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Thermally activated delayed fluorescence (TADF) materials possess exceptional photophysical properties.
Organic scintillators utilizing TADF materials have shown great promise for applications requiring
efficient radio-luminescence, owing to their high quantum efficiency and tunable emission properties.
Previous studies demonstrated that polymer dots (P-dots) doped with TADF materials exhibit radio-
luminescence under hard X-ray and electron beam excitation. However, the TADF materials used in
these experiments were limited to limited color options, restricting their utility and hindering the
exploration of multicolor radio-luminescence necessary for advanced applications. In this study, we
successfully achieved multicolor radio-luminescence-blue, yellow, and red-by developing P-dots doped
with TADF materials that emit across the visible spectrum. This breakthrough was demonstrated under
excitation by hard X-rays, gamma rays, and electron beams. The ability to realize multicolor radio-
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luminescence is crucial, as it enables enhanced spatial and spectral resolution, which is vital for
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Thermally activated delayed fluorescence (TADF) molecules
offer high quantum yields and long photoluminescence life-
times without heavy metals, which is a considerable advantage
for various applications in catalysis, optical devices, organic
light-emitting diodes and bio-imaging.'™ These molecules use
triplet excited state through reverse intersystem crossing to
achieve efficient photo-luminescence, making them a promis-
ing alternative to conventional phosphorescent materials that
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applications such as high-precision bio-imaging and multimodal sensing.

rely on inorganic nanomaterials and metal complexes with
heavy atoms.*”’

Recently, there has been considerable interest in developing
radiation detection systems using TADF molecules, particularly
in the form of scintillators.®® Although most scintillators used
for imaging, PDT, and other biological applications are often
composed of inorganic materials, these materials present chal-
lenges such as limited tenability in colors and potential bio-
compatibility issues.’®"* TADF-molecule based scintillators
also emit light when exposed to ionizing radiation, and their use
in imaging and sensing applications has been expanding owing to
their high sensitivity and fast response times. Therefore, these
advantages highlight the potential of TADF molecules in advan-
cing next-generation, multi-color radiation detection tools."*™*®

Our previous research demonstrated that polymer dots
(P-dots) doped with TADF molecules exhibited blue radio-
luminescence when exposed to hard X-rays and an electron
beam."” This finding highlights the potential of TADF-doped P-
dots as scintillating materials for radiation detection. However,
previous investigations have been limited to a single emission
color, specifically blue light. This color limitation restricts the
scope of applications that require diverse color emissions
for improved signal differentiation and imaging versatility.
This limitation greatly hinders the broader applicability and
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potential for generating multi-color radio-luminescence, which
could vastly enhance imaging and sensing capabilities.'®
Additionally, X-rays and gamma rays produce secondary elec-
trons when they interact with materials. The process by which
these secondary electrons lose energy produces scintillation
light, so understanding the production and behaviour of elec-
tron beams is very important for improving the performance of
scintillation materials." Additionally, no quantitative measure-
ments of scintillation properties, such as decay profiles, have
been conducted with P-dot nanoscale scintillators for various
types of radiation."’

In this study, we aimed to expand the understanding of the
photochemical properties and radio-luminescence behavior of
TADF doped P-dots. We explored various TADF molecules as
dopants to achieve multicolor radio-luminescence and devel-
oped a versatile scintillating system capable of emitting multi-
colors under radiation, including electron beams, hard X-rays
and gamma-rays.

Fig. 1 shows the conceptual diagram and molecular structures
of the TADF molecules used in this investigation. Of previously
reported TADF molecules, we selected three (1 (DMAC-DPS),>° 2
(4CzIPN),>" 3 (0DTBPZ-DPXZ)**) that exhibit different emission
wavelengths and photo-luminescence quantum yields of 50, 73,
and 22% for 1, 2 and 3 in toluene under argon, respectively) upon
UV photoexcitation at 355 nm (Table S1, ESIT). In the early stages
of the research, the three compounds in this study were selected
by screening for quantum yields of luminescence greater than
20% and 50% for red and other colors, respectively. By using
polyvinylcarbazole (PVK) and amphiphilic polyethylene glycol-
COOH (PEG-COOH) polymers as carriers for these molecules,
the P-dots were synthesized by the co-precipitation method pre-
viously described.”'” The formation of the P-dots was confirmed
by transmission electron microscopy (TEM), which showed the
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Fig.1 (a) Conceptual diagram of TADF P-dots showing radio-
luminescence exhibiting various colors. (b) Chemical structures of TADF
molecules used in this study. (c) Photographs of P-dots (1), P-dots (2) and
P-dots (3) under room light (top) and ultra-violet light (365 nm) (bottom).
(d) Normalized photoluminescence spectra of P-dots (1), P-dots (2) and
P-dots (3) excited at 355 nm.
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formation of nanoparticles of 96, 88, and 95 nm in diameter for P-
dots (1), P-dots (2), and P-dots (3), respectively (Table S2, ESIt). A
representative TEM image and a particle size distribution histo-
gram are shown in Fig. S1 (ESIt). The size of each P-dot was also
measured by dynamic light scattering, and the hydrodynamic
diameters of P-dots (1), P-dots (2), and P-dots (3) was 142, 126, and
69 nm for respectively (Table S3, ESIT). These sizes are similar to
those of the P-dots synthesized in previous studies."”

Upon UV excitation, the emission maximum wavelength was
475, 545, and 650 nm for P-dots (1), P-dots (2), and P-dots (3);
this sky blue, yellow, and red emission was confirmed visually
(Fig. 1c, d, and Table 1). The emission wavelength maxima were
465, 510, and 600 nm, respectively, in toluene (Table S1, ESIf).
A 10-50 nm red shifts was observed for each P-dots compared
with the monomeric state (Fig. S2, ESIT). We checked the effect
of doping concentration dependency on photoluminescence
spectra (Table S4 and Fig. S3, ESIt). It is worth noting that the
photoluminescence in P-dots (1) was greatly quenched, possi-
bly derived from aggregation induced emission as suggested in
EL efficiency.?® Although there is a significant reduction in
luminescence in P-dots (1), from the perspective of application,
the following experiments were conducted by comparing the
same amount of doping in the three compounds. The photo-
luminesces absolute quantum yields of the P-dots were not
greatly affected by the presence of oxygen, as shown in Table 1,
whereas those for the monomer molecules were reduced in the
presence of molecular oxygen (Table 1). These results suggest
that photo-luminescence in these P-dots is of moderate inten-
sity and independent of oxygen (Table 2).

To investigate the photochemical properties of these multi-
colored TADF P-dots in more detail, luminescence lifetime and
transient absorption measurements were performed. First, the
photo-luminescence lifetimes of the P-dots were examined in
the presence and absence of molecular oxygen (Fig. 2).>* The
photo-luminescence lifetimes in the absence of molecular
oxygen were 776, 24, and 47 ns for P-dots (1), P-dots (2), and
P-dots (3), respectively (Table S5, ESIt). Little oxygen-induced
luminescence quenching, which was observed in monomer
molecules in organic solvents, was observed with these P-dots
(Fig. S4, ESIt). We also examined the effect of temperature on
the luminescence lifetime, but within the range that could be
measured, there was no significant difference, even though the
solvent was water (Fig. S5, ESIT).

Next, transient absorption measurements were performed to
directly observe the excited state dynamics and especially the
effect of oxygen.>® As with the luminescence lifetime results, no
quenching of excited states due to oxygen was observed, but
this was found for the monomer molecules in organic solvents
(Fig. 3 and Fig. S6, S7 and Tables S6 and S7, ESIt). The triplet
state spectra were also confirmed using electron beam excita-
tion of the monomer in toluene by pulse radiolysis (Fig. S7,
ESIT), while the spectra in toluene might not fully reflect the
spectra in water. Although it is possible that using excitation
light of 355 nm may cause a different electronic state to be
excited throughout the system than radiation excitation, it is
thought that there is no difference in the final emission

This journal is © the Owner Societies 2025
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Table 1 Photoluminescence characteristics for TADF P-dots
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Samples Amax. (NM) FWHM (nm) Dpr” (Ar) Dy ” (Air) @y, (Air)/Ppy, (Ar) @y, (P-dots)/Pp;, (monomer)
P-dots (1) 475 89 0.28 0.33 1.18 0.56
P-dots (2) 545 71 0.21 0.18 0.86 0.29
P-dots (3) 650 133 0.05 0.04 0.80 0.23
“ Photoluminescence /may. © Absolute quantum yields of photoluminescence.
Table 2 Triplet lifetime and reaction rate constant with molecular oxygen (a) G610 P-dots (1)
determined by laser flash photolysis ﬁi'r
Samples 7 (us, Ar)* 7 (us, air)? kq (L mol ™" 571 2
&7 0.0005
1 1.9 0.05 1.0 x 10%° g
P-dots (1) 1.5 1.5 —
2 3.2 0.39 1.2 x 10° .
P-dots (2) 1.1 1.3 - 0 2000 4000 6000 8000
3 1.2 0.20 2.3 x 10° Time (ns)
P-dots (3) 0.47 0.46 1.8 x 10° (b) P-dots (2) © P-dots (3)
0.0010 Ar -002 —Ar
“ Triplet lifetime and PReaction rate constants determined by the — Ak —
equation of Ky = kar + kg[O2], kair = 1/t (air), and ka. = 1/t (Ar). . =
> Monomers were measured in toluene ([O,] = 1.8 x 10> mol L), o 0.0005 Q' 0.001
and P-dots were measured in H,O (([O,] = 2.9 x 10™* mol L™). ) 2
. L . 0.0000 0.0004
mechanism, which is emission from S1 state, and the results so 0 20004000 6000 8000 0 2000 4000 6000 8000
Time (ns) Time (ns)

far are important results for this research (Tables S6 and S7,
ESIt). In any case, these results further confirm that encapsula-
tion of TADF molecules into P-dots inhibits the diffusion
reaction between the excited TADF molecule and molecular
oxygen to quench the emission.
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Fig. 2 Time-resolved photoluminescence decay curves for P-dots (1) (a),
P-dots (2) (b), and P-dots (3) (c) in different timescales (left: 0-1000 ns,
right: 0-9000 ns). Measurements taken under argon atmosphere are
shown in color (sky blue, yellow, and red), while those taken in the
presence of molecular oxygen are shown in black.

This journal is © the Owner Societies 2025

Fig. 3 Decay profiles of transient absorption for P-dots (1) (a) at 550 nm,
P-dots (2) (b) at 500 nm, and P-dots (3) (c) at 430 nm excited at 355 nm.
Measurements taken under argon atmosphere are shown in color (sky
blue, yellow, and red), while those taken in the presence of oxygen are
shown in black.

We explored the time-dependent scintillation intensity using
time-correlated single photon counting of P-dot films upon
gamma-ray excitation (Fig. 4).>°® Using a nuclide that emits
multiple gamma rays simultaneously, the detection signal of
one gamma ray was used as the timing signal and measured
scintillation signal.>” Although there are slight deviations due to

(a) P-dots (1)
El
8100
E
0 2000 4000 6000 8000
Time (ns)
(b) P-dots (2) (c) P-dots (3)
Ei El
100 100
£ £ WUW I !
0 2000 4000 6000 8000 0 2000 4000 6000 8000
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Fig. 4 Time dependence of scintillation intensity by gamma ray excitation
for P-dots (1) (a), P-dots (2) (b), and P-dots (3) (c).
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Fig. 5 Stability test upon gamma-ray irradiation. UV (Left) and emission
spectra excited at 355 nm (right), before and after gamma ray irradiation for
(a) P-dots (1), (b) P-dots (2) and (c) P-dots (3) at a dose rate of 17.45 Gy h™*
from a distance of 1 m for 30 or 60 min.

differences in the time resolution of the measurement methods,
the speed trends are generally consistent with the results of
lifetime measurements by other methods (Table S8, ESIT). We
also confirmed the stability of P-dots for gamma-ray irradiation. P-
dots were irradiated with gamma-ray at a dose rate of 17.45 Gy h ™"
from a distance of 1 m for 30 or 60 min. After the irradiation, the
absorption and photoluminescence spectra (Fig. 5), and the size
of P-dots were measured by DLS (Table S3, ESIt). There was no
significant difference in the emission spectrum or size before and
after irradiation. Therefore, we believe that the radiation induced
chemistry would be excluded even under high radiation doses of
17 Gy gamma-ray irradiation.

We also observed hard X-ray excited luminescence in film
(Fig. 6).*° Films containing P-dots were prepared and their
luminescence was measured. The photograph of the prepared
films is shown in Fig. 7. A hard X-ray excited emission signal
was observed for P-dots (1), P-dots (2), and P-dots (3), and the
luminescence spectra for P-dots (1) and P-dots (2) were
recorded. P-dots (3) had a weak signal, and it was difficult to
record the emission spectrum, probably because of the low
sensitivity of the detector in the long wavelength region.

Luminescence from electron pulse excitation was observed.
Nanosecond electron beams of 32 MeV were directly irradiated
on the P-dot solutions (Fig. 8). The radio-luminescence from
electron pulse excitation was observed using a 4K video camera
and a spectrometer (Fig. 8a and b).> We clearly observed the
three distinct of radio-luminescence colors. The emission max-
imum wavelength was 465, 545, and 615 nm for P-dots (1),
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Fig. 6 (a) Hard X-ray excited radioluminescence on TADF P-dots film
observed by a CCD camera, with the X-ray beam directed toward the P-
dots films positioned approximately 30 cm below the X-ray aperture. All
scale bars are 10 mm. (b) and (c) Scintillation emission spectra for P-dots
(1) (b) and P-dots (2) (c), where each film sample was measured three
times with an exposure time of 5 seconds per measurement for averaging.
X-ray parameters for both experiments: 60 kVp and 40 mA, unfiltered for
P-dots (1) (b) and P-dots (2) (c).
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Fig. 7 (a) Photographs of films containing P-dots under room light (top)
and under ultraviolet light (365 nm). (b) Photoluminescence spectra of
films containing P-dots excited at 355 nm.

P-dots (2), and P-dots (3), respectively, similar to that with UV
excitation. The lower signal-to-noise ratio observed for P-dot (3)
in Fig. 8 is primarily due to the inherently low quantum yield of
its emission under UV excitation. This fundamental limitation
reduces the overall emission intensity, leading to a decreased
signal-to-noise ratio in the measurements. Regarding the sec-
ondary peak around 440 nm, we believe it arised from PVK.
In this study, we observed that various types of radiation
(electron beam, hard X-ray and gamma-ray), responses against
e-beam, X- and gamma-rays are the same. In X-ray and gamma-
rays irradiation, many secondary excited electrons are gener-
ated, and these electrons cause luminescence (scintillation).'®

This journal is © the Owner Societies 2025
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Fig. 8 Radio luminescence of P-dots observed by electron beam irradia-
tion. (a) Photographs for P-dots (1), P-dots (2), and P-dots (3). (b) The
experimental setup photograph. (c) Radio-luminescence spectra for P-
dots (1) (sky blue), P-dots (2) (yellow), and P-dots (3) (red).

Thus, we believe that they fundamentally show very similar
responses. In addition, the various TADF P-dots show signifi-
cant suppression of oxygen-induced quenching, indicating that
it is important to consider the effect of oxygen on TADF
scintillators as well, and providing a design guideline."” We
have successfully observed scintillation with various types of
radiation with the newly synthesized TADF P-dots in new colors
and have examined this in detail.

Conclusions

In this study, we investigated the multicolor radio-luminescence
of P-dots encapsulating three different TADF molecules. Electron
beams, hard X-rays, and gamma rays were used to study the
radiation excitation luminescence, and the photochemical prop-
erties were also thoroughly investigated. The new scintillator has
succeeded in produced multi-color emission, which was pre-
viously limited to blue, and this is an important advance in the
development of nano-sized emission scintillators for bio-
imaging and sensing. These studies are expected to have a wide
range of applications in the future, including in medical tech-
nology, biological research, and environmental monitoring.
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