N-hexyl Cz in daylight and in the dark (the
sample covered with black cloth (100% cotton, 0.03 mm), black film
(polyethylene, 1 mm) and biological tissue (fresh pigskin, 3 mm)).

Pt(u)F,,TPPL/N-hexyl Cz doped materials could enable invisible
mechanophosphorescence in the dark. Besides, NIR mechano-
luminescence could penetrate biological tissue and thus enable
visualization of biological internal stress, which enables the
application of NIR ML materials in more practical fields, such
as biomechanical monitoring. To demonstrate this, we tried to
cover the surface of 2.0% Pt(um)F,,TPPL/N-hexyl Cz with black
cloth, black film and biological tissue (fresh pigskin), respectively,
scrape the material in the dark, and pass the near-infrared camera
to detect NIR ML. NIR ML processes were all observed using
a near-infrared camera in the H/G doped material 2.0%
Pt(u)F,0TPPL/N-hexyl Cz after being covered by black cloth, black
film and biological tissue (fresh pigskin) (Fig. 5b). Controlled
experiments were also proceeded on the host material N-hexyl Cz,
and no luminescence was detected. Therefore, the signal of NIR
ML can penetrate biological tissue to realize the visualization of
internal biological stress, which provides a potential material for
mechanophosphorescence imaging in living organisms.

Conclusions

In summary, we have developed the first organic NIR mechan-
ophosphorescence material based on the carbazole-Pt(i)F,,TPPL
doped system. This H/G system has a rigid host skeleton and
exhibits triplet exciton utilization in the emission process. Inter-
estingly, changing the dopant ratio of Pt(u)F,,TPPL in the carba-
zole derivative could easily adjust the ratio of fluorescence-NIR
phosphorescence. 2.0% (w/w) of Pt(u)F,,TPPL doped into N-alkyl
carbazole could give the best phosphorescence purity and the
longest phosphorescence lifetime. Theoretical calculations reveal
the energy transfer process in which the phosphorescence in the
doping system originated from the excitation of host matrices,
followed by the energy transfer from the host to the guest, and
realized by the luminescence of the guest. To our delight, this NIR
mechanophosphorescence material can be applied as an invisible
mechanoluminescence material since its emission could only be
observed using an infrared detector, and also as a biophysical
phosphorescence imaging material because of its high penetra-
tion. We believe that this work not only provides a feasible strategy
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for fabricating the first organic NIR mechanophosphorescence
material based on H/G systems with Pt(u)F,,TPPL, but also gives
a theoretical understanding of the mechanism of organic NIR
mechanophosphorescence. This may also provide us a new pers-
pective on designing and developing more advanced organic NIR
mechanophosphorescence materials with excellent properties in
the future.
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