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ABSTRACT: In this work, we synthesized a series oflanthanide(lll) 8-diketonate complexes to investigate
the induction of triboluminescence. Triboluminescence (TL) spectra, solid-state emission spectra, and
luminescence lifetimesof the complexes were obtained to prove consistent emitting species for steady-
state and triboluminescence measurements. Detailed analyses of the crystal lattice packing were
conducted inan attempt to correlate crystal symmetry, gas discharge, and structural arrangements with
“triboexcitation”, and it is found that either noncentrosymmetric or centrosymmetic compounds can
be TL-active. Furthermore, an intensely TL compound, Eu(dbm);TMP, was achieved, and its light

emission can be seenunder daylight upon mechanical stress.
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| NnTRODUCTION

Triboluminescence (TL) is a form of light emission caused by mechanical force applied to crystalline
solids.! Although commonly observed, for example, blue emission resulting from the fracture of sugar
crystals,? this phenomenon has been investigated less well than other forms of luminescence have
been because of the hardware limitations, including spectro- photometers and X-ray diffractometers
decades ago.® It was demonstrated that TL compounds have great potential in stresssensing
applications.* However, little is known about the mechanism of TL because of the complication during
crystal fracture that might lead to heat generation, charge separation, static electrification, radical
formation, etc.> The currently accepted explanation for “triboexcitation” generally arises fromthe
electric field resulting from charge separation caused by the fracture of noncentrosymmetric
materials.® The surroundingnitrogen gas molecules are then ionized, and discharge ensued,giving rise
to the second positive band of N, with the C3[1, — B3[, transition, which may excite emissive
compounds and lead to photoluminescence (PL). Pioneering groups like those of Chandra and Zink
attempted to construct a structure- activity relationship and thus correlated noncentrosymmetric
crystals with TL,” but numerous exceptions can be found.? In light of this problem, it is necessary to
document more examples of either TL-active or -inactive crystals to correlate any relationship.

In this work, crystal structures, PL, and TL of a series of lanthanide(lll) B-diketonate complexes were

studied. We decided to utilize lanthanide complexes as the basis of our study not only because of

their well-known triboluminescence properties® but also because of their large antenna-generated

shifts'® to eliminate the complications of self-absorption and interference between the UV-violet

emissions of nitrogen gas and organic chromophores. Although quite a number of TL- active

lanthanide compounds have been reported,'* we hope to achieve a systematic study of TL-active

compounds and crystalstructures by using neutral and ionic Eu" complexes and obtaina compound

with intense TL. Our ionic complexes are formed by a tetrakis(B-diketonate) and an ammonium

counterion, while neutral complexes are tris(8-diketonates) complemented with a neutral ligand,

either 1,10-phenanthroline or 2,2'- bipyridine (Figure 1).
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Figure 1. Compounds studied herein.



I EXPERIMENTAL SECTION
General Considerations.
All chemicals used for synthesis were obtained from Sigma-Aldrich and used without further
purification. The elemental analysis was performed using an Elementar Vario MicroCube elemental
analyzer. The HR-ESI mass spectra were recorded with an Orbitrap Fusion Lumos Tribrid mass
spectrometer.
Synthesis of Tris(B-diketonate) Complexes.
The generalprocedure is demonstrated for Eu(dbm)sphen. Solvents used for recrystallization are

stated for each compounds

Eu(dbm)sphen.

To the mixture of dibenzoylmethane (0.67 g, 3 mmol) and 1,10-phenanthroline (0.18 g, 1 mmol) in
5 mL of ethanolat 80 °C was added 1 M sodium hydroxide (3 mL), followed by thedropwise addition
of 1 mL of an aqueous solution of europium chloride hexahydrate (0.37 g, 1 mmol). Precipitate was
formed immediately, and the mixture was heated for 12 h. The solid was suction-filtered and washed
with water several times. Single crystals were obtained by recrystallization with acetonitrile. Yield:
64%. Elemental analysis (%) calcd for Cs7H4:EuN,O¢: C, 68.33; H, 4.12; N, 2.80. Found: C, 68.53; H,
4.13; N, 2.81. HRMS (m/z) calcd forCaaHzoEUN,04 [M — dbm]*: 779.1418, found 779.1401.

Gd(dbm)sphen.
Recrystallization with acetonitrile. Yield: 66%. Elemental analysis (%) calcd for Cs7Ha1N,06Gd: C, 67.97;
H, 4.10; N, 2.78. Found: C, 68.10; H, 3.93; N, 2.71.

Eu(dbm)sbipy.

Recrystallization with acetonitrile. Yield: 70%. Elemental analysis (%) calcd for CssH41EuN,QOs: C, 67.55;
H, 4.23; N, 2.86. Found: C, 67.68; H, 4.07; N, 2.75. HRMS (m/z) calcd forCsoH3z0EUN;04 [M — dbm]*:
755.1418, found 755.1403.

Gd(dbm)sbipy.
Recrystallization with acetonitrile. Yield: 64%. Elemental analysis (%) calcd for CssH41N206Gd: C, 67.19;
H, 4.20; N, 2.85. Found: C, 67.39; H, 4.14; N, 2.79.

Eu(tta)sphen.

Recrystallization with acetone. Yield: 53%. Elementalanalysis (%) calcd for CsgHa0EUFsN,OgSs: C, 43.43;
H, 2.02; N, 2.81. Found: C, 42.88; H, 2.13; N, 2.70. HRMS (m/z) calcd for CagH16EUFsN204S; [M -
ttal*: 774.9668, found 774.9650.



Gd(tta)sphen.

Recrystallization with acetone. Yield: 52%. Elemental analysis (%) calcd for CsgH20FaN206S3Gd: C, 43.20; H,
2.01; N, 2.80. Found: C, 43.78; H, 2.06; N, 2.67. HRMS (m/z) calcd for CagH16FsN204S,Gd [M -
tta]*: 776.9697, found 776.9702.

Eu(tta)sbipy.

Recrystallization with acetonitrile. Yield: 42%. Elemental analysis (%) calcd for CssH20EUFsN;O6Ss: C,
42.03; H, 2.07; N, 2.88. Found: C, 42.05; H, 2.11; N, 2.77. HRMS (m/z) calcdfor CgH16EUFgN204S; [M
- tta]*: 750.9668, found 750.9653.

Gd(tta)sbipy.

Recrystallization with acetonitrile. Yield: 40%. Elemental analysis (%) calcd for C34H20FsN206S3Gd: C,
41.80; H, 2.06; N, 2.87. Found: C,41.83; H, 2.04; N, 2.81. HRMS (m/z) calcdfor CasH16FsN204S,Gd [M
- tta]*: 755.9697, found 755.9700.

Eu(fdh)sphen.

Recrystallization with acetonitrile. Yield: 27%. Elemental analysis (%) calcd for CsgH3sEuF9N2Og: C,
47.12; H, 4.17; N, 3.05. Found: C, 47.19; H, 4.02; N, 3.01. HRMS (m/z) calcdfor CagHasEUFsN204 [M —
fdh]*: 723.1166, found 723.1153.

Sm(fdh)sphen.

Recrystallization with acetonitrile. Yield: 31%. Elemental analysis (%) calcd for CsgHsgFaN,OsSm: C,
47.20; H, 4.18; N, 3.06. Found: C,47.18; H, 4.15; N, 2.98. HRMS (m/z) calcdfor CagH25FsN204sSm [M —
fdh]*: 722.1151, found 722.1138.

Tb(fdh)sphen.

Recrystallization with acetonitrile. Yield: 28%. Elemental analysis (%) calcd for C3gH3gFaN2OgTh: C,
46.76; H, 4.14; N, 3.03. Found: C, 45.58; H, 3.98; N, 2.92. HRMS (m/z) calcdfor CagH28FsN204Th [M
- fdh]*: 729.1207, found 729.1287.

Gd(fdh)sphen.

Recrystallization with acetonitrile. Yield: 30%. Elemental analysis (%) calcd for CsgH3sFaN,06Gd: C,
46.85; H, 4.15; N, 3.04. Found: C, 46.89; H, 4.10; N, 2.89. HRMS (m1/z) calcdfor CysH25FsN204Gd [M —
fdh]*: 728.1194, found 728.1202.



Eu(fdh)sbipy.

Recrystallization with acetonitrile. Yield: 26%. Elemental analysis (%) calcd for C3sH3gEuF9N2Og: C,
45.70; H, 4.29; N, 3.13. Found: C, 45.76; H, 4.40; N, 3.09. HRMS (m1/z) calcdfor CasH2sEUFgN204 [M —
fdh]*: 699.1166, found 699.1153.

Gd(fdh)sbipy.

Recrystallization with acetonitrile. Yield: 31%. Elemental analysis (%) calcd for CssH3sFaN,06Gd: C,
45.43; H, 4.26; N, 3.12. Found: C, 45.44; H, 4.16; N, 2.97. HRMS (m/z) calcdfor CygH25FsN,04Gd [M -
fdh]*: 704.1194, found 704.1198.

Synthesis of Tetrakis(8-diketonate) Complexes.

The procedures for the [Eu(dbm)s]~ and [Eu(tta)s]” series are different.

Eu(dbm)4TEA.

The mixture of dibenzoylmethane (0.90 g, 4 mmol) and triethylammine (0.40 g, 4 mmol) in 30 mL of
ethanol was heated at 80 °C for 20 min, followed by slow dropwise addition of europium(lll) nitrate
hydrate (1 mmol). The mixture was cooled slowly at room temperature overnight. Crystals can be
formed byplacing the mixture undisturbed overnight. A single crystal can be obtained by
recrystallization with ethanol. Yield: 60%. Elementalanalysis (%) calcd for CesHgoEUNOsH,O: C, 68.03;
H, 5.36; N, 1.20.Found: C, 67.56; H, 5.06; N, 1.55. HRMS (m/z) calcd for CeoHasEuOg [M - TEA]:
1045.2249, found 1045.2309.

Eu(dbm)sPMP.

Recrystallization with ethanol. Yield: 44%. Ele- mental analysis (%) calcd for CzoHgsEUNOs: C, 69.99;
H, 5.54; N, 1.17. Found: C, 69.44; H, 5.61; N, 1.10. HRMS (m/z) calcd for CeoHa4EuOg [M — PMP]":
1045.2249, found 1045.2309.

Eu(dbm)4TMP.

Recrystallization with ethanol. Yield: 34%. Ele- mental analysis (%) calcd for CeoHgsEUNOs: C, 69.81;
H, 5.43; N,1.18. Found: C, 69.93; H, 5.65; N, 1.12. HRMS (m/z) calcd for CeoHaaEuOg [M — TMP]:
1045.2249, found 1045.2268.



Eu(tta).PMP.

To 5 mL ethanol solution of 2-thenoyltrifluoroace- tone (0.44 g, 2 mmol) and 1,2,2,6,6-
pentamethylpiperidine (0.31 g, 2 mmol) was added a 2.5 mL aqueous solution of europium(lll) nitrate
hydrate (0.5 mmol), and 20 mL of water was added to solidify the sticky precipitate. The solid was
suction-filtered, washed with water, and recrystallized with ethanol. Yield: 23%. Elemental analysis (%)
calcd for Ca1H36EUF12NOgSsH,0: C, 41.66; H, 3.23; N, 1.16. Found:C, 41.67; H, 3.30; N, 1.12. HRMS
(m/z) calcd for C3,H16EUF1,0854[M — PMP]™: 1036.8749, found 1036.8796.

Eu(tta)4TMP.

Recrystallization with ethanol. Yield: 18%. Elementalanalysis (%) CasiHssEuF1NOgS4H,0: C, 41.14; H,
3.20; N, 1.17. Found: C, 40.65; H, 3.26; H, 1.10. HRMS (m/z) calcd for C3;H16EUF1,0854 [M —
TMP]™: 1036.8749, found 1036.8781.

Crystallographic Data.

A suitable crystal was picked and mounted using the “oil-drop mounting” technique,’?> and its data
were collected using either the Bruker Smart Apex Il or Bruker D8- Venture single-crystal diffractometer.
Multiscan absorption correction was then applied to the data using the Bruker SAINT/SADABS
software.’>'* The SHELX program suite'®> was used to calculate the initial structural solution through
either the direct method or thePatterson method, which would then be refined by full matrix least

squares on F2.

Photoluminescence Measurement.

Steady-state room-temper- ature solid-state photoluminescence measurements were performed with
an Edinburgh Instrument FLSP920 spectrophotometer equipped with a Xe900 continuous xenon lamp,
a 920 microsecond flashlamp, and a single-photon counting photomultiplier tube. Spectra were
corrected with the bundled F900 software. The solid sample was prepared by crushing the crystal with
a pestle and mortar. The powderwas clipped between two quartz plates, held by a sample holder from

Edinburgh Instrument. The lifetimes were fitted as monoexponential decays with OriginPro 8.

Triboluminescence Measurement.

A home-built drop tower was employed to obtain the TL lifetime using the literature setup.*® In general,
a 1.25in. PVC pipe was inserted perpendicularly into a sealedbox. Plexiglass was attached under the PVC
pipe, and the solid sampleswere placed on top of the plate (10 mg for each measurement). A 130g steel
ball with a diameter of 1.25 in. was released from the top of thepipe to crush the samples. The light
emission was captured by a photodiode (Thorlabs SMO5PD2A) bound under the Plexiglass plate and
connected to a photodiode amplifier (Thorlabs PDA200C) that transmitted the signal to an oscilloscope
(Tektronix TPS2012B). Five drops of each sample were performed. The lifetimes were fitted as

monoexponential decays with OriginPro 8. The oscilloscope was cross-calibrated with a literature setup



by using Eu(dbm),TEA as the standard. By 17 trials, the measured lifetime was 546 * 22 us while the
literature value is 545 * 7 pus,'® which showed good agreement with the result. Depending on the
complexes, the time domain was set in a different frame. Their corresponding setting is displayed in
Table S17, and the measured TL lifetime is listed in Table S18.

The TL spectra were recorded using a compact CCD spectrometer (Thorlabs CCS100). A glass rod is used
to crush the crystal sample (5mg) held in a thin vial positioned perpendicularly on top of the fiber-in port
in a completely dark room. The spectra were processed with Thorlabs OSA software. The integration
time was set to 3 s, during which the crystal sample was crushed continuously with a glass rod. Because
of the limitation of the compact spectrometer, more noise appeared in the spectrum of Eu(dbm)3bipy.
The spectra of weak TL compounds [Eu(dbm)4TMP and Eu(dbm)4PMP] could not be acquired. The

measured spectra are displayed in Figure S39.

RESULTS AND DISCUSSION

Synthesis of Complexes and Crystal Structures.

Thecomplexes were obtained by reacting ligands with europium(lil) salt in a 4:1 ratio in the presence
of a base (aqueousNaOH for neutral complexes and amine for ionic complexes). Upon slow
evaporation of solvent, five centrosymmetric and six noncentrosymmetric crystals were obtained.
Detailed crystallo-graphic data are shown in the Supporting Information. A summary is given in Table 1.
Some crystal structures were reported in the literature, such as those of Eu(dbm)sphen,®’
Eu(tta)sphen,®®  Eu(tta)sbipy,®® and  Eu(dbm)sTEA.Y®  Only Eu(dbm)sphen shows a space

group different from that from the literature.

Table 1. Summary of TL and Crystal Structure Properties of Eu" Complexes
compound TL activity  space group crystal symmetry
Neutral Complexes
Eu(dbm);phen inactive P21/c centrosymmetric
Eu(dbm)bipy active P1 centrosymmetric
Eu(tta);phen active Pca2l noncentrosymmetric
Eu(tta);bipy active P2,/n centrosymmetric
Eu(fdh);phen inactive P4,2,2 noncentrosymmetric
Eu(fdh),bipy active” P1 centrosymmetric
Ionic Complexes
Eu(dbm),TEA active Cc noncentrosymmetric
Eu(dbm),PMP inactive P1 centrosymmetric
Eu(dbm),TMP active Pca2l noncentrosymmetric
Eu(tta) ,PMP active P42,c noncentrosymmetric
Eu(tta), TMP active P42,c noncentrosymmetric

aTL-inactive after recrystallization.
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Figure 2. Crystal structures of Eu(dbm)sbipy (left) and Eu-(dbm),;TMP (right). The ellipsoid is drawn at the 50%

probability level. Hydrogen atoms have been omitted for the sake of clarity.

The complexes are eight-coordinate and surrounded by four ligands, as displayed in Figure 2 for
Eu(dbm)sbipy and Eu(dbm),TMP. Their coordination geometries can be described as a distorted square
antiprism. The Eu-O and Eu-N bond lengths are in good agreement with literature values (from 2.236
to 2.556 A and from 2.493 to 2.811 A, respectively) obtained from the Cambridge Crystallographic
Database.?® The average O-Eu-O and N-Eu-N bond angles within the chelate rings are also within
the ranges from 62.067°to 77.321° and from 58.054° to 67.503°, respectively.}” The shortest Eu-Eu
distances are long enough to prevent metal- metal interactions. In Eu(tta)sPMP and Eu(tta)sTMP, the
trifluoromethyl moiety of tta was found to have hindered H-bond formation between the cation and
the complex. The fluorine atoms rotate into the cavity and block the cation’s entry (Figure 3), leaving a

space for a water molecule to exploit and coordinate to the Eu" center.

Figure 3. Perspective view of packing of Eu(dbm),TMP (left) and Eu(tta)sTMP (right). The carbon atoms in the

cation are coloredpurple.



We believe this is influential in the reduced TL of these compounds because of luminescence
guenching by thevibrational overtones of the O-H oscillators, which isenhanced upon mechanical
stimulation.?’ On the other hand,in the [Eu(dbm)s]™ series, H-bonds could be observed between the
cation and the complexes as the benzoyl groups in dbm could rotate and avoid close contact with the
cations (Figure 3 and Table 2), and the TL was not quenched. Hence, the crystal packing of
Eu(dbm),TEA and that of Eu(dbm),TMP are similar; i.e., the countercation (amine) sits between the

Eu(dbm) - anion, repeating infinitely along one direction (Figures S31-S33).

Table 2. H-Bond Parameters for lonic Complexes

angle
compound interactions D (A)* d (A (deg)”
Eu(dbm),TEA  N(1)-H(IN)--O(1)= 2.883  2.143 152.14
C(1)
Eu(dbm),TMP N(1)—H(11)--O(6)= 2.820  2.100 142.57
C(33)
N(1)—H(12)---0(7) 2.885 2.031 158.28
Eu(tta) ,PMP N(1)—H(1)--0(9)— 2.814 1.817 173.38
H(9A2)
O(9)—H(9W1)-- 2844  2.041 166.34
0(6)=C(19)
0O(9)—H(9W2)-- 2.988 2.353 133.15
0(8)=C(27)
Eu(tta), TMP?  N(1)—-H(1B)--O(9) 2.808 1.903 173.09
0(9)--0(8)=C(31) 2943 - -
0(9)---0(6)=C(23) 2838 - —

aMeasured distance between the donor and acceptor.

bMeasured distance between the hydrogen and acceptor.

cMeasured N-H---O or O-H---O angle. Some distances and angles are unavailable as the positions of protons
could not be accurately determined.

dThe H atoms in the water molecule cannot be calculated accurately.

Photoluminescence Properties.

Using Eu(dbm),TMP as an example, a broad, high-energy, ligand-centered band in the excitation spectra
(Supporting Information) confirms ligand-to-metal energy transfer the antenna effect from dbm.?
The direct excitation peak corresponding to the °D, < “Fo transition could also be observed at
1

465 nm.”® Under 375nm excitation, the peaks corresponding to the *Do — ’F; transitions of Eu

arefound at 580 nm (J=0),591 nm (J=1),613 nm (] =2),652 nm (] =3),and 704 nm (] = 4) (Figure 4).
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Figure 4. Triboluminescence (TL) and solid-state photoluminescence (PL) (Aex = 375 nm) spectra of Eu(dbm)4TMP
(left) at room temperature. The images on the right show the CCD spectrometer capturing light emission induced

by fracture of the crystals.

The asymmetric ratio, comparing the intensities of the J = 2 and J = 1 transition, is 16.14; the large value
is attributed to the low symmetry of the Eulll center,24 and this is in agreement with the crystal
structure (C2 point group). A monoexponential solid-state luminescence lifetime of 494 + 3 s was
measured for the 5D0 - 7F2 transition of Eu(dbm)4TMP. The photophysical data are similar for the
other complexes (see the Supporting Information). The phosphorescence of Gd(dbm)3phen,
Gd(dbm)3bipy, Gd(dbm)3:2H20, Gd(tta)3phen, Gd(tta)3bipy, Gd(tta)3-:2H20, Gd(fdh)3phen,
Gd(fdh)3bipy, and Gd(fdh)3:2H20 were measured at 77 K in 2-methyltetrahydrofuran (Figure S37 and
Table S16), and the literature values of dbm, tta, phen, and bipy triplet states were also obtained25 to
construct the energy level diagram of the triplet states of ligands and lanthanide ions, which is illustrated
in Figure 5. The 3nt* 0-phonon was assigned to be the first peak of the emission spectra, and the
lifetime was recorded to confirm the fluorescence and phosphorescence of ligands. The T1 triplet
energy levels were calculated to be 20534, 20450, 22883, 22321, and 23420 cm—1, which are above the
least emissive 5D0 state of the Eulll ion to ensure sensitization. In contrast, the least emissive 5D4 state
of the Thlll ion (20500 cm—1) lies higher than the T1 state of dbm and tta, causing ineffective
sensitization, but it is lower than those of fdh, phen, and bipy, allowing Tb(fdh)3phen and Th(fdh)3bipy
emission at room temperature (Figure S35). Interestingly, the triplet levels of GdIll tris(B-diketonate)
complexes are localized on their corresponding B-diketonate ligands except Gd(fdh)3phen where the

triplet of phen was observed instead of fdh because the triplet of phen lies lower than fdh.
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Figure 5. Energy level diagram of the excited state of Eu3* and Th3*ion and the triplet of ligands.

Triboluminescence Property and Mechanistic Investigation.

Among 11 compounds in Table 1, eight of them are TL-active. The emission of our TL-active compounds
could be observed by the naked eye, but not all could be measured by our compact CCD spectrometer
when the crystal was crushed with a glass rod due to the limitation of the instrument. Spectral features
of the measured TL spectra were very similar to those of the corresponding PL spectra with the >°Do—7F,
transitions dominating the emission spectra, and the lifetimes of TL and PL were found to be similar
(Tables S15 and S18), indicating that the TL- and PL-emitting species are identical. In addition, the unique
discharge emission profile6 was not observed in our TL spectra (inset of Figure 4), and this raises the

fundamental question for our investigation of the role of nitrogen gas in inducing triboluminescence.

The gas discharge mechanism postulates that nitrogen gas plays the role of an excited energy donor,
whereas in certain triboluminescent materials that are not photoluminescent, it acts as the emitter.*®
While the excitation energy comes from the electric field generated during fracture of the non-
centrosymmetric crystal, we suspected whether the compound itself could be excited in lieu of nitrogen
gas; hence, we performed our TL experiments under vacuum (see the video in the Supporting
Information). All of the TL-active crystals exhibited TL under vacuum, proving that the TL of our Eu"' 8-
diketonate complexes was not excited via the nitrogen discharge mechanism, but in fact by a
nondischarge mechanism,even in the presence of an ambient atmosphere as no obvious change in TL

intensity was observed.
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Furthermore, the ambiguous relationship between TL and crystal symmetry was reviewed. In the past
few decades, TL researchers have been attempting to elucidate a correlation between crystal symmetry
and TL activity; the scope of compounds, however, was too large to establish a fair ground for debate.
However, as we narrow the scope to Eulll B- diketonate complexes, our results presented in Table 1
could not propose a straightforward correlation either. The enigmatic excitation process may actually

involve multiple nonexclusive subprocesses that are dependent on the environment.

The notion that noncentrosymmetric crystals would trigger TL is reinforced by the series of [Eu(dbm),]".
Because centrosymmetric Eu(dbm)4sPMP is TL-inactive, the intense TL of the noncentrosymmetric
Eu(dbm),TEA and Eu(dbm),TMP (their TL can be observed in daylight) indicates the importanceof
piezoelectricity for triggering TL, and for the [Eu(tta),]” series, the TL is weakened by the presence of a
water molecule,as mentioned above. However, an example of a TL-inactive noncentrosymmetric
compound is Eu(fdh)3phen, and the results were complicated by its Smlll and Tblll analogues (Table S1
and Figures $22-S24). Although they all have the same space group (P4,2:2), Eu(fdh)sphen and
Sm(fdh)sphendo not exhibit TL while Tb(fdh)sphen is TL-active. The TL- inactive nature of Sm(fdh)sphen
can be attributed to its intrinsically low quantum efficiency, especially compared to that of Eu(fdh)sphen
where there are more excited states,'?® but the difference in TL activity between Eu(fdh)sphen and Tb-
(fdh)sphen is obscure, given that they are photoluminescent (Figure S35). According to Zink, a polar
space group results in TL because piezoelectricity is triggered under compression, torsion, and
hydrostatic strain, while crystals with nonpolar space groups can trigger piezoelectric charge only under
torsionstrain.” You’s group also demonstrated that a polar space groupis required for TL.2® However, our
results present the contrary, that the crystal space group is not a major factor governing TL,resonating

Cotton’s previous report?’ that Nas[Eu- (oxidicetate)s]-8H,0 with a polar space group (Cc) is TL- inactive.

On the other hand, TL-active centrosymmetric crystals of Eu(dbm)sbipy, Eu(tta)sbipy, and Eu(fdh)sbipy
were obtained. While Chen et al. proposed the TL of Eu(tta)sbipy is due to disorder of the -CF; group in
tta, which facilitates chargeseparation during fracture,: we believe the same does not applyto explain
the TL activity of our Eu(fdh)sbipy, as after recrystallization, the TL activity of Eu(fdh)sbipy was lost; the
presence of impurity within the crystal lattice should be attributed instead. Moreover, no disorder was
found in the crystal structure of Eu(dbm)sbipy, but TL could still be observed after recrystallization
several times, suggesting impurities should not be responsible for TL in this case. This situation is similar
to the case for [MnBr,(DPEPQO)], an intensely triboluminescent compound with a centrosymmetric
Pispace group without disorder.? Therefore, by means of elimination, we believe that processes other
than surface piezoelectrification during fracture are important for achieving TL. Although
centrosymmetric crystals were found to be TL, noncentrosymmetric crystals showed more intense TL.
It is proposed that the piezoelectricity of Eu(dbm),TMP within the crystal triggered by pressure would
lead to the high TL intensity.


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00273/suppl_file/ic7b00273_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00273/suppl_file/ic7b00273_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00273/suppl_file/ic7b00273_si_001.pdf

CONCLUSION

A new intensely triboluminescent compound, Eu(dbm),TMP, was prepared, and this result reinforces
the notion that noncentrosymmetric crystals would largely result in “triboexcitation” by generating
an electric field upon fracture. Our TL experiments performed in vacuum added a new perspective to
the discussion of the TL mechanism to prove that while nitrogen gas once had a role to play as either
the excited energydonor (due to discharge) or the emitter (such as TLin sugar), its role in the excitation
process of Ln'" B-diketonate complexesis greatly reduced, if not irrelevant. Likewise, examples of TL-
active compounds with nonpolar space groups further suggest that a nondischarge mechanism
circumventing piezoelectrifica-tion governs the excitation of TL. Future work will elucidate more of
the piezoelectric nature of these compounds to develop more highly triboluminescent compounds

and materials.
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