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ABSTRACT 

Development of plastic scintillators loaded with low-cost phosphorescent sensitizer is 

currently an important topic toward enhancing the scintillation light yield for radiation 

detection applications. In this work, we report plastic scintillators loaded with deep-

blue-emitting phosphorescent sensitizer CuI(PPh3)2(t-BuPy), where PPh3 and t-BuPy 

stand for triphenylphosphine and 4-tert-butylpyridine, respectively. CuI(PPh3)2(t-

BuPy)-loaded poly(vinyltoluene) plastic scintillators with a high optical transmittance 

of over 80% were synthesized via bulk polymerization method. The optical absorption, 

photoluminescence spectra and decay kinetics, and scintillation performance under X-

ray, -ray, and -particle excitation were comprehensively investigated. The 

scintillation yield was reduced with the increase of CuI(PPh3)2(t-BuPy) loading 

concentration. The physical mechanism and the role of the copper iodide complex in 

scintillation yield reduction are proposed. 
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1. Introduction 

Scintillators, as a core component of radiation detector, are capable of interacting 

with high-energy particles/rays and converting them into detectable photons ranging 

from ultraviolet (UV) to visible light [1-3]. They have been widely used for nuclear 

medical imaging, high-energy physics, nuclear physics, and industrial inspection 

applications [4][5]. Plastic scintillators, due to their inherent characteristics including 
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low cost, ease of fabrication into large size, desirable environmental stability, and fast 

scintillation response [6-8], have been frequently used in the field of high-energy 

physics and in homeland security for gamma counting in radiation portal monitors. 

Plastic scintillators are readily composed of a polymer matrix (e.g. polystyrene (PS), 

poly(vinyltoluene) (PVT)), a primary fluorescent dye and a wavelength shifter. 

Commonly, the scintillation yield of standard organic scintillators is about ten times 

inferior to the most luminous inorganic scintillators (10,000 ph/MeV vs. 100,000 

ph/MeV, respectively), since only the prompt fluorescence resulting from the excitation 

of singlet states contributes to the yield [9][10]. 

At present, efforts on utilization of heavy metal organic phosphorescent 

compounds to enhance quantum efficiency of organic-light-emitting-diode (OLED) 

devices have led to enormous success, in which both singlet and triplet excitons are 

harvested [11-14]. Inspired by this idea, Campbell and Crone proposed of doping 

plastics with iridium(III)tris[2-(4-totyl)pyridinato-NC2] [Ir(mppy)3] to improve 

scintillation light yield under ionizing radiation [15]. Plastic scintillators with improved 

light yield up to 30,000 photons/MeV was achieved in poly(9-vinylcarbazole) utilizing 

triphenyl bismuth and iridium complex (FIrpic) as dopant by harvesting efficient 

emission from triplet excitons [16]. The triplet state of iridium was also used as a pulse-

shape discriminating (PSD) fast-neutron detector in plastic scintillator [17]. An 

appropriate selection of the organometallic is needed since some iridium complexes 

may display undesirable thermoluminescence [18]. In addition to iridium complexes, 

plastic scintillator films with tris(dibenzoylmethane)mono(1,10-

phenanthroline)europium(Ⅲ) (Eu[DBM]3phen) complex as phosphorescent dopants 

demonstrate a moderate scintillation yield of 5,650 photons/MeV, but with a penalizing 

undesired long scintillation decay of 469 μs [19][20]. Thus, an incorporation of 

organometallic phosphorescent complexes into organic polymer matrix was regarded 

as an alternative approach to enhance light yield of plastic scintillators.  

Recently, quite a few efforts were devoted to finding low-cost metal compounds 

to replace iridium compounds toward cost-efficient and high-performance 

luminescence of organocopper complexes or fully organic systems [21-23]. In 

particular, blue emitting cuprous compounds have attracted extensive attention, and 

some cuprous compounds have shown thermally activated delayed fluorescence 

(TADF) and effective singlet emitting in OLEDs [24-26]. Motivated by the excellent 

performance of Cu(I) complexes as luminescent emitters, the aim of this work is to 

study the effects of organic copper compounds with high photoluminescence quantum 

yield (PLQY) on the optical and scintillation properties of plastics for radiation 

detection applications. Though cuprous compounds can advantageously replace iridium 

ones in OLED systems, to the best of our knowledge there is only a single publication 

which reports the use of a chlorine-loaded copper iodide phosphor in a composite 

scintillator [27]. 

In this study, CuI(PPh3)2(t-BuPy) (PPh3 = triphenylphosphine, t-BuPy = 4-tert-

butylpyridine) [28], with deep blue emission and high PLQY up to 100%, is 

incorporated as the photoluminescent organometallic complex. Transparent plastic 

scintillators with varying concentrations of CuI(PPh3)2(t-BuPy) from 0.5 to 3 wt% have 
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been synthesized by bulk polymerization method. To this complex, the 2,5-

diphenyloxazole (PPO) and/or 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP) were 

sometimes added. To gain insight into the scintillation mechanism altered by Cu(I) 

loading complexes, the optical performance, scintillation responses and PSD 

performance under X-ray, γ-ray and -particle excitation were systematically 

investigated. 

2. Experimental  

2.1 Preparation of plastic scintillators 

Vinyltoluene monomer (VT, 98%) was obtained from TCI and purified by silica 

gel chromatography. Triphenylphosphine (99%), acetonitrile (CH3CN, 99.9%) were 

obtained from Adamas. 4-Tert-butylpyridine (96%) was obtained from J&K. CuI 

(99.999%), 1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP, 99%) and 2,5-

diphenyloxazole (PPO, 99%) were obtained from Sigma-Aldrich. 

Copper iodide complex CuI(PPh3)2(t-BuPy) was synthesized according to a 

reported procedure [28]. Synthesized and structural scheme of the CuI(PPh3)2(t-BuPy) 

complex is presented in Scheme 1. The PL, PLE and X-ray excited RL spectra of 

CuI(PPh3)2(t-BuPy) powder are shown in Figure S1. In PL spectrum, upon 365 nm 

excitation, a deep blue emission band peaking at 460 nm was observed. Its RL emission 

peaks at 460 nm, which is identical to its PL emission. The optical absorption spectra 

of CuI(PPh3)2(t-BuPy) in CH2Cl2 is shown in Figure S2. The bandgap is estimated to 

be 3.61 eV. It is close to that of PPO about 3.64 eV. 

 

Scheme 1. Synthesis and structure of CuI(PPh3)2(t-BuPy). 

Three kind of samples were prepared: 1) VT, the primary fluorescent dye (PPO, 2 

wt%), the wavelength shifter (POPOP, 0.1 wt%) and CuI(PPh3)2(t-BuPy) complex at 

concentrations ranging from 0.5 to 3 wt%; 2) VT, 2 wt% PPO and 2 wt% CuI(PPh3)2(t-

BuPy) complex; 3) VT and 2 wt% CuI(PPh3)2(t-BuPy) complex. The mixture was 

purged with nitrogen, sealed, heated to 80 °C and kept at 80 °C for 3 weeks. Once 

polymerization was completed, glass containers were slowly cooled to room 

temperature to reduce internal stress. The size of the obtained samples was 15.5 mm in 

diameter and 11.0 mm in thickness. They were used for optical absorption, 

photoluminescence, and scintillation performance evaluation. 

2.2 Optical and scintillation property measurements 

The optical transmittance and absorption spectra of the polished samples were 

measured with a PerkinElmer-Lambda 950 UV-VIS-IR spectrophotometer in the 

wavelength region ranging from 200 nm to 800 nm. Photoluminescence emission (PL) 



and excitation (PLE) spectra were acquired by a Horiba Jobin Yvon Fluorolog-3 

spectrofluorometer which excitation source is a steady-state Xenon lamp. Time-

Resolved Emission Spectroscopy (TRES) measurements were performed with a Horiba 

Jobin Yvon Fluoromax 4P spectrofluorometer equipped with a 274 nm excitation diode. 

Elemental analysis was measured by a Hitachi S-4800 scanning electron microscopy 

with an energy dispersive spectrometer (EDS). 

X-ray induced radioluminescence (RL) spectra were obtained by using an X-ray 

tube operated at 40 kV and 15 mA (Seifert GmbH) as an excitation source in 5000M 

spectrofluorometer (Horiba Jobin Yvon). Recorded emission spectra were corrected for 

spectral sensitivity of the detection part. 
137Cs (ca. 555 kBq at the time of the experiment) gamma pulse-height spectra were 

recorded by the set-up consisting of a Hamamatsu R6233-100 PMT operating at -900 

V, a Ortec 113 Preamplifier, an Ortec 671 Amplifier, and a Tukan 8k multichannel 

analyzer. The shaping time was set as 10 μs to ensure full light integration. The samples 

were directly coupled to the PMT using silicone oil and covered Teflon tape to 

maximize the collection of light. The pulse height spectra under alpha emitter 239Pu 

were recorded by the set-up consisting of a Hamamatsu R2048 PMT operating at -800 

V. The shaping time was set as 1 μs to ensure full light integration.  

The X-ray excited scintillation decays were recorded using a time-correlated 

single-photon counting setup (Fluorohub electronics coupled with fast hybrid 

photomultiplier purchased from Horiba Jobin Yvon) under ps X-ray pulse excitation at 

40 kV (Hamamatsu). The instrumental response of the set-up was 75 ps. 

Alpha/gamma pulse shape discrimination studies were performed using the 

following experimental setup. The scintillators were optically glued to a R7899 

photomultiplier tube (Hamamatsu) operating at negative voltage. The anode fed a 

DT5730B digitizer (CAEN) which allows both real-time PSD visualization and data 

post-processing. The scintillator was excited with a 244Cm alpha source in close contact 

and a 60Co gamma source located approximately 6 cm away from the scintillator. 

 

3. Results and Discussion 

3.1  Photophysics and scintillation properties of CuI(PPh3)2(t-BuPy)-loaded 

PVT/PPO/POPOP plastics 

Plastic scintillator samples loaded with different concentrations of CuI(PPh3)2(t-

BuPy) ranging from 0 to 3 wt% and containing PPO and POPOP are shown in Figure 

1. All samples are transparent and colorless under day light and emit bright blue light 

under UV illumination. Interestingly, in the 3 wt% Cu-complex loaded plastic 

scintillator the crystallization of precipitates appears during polymerization. The 

composition of the precipitates was determined by EDS as shown in Figure S3 and 

Table S1. The atom molar ratio of C: P: I: N: Cu was 85.06: 5.51: 3.29: 3.25: 2.89, 

which is close to the molar ratio of CuI(PPh3)2(t-BuPy) compound (C45H43CuINP2). It 

indicates that the precipitates are made from the CuI(PPh3)2(t-BuPy) compound only. 



The precipitation most probably occurred due to a thermodynamic solubility limit of 

CuI(PPh3)2(t-BuPy) in VT than that of in PVT [29]. 

 

Figure 1. Polished plastic scintillator samples loaded with different concentrations of 

CuI(PPh3)2(t-BuPy): (a) under day light, (b) under 365 nm UV illumination. 

The optical transmittance can directly affect the light yield of plastic scintillation 

[30]. The optical transmission spectra of unloaded (but still containing PPO and POPOP) 

and CuI(PPh3)2(t-BuPy)-loaded plastic scintillators are shown in Figure 2a. All 

samples have a high transmittance over 80% above 430 nm. The PL spectra of unloaded 

and CuI(PPh3)2(t-BuPy)-loaded plastic scintillators have almost the same emission 

bands peaking at 345, 362, 394, 417, 441 and 462 nm under 320 nm excitation, as 

shown in Figure 2b. The emissions peaking at 345 and 362 nm originate from PPO, 

and the emissions peaking at 394, 417, 441, and 462 nm originate from POPOP [31]. 

The PL spectra of unloaded and CuI(PPh3)2(t-BuPy)-loaded plastic scintillators under 

365 nm excitation are shown in Figure S4. However, the emission from CuI(PPh3)2(t-

BuPy) was not observed.  

 

Figure 2. (a) Optical transmission spectra (length 11.0 mm) and (b) PL spectra (λex = 320 nm) of 

CuI(PPh3)2(t-BuPy)-loaded plastic scintillators. 



The TRES measurements of the CuI(PPh3)2(t-BuPy)-loaded plastic scintillators 

under 274 nm excitation are shown in Figure 3. We observed weak emission of copper 

compounds in the 3 wt% CuI(PPh3)2(t-BuPy)-loaded plastic scintillator. In the TRES 

test results of other samples, we barely observed slow decay from CuI(PPh3)2(t-BuPy), 

most of which was fast decay signal from fluorescent dyes. It suggests that 

incorporation of CuI(PPh3)2(t-BuPy) has a small effects on PL performance. 

 

Figure 3. TRES of plastic scintillators loaded with different amounts of CuI(PPh3)2(t-BuPy). 

X-ray excited RL spectra of the CuI(PPh3)2(t-BuPy)-loaded plastic scintillators are 

shown in Figure 4. All samples show broad emission bands extending from 390 to 550 

nm with maximum at 422 nm, corresponding to the emission of POPOP. Non-existence 

of PPO emission in RL indicates energy transfer from PPO to POPOP [32]. As shown 

in Figure 4a, the RL integral intensity significantly decreases with the increase of 

CuI(PPh3)2(t-BuPy) doping concentration. We propose that the RL intensity reduction 

is related to the self-quenching of CuI(PPh3)2(t-BuPy) due to its aggregation [33],[34]. 

 

Figure 4. X-ray excited RL spectra of CuI(PPh3)2(t-BuPy)-loaded plastic scintillators. 

Scintillation decay measurement can help to evaluate whether CuI(PPh3)2(t-BuPy) 

compounds actively participate in scintillation emission process [35]. The scintillation 



decay profiles of CuI(PPh3)2(t-BuPy)-loaded plastic scintillators were measured under 

ps X-ray pulse excitation with two different time windows. The instrumental response 

profile is shown in Figure S5. The scintillation decay profiles within 40 ns and 1.2 μs 

time windows are shown in Figure 5 and Figure S6, respectively. All scintillation 

decay profiles can be well fitted sum of two-exponentials. As shown in Figure 5, the 

decay time values of CuI(PPh3)2(t-BuPy)-loaded plastic scintillators are notably smaller 

than that of the unloaded one. The most probable reason is the enhanced probability of 

non-radiative transition caused by the incorporation of CuI(PPh3)2(t-BuPy). 

Additionally, there is no slow component even monitoring the μs time scale. All 

samples have nanosecond decay characteristics of plastic scintillators. It suggests that 

the fluorescence dye POPOP dominates the scintillation emission process, which is 

consistent with the result of RL spectra. 

 

Figure 5. Scintillation decay profiles of CuI(PPh3)2(t-BuPy)-loaded plastic scintillators under ps 

X-ray pulse excitation. 

We further explored the γ-ray response of CuI(PPh3)2(t-BuPy)-loaded plastic 

scintillators. Pulse height spectra and relative light yield of plastic scintillators with 

varying concentrations of CuI(PPh3)2(t-BuPy) are plotted in Figure 6a and 6b, 

respectively. The spectrum of a commercial EJ-200 reference with the same size is also 

plotted in Figure 6a for comparison. The channel number of the middle point where 

the slope drops to one-half of the Compton edge was used to evaluate the light yield 

[36]. The light yield significantly decreases from 9300 to 3800 photons/MeV with 

increasing CuI(PPh3)2(t-BuPy) concentration. The light yield variation trend is 

consistent with that of steady-state RL emission. In addition, the precipitate which was 

observed in the 3 wt% loaded plastic gives the same light output of the 2 wt% loaded 

plastic, reinforcing thus the fact that this precipitate was the copper complex. 

Besides X-ray and γ-ray detection performances, scintillation response of 

CuI(PPh3)2(t-BuPy)-loaded plastic scintillators under alpha particle irradiation was also 

studied. Pulse height spectra and relative light yield under 239Pu excitation are shown 



in Figure 6c and 6d. BGO standard sample has similar diameter as reference, but its 

thickness is only 1.5 mm. Since the alpha energy is fully released within the scintillator, 

the maximum of the amplitude of the histogram was considered for light yield 

calculation. The light yield decreased from 380 to 130 photons/MeV with increasing 

CuI(PPh3)2(t-BuPy) loading concentration. Again, 2 wt% and 3 wt% loaded samples 

show the same light output. 

 

Figure 6. (a) Pulse height spectra and (b) scintillation light yield as a function of CuI(PPh3)2(t-

BuPy)-loaded concentration under 137Cs irradiation. (c) Pulse height spectra and (d) scintillation 

light yield as a function of CuI(PPh3)2(t-BuPy) loaded concentration under 239Pu irradiation. 

3.2  Photophysics and scintillation properties of CuI(PPh3)2(t-BuPy)-loaded PVT and 

PVT/PPO plastics 

To shed light on the mechanism of light yield deterioration, the PVT/2 wt% 

CuI(PPh3)2(t-BuPy) and PVT/2 wt% CuI(PPh3)2(t-BuPy)/2 wt% PPO plastics were also 

prepared (see Figure S7). The PL and PLE spectra of PVT/2 wt% CuI(PPh3)2(t-BuPy) 

plastic scintillator are shown in Figure 7a. The featured emission at 330 nm associated 

with PVT is observed under 270 nm excitation, and the featured emission at 520 nm 

associated with CuI(PPh3)2(t-BuPy) is observed under 350 nm excitation. A large 

overlap between the emission spectrum of PVT and the excitation spectrum of 

CuI(PPh3)2(t-BuPy) suggests the existence of energy transfer from PVT to 

CuI(PPh3)2(t-BuPy). The TRES of PVT/2 wt% CuI(PPh3)2(t-BuPy) plastic scintillator 

between 350 and 530 nm (274 nm excitation) are shown in Figure 7b. With increasing 

wavelengths, the appearance of the long decay (the orange zone) from CuI(PPh3)2(t-

BuPy) over 3500 ns, while the fast decay is always present (the tiny grey line around 

ordinate 100 ns). The RL spectrum of PVT/2 wt% CuI(PPh3)2(t-BuPy) is shown in 



Figure 7c. A broad emission band can be ascribed to emissions from CuI(PPh3)2(t-

BuPy).  

The PL and PLE spectra of PVT/2 wt% CuI(PPh3)2(t-BuPy)/2 wt% PPO plastic 

scintillator are shown in Figure 7d. The emission of PVT and PPO are observed under 

270 nm excitation, and the emission of CuI(PPh3)2(t-BuPy) is observed under 365 nm 

excitation. There is a considerable overlap between the emission spectrum of PPO and 

the excitation spectrum of CuI(PPh3)2(t-BuPy). The TRES of PVT/2 wt% CuI(PPh3)2(t-

BuPy)/2 wt% PPO plastic scintillator under 274 nm excitation are shown in Figure 7e. 

Compared to PVT/2 wt% CuI(PPh3)2(t-BuPy) plastic scintillator, the incorporation of 

PPO reduced the long decay ratio (the orange zone reduced). Thus, there is a 

competition between PPO and CuI(PPh3)2(t-BuPy).The RL spectrum PVT/2 wt% 

CuI(PPh3)2(t-BuPy)/2 wt% PPO plastic scintillator is shown in Figure 7f. A broad 

emission band shows a maximum at 400 nm (3.1 eV) coming from PPO and an 

emission peak at 459 nm (2.7 eV) coming from CuI(PPh3)2(t-BuPy). We have also 

compared the RL intensity under 90Sr/90Y radioactive source of 2 wt% CuI(PPh3)2(t-

BuPy) loaded samples without or with PPO or POPOP, as shown in Figure S8. The RL 

intensity of sample containing only Cu complex is very low. Therefore, the emission of 

CuI(PPh3)2(t-BuPy) in plastic scintillators is very weak comparing to PPO and POPOP, 

which also leads to the reduction of scintillation performance. 

  

Figure 7. (a) PL and PLE spectra, (b)TRES and (c) X-ray excited RL spectrum of PVT/2 wt% 

CuI(PPh3)2(t-BuPy) plastic scintillator. (d) PL and PLE spectra, (e)TRES and (f) X-ray excited RL 

spectrum of PVT/2 wt% CuI(PPh3)2(t-BuPy)/2 wt% PPO plastic scintillator. The fitting curves are 

also shown. 

Combined with the aforementioned results of photoluminescence and scintillation 

properties, the possible ET paths were proposed in this system (see Figure 8): 1) 

PVT→PPO→POPOP, 2) PVT→CuI(PPh3)2(t-BuPy), and 3) PVT→PPO→ 

CuI(PPh3)2(t-BuPy). These three paths are co-existent. In this system, the emission of 

CuI(PPh3)2(t-BuPy) is very weak, so 2) and 3) ET paths account for energy loss due to 

the inefficient energy transfer.  



 

Figure 8. Schematic illustration of energy transfer processes in CuI(PPh3)2(t-BuPy)-loaded PVT 

plastic scintillators. 

3.3  α/γ pulse shape discrimination performances of plastic scintillators 

Fig. 9 plots the 2-dimensional α/γ PSD histograms for of (Qtail/Qtotal) versus Qtotal 

for samples of PVT/CuI(PPh3)2(t-BuPy) (Fig. 9(a)) and PVT/PPO/CuI(PPh3)2(t-BuPy) 

(Fig. 9(b)). One can see the largest difference of the response between (a) and (b), with 

a strong α/γ discrimination capability for the scintillator based on the copper complex 

only. This confirms the triplet harvesting capability of the copper complex, a feature 

which is not possible for PPO. 

 

 

Figure 9. The 2-dimensional α/γ PSD histograms of plastic scintillators (a) with 2 wt% 

CuI(PPh3)2(t-BuPy) and (b) with 2 wt% CuI(PPh3)2(t-BuPy) and 2 wt% PPO. Note that time gates 

and photomultiplier gain are not the same for both samples. 

4. Conclusion 

In summary, high quality polyvinyl toluene-based scintillators loaded with varying 

CuI(PPh3)2(t-BuPy) concentrations were synthesized. All samples show high optical 

transmittance over 80% in the concerned wavelength range. The RL emission comes 

mainly from the singlet state de-excitation of POPOP. The scintillation yield 

deterioration under X-ray, 137Cs and 239Pu irradiation is probably associated with 

inefficient energy transfer efficiency from PVT to CuI(PPh3)2(t-BuPy) and from PPO 



to CuI(PPh3)2(t-BuPy), and the low efficiency emission of CuI(PPh3)2(t-BuPy). Plastic 

scintillator containing only CuI(PPh3)2(t-BuPy) also showed α/γ PSD performance. 

Development of robust and cost-efficient phosphorescent dopants with rigid frame 

structure and short lifetime to improve light yield is worthy of further investigation. 
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