Chapter 7 ®)
Triboluminescence of Lanthanide G
Complexes

Miki Hasegawa (®® and Yasuchika Hasegawa

Abstract The photoluminescence of lanthanide complexes originating from f—f
transitions is generally sensitized through energy transfer from the ligand to the
lanthanide ion in the excited state under UV irradiation. This phenomenon is known
as the photo-antenna effect. Luminescence driven by mechanical stimuli, such as
tapping or rubbing, is called mechanoluminescence or triboluminescence (TL). In
recent years, reports on TL in rare-earth complexes, which have attracted attention
as novel luminescent materials that do not require an electrical excitation source,
have steadily increased. In this chapter, we focus on triboluminescent lanthanide
complexes. Specifically, we introduce the history and detection methods of TL
and cite recent examples of materials demonstrating this phenomenon, particularly
coordination polymer-like and discrete molecular crystalline lanthanide complexes.
Finally, we summarize the application prospects of these complexes as soft crystals.

Keywords Triboluminescence + Lanthanide complexes - Crystal structure -
Coordination polymer - Mechanical luminescence

7.1 Introduction

Changes in state from solid to liquid to gas occur as energy is absorbed and
released. The single crystal-single crystal and crystal-amorphous phase transitions
of molecular systems, such as soft crystals, as well as their chromic behavior, have
recently been observed [1]. Mechanical stimulation can induce chemical changes
by providing pressure-induced stimuli [2, 3] and changes in energy between excited
states during electronic transition [4—8]. Especially in the case of molecular crystals,
electronic absorption and emission bands are induced by changes in the distortion
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or co-planarity of m-electronic systems depending on the flexibility of the bonds of
functional groups under high pressure.

In this chapter, we introduce the concept of triboluminescence (TL) in lanthanide
complexes; TL is a mechanoluminescence (ML) property and refers to the lumines-
cence phenomenon observed when crystals are fractured. Mechanochromic lumi-
nescence has been reported in polymorphic systems, and ML could be observed in
not only inorganic compounds but also organic crystals and complexes [9-13]. ML
systems can be roughly classified into two groups: systems that show photolumines-
cence (PL) changes under UV excitation and those that show PL without the need for
photoexcitation. In this chapter, we focus on the TL of lanthanide complexes, which
manifests as luminescence during crystal fracturing under a driving force, such as a
shock wave or shearing (Fig. 7.1).

TL can be observed by crushing sucrose crystals or striking quartz rocks against
each other with force [14]. While it is a phenomenon that is widely observed in both
organic or inorganic compounds, the TL phenomenon is incompletely understood.
This problem is attributed to three main reasons: (1) the principle behind TL remains
a matter of speculation, (2) the stimulus cannot be quantified at the time of collision,
and (3) the available methods and means to observe luminescence and structural
phase transitions are insufficient.

Xu et al. [15] observed TL in systems in which Eu and Dy were loaded on Sr
alumina. This phenomenon was thus believed to be related to thermally excited states
via the defect levels of the alumina. Several hypotheses have been offered to explain
the principle of TL in organic molecules and complexes. For example, the excitation
of atmospheric N, is believed to be promoted by the frictional energy during rubbing,
which results in emission [16]. A recent report indicated that X-rays are generated
when Scotch tape is rubbed at high speed [17]. Knowledge of the activation principle,
manipulation, and material design of the TL phenomenon can lead to the development
of new energy-conversion materials.

Crystals

(experiment table)

Time course

Fig. 7.1 Snapshots of Eu-complex crystals crushed by a drop-tower system and recorded by a
high-speed camera (Photoron Co., Ltd.). The ball size diameter is ca. 170 mm (Private data: M.
Hasegawa, AGU). See also Fig. 7.8
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PL is enhanced or quenched under different atmospheres, such as N, or O,
because the spin multiplicity of orbitals involved in energy relaxation varies
depending on the central metal species. In particular, lanthanide complexes are suit-
able candidates for understanding the photophysical principle of TL because their
PL phenomena are based on lanthanide-specific f—f transitions arising from the spin
multiplicity of excited organic ligands.

7.2 Aim of This Chapter

In this chapter, we discuss the history and measurement methods of TL, the quantifi-
cation of stimuli, and various theories of the principle of TL expression, focusing on
lanthanide complexes as examples of TL soft crystals. The f-electron configurations
of lanthanides are [Xe]4f™*! (n =3, 5, 6,9, 12, 13; Ln = Nd, Sm, Eu, Dy, Tm, Yb)
and [Xe]4f*5d (n=0,1,2,7,8,10, 11, 14; Ln = La, Ce, Pr, Gd, Tb, Ho, Er, Lu). The
luminescence bands can be classified into two main types: f—f transitions localized
in f orbitals, which are inherently forbidden, and d—f transitions [18]. In this chapter,
we mainly discuss the f—f transitions (or f—f luminescence) of lanthanide complexes
with organic molecular ligands.

In general, the PL of lanthanide complexes is due to the highly efficient photoex-
citation of m-electronic ligands under UV light irradiation. Energy transfer from
the excited ligand to the lanthanide ion promotes f—f luminescence from the latter
[19]. In the 1960s, the crystal-field splitting levels of the f orbitals of a series of
trivalent lanthanide ions were attributed to the photoemission spectra of He (see
Sect. 7.4.1 [20]). The crystal-field splitting levels are not drastically influenced by
the surrounding media. Eu™ and Tb™ show red and green emissions, respectively,
when energy transfer is established, regardless of the ligand type. As the absorption
coefficient of the f—f transition is very small and the Stokes shift is almost zero, the
luminescence obtained from the direct excitation of f—f absorption has weak effi-
ciency. The emergence of f—f luminescence observed via the photoexcitation of the
ligand is called the photo-antenna effect, which is used to increase in the efficiency
of PL. The luminescence lifetime and quantum yield of PL have been experimentally
evaluated in both organic and inorganic luminescent materials.

In contrast to PL, not much about the principle of TL and its possible manifestation
is known. The earliest surviving document on this topic dates back 400 years (see
Sect. 7.3, [21]). However, the methods for TL evaluation remain in the developmental
stage, and various TL molecular designs and principles have been proposed.

Here, we introduce some methods to measure the TL of lanthanide complexes
and discuss the effects of soft-crystalline structural changes on this phenomenon.
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7.3 History of Triboluminescence Derived from Weak
Stimuli

A fundamental issue in chemistry is the relationship between the effects of macro-
scopic mechanical stress on bulk materials and the molecular-level changes in the
structure and properties of these materials [22]. Various mechanochemical effects
have been studied to determine this relationship, among which stress and macro-
scopic distortion were observed to induce changes in microscopic properties, such
as mechanochromic, piezoelectric, and photomechanical properties [23]. TL is also
an interesting phenomenon of mechanical stress [24]. In the seventeenth century,
Francis Bacon observed light emission from sugar cubes during crushing [24].
Different types of materials exhibiting TL, such as organic crystals, polymers, and
metal complexes, have been studied [25-27]. The origin of TL has been discussed,
and some recent studies have demonstrated the contribution of the piezoelectric
effect to this phenomenon during the breakage of non-centrosymmetric bulk crys-
tals [27]. The structure of sugar crystals, which are chiral and, thus, have a non-
centrosymmetric structure, is expected to contribute significantly to their obvious
TL [28]. The hydrogen-bonding networks in sugar crystals also seem to contribute
to their relatively large resistivity against mechanical stress prior to their breakdown
and, thus, their intense TL.

The publication trend of studies on TL was determined using the information
retrieval system Web of Science (research date: January 20, 2022). The trend of
publications on TL and ML is shown in Fig. 7.2.

TL can be induced by crushing the crystals of minerals, sugars, etc. In 1903,
Armstrong and Lowry speculated that a two-state transformation based on the struc-
tural change of N atoms is induced when crystals of saccharine, a type of sugar, are
crushed [29]. In 1910, Andrews reported that yellow TL was produced by crushing
a mixture of 70% zinc carbonate, 30% fluorinated sulfur, and a small amount of
manganese sulfide [30]. In 1911, Alfred described the TL of U metal in the scientific
journal Nature [31]. Publications on TL research began to increase in 1967, but only a
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few papers on the origins of TL were published annually until the year 2000. Reports
on ML began to be increase in 1980. In 2010, the number of papers describing TL
and ML were almost equal. In 2020, the number of papers describing ML was four
times greater than that describing TL.

Various TL materials and their luminescence phenomena have been reported and
investigated worldwide. Figure 7.3 shows the statistics of published papers on TL
according to element.

The data show that many reports on TL materials containing Mn and Eu have been
published. The TL of both inorganic manganese-compounds and Mn(II) complexes
has been reported. The TL of inorganic Eu(II)-ion containing compounds and Eu(III)
complexes has also been described. Ca and Al have been reported to be host media
for TL materials. TL materials containing Pt and Ir have also been reported.

7.4 Luminescent Lanthanide Complexes

7.4.1 Evaluation of Photoluminescence
by the Photo-Antenna Effect

PL provides a large amount of information that could be used to evaluate the
TL of lanthanide complexes. Because the experimental method of photoexcitation
has previously been established and the apparatus is commercially available, the
measurement of PL is relatively easy. Such measurements allow us to determine the
position of the luminescence band and quantitatively determine the luminescence
lifetime and quantum yield. Here, we describe the principle of the PL of lanthanides
and its evaluation.



110 M. Hasegawa and Y. Hasegawa

The f—f transition of lanthanide ions involves a transition between electronic levels
due to the splitting of the f orbital. This level is not susceptible to the so-called ligand
field, unlike d-group metal ions, because lanthanides are inner-shell transition-metal
ions, and the f orbital, which controls the properties, is in the inner shell, while the
d or s orbitals, which are involved in bonding, are in the outer shell. Given this
electronic structure, the half-width of the absorption or emission band due to the f—f
transition is narrower and less affected by the coordination field compared with those
of d-meal complexes. In other words, the splitting energy levels of the f orbitals are
constant for any coordination atom or ligand, which can be attributed to a series of
He photoemission spectra of lanthanide chlorides [20]. A diagram of these energy
levels is called a Dieke diagram (Fig. 7.4).

Because f—f transitions are inherently forbidden and the Stokes shift is small,
deriving the f—f emission from the excitation of the absorption bands of f—f transitions
is challenging. The optical antenna effect can overcome this difficulty. The photo-
antenna effect can enhance the f—f emission of lanthanide ions via the excitation
energy of a m-electronic ligand with a large absorption coefficient complexed with
a lanthanide ion [33].

In general, many complexes of Eu and Tb have been synthesized because they
show red and green luminescence, respectively. Establishing a good relationship
between the excited state energy of the ligand and acceptor level of Eu and Tb is
important for more efficient luminescence. The concepts of Dexter- [34] or Forster
[35]-type energy transfer can be applied to the optical antenna effect of lanthanide
complexes, which is based on (1) energy level resonance between the energy donor
(EnD) and acceptor (EnA), (2) energy transfer between the EnD and conservation
of spin multiplicity before and after energy transfer at the EnA level, and (3) the
distance between the EnD and EnA (Fig. 7.5).

The Dieke diagram (Fig. 7.4) shows that the EnA level depends on the type of
metal ion. Therefore, the EnD level can be designed as necessary to promote highly
efficient energy transfer and luminescence. In fact, the singlet energy level of Pr
functions as EnA and a molecule tailored to this level can promote f—f luminescence
at the selected level [32]. The EnD levels of the ligands of lanthanide complexes can
be determined by coordinating them with Gd, which does not have an EnA level,
and measuring its fluorescence and phosphorescence to determine the position of the
excited singlet and triplet, respectively [36].

7.4.2 Evaluation Methods of Triboluminescence

TL could be manifested by directly applying mechanical stimuli, such as pressure
[37], rubbing [38], laser ablation [39], and direct impact [40], to crystals, for example,
by (Fig. 7.6). Video recording followed by image analysis and spectral detection by
connecting optical fibers to a small spectrometer, for instance, have been reported.
Quantifying stimuli and quantitative TL analysis are still under development. In this
section, we introduce the evaluation methods of TL materials.
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Fig. 7.4 Dieke diagram of trivalent Eu, Tb, and Pr ions for different luminescence band wave-
lengths. MDT = magnetic dipole transition; EDT = electric dipole transition. Ref. [32] Copyright
(2020) Chemical Society of Japan

Many reports of the use of digital cameras to capture the exact moment when
crystals are crushed or rubbed with a metal spatula or glass rod have been published
[41]. Such recordings are important to the observation of TL in the visible region.

Xu et al. developed a method in which an inorganic oxide exhibiting mechanical
luminescence is mixed with a polymer and solidified into a disc; the disc is then
stimulated by rubbing at different rotational speeds [38].

Xu et al. combined the method of constant pressure and observation in a photo
cell to measure the spatial distribution of luminescence in situ (Fig. 7.7) [37]. They
also reported a method in which a sample is applied to a stainless-steel plate with
crack-inducing slits and the plate is pulled at opposite sides to observe the resulting
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Fig. 7.5 Energy diagram of the f—f emissions induced by the photo-antenna effect (top). Principle
of the acceleration of energy transfer by the superimposition of ligand-centered emission (7t—7*
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Fig. 7.6 Various stimuli used to enhance triboluminescence and its observation methods

Ball-dropping

TL. This approach could be used as a diagnostic method to visualize the correlation
between cracks in the stainless-steel plate and the distorted portions of the plate, not
just single crystals.

Tsuboi et al. reported the quantitative measurement of the TL of sucrose using laser
ablation [39]. Suslick et al. successfully induced TL with ultrasound and measured
its spectrum [39]. Ilatovskii et al. reported a method to achieve the quantitative
stimulation of membraned TL materials using a texturometer [39].
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Fig. 7.7 Image of the mechano-luminescence sensing system. Ref. [37] Copyright (2007) The
Japan Society of Applied Physics and (2008) The Visualization Society of Japan, respectively

Fontenot et al. [40] and Incel et al. [41] related the free-dropping energy of a
metal ball dropped from various heights to the TL intensity (Fig. 7.8). Based on this
system, M. Hasegawa et al. developed a drop-tower system (DTS) that used a pipe
made of methyl polymethacrylate, attached a starter at an arbitrary height, and freely
dropped a stainless-steel ball [42]. The edge of the optical fiber was attached to a
plate, which served as a falling point, and TL was observed through the polycarbonate
plate; the wavelength and relative emission intensity of this luminescence were then
recorded by a small spectrometer. Placing the entire device in a glove bag allowed
for the measurement of TL spectra in atmospheres of Ar and N,. In addition, the
potential energy due to free fall can be estimated from the height and the mass of the
stainless-steel ball.

Sage et al. developed a detection method for measuring the TL of a series of
organic crystals [43]. Longchambon et al. devised another measurement method in
which the crystals were entrained in an airstream and impinged on a quartz substrate
placed in front of a detector (Fig. 7.9) [44]. Unfortunately, this method was not
suitable for fine particles. Meyer et al. applied the leverage principle and reported
an impact method in which a needle was dropped onto a crystal [45]. In this system,
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Fig. 7.8 Drop-tower system developed by Incel et al. (a) and its modified version using a transparent
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changing the number of weights allowed for variations in the magnitude of the impact,
and the apparatus itself could be placed in a box to allow experiments in different
environments. Nowak et al. developed an apparatus in which a crystal was placed
between a gear and plate and the force of the gear turning with the weights crushed
the crystal [46]. Based on these trial-and-error methods, the methods of crushing by
a piston using compressed air (Fig. 7.10) [47], placing a crystal on a detector and
impacting it with a plastic plug in free fall [48], and suspending a weight on a pulley
and letting it fall freely [49] were also devised.

Hasegawa et al. evaluated the TL performance of pulverized crystals under
magnetic stirring in an atmosphere-controlled flask by detecting the resulting TL
spectrum and analyzing the images captured by a charge-coupled device (CCD)
camera (Fig. 7.11). Using this method, the authors found that the polymer chain
arrangement of Eu(IIl) coordination polymers in the crystals affected their TL
intensity [50].

Time-dependent TL multiplied by an instantaneous impact has been reported.
Hasegawa et al. analyzed the emission lifetime of Eu(Ill) coordination polymers
using a nanosecond pulsed laser (Fig. 7.12) [S1]. The TL emission spectra and emis-
sion lifetime analyses of 4f—4f transitions in this Eu(IIl) coordination polymer indi-
cated that the nonradiative rate in the TL process is approximately five times higher
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Fig. 7.10 Modern techniques for inducing triboluminescence. a The air-driven piston technique,
b the falling-weight technique, and ¢ a variant of the falling-weight technique. Ref. [47] Copyright
(1980) American Physical Society

Optical filter
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Fig. 7.11 Method for triboluminescence observation. Magnetic stirring is conducted in an
atmosphere-controlled flask, the resulting spectrum is detected, and the images captured using
a CCD camera are analyzed. Ref. [50] Copyright (2017) Wiley—VCH Verlag GmbH & Co. KGaA,
Weinheim
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Fig.7.12 a
Triboluminescence (TL; A:a)
and photoluminescence (PL;
B:c) spectra. The PL
spectrum is observed by
excitation at 355 nm. Inset:
TL image of
[Euz(hfa)e(tppb)2]n. b
Emission decay profiles of 1 P S S S S
the TL of 560 600 640 680 720
[Euz(hfa)g(tppb)2 ] (A: blue Wavelength / nm

line) and BaSO4 powders
(blank: red line) under
shockwave irradiation. Ref.
[51]. Copyright (2017)
Wiley—VCH Verlag

GmbH & Co. KGaA,
Weinheim

1

Emission intensities / a.u. gy

Ln (Emission intensity) / a.u. o

than that in the photo-excited luminescence process. In other words, TL involves a
larger nonradiative process compared with photoexcited luminescence.

Time-resolved TL analysis has been performed using shock waves in which the
air pressure can be controlled (Fig. 7.13) [52]. In this system, the TL of Tb(III)
and Eu(Ill) coordination polymers was measured under air shock wave (ASW)
pressures ranging from 100 to 400 kPa. The photophysical data obtained from the
time-resolved TL analysis indicated that the TL intensity of the Tb(III) coordina-
tion polymer depended on the air pressure, which was related to the energy transfer
process (Fig. 7.13). Thermal effects on TL were hardly observed under the exper-
imental conditions employed, but oxygen pressure affected the TL performance.
TL experiments using Tb(III)/Eu(Ill) mixed coordination polymers demonstrated
that the energy transfer process from Tb(III) to Eu(Ill) is not as effective as the
photoexcitation process (Fig. 7.14).

7.4.3 Discrete Complex Systems with Lanthanide Ions

In this section, we describe the TL phenomena and molecular structures and arrange-
ments of lanthanide complexes, in which discrete molecules are packed into a crystal
lattice. Various combinations of molecular structures and compositions have been
reported to control the conditions for TL manifestation. For example, a series of
tetrakis(B-diketonate)Ln derivatives have been used to discuss the symmetry of
crystal systems [53—55]. Chandra et al. [53] reported that they produced TL only
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in pyroelectric crystals with non-centrosymmetric symmetry. By contrast, Cotton
[54] and Wong [56] found that TL also occurs in crystalline systems with central
symmetry. The relationship between central symmetry and TL has been discussed for
ternary complexes of Eu and Tb with bipyridine or 1,10-phenanthroline coordinated
to tetrakis(B-diketonate)Ln; the findings of some related studies are summarized in
Fig. 7.15 and Table 7.1 [26, 56-59].

The compound (dbm);bpy shows TL even as centrosymmetric crystals, while the
non-centrosymmetric crystal Eu(dbm)sTMP is pyroelectric and shows strong TL
properties under pressure (Fig. 7.16) [56]. Similar considerations have been reported

oo M Mgt

acac

CQ}MN“%&% @“@

phen bpy TEA T™P DMBA

Fig. 7.15 Examples of organic ligands to induce TL of lanthanide in their complexes

Table 7.1 Summary of the TL activities and crystal structural properties of Ln(III) complexes

Compound TL activity Space group Crystal symmetry References
Eu(dbm)zphen Inactive P21/c Centrosymmetric [56]
Eu(dbm)sbpy Active P-1 Centrosymmetric [56]
Eu(tta)sphen Active Pca2; Non-centrosymmetric [56]
Eu(tta)sbpy Active P2,/n Centrosymmetric [56]
Eu(fdh);phen Inactive P4,2,2 Non-centrosymmetric [56]
Eu(fdh);bpy Active P-1 Centrosymmetric [56]
Eu(dbm)sTEA Active Cc Non-centrosymmetric [56]
Eu(dbm)sPMP Inactive P-1 Centrosymmetric [56]
Eu(dbm)4sTMP Active Pca2l Non-centrosymmetric [56]
Eu(tta); PMP Active P-42,c Non-centrosymmetric [56]
Eu(tta); TMP Active P-42,c Non-centrosymmetric [56]
Eu(dbm)sTEA Active 12/a Centrosymmetric [26]
Eu(dbm)4DCM Inactive I2/a Centrosymmetric [26]
Tb(ba)4PP Active P2,/n Centrosymmetric [26]
Eu(dbm)sDMBA Active Pca2, Non-centrosymmetric [60]
Tb(acac)(phen), Active P2/n Centrosymmetric [61]
Tb(acac)zphen Active P2,/n Centrosymmetric [58]
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Fig. 7.16 TL and solid-state PL spectra of Eu(dbm)4TMP at room temperature. The images on
the right show the CCD spectrometer captureing light emission induced by fracture of the crystals.
Ref. [62] Copyright (2004) Elsevier B. V

for other systems [57-61, 63, 64]. Sweeting et al. found that triethylammonium
tetrakis(benzoylethanate)Eu exhibited TL when recrystallized in methanol but not in
dichloromethane (DCM) (Fig. 7.17) [26]. The former involves TEA coordination to
the Eu ion and the latter involves a solvent for crystallization [5]. Li et al. observed
TL and dielectric properties from the polymorphs of Eu complexes of tetrakis(B-
diketonate)Ln coordinated with a terpyridyl derivative with chiral moieties [57]. They
experimentally showed that crystals in the space group P2; (monoclinic) exhibited
a TL band that could be attributed to the f—f transition of Eu (Dy—F,) as well
as good dielectric properties. By contrast, the polymorphic crystals of space group
P2,2,2, (orthorombic) showed no TL or dielectric properties. These results indicate
that TL depends on the polarity of the crystals (Fig. 7.18).

The research groups of Kalinovskaya and Bukvetskii used a ternary complex
with quinalidic acid mixed with Eu/Tb(acac), or phen as a matrix and argued that
the piezoelectric effect affects the TL expression of this complex (Fig. 7.19) [58,
59, 61, 63]. Crystal structural analysis showed the formation of a layered structure
and importance of the concepts of “destruction zone” and “destruction zone width”
due to mechanical impact to TL expression. Based on a similar consideration of the
crystal system, Bukavetskii et al. reported the TL expression of Sm complexes [59].

Structural or chemical driving forces, for example, charge separation during
crystal fracturing and dielectric properties, are believed to be involved in the mani-
festation of TL upon stimulation. However, owing to the difficulty of instanta-
neous measurement, whether this belief is accurate remains a matter of specula-
tion (Figs. 7.19 and 7.20) [65]. Hasegawa et al. recently applied nitric acid as a
reductive counter anion and performed TL experiments using a DTS on the chiral
crystals of lanthanide complexes with amino acid derivated-bipyridine derivative
(Fig. 7.21) [37]. This complex also forms racemic crystals [66], but they did not
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Fig. 7.17 Molecular
structures and unit cell
packing diagrams for a
triboluminescent Eu complex
and b non-triboluminescent
one containing solvent of
crystallization. Ref. [26]
Copyright (1987) American
Chemical Society

show TL. This finding suggests the possibility of a system associated with chemical
reactions. Kubota and Ito et al. suggested that the presence of electrons is useful in
promoting coupling reactions with hammering stimuli [65]. Such findings indicate
a novel mechanism for the driving force of TL.

7.4.4 Coordination Polymer Complexes

Coordination polymers composed of metal complexes and organic ligands have been
studied extensively in recent years. One-, two-, and three-dimensional organic—
inorganic hybrid polymers have been reported. In 2004, Yuan reported the TL
phenomenon of [Eu(TPA);(HTPA),], (TPA: a-thiophene carboxylate, HTPA: a-
thiophenecarboxylic acid) without emission spectra (Fig. 7.22) [67]. Eliseeva
described the TL spectra of red-luminescent Eu(Ill) ([Eu(hfa)s;(dmtph)], and green
luminescent Tb(III) [Eu(hfa);(dmtph))], (dmtph: 1,4-dimethyltherephtalate) coor-
dination polymers for the first time (Fig. 7.23). [62] In 2011, Hasegawa reported
the TL phenomenon of [Eu(hfa);(bipypo)], (bipypo: 3,3-bis(diphenylphosphoryl)-
2,2-bipyridine) with a high emission quantum efficiency (71% at 465 nm exci-
tation) (Fig. 7.24) [68]. Hasegawa also reported the ratiometric TL spectra and
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Fig. 7.18 Chiral terpyridyl Eu Complex (a), triboluminescence spectrum of the complex (b) and
the dipolemoments of TL active (1) /inactive (b) species (¢). Ref. [57] Copyright (2009) Wiley—VCH
Verlag GmbH & Co. KGaA, Weinheim
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Fig. 7.19 TL (red) and PL (green) spectra and observed molecular structure and packings of
Tb(NO3)(acac)(phen), (a) and Tb(acac)zphen (b). Refs. [58, 61] Copyright (2016) John Wiley &
Sons, Ltd. and (2018) Elsevier B. V
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Fig. 7.20 a When a candy is cracked open resulting the TL. b Schematic diagrams of mechano-
luminescence on crystals with non-and centrosymmetric space group. Ref. [64] Copyright (1990)
American Chemical Society and (2020) Elsevier Ltd, respectively

images of mixed green- and red-luminescent Eu(III)/Tb(IIl) coordination poly-
mers [Eu,Tb(hfa);(dpt)], (dpt: 2,5-bis(diphenylphosphoryl)thiophene). The spec-
tral intensity ratio of the green and red emission bands of the TL of these poly-
mers under crystal milling were different from that of their PL (Fig. 7.25) [50,
69]. This difference in spectral intensity ratio is due to population differences
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Fig. 7.21 TL of a chiral Eu complex with tetradentate ligand observed by modified dorop-tower
system (a) and the molecular structure (b) and packing (c) of the complex

between PL and TL. Analysis of the TL of [Eus(hfa)y(tppb)], (dppb: tris(4-
diphenylphosphorylphenyl)benzene (tppb)) induced by laser shock wave has been
performed [51]. This analysis revealed that the radioluminescence-free deactiva-
tion rate during the luminescence process is enhanced in TL. The TL analysis of
Eu(IIl) coordination polymers under laser shock wave has also been conducted.
[52] Wu reported the TL phenomena of helical Sm(IIT) and Eu(Ill) coordination
polymers [Ln,(L)3(H,0)s]oo-3H,0 (L: 2-(2-hydroxy-3,5-dinitrophenyl) (Fig. 7.26)
[70]. Photochemical reactions using the TL phenomena of Eu(Ill) coordination
polymers were recently observed (Fig. 7.27) [71].

The TL of Mn coordination polymers has been reported. In 2020, Artem’ev
reported that a Mn coordination polymer [MnX,(L)],, with phosphine oxide and
carborane units showed blue TL (Fig. 7.28) [72]. Although the TL of tetrahedral Mn
compounds had been reported in 1961, this report was the first to present a polymeric
Mn system with a tetrahedral structure [73].
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Fig. 7.22 Coordination structures of a) [Eu(TPA)3(HTPA);],. Ref. [67] copyright (2004) Elsevier
B.V

Atpresent, reports on the TL of coordination polymers are scarce. The TL analysis
of coordination polymers containing several types of luminescent metal ions will
greatly contribute to the understanding of TL phenomena.

7.5 Conclusions

In this chapter, the TL of lanthanide complexes, including its historical background,
observation methods, and recent examples of discrete molecular arrangements and
coordination polymer systems, were described.

In systems containing lanthanides in oxides and other materials, ML or TL mate-
rials based on SrAlO:Dy,Eu [74], which is widely known as a phosphorescent agent,
have been the subject of intensive research and are expected to be useful as a diag-
nostic technology for structures such as bridges [75]. The mechanism of the PL
phenomenon of this type of compounds is believed to involve thermoluminescence,
which has yet to be reported for lanthanide complexes.

Lanthanide complexes contain significantly fewer lanthanide ions than inorganic
ML materials. Moreover, the electronic state unique to lanthanides does not only
involve energy conversion, such as PL; the TL phenomenon itself is the visualization
of the force. The TL of lanthanide complexes may be related to the thermolumi-
nescence mechanism described above. A system in which lanthanide complexes
were mixed with polymers demonstrated a chemical reaction upon stretching, and
chemiluminescence was considered the driving force behind this luminescence [76].
Research on the TL of lanthanide complexes remains in its infancy and should be
expanded to promote the applications of soft crystals as future energy-conversion
devices.



7 Triboluminescence of Lanthanide Complexes

125

/ \

/ \
."I II\I
|III I|I

I PSR ) CLEETEEEE Ln - TSR (e

. oo |

1 / p— '-,I f

\ |\CF3/‘3*<;'°~C,:3 ) /
\_\ \ H é f.-"’ n

,,,,, Ph @  Ph \
[Ph-R_ 4 \\C’P‘?gﬁ" Mn-)
|| ’ I |
\"\\ /" Q@ =BH g

Fig. 7.23 Chemical structures of a [Eu(hfa)s(dmtph))l, [62], b [Eu(hfa)s(bipypo)l, [68], ¢
[Eu,Tb(hfa)3(dpt)ln [51], d [Eus(hfa)o(tppb)2ln [52], and e [Lny(L)3(H20)s5]oo-3H0 [70], f
Photochemical reactions using the TL phenomena of Eu(IIl) coordination polymers [71], and g
MnXo(D)la [72]



126 M. Hasegawa and Y. Hasegawa
\ d)
)

Fig. 7.24 Observed sequence-picture images of triboluminescence [Eu(hfa)s(bipypo)], powder
upon pushing with a black stick at ambient temperature and in daylight. Ref. [50]. Copyright (2017)
Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 7.26 Chiral coordination polymer of Eu complexes with helical structure of A-(left) and
A-form (right). Ref. [70]. Copyright (2022) Royal Society of Chemistry
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Fig. 7.27 Chemical reaction under the stimuli by tribo or light of the coordination polymer of Eu
complexes. Ref. [71]. Copyright (2021) Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim

CP 3-CH,Cl,

Fig. 7.28 Coordination polymer of Mn complex showing green TL. Ref. [72]. Copyright (2021)
Royal Society of Chemistry
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