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We demonstrate that polymer dots doped with thermally activated
delayed fluorescence (TADF) molecules clearly exhibit blue radio-
luminescence upon hard X-ray and electron beam irradiation, which
is a new design for nano-sized scintillators.

Thermally activated delayed fluorescence (TADF) molecules are
an active area of research in applications of photoluminescent
materials such as organic light-emitting diodes (OLEDs) and
optoelectronic devices."? Fluorescence is observable because of
reverse intersystem crossing caused by thermal excitation from
the lowest triplet excited state (T;) to the lowest singlet excited
state (S;).” Therefore, TADF molecules are characterized by the
ability to achieve a long photoluminescence lifetime and high
quantum yield without using heavy atoms.* Therefore, in
addition to OLED applications, applications such as bio-
imaging are beginning to be considered, taking advantages of
their brightness.®

Recently, molecules belong to TADF have been used for X-ray
scintillation and imaging in the solid state.®” Their long lifetime
of triplet excitons is an important factor for efficient X-ray
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scintillation and radiation detection in the solid state.®
However, these scintillation phenomena have only been re-
ported in the solid state; further investigation on scintillation in
nano-probes is necessary to develop imaging nano-probes.’
Previously, we investigated hard X-ray excited luminescence
from nanomaterials such as polymer nanoparticles (P-dots) and
nanoclusters as imaging probes in H,0.'*"> We also attributed
the long lifetime of photoluminescence as an important
requirement for efficient scintillation, but such luminescence
has been limited to nanomaterials containing heavy atoms such
as gold and iridium.'*"** We hypothesized that nano-probes
containing TADF molecules would also work as scintillators
for radiation (including hard X-ray and electron beams) in
nanomaterials. In this study, we synthesized TADF molecule
doped P-dots and characterized their emission properties,
including hard X-ray and electron beam excited luminescence.

TADF molecule doped P-dots were synthesized by the
precipitation method with slight modification (Fig. 1a).*>****
PA-TA and MA-TA, TADF molecules that exhibit blue photo-
luminescence, were selected as the molecules for doping
(Fig. 1b).* The synthesis method is as follows: TADF molecules,
poly(n-vinylcarbazole) (PVK) and amphiphilic PEG polymers
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Fig. 1 (a) Schematic of hard X-ray- and electron beam-excitable P-
dots doped with TADF molecules. (b) Chemical structures of PA-TA
and MA-TA. (c) PL spectra and photographs of P-dots solutions under
room light and 365 nm ultra violet light.
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were dissolved in tetrahydrofuran (THF) and dispersed in water
under sonication; Table S11 shows the concentrations of the
constituents for the synthesis. Thereafter, THF was removed by
evaporation to prepare a P-dot aqueous solution. PVK and PEG
polymers are important for the composition of P-dots, with PVK
and PEG polymer, with styrene, expected to act as a carrier for
TADF molecules and interact with radiation, while PEG is ex-
pected to improve the dispersibility of P-dots in aqueous solu-
tion due to its amphiphilic nature.' The average particle size of
the synthesized P-dots was estimated by dynamic light scat-
tering and transmission electron microscopy (TEM) (Fig. S1 and
Table S2t). The hydrodynamic diameters of the P-dots were 73
and 63 nm for PA-TA and MA-TA P-dots, respectively. The core
sizes of the P-dots determined by TEM were 26 and 25 nm,
respectively. These sizes are somewhat smaller than other
molecule-doped ones to date reported by us."”

The UV-vis absorption spectra of the P-dots (Fig. S2t) indi-
cate absorption of the TADF molecules at 365 nm, and PVK-
derived absorption at 300 and 345 nm in both of the P-dots.
The photoluminescence spectra recorded by excitation at
355 nm (Fig. 1c) indicate emission with maxima at 456 and
473 nm, respectively, similar to those of PA-TA and MA-TA
monomers, with slightly increased FWHM values in P-dots
compared with monomers (Fig. S2 and Table S2}). We
measured the photoluminescence absolute quantum yields of
monomer TADF molecules in toluene and P-dots in water under
Ar and aerobic conditions (Fig. S3, S4 and Table S3f). The
quantum yields of P-dots subjected to oxygen quenching were
not much lower than those of the respective monomers, indi-
cating suppression of oxygen quenching by P-dot formation.
The quantum yields of P-dots doped with a previously reported
Ir complex [Ir(dfppy)s] dramatically decreased to 10% that the
monomer. The TADF molecule doped P-dots did not exhibit
a marked decrease in photoluminescence after P-dot formation
and exhibited an improved photoluminescence quantum yield.

Next, we examined the photoluminescence dynamics. First,
we measured the photoluminescence lifetime of the monomer
TADF molecules in organic solvents, in the presence and
absence of oxygen (Fig. S3, S4 and Table S4}). Under degassed
conditions, the lifetimes of PA-TA and MA-TA were 6.0 and 5.2
us, respectively; whereas in the presence of oxygen (ie. air-
saturated conditions), we observed substantial decreases in
the lifetimes: as low as 0.011 and 0.012 ps, respectively. These
changes indicate that oxygen quenched the emissive state of the
TADF systems. Next, we measured the photoluminescence
lifetimes of P-dots doped with TADF molecules. Under Ar-
saturated conditions, the lifetimes of PA-TA and MA-TA P-dots
were 23 and 19 ps, respectively; and in the presence of
oxygen, 6.4 and 7.8 ps, respectively. Even in the presence of
oxygen, we observed luminescence in the microsecond region,
indicating inhibition of quenching by molecular oxygen due to
difficulties with oxygen permeability inside the P-dots; thus, we
observed efficient luminescence.'® This result agrees with the
luminescence quantum yield results.

To further examine the relaxation process of the excited
states in detail, we recorded transient absorption spectra. First,
pulse radiolysis techniques were employed to observe the triplet
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excited state of the TADF monomers. This method refers to
applying which nanosecond-pulsed electron beams to a sample
and observing the time evolution of reactions induced by the
radiation in the material. When a substrate is dissolved in an
organic solvent, such as benzene or toluene, and irradiated with
an electron beam pulse, an excited state of the substrate is
generated. Here, we irradiated TADF molecules dissolved in
toluene with electron beam pulses accelerated by the L-band
LINAC (Fig. S51). In the cases of PA-TA and MA-TA molecules,
we observed transient absorption attributable to the triplet
excited state at ca. 500 nm. We also recorded the transient
absorption spectra of the excited states of the monomers by
laser flash photolysis (Fig. S61). After 355 nm picosecond laser
irradiation, we observed emission at 450 nm as well as transient
absorption attributable to the singlet excited and triplet excited
states. We performed similar measurements on the P-dots
(Fig. S61). Upon 355 nm laser irradiation, we observed emis-
sion at 450 nm as well as transient absorption attributable to
the singlet excited and triplet states at ca. 450 and 500 nm,
respectively. These results indicate a minimal effect of P-dot
formation on the excited states.

Next, we investigated the effect of oxygen on the triplet
excited state in more detail. First, we compared the time traces
of PA-TA and MA-TA for the transient absorption at 600 nm.
Under degassed conditions, the lifetimes were 4.0 and 3.4 s,
respectively, whereas in the presence of oxygen, the lifetimes
were 0.068 and 0.057 ps, respectively, indicating decreased
lifetimes (Fig. S77). These results are consistent with those ob-
tained from photoluminescence experiments. We also
measured the time traces of PA-TA and MA-TA P-dots. Under
degassed conditions, the lifetimes were 84 and 37 ps, respec-
tively; whereas in the presence of oxygen, we obtained lifetimes
on the order of microseconds (i.e., 47 and 18 ps, respectively)
(Fig. S87). Rate constants (k) for molecular oxygen quenching
of the monomers were on the order of 10° L mol* s %, close to
the diffusion limit of toluene [k4;¢(toluene) = 1.1 x 10" L mol ™
s~ ']; whereas the k values for P-dots were on the order of 10’ L
mol " s significantly smaller than the diffusion rate limit of
H,0 [kaie(H,0) = 6.5 x 10° L mol ™" s~ *].*® These results further
demonstrate that doping TADF molecules into P-dots inhibited
quenching by oxygen molecules, rendering them more
luminescent.

Next, we studied hard-X-ray-induced-luminescence (Fig. 2a-
¢). We placed an aqueous solution of P-dot sample in a 96-well
plate, and then we directed a beam of hard X-rays (60 kvp)
toward the side of the plate. We observed the luminescence of
the sample from the top. Fig. 2a shows the results of lumines-
cence imaging. We observed X-ray-induced luminescence with
both P-dots. The luminescence intensities of PA-TA and MA-TA
P-dots were 203x and 290x higher than that of the control
water, respectively. We also recorded the emission spectra
under hard X-ray excitation. Additionally, we embedded the P-
dots into films (Fig. S91) and recorded luminescence spectra.
We placed the films in a hard X-ray irradiator and recorded
spectra on a fiber-coupled spectrometer. These P-dots films
exhibited blue emission with an emission maximum at ca.
470 nm. These results indicate that P-dots doped with TADF
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Fig. 2 (a) Hard X-ray excited luminescence imaging of P-dots in
aqueous solution. Scale bar is 7 mm. (b) Intensity quantification for
hard X-ray excited luminescence. (c) Hard X-ray excited luminescence
spectra of P-dots. (d) Electron beam excited luminescence spectra for
PA-TA and MA-TA P-dots.

molecules emitted blue light when irradiated with hard X-rays.
The mechanism of hard X-ray-induced luminescence is
considered to be the excitation of the inner-shell electrons of
the P-dots by hard X-ray irradiation; followed by ionization, de-
excitation, and other processes. Then, the TADF molecule
formed the lowest excited state, leading to luminescence.

We then examined the luminescence by electron beam
excitation (Fig. 2d). We irradiated the sample with electron
beams accelerated from the L-band LINAC, and recorded the
spectra. We also measured Ir(dfppy); P-dots for comparison.*
We observed emission maxima of PA-TA and MA-TA P-dots at
456 and 473 nm, respectively; and blue emission by electron
beam excitation as in the case of hard X-ray irradiation. To
investigate the mechanisms of electron beam induced
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Fig. 3 (a) Electron beam excited luminescence spectra and (b) tran-
sient absorption spectra of MA-TA P-dots in the presence of H,O,
(hydrated electron quencher) and isopropanol (hydroxyl radical
quencher).
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luminescence, we added scavengers for hydroxyl radicals and
hydrated electrons to the sample. Even at a high concentration
(10 mM), there was no significant difference in the emission
spectra under electron beam excitation (Fig. 3), whereas the
transient absorption of hydrated electrons indicated clear
quenching after adding H,0, (Fig. 3b). These results suggest
that the reaction mechanism for the luminescence of P-dots by
electron beam excitation is independent of hydrated electrons
and hydroxyl radicals, and that direct excitation of P-dots and
energy transfer from the solvent are the major contributors to
the luminescence.

In this study, we synthesized P-dots doped with TADF
molecules and investigated their luminescence properties. The
photoluminescence quantum yields of P-dots doped with TADF
molecules were higher and less sensitive to molecular oxygen
than those of monomers. Importantly, TADF molecule-doped P-
dots emitted blue luminescence upon hard X-ray and electron
beam excitation, demonstrating the potential of this material
for developing of new nano-sized scintillators in imaging and
therapeutic aspects.
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