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Abstract

Organic molecules that exhibit long persistent luminescence (LPL) are rapidly
gaining attention for a variety of applications. In this study, organic mole-
cules with simple structures were selected and organic long persistent lumi-
nescence (OLPL) crystals were prepared. The crystal structure of the prepared
OLPL crystal was elucidated and the guideline for the design of OLPL crystal
was clarified. LPL was observed in OLPL crystals prepared with TMB as the
guest molecule and 1,2-bis(diphenylphosphino)ethane as the host molecule.
XRD measurements of the OLPL crystals suggest that the guest molecule is a
solid solution substituted in the stable crystal structure of the host molecule
in a lattice-shrinking direction.
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1. Introduction

Materials that exhibit long-lasting luminescence (LPL) are used in glow-in-the-dark
clock dials and emergency guide lights because they accumulate ultraviolet and
visible light and continue to emit light for several hours [1]. LPL materials are
mainly composed of inorganic materials. In the mid-1990s, LPL materials using
strontium aluminum oxide (SrAL,O4) doped with europium and dysprosium were
developed [2]. LPL materials, which are composed of inorganic materials, have
been widely used due to their long lifetime of more than 10 hours and high du-
rability. Organic long-lasting light-emitting materials can be easily synthesized
in large quantities and are soluble in solvents, so they can be coated. In addition,

because of the ability to easily control luminescent colors based on the molecular
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structure, they are expected to be used in applications such as paints, biomark-
ers, and display devices, and are rapidly attracting attention. Recently, organic
guest/organic host systems using electron donors and acceptors, organic guest/
inorganic host systems, and microcrystalline systems have been proposed to in-
crease the sustainability of light emission [3]-[11]. In model guest/host system,
N,N,N’,N’-tetramethylbenzidine (TMB), a strong electron-donating molecule and
has a very stable radical cation, was selected as the donor molecule, while the ac-
ceptor molecule was 2,8-bis(diphenylphosphoryl)dibenzo [b,d] thiophene (PPT), a
strong electron accepting molecule has been selected [3] [7]. The mechanism of
LPL development in this model guest/host system has been vigorously studied.
However, the crystal structure of OLPL crystals has not been elucidated in detail
due to the very low guest-molecule ratio and the complex structure of the organic
molecules used. Therefore, in this study, we independently selected organic mo-
lecules and fabricated OLPL crystals. The crystal structure of the prepared OLPL
crystals was elucidated and the design guidelines for OLPL crystals were clari-
fied.

2. Experimental
2.1. Fabrication of OLPL Crystal Film

The OLPL crystal films were prepared by melting crystallization as shown in
Figure 1. A heat resistant petri dish was placed on a hot plate and a quartz sub-
strate was placed on top of it. A mixture of Guest and Host molecules was placed
on a quartz substrate and heated to 200°C for about 10 seconds. After melting, a
quartz substrate was placed over the top and rapidly cooled to room tempera-
ture. The Guest/Host ratio was Guest: Host = 0 mol%: 100 mol%, 1 mol%: 99
mol%, 10 mol%: 90 mol%, 20 mol%: 80 mol%, 30 mol%: 70 mol%, 100 mol%: 0

mol%.

2.2. Optical Measurements

Absorption spectra were measured using an ultraviolet/visible/near-infrared spec-
trophotometer (V-670 UV/Vis/NIR Spectrophotometer (JASCO)). Emission spec-
tra were measured using a spectrophotometer (FP-6500, (JASCO)).

N, N, N’, N’-tetramethylbenzidine 1,2-Bis(diphenylphosphino)ethane

(TMB) ©
Quartz substrate

t Host Guest mixed powder Melt Encapsulate
Hot plate »

Heat Cooling
Heat- remstant petri dish (200°C)

Figure 1. Schematic diagram of organic phosphorescent crystal fabrication.
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2.3. Powder-XRD Measurements

The powder XRD measurements of the fabricated OLPL crystals were performed
on a RINT-2200 X-Ray Diffractometer (Rigaku, CuKa, 40 kV, 20 mA, 2°/min,
20=12"-40°).

3. Results and Discussion

Table 1 shows the results of irradiating the prepared OLPL crystal films with ex-
citation light. Although no luminescence was observed in the Host molecule
alone, luminescence was observed in the OLPL crystals prepared with Guest:
Host = 1 mol%: 99 mol%, 10 mol%: 90 mol%, 20 mol%: 80 mol%, 30 mol%: 70
mol%. Only in the OLPL crystal films prepared at Guest: Host = 10 mol%: 90
mol%, 20 mol%: 80 mol%, 30 mol%: 70 mol%, green LPL was observed after ex-
citation light irradiation. The OLPL crystal films prepared at Guest: Host = 20
mol%: 80 mol%, showed the longest LPL of about 1.5 s (Figure 2).

Figure 3 shows the absorption spectra and emission spectra of the Guest and
Host molecular films and Guest-Host mixture films. In the absorption spectra of
the guest molecule TMB film, absorption peaks were observed at 250 nm and
400 nm. The peak at 250 nm is the absorption of the benzene ring and the peak
at 400 nm is the absorption of the dimethylamino group. Absorption at 400 nm
was observed in all OLPL films mixed with guest molecules. In the OLPL film,
the absorption peak at 400 nm was observed in two halves. This is due to the fact
that there are two dimethylamino groups in the TMB. The absorption peak of
the film prepared at Guest: Host = 20 mol%: 80 mol% was closest to that of the
TMB film. This indicates that the two dimethylamino groups caused the strong-
est CH-m interaction at Guest: Host = 20 mol%: 80 mol%. In emission spectra,
no fluorescence peaks were observed in the Host molecule alone, but peaks at
400 and 530 nm were observed in all films mixed with the Guest molecule. For
mixed with Guest: Host = 1 mol%: 99 mol%, the fluorescence peak intensity at
400 nm was maximum. For mixed with Guest: Host = 20 mol%: 80 mol%, the
fluorescence peak intensity at 530 nm was maximum. The fluorescence peak inten-
sities at 530 nm were, in order of intensity, Guest: Host = 20 mol%: 80 mol%, 30
mol%: 70 mol%, 10 mol%: 90 mol%, and 1 mol%: 99 mol%. This order is consistent
with the order of magnitude of the absorbance of the peak at 400 nm in the absorp-
tion spectra. This suggests that the peak at 530 nm in the emission spectra is the
peak of the LPL that is expressed from the interaction caused by the dimethylamino
group. In order to elucidate the crystal structure when LPL is observed, XRD mea-
surements of OLPL crystal films prepared with 1,2-Bis(diphenylphosphino)ethane

as a host molecule were carried out.

0.5s 1.0s 1.5s 2.0s

After 0.1s 02s

Figure 2. Photographs of LPL from OLPL crystal (20 mol% guest: 80 mol% host).
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Figure 3. UV-vis spectra (a) and emission spectra (b) of guest, host molecule and guest-host
mixed crystal (Aex = 365 nm).

Table 1. Luminescence of OLPL crystal.

Under irradiation of
Under natural light excitation light

()\ex =365 nm)

TMB (Guest)

1,2-Bis(diphenylphosphino)ethane
(Host)

Guest 1 mol%: Host 99 mol%

Guest 10 mol%: Host 90 mol%

Guest 20 mol%: Host 80 mol%

Guest 30 mol%: Host 70 mol%
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Figure 4 shows the results of the measurements. The results for each of the
OLPL crystal films were consistent with those of the Host molecule-stable crys-
tals, suggesting that the OLPL crystal films are stable forms of Host. In the peaks
with reflections at (101), (202) and (303), a high-angle shift of the peaks was
observed with an increase in the ratio of the Guest molecules. The lattice is con-
tracted along the a- and c-axes, suggesting that the guest molecule is solid-soluted
within the crystal structure of the host molecule. Figure 5 shows the crystal
structure of OLPL crystals inferred from the results obtained so far. The Guest
molecule, TMB, becomes a substitutional solid solution in the crystal structure
of the stable form of the Host molecule (1,2-Bis(diphenylphosphino) ethane)
and induces CH-m interactions at four locations. This reduces the energy deacti-
vation of Guest molecules, and LPL is expressed.

The LPL mechanism has been described in previous studies as follows [3].
When the electrons of the host molecule HOMO are excited to LUMO by light
absorption, charge transfer occurs from the HOMO of the guest molecule to the
HOMO of the host molecule, forming a radical cation of the guest molecule and
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(@ Guest 30 mol%: Host 70 mol% ﬁ /(101) Guest 20 molv. Host 80 ﬁﬁg\
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Figure 4. Results of XRD measurements (a) of the OLPL crystals and enlarged view of
part.
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Figure 5. Crystal structure of the speculated OLPL crystal.
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a radical anion of the host molecule. The radical anions move on adjacent Host
molecules. A charge-separated state is kept. The charge-separated state results in
the accumulation of light energy and the expression of LPL. When the light ir-
radiation is stopped, the radical anion stochastically returns to the Guest/Host
interface and then returns to the excited state again by charge recombination
(transition from the LUMO of the host molecule to the HOMO of the guest mo-
lecule). For Guest: Host = 20 mol%: 80 mol% OLPL crystal films, the recombi-
nation probability between radical cations and radical anions is reduced and the
charge separation state is expected to persist for longer. Conversely, as the Guest
molecular ratio increases, the recombination probability between radical cations
and radical anions increases, so that the charge-separated state does not persist

for a longer period of time and LPL is not likely to develop.

4. Conclusion

LPL was observed in OLPL crystals prepared with TMB as the guest molecule
and 1,2-bis(diphenylphosphino)ethane as the host molecule. The longest-lived
LPL was observed in the Guest: Host = 20 mol%: 80 mol% film. XRD measure-
ment suggested that the guest molecule is solid-soluted in the crystal structure of
the host molecule and that the lattice is contracted in the direction of a- and
c-axes. The crystal structure of the OLPL crystal was inferred from the results,
and it was inferred that the LPL is triggered by the CH-m interaction. Further
research to clarify the design guidelines for OLPL crystals will expand the appli-
cations of OLPL crystals and facilitate the development of further long-lived
OLPL crystals.
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