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ABSTRACT

A series of down-converting organic fluorophores were synthesized in order to cover the full range 

of the visible spectrum, two π-extended phospholes with blue (B) and red (R) emissions and two 

difluoroboron β-diketonates with green (G) and yellow (Y) emissions. Their excellent optical 
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performances were evidenced by recording their emission spectra and measuring their 

photoluminescent absolute quantum yields in both liquid and solid states. Subsequently, these 

fluorophores were incorporated into silicone at 10 wt.% to prepare luminescent composite films. 

Their photoluminescent properties were analyzed at room temperature and their CIE chromaticity 

coordinates were determined. By strategically combining these films emitting different visible 

lights (B, G, Y, R) with commercial blue or violet LED chips, we were able to produce white light 

exhibiting a high color rendering index (90) and color correlated temperature close to 4500 K. 

Finally, to assess the durability of theses composite films and to demonstrate the potential of these 

rare-earth-free fluorophores as down-converters phosphors for LED based devices, the stability of 

their optical performances was investigated upon thermal and photonic stresses.

1. INTRODUCTION

The emergence of white light-emitting diodes (WLEDs) has resulted in a tremendous 

technological shift of lighting and display applications because of their high efficiency, long 

lifetime and environmental friendliness compared to fluorescent lamps or incandescent bulbs. 

Currently, most WLEDs consist of a blue-emitting InGaN light-emitting diode (LED) chip coated 

by a down-converter (DC) phosphor, Y3Al5O12:Ce3+ (YAG:Ce), which converts a part of the blue 
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light into yellow light. White light is then produced by the combination of the LED chip and 

phosphor emissions 1, 2. Even though YAG:Ce exhibits several advantages like a high quantum 

efficiency (QE), broad yellow emission spectrum and a high stability upon thermal or photonic 

stresses, the use of this single phosphor presents some drawbacks. Indeed, the obtained white light 

is characterized as cold (or cool) white light with a colour correlated temperature (CCT) higher 

than 4500 K and a poor colour rendering index (CRI) lower than 80 which does not fulfil the 

specifications for most lighting and display applications. Thus, to reach a higher CRI and a warmer 

white light, a red-emitting phosphor is commonly added to YAG:Ce 3. A few DC phosphors are 

able to convert blue emission of LED chip into red light like sulphide phosphors (SrS:Eu2+ or 

CaS:Eu2+), nitride phosphors (CaAlSiN3:Eu2+, Sr2Si5N8:Eu2+ or Ba2Si5N8:Eu2+) or fluoride 

phosphors (K2SiF6:Mn4+ or KSF: Mn4+). But the development of a red-emitting phosphor with 

high quantum efficiency and stability upon an excitation wavelength range which does not overlap 

the YAG:Ce emission is still a major challenge.

As can be seen in their chemical formula, most DC phosphors for LED applications contain 

lanthanide ions and hence have full dependence on rare-earth elements (REEs) that are potentially 

facing a serious supply shortage, and their lack of recyclability is destructive to the environment 
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4-7. Today, about 20% of global REEs are used in clean energy technologies. Among them, 

europium, terbium, and yttrium are essential ingredients of phosphors used in general lighting. 

Since the demand for REEs will continue to increase dramatically for various technologies, their 

prices have been rising constantly, making the cost issue even more crucial.

Thus, the development of rare-earth-free phosphors is highly important. In this context, the use 

of organic fluorophores appears as an appealing strategy. Hence, thanks to the power of organic 

synthesis, there exists a wide range of DC fluorophores with tuneable emission wavelengths, high 

photoluminescence quantum yields and satisfying chemical/thermal stability. Based on their 

successful insertion into various optoelectronic devices such as Organic Light-Emitting Diodes 

(OLEDs) or Lasers, we decided to focus on π-extended phospholes and difluoroboron β-

diketonates for this study (Table 1) 8-10.

Regarding difluoroboron β-diketonate complexes, they display an easy molecular engineering, 

excellent solid-state luminescent as well as satisfying stability illustrated by their successful 

insertion OLEDs, solar cells or organic lasers 11-13. For these reasons, 1-2 (Table 1) were therefore 

chosen to be combined with commercial LEDs.
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Besides, the luminescence of π-extended phospholes has been widely exploited in the context 

of sensing, bioprobes and OLEDs 14-17.

Their intense luminescence, combined with an easy molecular engineering that allows fine-

tuning color and an excellent thermal, chemical and photochemical stability make that π-extended 

phospholes such 3-4 (Table 1) are compounds of choice for being used in WLEDs as rare-earth-

free phosphors 18.

Table 1. Structure and label of the different fluorophores

Structures of fluorophores R
Name in DCM 

solution

Name of the 

powders

tBu 1 P1
O O

B
FF

MeO

R = tBu: 1
R = H: 2

P
PhO

R

R

R

R = NPh(OMe)2: 3
R = H: 4

H 2 P2

NPh(OMe)2 3 P3
O O

B
FF

MeO

R = tBu: 1
R = H: 2

P
PhO

R

R

R

R = NPh(OMe)2: 3
R = H: 4

H 4 P4
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In this study, four rare-earth-free fluorophores were examined in solution, in solid state, and in 

a composite mixture. The optical characteristics of these materials were investigated using UV 

spectroscopy, PLQYabs (Absolute Photoluminescence Quantum Yield), emission spectra, and CIE 

chromaticity coordinates were also recorded. Luminescent composite films prepared from powders 

of these different fluorophores dispersed in silicone were combined with commercial blue and UV 

chips to produce white light with tunable color temperature. Finally, the stability under thermal 

and photonic stresses of these fluorophores in both powder and composite film forms was 

investigated.
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2. EXPERIMENTAL

2.1. Fluorophores synthesis

1, 2 and 4 were synthesized according to described procedure 19-21. To provide 3 in moderate 

yield, the silver mediated cyclization between 4'-(ethyne-1,2-diyl)bis(N,N-bis(4-

methoxyphenyl)aniline) and diphenylphosphine oxide was used (see SI-section 1: Experimental 

section). The structure of this latter was confirmed by 1H, 13C and 31P NMR characterizations 

(Fig. S1-S3). The thermal behaviour of these four fluorophores was investigated by TGA and DSC 

analyses (Fig. S4-S11).

2.2. Fabrication of silicone composite films

The two-component silicone polymer (BluesilTM RTV 141 A&B) was composed of a viscous 

liquid (part A, 90 wt.%), cured by polyaddition reaction with a catalyst (part B, 10 wt.%). Free-

standing fluorophore/silicone composite films with 10 wt.% load of fluorophore were obtained as 

follow. First, the suitable amount of fluorophore was dispersed in part A of silicone with a 

mechanical mixer (Planetary Centrifugal Vacuum Mixer “Thinky Mixer”) for 10 min at 1200 rpm. 

The mixture was further homogenized by passing twice through a three-roller mill (Exakt80E). 

Then, part B of silicone was added to the mixture and homogenized using the mechanical mixer 
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for 10 min at 1200 rpm. Finally, the fluorophore/silicone film (labelled Si-Fx (x =1-4) film (10 

wt.%)) was casted on a Teflon surface called Elcometer 4340 automatic film applicator at 40°C 

(the knife blade height was 200 μm and the casting speed was 30 mm/s) then cured at 70°C for 

another 2 h. The film thickness was measured with an Elcometer 456 coating thickness gauge.

2.3. Characterization techniques

UV-Visible spectra in solution were recorded at room temperature on a Specord 205 

UV/Vis/NIR spectrophotometer.  The UV-Vis emission and excitation spectra measurements in 

solution were recorded on a FL 920 Edimburgh Instrument equipped with a Hamamatsu R5509-

73 photomultiplier for the NIR domain (300-1700 nm) and corrected for the response of the 

photomultiplier. Quantum yield was calculated relative to Rhodamine 6G (Ethanol), Φref= 0.94. 

The photoluminescence quantum yield (PLQY), photoluminescence spectra (PL), and trichromatic 

coordinates (CIE x,y) of fluorophores in solid state were recorded with PLQY measurement 

software (U6039-05) using an integrating sphere measurement system (C9920-02G) from 

Hamamatsu photonics. The setup consisted of a 150 W monochromatic Xe lamp, an integrating 

sphere (Spectralon coating, ⌀ = 3.3 in.) and a high-sensitivity CCD camera. The internal 

photoluminescence quantum yield (PLQYint) and the absorption coefficient (Abs) defined by 
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formulae (1) and (2) were obtained directly from the measurements made in the integrating sphere. 

The absolute photoluminescence quantum yield (PLQYabs) was calculated from the product of 

PLQYint x Abs, and corresponds to the equation (3).

(1)𝑃𝐿𝑄𝑌𝑖𝑛𝑡 =
number of emitted photons

number of absorbed photons

(2)𝐴𝑏𝑠 =
number of absorbed photons
number of incident photons

(3)𝑃𝐿𝑄𝑌𝑎𝑏𝑠 =
number of emitted photons
number of incident photons

Photometric parameters were collected in an integrating sphere with a diode array rapid analyzer 

system (GL Optic integrating sphere GLS 500) at room temperature. Si-Fx films were placed on a 

UV or violet or blue LED emitting respectively at 385 nm, 405 nm, 450 nm and 465 nm. The 

testing condition is under a forward current of 800 mA related to an applied voltage of 3.5 V. 

Reliability studies were carried out on powders (P1-P3) using a home-made set-up consisting of 

a power-controlled blue LED emitting at 465 nm as the excitation source and a HR4000 high 

resolution spectrometer (Ocean Optics) as the PL analyser. The samples were positioned on a 

heating element whose temperature was adjusted to the desired value (room temperature (RT) or 

100°C). The emission spectra of the fluorophores were acquired every 30 min for 170 hours. Their 

area was integrated to obtain the total emission intensity. LED power was measured using a 

Coherent PowerMax USB PS19Q (19 mm aperture). The measurement was performed by centring 
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the head unit over the LED source and measuring the power of the LED light emitted through the 

aperture. The blue LED power was 183 mW. The LED power density can be expressed in W/m2 

and was calculated by LED power (in watt) per unit surface of the sample (0.25 cm2). The power 

density of the blue LED was 7300 W/m2; for our experiments, a bandpass filter was used in order 

to reduce this value to 3080 W/m2. The measurements of fluorophores were also carried out with 

a UV LED at 375 nm as excitation source to compare their durability to the fourth one (P4) which 

cannot be excited suitably by the blue LED. The complete system (UV LED + collimating lenses 

+ filters) irradiates the sample under a photon flux of 900 W/m2.

3. RESULTS AND DISCUSSIONS

3.1. Optical characterization of fluorophores in solution in dichloromethane at 298K

The spectroscopic properties of the four fluorophores 1-4 (Table 2) were investigated in diluted 

dichloromethane (DCM) solutions (c ≈ 1.10-6 mol.L-1). As described by Songpan Xu et al 22, 1-2 

display similar absorption properties with an intense band between 350 nm and 425 nm (λmax(2) = 

398 nm; λmax(1) = 403 nm) (Fig. 1a) attributed to π-π* transition. Diphenylbenzophosphole 

oxide (sample 4) exhibits a band at 346 nm, which is attributed to π-π* transition centered on the 
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benzophosphole core 23. Fluorophore 3 displays a different absorption spectrum compared to 4, 

with a band centered at 300 nm which is attributed to π-π* transition centered on the 

benzophosphole core and another much wider and less intense band in the visible range 

(λmax(3) = 422 nm) attributed to Internal Charge Transfer (ICT) from the arylamine donor to the 

benzophosphole oxide acceptor as it has been reported for similar compound 9, 24. As can be seen 

in Table 2, chromophores 1 and 2 show intense fluorescence with maximum emission wavelengths 

at 431 nm and 430 nm respectively (Fig. 1b), with high PLQYint, close to 100%. 4 displays 

fluorescence with a maximum wavelength at 462 nm with a low PLQYint of less than 1%, in 

adequation with its “aggregation induced emission” character 23. Due to the presence of electron-

rich ICT-inducing moieties, 3 displays a red-shifted fluorescence with a maximum wavelength at 

632 nm with a PLQYint of 17% 25. Furthermore, we can point out that the emission profile of 3-4 

is rather broad compared to 1-2.
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Fig. 1. (a) UV-vis absorption and (b) emission spectra of 1-4 in diluted DCM solution 

(exc = abs max reported in the Table 1 for each fluorophore)

The excitation spectra of fluorophores 1-4 in diluted DCM solution are presented in Fig. S12.

Table 2. Spectroscopic data of 1-4 in diluted DCM (c ≈ 1.10-6 mol.L-1)

Fluorophores abs max (nm)  (L.mol-1.cm-1)a em max (nm) PLQYabs 
e(%)

1b 403 64000 430 99

2c 398 55000 431 99

3 422 15000 632 23

4d 346 5900 462 <1%

a  : molar absorption coefficient, b data from reference20, c data from reference22, d data from 

reference23, e Absolute Quantum yield measured on the same integration sphere

3.2. Optical characterization of fluorophores in solid state
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In order to assess the ability of fluorophores 1-4 to be used as DC phosphors in LED devices, 

their absolute photoluminescent quantum yields (PLQYabs) were recorded in solid state (powder 

sample) from 250 nm to 550 nm (Fig. 2). All of them exhibit high PLQYabs between 30% and 70% 

in the UV/blue excitation range, except P4 whose PLQYabs drops drastically after 420 nm, in 

agreement with its UV-vis absorption spectrum. Thus, regarding their PLQYabs values (Table 3), 

fluorophores Px (x =1-3) can be combined efficiently with commercial UVA/violet/blue LED chips 

whereas P4 can only be excited by UVA/violet LED chips (365 nm, 385 nm or 405 nm). As 

expected, based on the literature reports, all those fluorophores display good luminescent quantum 

yields in the solid-state.
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Fig. 2. PLQYabs of solid-state fluorophores Px (x =1-4) recorded upon excitation from 250 to 550 

nm

Table 3. PLQYabs (%) of Px (x =1-4) upon excitation at wavelengths of commercial LED chips

UVA LED Violet LED Blue LED

exc 365 nm 385 nm 405 nm 450 nm 465 nm

P1 51 50 49 52 49

P2 39 38 39 42 42

P3 39 38 37 36 36

P4 60 58 58
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Emission spectra were recorded at RT upon excitation at 405 nm for Px (x=1-4) samples (Fig. 

3). All those compounds display strong luminescence in powder with a gradual red-shift in the 

series P4-P1-P2-P3 (λem max(1) = 460 nm; λem max(2) = 500 nm; λem max(3) = 560 nm; λem max(4) = 

616 nm). The solid-state luminescence of the boron difluoride complexes 1-2 markedly differ from 

the diluted solution, due to intermolecular interactions in the condense phase. This aspect has been 

previously investigated experimentally and theoretically 12, 20, 26. On the contrary, for 

benzophospholes 3-4, there is no significant modification between the solution and the solid-state, 

as usually observed 8, 9, 23. We should also point out that the emission spectra of the Px (x=1-4) 

fluorophores do not change with the change in excitation wavelength, as shown in Fig. S13. The 

excitation spectra of fluorophores P1-P4 are displayed in Fig. S14.
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Fig. 3. Emission spectra recorded at RT from solid state fluorophores in solid curve (P1–P4) and in 

diluted DCM solution in dashed curve (1-4) upon excitation at 405 nm

We thus have in hand a series of fluorophores emitting respectively in the Blue, Green, Yellow 

and Red wavelength range as powders. The associated CIE chromatic coordinates (Fig. 4) 

highlight the bathochromic emission shift occurring when switching from powders P4 to P1, P2 and 

P3. As a result, by mixing these fluorophores in solid state (Px (x=1-4)) in the right proportion, we 

should be able to produce white light with controlled photometric parameters.
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Fig. 4. Chromaticity coordinates of Px (x=1-4) fluorophores in solid state with the CIE chromaticity 

coordinates excited by a 465nm blue light for P1, P2 and P3, and excited by a 405 nm UV light for 

P4.

Interestingly, the emission spectrum of compound P2 recorded upon excitation at 465 nm (Fig. 

5) overlaps very well with the emission spectrum of YAG:Ce (Ce3+ doped Y3Al5O12) which is the

reference yellow phosphor used in all white light emitting diodes (WLEDs).
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Fig. 5. Comparison of normalized emission spectra of P2 and commercial YAG:Ce upon excitation 

at 465 nm

3.3. Optical characterization of luminescent composite films

3.3.1. Emission spectra and colorimetry

To further investigate the suitability of the selected fluorophore powders for LED applications, 

composite films were prepared by dispersing the powder in a silicone elastomer (PDMS-type) 

matrix (according to the protocol described in the experimental part) (Fig. 6). Four composite 

films, named Si-Fx (x = 1,2,3 or 4) (Si-F1 for example refers to the films elaborated with 10wt.% 

of fluorophore P1) were prepared. For each film, the measured thickness is of the order of 

110 ± 5 µm.
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Fig. 6. Pictures of compounds Si-Fx (x=1-4) composite films under (a) daylight and (b) UV light 

365nm

The emission spectra of the Si-Fx (x=1-3) and Si-F4 composite films were recorded under 

excitation at 465 nm and 405 nm respectively (Fig. 7a solid lines) and were compared with those 

of powders (Fig. 7a dotted lines).

Analysis of Fig. 7a reveals a shift in the emission maximum towards shorter wavelengths for the 

four composite films compared with their powder counterparts. This behaviour has already been 

observed for composite films produced using the same procedure as that described in this paper 27 

and can be explained by a disaggregation effect of the powders induced by the rolling step during 

film preparation. We can also point out that the differences between the emission spectra are more 

marked for blue and green powders and films. This suggests that fluorophores 4 and 1 are more 
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sensitive to roll milling-induced shear forces than fluorophores 2 and 3. As a result, the 

chromaticity diagram shows slightly different color points for red and yellow powders and films. 

These differences are more pronounced for green and blue powders and films (Fig. 7b).
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Fig. 7. a) Emission spectra of the Si-Fx (x=1-4); b) CIE chromaticity coordinates of powders and 

Si-Fx composite film upon 465 nm for powders P1, P2 and P3 and the corresponding films and 405 

nm for powder P4 and Si-F4.

3.3.2. PLQYabs of Si-Fx composite film

PLQYabs of the Si-Fx (x=1-4) composite films were recorded for excitation wavelengths from 

250 to 550 nm (Fig. 8). The films exhibit PLQYabs comparable to those of powders, meaning that 

the dispersion in silicone did not modify photoluminescence behaviour. A more detailed analysis 

of the evolution of the PLQYabs even shows a slight increase in the performance of the films 

compared to the powders. This can be explained by the dispersion effect generated by the polymer 

(a) (b)
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matrix, which leads to a reduction in non-radiative energy transfer and, consequently, to an 

improved internal quantum yield, as illustrated in Figs. S15 and S16.
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Fig. 8. PLQYabs of composite films Si-Fx (x =1-4) recorded upon excitation from 250 to 550 nm.

3.3.3. White light emission produced by the association of a blue or a UV LED chip and 

several Si-Fx (x=1-4) films

As these composites emit in the blue, green, yellow, or red parts of the spectrum, they can be 

combined to generate white light under blue or UV excitation. Consequently, several suitable 

combinations of these films with commercial blue or UV LEDs were tested. The three devices that 

yielded the highest Color Rendering Index (CRI) are presented (Fig. 9). Many other combinations 

were explored by varying the concentration of phosphors in the composite coating and also by 

adjusting the thickness of these coatings. The photometric parameters related to these different 

prototypes are summarized in Table S1.
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 Blue LED emitted at 465 nm + Si-F3 (5%wt / 100 µm) + Si-F2 (5%wt / 200 µm) + Si-F1

(5%wt / 100 µm) (Fig. 9a).

 Blue LED emitted at 450 nm + Si-F3 (5%wt / 100 µm) + Si-F2 (5%wt / 100 µm) + Si-F1

(5%wt / 100 µm) (Fig. 9b).

 Violet LED emitted at 405 nm Si-F3 (5%wt / 100 µm) + Si-F2 (2%wt / 100 µm) + Si-F1

(2%wt / 100 µm) + Si-F4 (10%wt / 200 µm) (Fig. 9c).

The three configurations studied lead to characteristic emission spectra. This is explained in 

particular by the greater or lesser absorption of the emission from the LED used and by the 

reabsorption phenomena that will take place given the overlap of the emission spectra.

As shown in Fig. 9d, these specific characteristics allow the photometric parameters to be 

modulated including white light emission.

This study thus show that a combination of the fluorophores described in this article can be 

successfully used as REEs free DC phosphors.
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Fig. 9. Spectrometric and photometric properties of white LED prototypes designed using a 

combination of different commercial LEDs (465 nm (a), 450 nm (b) and 405 nm (c)) with a 

superposition of composite films: one red, one yellow, one green and one blue for the 405 nm LED 

and (d) CIE chromaticity coordinates of the three combinations (LED/Si-Fx Films)
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3.4. Stability study of fluorophores upon thermal and photonic stresses

Stability under photonic and thermal stresses is an important parameter for LED applications. 

To study aging phenomena, samples Px (x=1-4) were exposed for several hours to the radiation 

from a commercial UV LED emitting at 375 nm. The behavior of powders Px (x=1-3) was also 

studied under irradiation with a commercial blue LED emitting at 465 nm. 

Under excitation at 465 nm with a flux of 3080 W/m2, it is observed that the fluorophore P3 

(based on an organophosphorus emitter) degrades much more rapidly than the boron difluoride 

complexes (P1 and P2) (Fig. 10a). Indeed, after 20 hours of irradiation, P3 is almost extinguished, 

whereas P1 and P2 retain approximately 60% and 70% of their initial emission intensity, 

respectively, and their performance remains nearly constant over the studied exposure time.

The same study conducted under excitation with a UV LED emitting at 375 nm. (a wavelength 

suitable for studying P4), highlights that P2 remains the most stable fluorophore (Fig. 10b). It 

retains more than 80% of its emission after 7 days of aging. P1 and P4, on the other hand, retain 

nearly 50% of their initial emission over the same period. The red fluorophore P3 experiences a 

significant decrease in its emission intensity, similar to that observed under blue excitation, and is 

nearly extinguished after only 40 hours of irradiation. The emission spectra recorded during the 
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aging process for these powders are shown in Fig. S17. They exhibit the same spectral profile 

throughout aging, with only a decrease in intensity. This leads us to conclude that the studied 

molecules are being destroyed rather than modified under the influence of the photon flux. 

As expected, the combined action of photon and thermal stress accelerates the degradation for 

all studied samples. For instance, the P1 powder, which was the most stable at 20°C, showing only 

a 20% decrease in emission after 160 hours of irradiation, experiences a 60% intensity drop when 

a temperature of 100°C is applied (Fig. S18).
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Fig. 10. Evolution of the emission (integrated intensity) as a function of irradiation time under (a) 

blue LED (465nm) and (b) under UV LED (375 nm) at 20°C

We deliberately worked under stringent conditions to highlight the stresses to avoid in order to 

preserve satisfactory emission properties. From this study, it is important to note that matrices P1, 

P2, and P4 exhibit promising performance under blue and UV LED excitation, even under photon 
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stress. This suggests their potential use in various applications such as displays, anti-counterfeiting 

marking, and more.

4. CONCLUSIONS

This work explores the potential of rare-earth-free phosphors for white light-emitting diodes 

(WLEDs) as a sustainable and cost-effective alternative to conventional phosphors containing rare-

earth elements. We focused our attention on organic fluorophores, particularly π-extended 

phospholes and difluoroboron β-diketonates. The different fluorophores (P1-P4) were 

characterized by a high photoluminescence absolute quantum yield and a wide range of emission 

colors (B, G, Y and R). The fabrication of silicone/fluorophores composite films, Si-Fx (x=1-4) 

exhibiting similar properties than phosphors powders, further validated their potential for LED 

applications. Various WLEDs prototypes with tunable color correlated temperature are presented, 

demonstrating the feasibility of producing white light emission through the careful combination of 

red, yellow, green, and blue-emitting films. Furthermore, the stability of their optical properties 

under thermal and photonic stresses highlighted the robustness of the fluorophores P1, P2 and P4, 

especially under UV and blue LED excitation. In summary, the development of these rare-earth-
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free organic fluorophores presents a compelling avenue for advancing the field of LED technology, 

offering sustainable alternatives with tunable properties and enhanced stability.

5. SUPPORTING INFORMATION

Synthesis description and NMR spectra (1H, 13C, 31P) of compound 3; TGA and DSC curves of 

all compounds; additional experimental details about emission spectra; PLQYint of powders and 

films; degradation evolution and all LED configurations tested.
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