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Abstract
Radiation detection plays an important role in diverse applications, including medical imaging, security, and display tech-
nologies. Scintillators, materials that emit light upon exposure to radiation, have garnered significant attention due to their 
exceptional sensitivity. Previous research explored polymer dots (P-dots) doped with iridium complexes as nano-sized 
scintillators for radiation detection, but these were constrained to emitting specific colors like red, green, and blue, limiting 
their utility. Recently, there has been a breakthrough in the development of white light emitters stimulated by UV–visible 
light. These emitters exhibit a broad spectral range in the visible wavelength, enhancing contrast and simplifying detec-
tion by visible-light sensors. Consequently, the quest for white color scintillators in radiation detection has emerged as 
a promising avenue for enhancing scintillation efficiency. In this study, we present a novel approach by applying P-dots 
doped with two iridium complexes to create white light-emitting nano-sized scintillators. These scintillators offer a wider 
spectral coverage within the visible-light wavelength range. Under UV light (365 nm) excitation, our synthesized P-dots 
exhibited remarkable white light emission. Moreover, when excited by electron beam irradiation, we observed the clear 
emission close to white emission which is valuable for improving the detection of radiation.
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1 Introduction

Radiation detection is crucial for various applications, 
including medical imaging, security, and display [1, 2]. Scin-
tillators, materials that emit light when exposed to radiation, 
have been widely employed in radiation detection because of 
their high sensitivity [3–6]. In a previous work, we studied 
function of polymer dots (P-dots) doped with iridium com-
plex as nano-sized scintillators for radiation detection [7–9]. 
These scintillators, however, have been restricted to specific 
colors such as red, green, and blue, limiting their emission 
wavelength range.

Recently, white light emitters excited by UV–visible light 
have been reported for use in imaging and organic light-
emitting diodes [10–12]. These emitters exhibit broad spec-
tral coverage in the visible wavelength range, improving con-
trast for easier detection by visible-light detectors [13–15]. 
Consequently, the development of white color scintillators 
for radiation detection is a promising avenue for improving 
scintillation efficiency [16]. These white scintillators offer 
wider spectral coverage and may further enhance efficiency 
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for scintillation, potentially improving photodetectors in the 
radiation detection system as well. In this study, we dem-
onstrate application of P-dots to white light-emitting nano-
sized scintillators using iridium complexes, which allows a 
wider range of spectral coverage in the detection of visible-
light wavelength range.

2  Results and discussion

2.1  Molecular design for white light‑emitting 
P‑dots by electron beam excitation

Figure  1 shows a conceptual diagram of white radio-
luminescence induced by electron beam irradiation and 
the chemical structures of the iridium complexes used in 

Fig. 1  a Schematic of P-dots 
in white radio-luminescence 
induced by electron beam irra-
diation. b Chemical structure 
of the iridium complex used in 
this study

Fig. 2  TEM images and histogram of size distribution for a W1 and b W2 P-dots. Scale bar is 50 nm
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this study. Previously, we reported the P-dots that show 
radio-luminescence in red, yellow, and blue, respectively. 
To synthesize those showing various colors, the ligands of 
heteroleptic iridium complexes were designed to be P-dots, 
which emit light in response to X-rays and electron beam 
irradiation. The full width at half maximum (FWHM) of 
the emission band was less than 100 nm [7], and thus, the 
color wavelength range of the emission was limited. To 
achieve a broader spectral coverage, i.e., one that exhibits 
a wider range of emission wavelengths, especially white 
ones, the present study designed iridium complexes-doped 
P-dots that exhibit white radio-luminescence. In particu-
lar, we designed to synthesize white luminescent P-dots 
by co-doping blue and red luminescent iridium complexes 
(Fig. 1b). The synthesis scheme of each iridium complex is 
shown in Figs. S1–3. The synthesized iridium complexes 

were identified by 1H-NMR and MALDI mass spectra 
(Figs. S4–7). White radioluminescent P-dots were syn-
thesized by co-precipitation of the synthesized monomer 
iridium complexes with PEG–COOH and PVK polymers, 
because the amphiphilic PEG–COOH is used to synthesize 
water soluble nanoparticles and PVK acts as a carrier for 
nanoparticle formation (Table S1). To synthesize white 
luminescent P-dots, the concentration conditions were opti-
mized, the best are shown here. The iridium complexes syn-
thesized this time have low solubility in water and are almost 
doped into the nanoparticles. In fact, we have confirmed it 
by filter filtration and centrifugation that there was almost no 
free iridium complexes. The size of the synthesized P-dots 
was evaluated by TEM and DLS measurements (Fig.  2 
and Table S2). The TEM images showed that the average 
sizes of the P-dots were around 30 nm (Table S2). The 

Fig. 3  The absorption spectra of a Ir-blue-1, b Ir-red-1, and c Ir-red-2 in acetonitrile
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hydrodynamic diameters of the P-dots examined by DLS 
measurements were around 135 nm (Table S2). The zeta 
potentials of the P-dots were around – 25 mV, which implied 
the negatively charged outer surface of the P-dots due to the 
carboxyl groups of the amphiphilic PEG–COOH polymers 
(Table S2). From the measurements, it can be concluded 
that the P-dots co-doped with two iridium complexes were 

synthesized successfully. In the next sections, we report the 
photochemical properties of the synthesized monomeric 
iridium complexes themselves and P-dots.

2.2  Photochemical properties of monomeric 
iridium complex in organic solvents

The photochemical properties of iridium complexes in 
organic solvents were investigated in the first place. In the 
absorption spectra, the three iridium complexes in acetoni-
trile showed broad absorption bands in the UV and visible-
light regions (300–600 nm) (Fig. 3). The photoluminescence 
(PL) spectra were measured in acetonitrile upon excitation 
at 365 nm at room temperature, as shown in Fig. 4. Ir-blue-1 
displayed emission with maxima at 462 and 487 nm. Ir-red-1 
exhibited emission with a maximum of 626 nm, and Ir-red-2 
showed emission with a maximum of 632 nm. In the pres-
ence of  O2, we observed quenching of the PL (Fig. 4). The 

Fig. 4  The PL spectra of a Ir-blue-1, b Ir-red-1, and c Ir-red-2 in acetonitrile under argon (red) and air (black) conditions

Table 1  The absolute PL 
quantum yields (Φ) of the 
iridium complexes

Measured with excitation at 355 
nm at room temperature in tolu-
ene. Degassed with argon bub-
bling for 10 min

Φargon Φair

Ir-blue-1 0.04 0.02
Ir-red-1 0.60 0.16
Ir-red-2 0.52 0.15
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absolute PL quantum yields of the iridium complexes were 
measured in toluene (Table 1).

We also observed the quenching of PL by  O2. To further 
study the  O2-quenching, we investigated the triplet excited 
states of the iridium complexes in acetonitrile by laser flash 
photolysis (Figs. 5 and 6). The absorption maxima of the 
triplet excited states were at 430, 570, and 550 nm for Ir-
blue-1, Ir-red-1, and Ir-red-2, respectively. The lifetimes of 
the triplet excited states were measured (Fig. 6) as listed in 
Table 2. It was found that the rate constants of quenching 
(kq) were close to the diffusion-limited rate constant in the 
organic solvent, implying that the triplet excited states were 
quenched within 1 μs (Table 2).

2.3  Photochemical properties of P‑dots co‑doped 
with two types of iridium complexes

We co-doped Ir-blue-1, and Ir-red-1 or Ir-red-2 to make 
white light-emitting W1 or W2 P-dots, respectively. The 
absorption and PL spectra of the W1 and W2 P-dots are 

shown in Fig. 7. In the PL spectra excited upon 365 nm, W1 
P-dots displayed emission maxima in blue (455, 486 nm) and 
red color regions (608 nm), while W2 P-dots displayed emis-
sion maxima in blue (455, 486 nm) and red color regions 
(622 nm) (Fig. 7). We did not observe  O2-quenching on the 
PL of the P-dots (Fig. S8). The absolute PL quantum yields 
 (H2O) of the P-dots are shown in Table S3. As shown in 
Table S3, the PL quantum yields of the P-dots were inde-
pendent of the presence of  O2. The PL quantum yields of 
P-dots were lower than that of the monomer, which was 
attributed to quenching due to aggregation [7, 17].

Upon UV light (365 nm) irradiation, we observed clear 
emission from W1 and W2 P-dots (Fig. 7). We determined 
the chromaticity coordinates of W1 and W2 P-dots by 
employing CIE 1931 color space (Fig. 7d). The chroma-
ticity coordinates of Ir-blue-1 P-dots, Ir-red-1 P-dots, and 
Ir-red-2 P-dots were also shown for comparison. The (x, y) 
chromaticity coordinates are listed in Table S4. It was found 
that the W1 and W2 P-dots showed similar coordinates of 
(0.33, 0.33) and (0.32, 0.33), respectively, which were close 

Fig. 5  Transient absorption spectra during laser flash photolysis of a Ir-blue-1, b Ir-red-1, and c Ir-red-2 in acetonitrile
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to white light emission (0.33, 0.33). Based on these results, 
we confirmed white emission from W1 and W2 P-dots under 
UV light (365 nm) irradiation.

2.4  Electron beam‑induced luminescence of P‑dots

Finally, the luminescent performance of the P-dots upon 
electron beam irradiation was studied. We employed 
an electron beam from a linear accelerator (28 MeV) 
for the irradiation. During the pulse radiolysis, W1 
and W2 P-dots exhibited similar luminescence spectra 

Fig. 6  Time profiles for a Ir-blue-1, b Ir-red-1, and c Ir-red-2 in acetonitrile under argon (red) and air (black)

Table 2  The triplet excited state lifetimes (τ) and rate constants of 
quenching by  O2 (kq) of the iridium complexes

Measured with a 355  nm laser at room temperature in acetonitrile. 
Degassed with argon bubbling for 10 min

τargon (μs) τair (μs) kq 
 (109 L  mol−1  s−1)

Ir-blue-1 0.87 0.08 6.0
Ir-red-1 0.18 0.09 2.9
Ir-red-2 0.74 0.14 3.0
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with emission maxima in blue region (492 nm) and in 
red region (589 nm) (Fig. 9). The CIE 1931 color space 
chromaticity diagram (Fig. 9b) revealed the coordinates 
of (0.42, 0.41) and (0.42, 0.41) for W1 and W2 P-dots, 

respectively, which were close to white light emission 
(0.33, 0.33) with correction with the sensitivity correction 
of multichannel detector (Figs. 8, 9 and Tables S5 and 
S6). We also observed their luminescence directly using 

Fig. 7  The absorption spectra of a W1 and b W2 P-dots in  H2O. c PL spectra of W1 and W2 P-dots and photograph under UV light (365 nm) 
irradiation. d Color map of the P-dots



336 Photochemical & Photobiological Sciences (2024) 23:329–338

a 4 K video camera during electron beam excitation. It is 
essential to produce scintillator films with higher lumi-
nance using the strategy of producing uniform particles 
once as P-dots and then converting them into films as 
previously reported by us [7]. We clearly observed their 
white-colored emission from W1 and W2 P-dots in solid 
state coated on an acrylic plate, while we observed red 
and blue emission in Ir-blue-1 P-dots, Ir-red-1 P-dots, 
and Ir-red-2 P-dots, respectively. These results observed 

upon electron beam were in accordance with those excited 
under UV light (365 nm) irradiation.

3  Conclusion

In this study, P-dots co-doped with two iridium complexes 
were synthesized and their use for white light emission was 
investigated. Under UV light (365 nm) excitation, white light 

Fig. 8  a Photographs of an experiment using a video camera to measure luminescence. b The electron beam-induced luminescence images for 
Ir-blue-1, Ir-red-1, and Ir-red-2 P-dots
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emission was observed from these P-dots. Upon electron 
beam irradiation, we observed their luminescence close to 
white light emission.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 023- 00520-3.

Acknowledgements The authors thank the members of the Radia-
tion Laboratory of SANKEN, Osaka University, for running the linear 
accelerator. We also thank Profs. Hosokai and Mizuta for 4k camera 
setup. The authors acknowledge a financial support from the Coop-
erative Research Program “Network Joint Research Center for Mate-
rials and Devices”. This work was partly supported by JSPS KAK-
ENHI under Grant Nos. JP23H01804 (Y.O.), JP18H02043 (M.Y.), 
JP23H04906 (M.F.), and others.

Funding Open Access funding provided by Osaka University.

Availability of data and materials The datasets used and/or analyzed 
during the current study are available from the corresponding authors 
on reasonable request.

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Chen, Q., Wu, J., Ou, X., Huang, B., Almutlaq, J., Zhumekenov, 
A. A., Guan, X., Han, S., Liang, L., Yi, Z., Li, J., Xie, X., Wang, 
Y., Li, Y., Fan, D., Teh, D. B. L., All, A. H., Mohammed, O. 

Fig. 9  a The electron beam-induced luminescence spectra of W1 and W2 P-dots with correction. b Color map of the P-dots with correction. c 
The electron beam-induced luminescence images for W1 and W2 P-dots

https://doi.org/10.1007/s43630-023-00520-3
http://creativecommons.org/licenses/by/4.0/


338 Photochemical & Photobiological Sciences (2024) 23:329–338

F., Bakr, O. M., … Liu, X. (2018). All-inorganic perovskite 
nanocrystal scintillators. Nature, 561, 88–93.

 2. Knoll, G. F. (1999). Radiation detection and measurement (3rd 
ed.). Wiley.

 3. Wang, J.-X., Gutiérrez-Arzaluz, L., Wang, X., He, T., Zhang, Y., 
Eddaoudi, M., Bakr, O. M., & Mohammed, O. F. (2022). Heavy-
atom engineering of thermally activated delayed fluorophores for 
high-performance X-ray imaging scintillators. Nature Photonics, 
16, 869–875.

 4. Ma, W., Su, Y., Zhang, Q., Deng, C., Pasquali, L., Zhu, W., Tian, 
Y., Ran, P., Chen, Z., Yang, G., Liang, G., Liu, T., Zhu, H., Huang, 
P., Zhong, H., Wang, K., Peng, S., Xia, J., Liu, H., … Yang, Y. M. 
(2022). Thermally activated delayed fluorescence (TADF) organic 
molecules for efficient X-ray scintillation and imaging. Nature 
Materials, 21, 210–216.

 5. Gan, N., Zou, X., Dong, M., Wang, Y., Wang, X., Lv, A., Song, 
Z., Zhang, Y., Gong, W., Zhao, Z., Wang, Z., Zhou, Z., Ma, H., 
Liu, X., Chen, Q., Shi, H., Yang, H., Gu, L., An, Z., & Huang, W. 
(2022). Organic phosphorescent scintillation from copolymers by 
X-ray irradiation. Nature Communications, 13, 3995.

 6. Dujardin, C., Auffray, E., Bourret-Courchesne, E., Dorenbos, P., 
Lecoq, P., Nikl, M., Vasil’ev, A. N., Yoshikawa, A., & Zhu, R. 
Y. (2018). Needs, trends, and advances in inorganic scintillators. 
IEEE Transactions on Nuclear Science, 65, 1977–1997.

 7. Liu, Z., Nguyen, H. T. M., Asanuma, D., Tojo, S., Yamaji, M., 
Kawai, K., Pratx, G., Fujitsuka, M., & Osakada, Y. (2023). Red, 
green, and blue radio-luminescent polymer dots doped with het-
eroleptic tris-cyclometalated iridium complexes. RSC Advances, 
13, 15126–15131.

 8. Asanuma, D., Minh Nguyen, H. T., Liu, Z., Tojo, S., Shigemitsu, 
H., Yamaji, M., Kawai, K., Mori, T., Kida, T., Pratx, G., Fujitsuka, 
M., & Osakada, Y. (2023). Radioluminescence from polymer dots 
based on thermally activated delayed fluorescence. Nanoscale 
Advance, 5, 3424–3427.

 9. Osakada, Y., Pratx, G., Hanson, L., Solomon, P. E., Xing, L., & 
Cui, B. (2013). X-ray excitable luminescent polymer dots doped 

with an iridium(III) complex. Chemical Communications, 49, 
4319–4321.

 10. Xiang, H., Wang, R., Chen, J., Li, F., & Zeng, H. (2021). Research 
progress of full electroluminescent white light-emitting diodes 
based on a single emissive layer. Light: Science & Applications, 
10, 206.

 11. Anand, V., Mishra, R., & Barot, Y. (2021). Recent advances in 
the development of pure organic white light emitters. Dyes and 
Pigments, 191, 109390.

 12. Chiu, N.-C., Smith, K. T., & Stylianou, K. C. (2022). Research 
progress of full electroluminescent white light-emitting diodes 
based on a single emissive layer. Coordination Chemistry 
Reviews, 459, 214441.

 13. He, Z., Zhao, W., Lam, J. W. Y., Peng, Q., Ma, H., Liang, G., 
Shuai, Z., & Tang, B. Z. (2017). White light emission from a 
single organic molecule with dual phosphorescence at room tem-
perature. Nature Communications, 8, 416.

 14. Acharya, N., Upadhyay, M., Dey, S., & Ray, D. (2023). White 
light emission achieved by dual-TADF in a single emissive layer 
of multicomponent emitters. Journal of Physical Chemistry A, 
127, 7536–7545.

 15. Li, D., Hu, W., Wang, J., Zhang, Q., Cao, X.-M., Ma, X., & Tian, 
H. (2018). White-light emission from a single organic compound 
with unique self-folded conformation and multistimuli responsive-
ness. Chemical Science, 9, 5709–5715.

 16. Jiang, T., Ma, W., Zhang, H., Tian, Y., Lin, G., Xiao, W., Yu, 
X., Qiu, J., Xu, X., Yang, Y., & Ju, D. (2021). Highly efficient 
and tunable emission of lead‐free manganese halides toward 
white light‐emitting diode and X‐ray scintillation applications. 
Advanced Functional Materials, 31, 2009973.

 17. Takayasu, S., Suzuki, T., & Shinozaki, K. (2013). Intermolecular 
interactions and aggregation of fac-tris(2-phenylpyridinato-C2, 
N) iridium (III) in nonpolar solvents. The Journal of Physical 
Chemistry B, 117, 9449–9456.


	Electron beam-induced white emission from iridium complexes-doped polymer dots
	Abstract
	1 Introduction
	2 Results and discussion
	2.1 Molecular design for white light-emitting P-dots by electron beam excitation
	2.2 Photochemical properties of monomeric iridium complex in organic solvents
	2.3 Photochemical properties of P-dots co-doped with two types of iridium complexes
	2.4 Electron beam-induced luminescence of P-dots

	3 Conclusion
	Acknowledgements 
	References




