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A B S T R A C T   

Rare earth diphenylphosphinates – [RE(dpp)3]n – are low-dimensional nanostructured luminescent materials 
with considerable thermal and chemical stability, obtained in powder form, consisting of highly insoluble 
nanowire/nanorod-shaped particles. As a potential candidate for applications as nanocrystalline scintillator 
devices, [Eu(dpp)3]n has been synthesized by wet route precipitation methodologies. X-ray excited optical 
luminescence (XEOL) measurements revealed that the samples show intense emission under X-ray excitation, 
presenting structural and electronic stability against continuous and prolonged exposure to ionizing radiation 
without changing the chemical environment in which the trivalent europium ion is inserted. Indeed, the self- 
structuring of [RE(dpp)3]n in a polymeric matrix of high thermal stability allowed [Eu(dpp)3]n to be a low- 
dimensional nanostructured luminescent coordination polymer resistant to radiation damage.   

1. Introduction 

Scintillators are a unique class of down-conversion optical materials 
capable of absorbing high-energy (ionizing) radiation and efficiently 
converting it into ultraviolet, visible, or near-infrared radiation [1,2]. In 
this context, one can cite a class of emerging nanomaterials known as 
nanocrystalline scintillators (NCSs), including but not limited to quan
tum dots, nanoclusters, metal–organic frameworks, and nanophosphors. 
NCSs differ from others in dimensionality, which translates into signif
icant differences in defect density and the availability of the effective 
energy states to electrons [3]. Over the past few decades, many studies 
have addressed the usage of scintillators for classical applications such 
as ionizing radiation detection and non-destructive security inspection 
[4]. However, current interest is centered on developing nano
scintillators that serve a dual purpose: as scintillators themselves and as 
photosensitizers (cytotoxic reactive oxygen species – ROS – generators, 
most importantly singlet oxygen, 1O2) for X-ray-induced photodynamic 
therapy (X-PDT) applications [2,3,5,6]. 

As potential candidates for the applications above, rare earth 
diphenylphosphinates – [RE(dpp)3]n – are low-dimensional nano
structured coordination polymers that present considerable thermal and 
chemical stability, resembling the behavior of inorganic phosphates [7]. 

By combining those intriguing characteristics with the high energy 
conversion efficiency and energy resolution of metal ion-based emitters 
[8], as well as the plentiful ladder-like energy levels from RE ions [2], 
one can help to obtain 1D-nanostructured rare earth-based scintillators 
with control of shape and particle size as a function of the synthesis 
methodology. Thus, it is expected to improve the scintillation efficiency 
due to the RE activator’s high atomic number and fast decay owing to 
the polymeric matrix organized in a nanostructure of one-dimensional 
nanorods (NR; Rlength(l )/diameter(d) < 10) or nanowires (NW;Rl /d > 10). 

2. Material and methods 

[Eu(dpp)3]n has been synthesized by wet route precipitation meth
odologies, according to [7]. The wet route synthesis (WRS) consists of a 
direct reaction between a rare earth chloride (RECl3) and diphenyl
phosphinic acid (Hdpp) in a 1:1 ethanol-to-water mixture @ 1:3 metal- 
to-ligand ratio under dynamic N2(g) atmosphere; the RECl3 solution is 
slowly dripped onto the ligand solution under constant stirring, causing 
the [RE(dpp)3]n to precipitate. Modifications through U-WRS (ultra
sound-assisted wet route synthesis), M-WRS (modulator-assisted wet 
route synthesis), and S-WRS (wet route synthesis with solvothermal 
treatment) lead to changes in precipitation kinetics, crystalline phase 
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formation rate or facilitating interaction between reaction components. 
It is noteworthy that the M-WRS methodology was carried out in the 
presence of different amounts of methanoic acid as a coordination 
modulating agent (MA): 1:100, 1:500, and 1:1,000 Eu3+:MA; another 
situation was also explored in which the ethanol/water solvent was 
utterly replaced by methanoic acid (100% MA). Purity and brands: EuCl3 
solution was obtained by stoichiometric hydrochloric acid (Sigma- 
Aldrich, 37%) attack on Eu2O3 (Aldrich, 99.99%), and its concentration 
was determined by complexation titrimetry; ligand: diphenylphosphinic 
acid (Aldrich, ≥98.0%); modulating agent (MA): methanoic acid (Sigma- 
Aldrich, ≥95%); solvent: ethanol (Sigma-Aldrich, ≥99.5%) and Milli-Q® 
ultrapure water (18.2 MΩ⋅cm @ 25 ◦C); atmosphere: compressed nitro
gen gas (White Martins, 99.998%). 

2.1. X-ray excited optical luminescence (XEOL) measurements 

The samples were exposed to the X-ray beam (bremsstrahlung con
tinuum and characteristic X-rays) generated by a Rigaku X-ray diffrac
tometer, with a static Molybdenum anode as target and operated at a 
tube wattage rating of 800 W @ 20 mA × 40 kV (nominal electrical 
quantities); true electrical quantities (DCA, DCV, wattage) were 
continuously monitored over operating time. Sample luminescence was 
collected in front-face mode through a one-way multicore fiber-optic 
bundle. Further details on the construction of the XEOL system can be 
found in [9]. 

Fig. 1. (a) SEM-FEG photomicrography of WRS [Eu(dpp)3]n, (b) XEOL spectra, (c) integrated intensity ratio R(0− 2/0− 1) = I
( 5D0→7F2

)/
I
( 5D0→7F1

)
, and (d-f) in

dividual radiative decay rate A(0− J) : A
5D0→7F2
rad ,A

5D0→7F3
rad ,A

5D0→7F4
rad , for WRS/U-WRS/M-WRS/S-WRS [Eu(dpp)3]n @ room temperature. 
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2.2. Calculation 

The radiative rates of spontaneous emission A0J were determined 
from the 5D0→7F2, 5D0→7F3, and 5D0→7F4 transitions, respectively. 
The 5D0→7F1 transition was taken as the reference and the A01 value is 
estimated to be 50s− 1. In this way, A0J rates were calculated from the 
intensity ratios (I0J) between 5D0→7FJ(J = 2,3, 4) and 5D0→7F1(I01)

transitions using the expression A0J = A01

(
I0J
I01

)(
ν01
ν0J

)
, where ν0J is the 

energy barycenter of the transition [10]. 

3. Results and discussion 

[RE(dpp)3]n are low-dimensional nanostructured rare earth-based 
materials with potential application as NCSs devices. Such nano
materials have considerable thermal and chemical stability, comparable 
to inorganic phosphates, obtained – as a function of WRS methodologies 
– with well-defined morphology, size, and optical properties. 

Specifically, [Eu(dpp)3]n is a 1D1-nanostructured luminescent coor
dination polymer obtained in powder form as a finely-divided white 
solid consisting of highly insoluble nanowire-shaped particles. The 
morphological behavior of WRS [Eu(dpp)3]n (Fig. 1(a)) should be 
regarded as representative of the entire Eu3+ series synthesized through 
WRS methodologies. The particles’ shape is kept unaltered, differing 

only in terms of dimensions (length & diameter) which always present 
Rl /d > 10. Therefore, they can be classified as nanowires regardless of 
the adopted WRS methodology. 

The XEOL spectra for [Eu(dpp)3]n synthesized by WRS methodolo
gies are shown in Fig. 1(b). The general behavior of the samples is quite 
similar, regardless of the synthesis methodology; indeed, solids show the 
same spectral profile under X-ray excitation (Mo target, Kα1= 17.479 
keV; 800 W @ 20 mA × 40 kV, nominal values), following the same 
trend of photoluminescence spectroscopy (UV–Vis PLS) [7]. It is possible 
to verify relaxations of the first Eu3+ excited state (emitting level), 5D0, to 
four 7FJ levels, 5D0 → 7FJ=1,2,3,4; for simplicity, these transitions are 
assigned as (0-J) in the spectra. The 5D0 → 7F0 transition is not observed, 
and transitions 5D0 → 7F5 and 5D0 → 7F6 are outside the monitored 
spectral range. 

Previous UV–Vis PLS studies have already pointed to the existence of 
at least two symmetry sites in [RE(dpp)3]n structure, both in Eu3+-doped 
matrices [11] and in a pure [Eu(dpp)3]n matrix synthesized by WRS 
methodologies [7]. Nevertheless, the XEOL emission process for [Eu 
(dpp)3]n is always governed by Eu3+ ions from higher symmetry sites, 
resulting in the integrated intensity ratios R(0− 2/0− 1) = I

( 5D0→7F2
)/

I
( 5D0→7F1

)
= 0.742 (±0.026) as an average value (AV) (Fig. 1(c)); in

dividual R(0-2/0-1) results for each sample are similar to each other, with 
standard deviations no greater than ± 2.0 s of AV. The contribution of 
the less symmetrical sites to the Eu3+ ion emission under X-ray 

Fig. 2. (a) X-ray tube true electrical quantities over operating time, (b) XEOL damage spectra for WRS [Eu(dpp)3]n @ room temperature after 20 s and 720 min of 
continuous exposure, and (c) XEOL emission spectra for a virgin and an exposed (720 min) WRS [Eu(dpp)3]n sample. 
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excitation never becomes preponderant in any WRS methodologies. 
Individual radiative decay rates from the 5D0 excited state to the low- 

lying 7FJ=2,3,4 states under X-ray excitation are presented in Fig. 1(d-f); 
the 5D0 → 7F1 transition is governed by magnetic dipole mechanisms, 
which makes it independent of the ligand field (site-independent) and 
results in constant emission intensity. Overall, the most significant 
contribution to A(total)

rad comes from A
5D0→7F2
rad with an AV of 38.765 

(±1.377) s− 1. 
Radiation damage measurements were performed for WRS [Eu 

(dpp)3]n as a structural and electronic stability test to verify the effects of 
continuous and prolonged exposure of the solid to the X-ray beam. X-ray 
tube true electrical quantities were continuously monitored over the 
720-min operating time, effectively corresponding to 803.23 (±1.05) W 
@ 20.04 (±0.02) mA × 40.09 (±0.04) kV (Fig. 2(a)); such parameter 
values, with standard deviations smaller than 0.15%, attest to the sta
bility of the XEOL system. 

XEOL damage spectra for WRS [Eu(dpp)3]n @ room temperature 
show intense emission (>2.8 104 cps) under X-ray excitation (Fig. 2(b)), 
an essential property for its application as NCS. After 720 min of 
continuous exposure to the X-ray beam, there was no appreciable 
change in the chemical environment (local symmetry) in which the Eu3+

ion is inserted since the R(0-2/0-1) ratio remained practically constant @ 
20 s [spectrum #1] and 720 min [spectrum #2,160], with a slight 
decrease of 1.3% in absolute values. The spectral profile and the emis
sion intensity remained conserved over exposure time, suggesting that 
[Eu(dpp)3]n is a radiation damage tolerant nanomaterial. As proof of 
concept, the same stability behavior is observed when comparing a 
virgin (no exposure to X-rays) and an exposed (720 min) WRS [Eu 
(dpp)3]n sample, resulting in R(0-2/0-1) = 0.778 (±0.026) and 0.775 
(±0.026), respectively (Fig. 2(c)). 

4. Conclusion 

[Eu(dpp)3]n samples show intense emission under X-ray excitation, 
with considerable stability verified against prolonged exposure to 
ionizing radiation. After 720 min of continuous exposure to the X-ray 
beam, there was no appreciable change in the chemical environment 
(local symmetry) in which Eu3+ is inserted, verified by conserving the 
XEOL spectral emission profile. The spectral profile and the emission 
intensity remained conserved over exposure time, suggesting that [RE 
(dpp)3]n are nanomaterials resistant to radiation damage. Critical to a 
potential application as NCSs devices, the self-structuring of [RE(dpp)3]n 
in a polymeric matrix of high thermal stability, formed by nano
structures of one-dimensional nanorods or nanowires, allowed such low- 
dimensional nanostructured luminescent coordination polymers to 
present structural and electronic stability against continuous and pro
longed exposure to X-rays. 
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