Structural characterizations of organic-based
materials with extensive mechanoluminescence

properties

S5 eng

HARE:

~FHH: 2019-06-18

*F—7—FK (Ja):

*—7— K (En):

YER#E: Ranasinghe, R.A.D.M., Tanaka, Yasutaka,
Okuya, Masayuki, Shimomura, Masaru, Murakami, Kenji
X=ILT7 KL AR:

il=F

http://hdl.handle.net/10297/00026698




Structural characterizations of organic-based materials with extensive

mechanoluminescence properties

%R.A.D.M. Ranashinghe, "Yasutaka Tanaka, "Masayuki Okuya, "Masaru Shimomura and

K enji Murakami

“Graduate School of Science and Technology, Shizuoka University, Japan

bGraduate School of Integrated Science and Technology, Shizuoka University, Japan

Corresponding author: E-mail: murakami.kenji@shizuoka.ac.jp

mobile: +818016191131

Keywords: structure, organic polymer-based mechanoluminescence, polyvinylpyrrolidone

Abstract: The organic mechanoluminescent (ML) material europium-doped dibenzoylmethide
triethylammonium (EuD4TEA) is known as a triboluminescent material. Our group has
synthesized a novel ML material with the addition of 1-ethenylpyrrolidin-2-one
[(polyvinylpyrrolidone) (PVP)], which changed the ligand of the mechanoluminescent material.
This research investigated the ML material structure, molecular orbital electron distributions of
the ligands, ML mechanism and enhancement in the photoluminescence (PL) intensity with PVP.
For the first time, the ML material structure was characterized using nuclear magnetic resonance
spectroscopy (NMR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
Gaussian DFT/B3LYP/6-31G(d,p) software. The ML properties were characterized using a

Hamamatsu Photonic Multichannel Analyzer (PMA). The material can be applied to the real-time
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visualization of the stress field near the tip of a crack, an ML light source, determination of laser

and ultrasonic powers, secret message writing and earthquake detection sensors.

1. Introduction

Mechanoluminescence (ML) is a light-emission event that results from a mechanical action on a
solid[1]. Fracto-, plastico- and elastico-ML are various forms of ML. Among the various ML
forms, fracto-ML is well known because most inorganic materials emit light when they fracture as
a result of the plate force during and prior to an earthquake [2-4]. Additionally, plastico-ML can
be observed by peeling an adhesive tape in a vacuum [5, 6]. When the crystal bonds are broken
along oppositely charged planes and then reconnect, light is emitted as the charges pass through
the gaps that were created from the fracture [7, 8]. Once the material is fractured, the electrons are
excited to higher energy levels and then transition to the lower energy levels [9, 10]. The energy
difference between the corresponding levels is emitted as a light with different wavelengths [11].
The third type of ML mechanism, elastico-ML, results from a mechanical stress that produces a
piezoelectric field on the surface of crystals[12-14]. This electric field that is near the color center
is high because of changes in the local structure. These changes may reduce the carrier trap depth
or effect band bending [15-17]. After decreasing the carrier trap depth, the thermal de-trapping of
the carriers may occur. Trapped charge carriers can tunnel to the conduction band because of the
band bending. The electrons from the conduction band may be captured by the excited state of the
activator ions. This may cause a de-excitation of the color center and produce the emission[18].
When plastico-mechanoluminescent materials are plastically deformed, a movement of dislocation
occurs. Similarly, an electric field generated by the charge dislocation causes a bending of the

valance, conduction and dislocation bands. Trapped electrons tunnel to the conduction band and



the recombination of electrons and holes enables the light emission characteristic of the color
center. However, the conduction band electrons are trapped by the color center and a potential
energy transfer occurs as a result of the de-excitation of the rare earth cation. Both functions occur
and electron-hole recombination is greater than that caused by the impact excitation[19]. The
mechanism of the fracto-ML material is believed to be different. In this case, when the material
fractures, two newly created, oppositely charged surfaces are generated, which produce an electric
field and cause a dielectric breakdown of the surrounding gasses and, in turn, may give rise to
gaseous discharge ML. Additionally, the electric field that caused the dielectric breakdown of the
crystals and the recombination of the free carriers may lead to recombination luminescence [20,
21]. To date, many inorganic mechanoluminescent materials have been synthesized with various
dopants[22-24], such as Eu, dialuminum strontium oxygen(2-)SrAl,O4: Eu[25], Eu, Barium(2+),
oxido(oxo)aluminum BaAl,O4: Eu[26], Eu, Dy, dialuminum strontium oxygen(2-)SrAl,O4: Eu,
Dy[27] and zinc sulfide, ZnS: Mn[28]. However, the difficulty is that they are typically synthesized

at high temperatures that are greater than 1000 °C[29].

Our study is focused on the structure of the synthesized material, the ML and the mechanism for
the increase in PL intensity. We have determined the structure of this synthesized ML material
using nuclear magnetic resonance spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS)
and the molecular orbital diagram of the ligands. This paper has reviewed the structure of the
synthesized ML material, mechanism of the intensity enhancement and crystallinity of the ML

material.



2. Experimental

The synthesis of the PVP-based dibenzoyl methide triethylammonium compound was based on

the our previously reported procedures and methods [30].

First, 80 ml ethyl alcohol (99.9%, Wako) was heated to 70 °C and then 0.8 mmol 1, 3-
diphenylpropane-1,3-dione (99%, Wako) (DBM) was added to the solution mixture and stirred.
Next, the solute was completely dissolved and 0.3 mmol europium nitrate hexahydrate (99.9%,
Wako) was added to the mixture. Then, 0.1 g PVP (99%, Wako) and 0.5 ml N,N-
diethylethanamine, triethylamine (99.8%) (TEA) were added. After adding the compounds, the
solution was maintained at 70 °C for 20 min. Then, the solution vessel was tightly capped and
placed in a thermos overnight. The regulated slow cooling in the thermos was critical for optimal
crystal formation. For comparison, a material that was based on EuD4TEA without PVP was also
synthesized. Photoluminescence (PL) and ML properties were measured for both of the

synthesized materials at room temperature.

2.1 Characterization

The mechanoluminescence and photoluminescence intensities were characterized using a photonic
multichannel analyzer. The absolute values of higher occupied molecular orbital (HOMO) and
lower unoccupied molecular orbital (LUMO) energy levels of each chemical were characterized
using Gaussian DFT/B3LYP/6-31G(d,p) software. Scanning electron microscopy (SEM),
scanning transmission electron microscopy (STEM) and field emission scanning electron
microscopy (FESEM) were conducted on a JEM-2100F electron microscope. X-ray diffraction
(XRD) images were collected using a Rigaku RINT-Ultima III diffractometer. XPS measurements

were performed using a KRATOS AXIS Ultra spectrometer.



3. Results and Discussion

3.1. Mechanoluminescence and photoluminescence study

Figure 1 shows an ML intensity comparison for specimens before and after the addition of the PVP
polymer. These spectra clearly show an increase in the ML intensity after the addition of PVP. The
solid curve corresponds to the ML enhancement of the material with a larger quantity of europium
nitrate hexahydrate. However, europium nitrate hexahydrate with the addition of PVP resulted in
a higher ML intensity (red curve). The PVP polymer bonded with Eu™and facilitated a higher
electron-transition rate and hence a greater excitation. Additionally, the results suggest that the
local environment surrounding the Eu™ ion was more disordered. Hence, the degree of polarization
for europium-doped dibenzoylmethide triethylammonium was higher when PVP was infused into
the ML material. This led to a higher probability for electric dipole-allowed transitions. Figure 2
shows the spectra of the PL intensity of the formed ML material before and after the addition of
the PVP polymer. The corresponding PL emission wavelengths are 592.7 nm, 612.0 nm, 651.2 nm
and 701.3 nm. All the emission lines belong to the europium °Dy to "Fn (n=1, 2, 3 and 4) electron
energy transitions. However, after PVP addition in the synthesized materials, the ML and PL

emission intensities increased.
3.2. Crystallography and structural studies

Figures 3 and 4 show the X-ray diffraction patterns for EuD4TEA without and with PVP,
respectively. In Figure 3, the 20 values at 6.68, 6.87, 7.00 and 7.60 correspond to the (112), (120),

(020) and (102) Millar planes, respectively, (JCPDS card number 96-711-8092). The crystal



structure matched the europium, 2,2" -bipyridine 5,5 -dicarboxylic acid compound and the

crystal system was monoclinic. Figure 4 depicts that the XRD profile for the synthesized ML
material with PVP and the 26 values at 6.88, 6.97, 7.53, 7.83 and 10.39 that correspond to the
(020), (012), (102), (211) and (011) Millar planes, respectively, (JCPDS card number 96-711-

8093). The crystal system was monoclinic and similar to europium,2,2” -bipyridine 5,5" -

dicarboxylic-Cu. A comparison with the TEM micrograph in Figure 5(c) clearly shows that the
structure has grown along the vertical c-axis and has a rod-like shape. Therefore, the monoclinic
structure was confirmed. The mean value of the grain size in the synthesized materials before the
addition of PVVP was calculated to be approximately 7 nm using the de Debye Scherer equation. A
comparison with the histograms in Figures 5(e) and 6(d) confirmed that the particle size was
comparable to that revealed by the XRD calculation. After the addition of PVP, the TEM
micrographs in Figure 6(a) and (b) clearly show an unchanged structure and an increase in the
nanorod-shaped structures in the novel material. The TEM images depict fine ML particles and
the corresponding histogram (Figure 6(d)) shows a mean value of 4 nm for the calculated particle
size. A comparison with the XRD profiles of the calculated grain size showed similar results and
also provided evidence for the crystallinity of the newly formed organic-based
mechanoluminescent material. The low defect site concentration in the crystalline material resulted
in better electron transport properties without trapping and recombination. The newly synthesized
EuD4TEA material with PVP has shown higher ML and PL intensities than without PVP. After
the addition of PVP, the crystallinity of the ML material increased and the enhanced electron

density of the unit cell caused a higher ML intensity.

Figure 5 shows TEM micrographs of the synthesized ML material without PVP and with fine

particles. Image Figure 5(d) shows the small particles that correspond to a 7 nm size. Figure 5 (¢)



reveals that the structure of the material exhibits a nanorod-like shape and the rod-like structure is
integrated with the fine particles. However, a comparison with the histogram of the SEM
micrograph in Figure 5(a) indicates that the average particle size was approximately 7 nm. In
Figure 6, the TEM micrographs and corresponding histogram (Figure 6(d)) reveal that the particle
sizes became finer after the addition of PVP and their average size was approximately 4 nm.
Particle size analysis was performed using Imagel] software[31]. According to the TEM
micrographs, the PVP molecules were attached to each crystal and these results were also
confirmed by the XPS data. This molecular attachment caused an intensity enhancement because
of the reduced electron back-transfer rate when the electron crossed the intersystem from the
singlet excited state to the triplet energy state. The ML intensity depends on the critical distance
of the ligand material, color center and electron’s intersystem-crossing and back-transfer rates.
Particle sizes of a few nanometers enable the convenient intersystem crossing of the electrons and
may have caused the electrons to be captured by the color center. Because the distance between
the ligand and color center was small, the electron orbital overlap increased. After adding PVP,
the ML crystal size was approximately 4-5 nm and therefore there was in increase in intensity
compared with the synthesized material without PVP. Figure 7 displays the '"H NMR spectrum of
the ML material without PVP. For the first time, an NMR analysis of the structure of the EuDsTEA
ML material was performed. The peaks at 1.17286 ppm and 2.7001 ppm correspond to the proton
in the CH3z and CH; groups, respectively. In Figure 6, the peaks at 11.4401 ppm and 46.40260 ppm
correspond to '3C in the CHz and CHz groups, respectively. The peaks between 7.24122 ppm and
8.15117 ppm in the 'H spectrum and 127.00645 ppm and 132.59652 ppm in the '3C spectrum
revealed a dibenzoylmethane group. In Figure 8, the peaks from 76.57252 pm to 77.41926 ppm

belong to Trichloro(*H)methane (CDCls). However, we used TEA and DBM; therefore, the total



number of protons in TEA should be 15. Figure 9 revealed that the total number of protons that
belong to the methyl and ethyl groups are approximately 14. Therefore, those peaks correspond to
TEA. The total number of protons in the DBM molecule is 11 and 'H proton NMR spectrum shows
30 protons that correspond to the DBM peak region. Therefore, 3 DBM molecules are represented
and it is believed that smallest ratio between TEA and DBM to coordinate with Eu™ is 1:3.

However, if the color coordination number on Eu™ ratio is considered, then the ratio can be 2:6.

3.3. Molecular orbital study

We performed theoretical calculations to analyze the electronic structures of triethylamine (TEA),
polyvinylpyrrolidone (PVP) and dibenzoylmethane (DBM). Figures 10, 11 and 12 show the
absolute value of the molecular orbitals (MOs), higher unoccupied molecular orbital (HOMO) and
lower occupied molecular orbital (LUMO) images for PVP, TEA and DBM, respectively. In
Figure 10, the MOs of DBM are localized near the phenyl groups and according to the DBM
electron density mapping, the electron density surrounding the two oxygen atoms is higher. Figure
11 demonstrated that the HOMO and LUMO of PVP are localized near the pyrrole group and a
higher density of electrons are localized around the N and O atoms. These molecular orbital
diagrams exhibit the strong possibility that PVP and DBM will coordinate with the europium color
center. Figure 12 revealed that the HOMO and LUMO levels of trimethylamine surround all the

atoms and the electron density is localized near the N atom.

Figure 5(a) shows SEM images of the ML material without PVP and the micrographs clearly
demonstrate that material has a rod-like structure. The TEM micrograph in Figure 5 (c) also

confirms that the material exhibits a rod-like structure after the addition of PVP. However, the



homogeneity of the fine particles is uneven, and the particle size distribution that ranged from
approximately 10 nm to 40 nm of particles distribution was increased. The material structure was
larger compared with the structure of the ML material with PVP. This increase was caused by an
electron transition through the material. When the particle size decreases, the molecular orbital
overlap is increased. Therefore, the electron can easily transition to the higher and lower energy
levels. It is believed that after the addition of PVP, the ML intensity was high. Additionally, the
theory behind the mechanism of the mechanoluminescent material is unknown. The intensity of
the ML material depends on the energy difference of the electron transition state. ML depends on
the flexibility of the ligand molecule, which coordinates to the color center. Trimethylamine has a
greater flexibility compared with the other inorganic molecules. When the ML material is under
stress, the ligand molecule can easily move in all directions. Because of this movement, the
molecular orbitals overlap and the electrons can transit to a higher energy level. However, the
unsteady electrons fall to the lower energy levels. The energy difference between those energy
states is illuminated as light. Eu"-coordinated polyvinylpyrrolidone molecules are highly flexible

and therefore the intensity of the ML material significantly increased.

Figure 13 depicts the XPS spectra of the ML materials synthesized both before and after the
addition of PVP. The spectra clearly show that both materials have C, O, N and Eu. In the Cls
spectra, the two main peaks between binding energies of 280 eV and 285 eV correspond to the C
in dibenzoylmethane. A component that was higher than 5 eV from the main peak in the Cls
spectra was found without PVP. This peak was assigned to the C=O functional group and
disappeared with the addition of PVP. This disappearance confirms the decrease in coordination
of the dibenzoylmethane group after the addition of PVP into the ML material and is caused by a

larger amount of PVP molecules attached to the color center. In both materials, a component that



is greater than 1 eV from the main peak was detected. This main peak can be assigned to a C-OH
functional group, which can be attributed to water absorption on the synthesized ML material and
to the intensity of that peak decreased with the addition of PVP. Furthermore, the PVP polymer
material has a hydrophobic property, which caused a smaller amount of water absorption. There is
not a significant difference in the Figure 14 Eu 4d spectra, but the peak area increased with the
addition of PVP. The spectrum provides evidence that the Eu™* valence is not changed with PVP.
In Figure 15 the Ols spectra, a component that was higher than the main peak was found prior to
the addition of PVP. This component was assigned to the C=0 [] bond and disappeared after the
addition of PVP. However, a higher number of molecules were coordinated with the Eu™ color
center with PVP. This highly intense new material can be used for various purposes, such as defect
determination in pipes, stress sensor analyses, real-time visualization of the stress distribution in
solids, internal visualization of artificial legs, real-time visualization of the quasidynamic crack-
propagation in solids, novel ML-driven solar cell systems, real-time visualization of the stress field
near the tip of a crack, ML light sources, determination of laser and ultrasonic powers, secret
message writing, EML-based safety-management monitoring systems, non-destructive testing of

materials, earthquake detectors and sensors for the detection of cracks inside concrete beams.
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4. Conclusions

For the first time, we have investigated the minimum ratio between TEA and DBM (1:3) from an
analysis of 'H and '3C NMR spectra. The XPS results indicate that the materials have peaks that
correspond to C, O, N and Eu. The ML and PL intensities were characterized using a Hamamatsu
photonic multichannel analyzer. The PL spectrum that was collected after a 357 nm excitation
consisted of emission lines at 592.7 nm, 612.0 nm, 651.2 nm and 701.3 nm. Those emission
wavelengths belong to an electron transition from the °Dy to "Fn (n=1, 2, 3, 4) energy levels. The
corresponding XRD patterns provide evidence that the novel material has good crystallinity with
PVP. The corresponding TEM images have confirmed that the material has a rod-like structure,
and a histogram confirmed particle sizes at approximately 4 nm. The histogram from the TEM
micrographs and XRD results of the material without PVP confirm a mean value of grain size from
approximately 7 nm to 10 nm. After the addition of PVP, a decrease in the particle size was
confirmed. The fine particle size and crystallinity of the synthesized ML material enabled a higher
overlap in the electron orbitals. The greater electron orbital overlap, a flexibility of the ligand
molecules and a higher dipole moment of PVP resulted in an increase in the ML and PL intensities
of the synthesized ML material. The newly synthesized EuD4TEA material with PVP has higher
PL and ML intensities compared with the material without PVP. Because the novel material has a
higher ML intensity, it can be applied to defect detection in pipes, stress sensor analyses, real- time
visualization of the stress distribution in solids, internal visualization of artificial legs, real-time
visualization of the quasidynamic crack-propagation in solids, novel ML-driven solar cell systems,

and real-time visualization of the stress field near the tip of a crack and used as an ML light source.

11
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Fig.1 Mechanoluminescent intensity spectra of europium tetrakis dibenzoylmethide

triethylammonium synthesized with and without PVP.

Fig. 2 Comparison of the photoluminescence intensity spectra of the ML material
with and without PVP.
Fig. 3 XRD pattern of the ML material without PVP.

Fig. 4 XRD pattern of the ML material with PVP.
Fig. 5 (a) FESEM, (b) histogram obtained by using FESEM micrograph, (c)/(d) TEM

micrographs and (e) histogram correlated to TEM micrographs of the synthesized ML

material without PVP.
Fig. 6 (a)/(b) TEM micrographs, (c) FESEM micrograph and (d) histogram correlated with

TEM image (b) of the synthesized novel ML material with PVP.

Fig. 7 '"H NMR spectrum of the ML material without PVP

Fig. 8 1°C NMR spectrum of the ML material without PVP

Fig. 9 The crystal structure of the synthesized ML material that was illustrated using Avogadro

1.0.1software.

Fig. 10 MO contour plots of dibenzoylmethane that were calculated using DFT methods.

Fig. 11 MO contour plots of PVP that were calculated using DFT methods.

Fig.12 MO contour plots of the triethylamine that were calculated using DFT methods.

Fig. 13 Comparison of XPS spectra obtained from the synthesized materials before and after the

addition of PVP.

Fig. 14 Comparison of Eu 4d spectra with and without PVP.

Fig. 15 Comparison of O1s spectra with and without PVP.
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Dibenzoylmethane electron density mapping

Figure 10
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