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Introduction

Quantum dots (QDs) are promising objects due to their wide range of applications, ranging from light-emission to photodetection, solar cells, light emitting diode or tunable emitters for biolabeling [1][2][3][4][5] . In the case of applications in solution (i.e. temperature probes, fluorescence resonance energy transfer, etc.), it is crucial to know the limiting conditions of use. Indeed, numerous parameters may affect the photoluminescence (PL) of QDs such as the concentration of ligands [6][7][8] , the dilution 9,10 , the presence of other chemical compounds [11][12][13] , and may hinder the use of fluorescence properties as a quantitative tool. In particular, the consequences of the Inner-Filter Effect (IFE) have to be seriously taken into account to avoid misleading interpretations 14,15 . This concentration-dependent effect can be described as the combination of: (i) a Primary Inner Filter Effect (PIFE) due to the fact that concentrated solutions act as a real filter preventing light going through the solution, and (ii) a Secondary Inner Filter Effect (SIFE) due to the possible reabsorption of the emitted light by the solution. When the concentration is high enough, IFE results in a decrease of the luminescence intensity compared to more diluted samples. SIFE occurs when the absorbance of the sample overlaps its luminescence. The QD absorption in the emission range then implies a decrease of the luminescence intensity, and thus a distortion of the band shape. Indeed, the emission of given QDs can be reabsorbed by other QDs with a lower energy band gap (larger ones), which can then subsequently undergo radiative transition (and emit lower energy photons) or non-radiative relaxation. This phenomenon leads to an apparent decrease of the emission of the smaller QDs (at higher energy) and an increase of the emission of the larger ones (at lower energy). As a result, in presence of SIFE, the global PL emission wavelength is red-shifted while the QD concentration increases. Even if such effects are sometimes considered as "obvious", very few systematic studies have been carried out in depth [7][8][9] . We can mention the works of Zhang et al. 16 on colloidal carbon QD solutions or of Mei et al. on solutions of ZnSe QDs 9 , this latter evidencing that the optimal QD density to maximize the PL intensity was related to QD spacing and thus to the QD size. More recently, Noblet et al. 14 investigated the concentration effect on CdTe QD solutions to develop a model based on the IFE. They demonstrate that the concentration dependent behaviour of QD fluorescence can be fully understood by the IFE, precluding any hypothesis of dynamic quenching. Despite reabsorption is generally considered as limiting 15,17 , some recent studies take advantage of reabsorption appearing at high concentrations to build optical sensors based on the IFE 18,19 , which requires then a deep understanding of this effect for the optimization of such systems 20 .

A current concern focuses on combining QDs and metallic nanoparticles (NPs) to study energy transfer between them 13,[21][22][23] . The goal of such an approach would be to control the transfer of the exciton -generated by light absorption in the QDs -or of the excited electron or hole from the QDs to the NPs, by a suitable engineering of the relative energy levels. QDs would act as antennas to harvest light energy and thus activate the physical or chemical activity of NPs, e.g. in charge transport or catalysis. A challenge in this field is to overcome the low energy transfer efficiency from or to the QDs due to their small size 24 . In solution, a simple dilution can affect the PL of QDs, by lowering the concentration of ligands, of quenchers and increasing the distance between objects. It is thus crucial to precisely know phenomena affecting the PL of QDs and to differentiate reabsorption, screening and quenching effect.

We have chosen to study the combination of platinum (Pt) NPs and cadmium phosphide (Cd3P2) QDs. Cd3P2 is an interesting material because of its small band gap of 0.55 eV (at 300 K) 25 and its large exciton Bohr radius (18 nm), which make it suitable for systems emitting from the visible to the near infrared [26][27][28] , including the whole sunlight range of emission. Ultra-small (< 2 nm) Pt NPs are air stable and have demonstrated to show Coulomb blockade at room temperature, phenomenon that makes them promising nanoelectrodes to study charge transport at the nanoscale 29 .

In this context, we first present the reabsorption effect of Cd3P2 QDs and Cd3P2@ZnS core-shell QDs. The consequence of addition of Pt NPs on the PL of Cd3P2 QDs is then investigated.

Experimental method

Materials:

Cadmium acetate (Cd(OAc)2, ≥99.99%), octylamine (≥99.0%), tris(dibenzylideneacetone)diplatinum(0) (Pt2(dba)3, ≥98.0%) and tris(trimethylsilyl)phosphine ((TMS)3P, ≥98.0 %) were purchased from Strem, ethylene sulphide (C2H4S, ≥98.0 %), hexadecylamine (C16H35N, ≥98.0 %) and pentane (CH3(CH2)3CH3, ≥98.0 %) were purchased from Aldrich. Ethanol (EtOH), tetrahydrofuran (THF) and toluene (RPE, Analysis grade) were purchased from Carlo Erba. Ethanol and toluene were dried and degassed before use. All manipulations were carried out under argon atmosphere using Schlenk tubes and vacuum line techniques or in glovebox with anhydrous solvent purged under argon before using.

Synthesis of Cd3P2

QDs: In a typical low-temperature synthesis, 0.692 g (3.0 mmol) of Cd(OAc)2 and 1.702 g (7.05 mmol) of hexadecylamine were mixed with 8 mL of toluene and loaded into a 50 mL three-necked flask. The solution was heated to 35°C and 2 mL of a (TMS)3P solution (0.5 mol.L -1 in toluene, 1 mmol) was injected. After injection the colour of the solution changed from yellow to battle-grey. The reaction was maintained at 35°C for 20h. The same protocol is used to form Cd3P2@octylamine taking octylamine instead of hexadecylamine with the same ratio.

Synthesis of Cd3P2@ZnS QDs: In a typical low-temperature synthesis, 5 mL of Cd3P2 QDs (0.125 mmol based on P) and 165.3 mg (0.3740 mmol) of freshly prepared zinc acetate dioctylamine (Zn(OAc)2(OAm)2) in 3.9 mL of toluene were mixed and loaded into a 50 mL three-necked flask.

The solution was heated to 35°C and 1.10 mL of ethylene sulfide solution (0.36 mol.L -1 in toluene, 0.369 mmol) was injected. The reaction was maintained at 35°C for 20h. After, the solution was kept in the glovebox at -30 °C. The same procedure is used to shell either Cd3P2@octylamine or Cd3P2@hexadecylamine.

Synthesis of Pt nanoparticles: a solution of tris(dibenzylideneacetone)diplatinum(0) in tetrahydrofuran (THF) at 4.12 mM is prepared and introduced in a fisher-porter. Then a pressure of 1 bar of carbon monoxide (CO) is applied for 3 min. After that, the fisher-porter is closed and left under magnetic stirring for 30 min. The THF is evaporated and 15 mL of pentane is added under vigorous stirring. The magnetic stirring is stopped after a few minutes and the nanoparticles precipitate. The supernatant is removed and 3 mL of THF is added under stirring.

This washing step is repeated twice.

Addition of Pt nanoparticles:

The QDs were first dried from toluene solution and then dispersed in THF. Solutions with different QDs/Pt NPs ratios are obtained by adding different concentrations of Pt NPs and keeping the same concentration of QDs, in THF. A solution of pure QDs is prepared in the same way (ratio 1:0) in order to be able to compare properly.

Samples characterization

TEM analysis: samples for TEM analysis were prepared by evaporation of a drop of the colloidal solution deposited onto a carbon-covered copper grid. TEM analysis were performed at the "Centre de MicroCaractérisation Raimond Castaing" on a JEOL JEM 1400 electron microscope operating at 120kV with a point resolution of 4.5 Å. The size distributions were determined by measuring by hand the diameter of ca. 320 particles using Image J software. The mean diameter and the standard deviation are calculated from these values.

UV-Visible Absorption measurement: absorbance spectra were measured in solution by using a Perkin Elmer lambda 35 scanning spectrometer with 2 mm-wide cells.

Photoluminescence (PL) measurement: continuous wave cw-PL spectra were recorded in solution using a xenon lamp as excitation source. The white light is dispersed by a monochromator and filtered at 500 nm. The PL emission is collected at 90° with respect to the excitation beam, dispersed by a monochromator and recorded using a UV-vis Hamamatsu photomultiplier tube. Acquisition is performed by the FelixGX software and all the spectra were recorded with the same parameters. The detection range is limited to wavelengths below 800 nm, so the signal cannot be detected entirely for several solutions. In order to determine the full width at half maximum (FWHM), the curves were fitted with the GaussAmp function of Origin, the correlation coefficient was checked for each curve (R 2 > 0.995).

Determination of absolute quantum yield: Quantum yield measurements were performed at room temperature using an integrating sphere (Labsphere). The calculations were performed following a procedure already reported 30 . Briefly the quantum yield was calculated as the ratio of the number of emitted photons and the number of absorbed photons: the number of emitted photons was obtained by subtracting the signal of the solvent to the signal of the sample in the range of emission and by integrating the resulting signal. The number of absorbed photons was obtained by subtracting the signal of the solvent to the signal of the sample around the peak of excitation and by integrating it. The luminescence parts of the curves were fitted with a GaussAmp function on Origin software before the calculation of the integrated emission.

Time-resolved photoluminescence (TRPL) experiments:

TRPL spectra were performed at room temperature using a mode-locked frequency-doubled Ti-sapphire laser with a 1.5 ps pulse width and a wavelength of 430 nm. A pulse picker was used to reduce the repetition rate from 80 MHz to 0.4 MHz. The non-resonant TRPL is dispersed by a spectrometer and then recorded using a Hamamatsu S20 photocathode streak camera with an overall temporal resolution of ~ 50 ns.

The excitation average power is kept at ~ 20 µW @ 0.4 MHz with a laser spot diameter of ~ 2 mm.

Results and discussion

The evolution of PL with the concentration has been investigated on Cd3P2 and Cd3P2@ZnS QDs, synthesized accordingly to published protocols 31 . Transmission electron microscopy (TEM) images of the samples are shown in Figure 1. The mean diameter of the roughly spherical particles is centred around 2.6 nm (standard deviation SD ± 0.7 nm) for the cores and 3.6 nm (SD ± 0.9 nm) for the shelled QDs. The QD concentration effect is studied by preparing a set of successive diluted samples. The concentration of the samples is expressed on the basis of the introduced (TMS)3P which is the limiting agent (the concentrations of (TMS)3P, going from 18.8 to 0.10 mmol.L -1 , are given in Table 1 from C1 to C18). The optical absorption at 500 nm, chosen as a concentration marker, has been systematically measured and reported (see Table 1). All graphs depending on the concentration presented in this paper are traced as a function of absorbance. The range of application of the Beer-Lambert law is limited to the very low concentrations, from C9 to C18 (see Figure S1). 

Dilution study

First of all, the integrity of the Cd3P2 QDs in solution and upon dilution has been investigated (C1, the stock solution of Cd3P2 QDs, is diluted up to a factor of 188 to obtain the sample C18).

Absorption spectra are presented in Figure S2a. The absorbance decreases upon dilution as expected, and normalized absorption spectra at the different concentrations overlap perfectly (Figure S2b). The constant shape of the absorption spectrum upon dilution indicates that the size distribution of the QDs is unmodified, and thus their integrity preserved.

Continuous wave (cw)-PL spectra of solutions of Cd3P2 QDs at the different concentrations are presented in Figure 2a. Upon dilution, fluorescence spectra exhibit a shape significantly dependent to concentration. The PL intensity first increases to reach a maximum for C6 and then decreases (Figure S3). For sake of clarity, absorption and PL spectra of three different concentrations are traced in Figure 2b, evidencing the overlap between absorption and emission. The small Stokes shift comes from reabsorption phenomena (SIFE), since the emission of the smallest QDs can be reabsorbed by the largest ones. Upon dilution, this results in a blueshift of ~ 55 nm (from 770 to 715 nm) within the range of the considered concentrations (Figure 2c) while at the same time, the FWHM increases from 62 to reach a maximum at 87 nm (Figure 2d). The impact of the reabsorption on the FWHM is of main importance because this value is commonly used to evaluate the size-dispersity of suspensions of QDs 4,34,35 . However, the correlation between the FWHM and the size distribution can be applied only when using highly diluted solutions. The same argumentation is valuable for the PL emission wavelength (Figure 2c). These values are representative of the sample only when the SIFE is avoided. Concerning Cd3P2 QDs, the emission wavelength indeed continues to decrease upon dilution even for highly diluted solutions, showing that IFE are still present at such concentrations. Unfortunately, it was not possible to measure significant signal in absorbance and PL anymore with the same acquisitions parameters at more diluted solution. Cd3P2 QDs show such strong IFE that it was not possible to observe any concentration range where the FWHM and the emission wavelength is stabilized. TRPL measurements (Figure 3) provide information on the temporal evolution of the optical transitions. Contrary to what observed in cw-PL experiments (Figure 2a), a linear decrease of the time-integrated PL intensity upon dilution is observed while the emission wavelength remains stable, the slight blue-shift observed between C3 and C8 is not significant in TRPL (Figure 3a). We assume that the reabsorption phenomena are not efficient enough as the overall QDs population is still in a bleach state during most of the emission lifetime. Transient absorption measurements have indeed demonstrated that exciton bleach recovery in II-VI QDs occurs in similar time scale as the PL decay time measured here (≈135 ns) [START_REF] Jin | Dicksonb and Tianquan Lian[END_REF] .

Luminescence spectra of different dilutions of core-shell QDs are recorded under the same conditions as mentioned above. The spectra are presented in Figure S4a, and the evolution of the maximum PL intensity of both, core and core-shell QDs, is presented in Figure S4b. The coreshell system exhibits the same behavior as the Cd3P2 cores: upon dilution, the intensity first increases and then decreases. The evolutions of the absorption spectra (see Figure S5), of the emission wavelength (Figure 4a) and of the FWHM (Figure 4b) show the same trend as for the Cd3P2 cores. The emission wavelength blue-shift, between the highest and lowest concentration of Cd3P2@ZnS, is evaluated to ~50 nm. The shape of absorption spectra remains unchanged upon dilution, indicating that the average size and the size distribution of the QDs are stable (see Figure S5). 

Quenching and screening effect

Recent reports focus on hybrid structures to study the energy exchange between two different kinds of nanoparticles 13,[21][22][23] . In this context, Pt NPs were chosen as model systems to form mixed assemblies of metallic NPs with Cd3P2 QDs. A process where Pt NPs (~1-3 nm) are naked (i.e. only stabilized by the solvent THF, and by carbon monoxide coming from the synthesis process) was used 37 . The interest of such naked NPs is the absence of extra ligands; we are thus completely sure that no exchange phenomena will compete with the octylamine ligand stabilizing the QDs, which will thus remain chemically unmodified -excess of octylamine from the QD solution will probably coordinate to the Pt surface. Pt NPs were added to Cd3P2 QDs stabilized with octylamine at different ratios. A solution of QDs with an absorbance of 0.1 was prepared, thus fixing the concentration of QDs. The concentration of the Pt NPs varied to obtain different QDs: Pt NPs ratios (1:0 -1:0.1 -1:1 -1:10). The ratios correspond to the molar ratios Cd3P2:Pt, taking into account the quantity of introduced (TMS)3P/2 -which is the limiting agent for the Cd3P2 QD synthesis -and the quantity of introduced Pt atoms. TEM images were realized to check the homogeneity of these different mixtures (Figure 5). For all ratios, both the QDs and the Pt NPs are well dispersed and uniformly mixed. To study the effect of the Pt NPs on the optical properties of QDs, absorption spectra of the different mixtures were measured and are presented in Figure S7. The broad peak around 600 nm related to the QDs (curve 1:0) disappears progressively with the addition of Pt NPs while the absorbance at higher energies increases. PL intensity and quantum yield of mixtures were measured (Figure 6). They both decrease to be null at a ratio of 1:10 so the presence of Pt NPs implies a decrease of the QDs fluorescence. The question is thus now to determine if the loss of PL intensity is the consequence of a quenching by Pt NPs, or the result of a screening by the metallic NPs. In the case of static quenching, a complex is formed at the fundamental state. This complex should have a different absorption than the addition of Pt NPs alone and of QDs alone. On The absorption spectra of the mixture and the mathematical addition of independent spectra have the same trend and superimpose almost perfectly. This observation does not evidence the formation of a complex at the fundamental state. In this particular case, no specific interaction is demonstrated between the Pt NPs and the QDs, so that neither dynamic nor static quenching can be stated. The decrease of luminescence is most probably the consequence of absorption of the incident and emitted light by the Pt NPs. This demonstration aims at warn the community that a decrease of QDs luminescence by the addition of a coproduct in solution is not necessarily the consequence of a quenching effect. Indeed, one should always double-check first that it is not the result of a simple screening effect, which is not systematically done in every article.

Conclusion

As a conclusion, the IFE explains the behaviour of the PL upon dilution of Cd3P2 and Cd3P2@ZnS QDs solutions. A systematic study has never been performed on such QD so far. For each type of QDs, the FWHM, the intensity and the emission wavelength are concentration-dependent, while the decay time of PL remains constant in our measurements conditions. The characteristics of the IFE upon dilution are first an increase and then a decrease of the PL intensity, a blue-shift of the emission wavelength and a widening of the FWHM. As a consequence, in such a case, the maximum PL intensity is not representative of the emitting core size and the FWHM is not representative of the size distribution at any concentration. Concerning the mixture of Pt NPs and Cd3P2 QDs, the decrease of the PL intensity by adding Pt NPs is not caused by a quenching but by a simple screening of the emission of QDs by Pt NPs. In a nutshell, this report stresses that PL measurements can give important information on the nature of a colloidal suspension, but one should be aware that several experimental pitfalls can be encountered on PL interpretation: reabsorption for a FWMH narrowing and not a narrower size distribution, reabsorption for a blue-shift and not a size decrease, reabsorption for an intensity decrease and not a QD denaturation, reabsorption for a shift in emission wavelength after shelling and not a decrease of the core size, screening effect for a co-product addition and not a quenching effect.

Ideally, concentration of the QDs is such an important parameter for PL measurements that information about suitable concentrations for spectral testing should be systematically investigated in any study. Taking all these considerations into account, Cd3P2 QDs are promising elements for using luminescence as a tool for studying response to external parameters (light, temperature, chemical compounds, etc.), if they are studied in proper conditions, being aware of the previous limitations. Experiments in that sense are currently under investigation. Inset: zoom on the 450-800 nm range
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 1 Figure 1. TEM images of a) Cd3P2 and b) Cd3P2@ZnS
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 2 Figure 2. a) PL spectra of Cd3P2@HDA -b) Normalized PL and absorption spectra of Cd3P2@HDA, red vertical dashed lines represent the overlap zone -c) Evolution of the FWHM as a function of the absorbance at 500nm
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 3 Figure 3. a) Time-integrated TRPL spectra of Cd3P2@hexadecylamine Inset: Evolution of total PL Intensity as a function of absorbance -b) PL dynamics of Cd3P2@hexadecylamine integrated over the full spectral range at
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 4 Figure 4. a) Evolution of the emission wavelength and b) Evolution of the FWHM of Cd3P2 and Cd3P2@ZnS upon dilution TRPL decay times were found to be around 60-90 ns for the shorter and 185-215 ns for the
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 5 Figure 5. TEM images of Cd3P2 and Pt NPs (ratio Cd3P2:Pt NPs): Pt NPs present a higher contrast than Cd3P2 QDs
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 67 Figure 6. a) PL spectra and b) Quantum yield of mixtures of Cd3P2 and Pt NPs
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 8 Figure 8 absorption spectra of Pt NPs (0:1), of QDs (1:0), of the mixture (1:1) and of the
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 8 Figure 8. Absorption spectrum of Pt NPs (0:1), of QDs (1:0), of the mixture of NPs and QDs (1:1) and of the mathematical addition of absorption spectra of NPs and QDs (0:1 + 1:0)

Figure S1 .Figure S3 .FigureFigure S7 .

 S1S3S7 Figure S1. Evolution of the absorbance of Cd3P2@HDA QDs at 500 nm with the concentration of the limiting

Table 1 . Corresponding concentrations of (TMS)3P/2 with the absorbance at 500 nm

 1 

	Notation	Corresponding concentration	Absorbance at
		of (TMS)3P/2 (mmol.L -1 )	500 nm
	C1	18.8	4.3
	C2	12.5	3.6
	C3	9.38	2.7
	C4	6.26	1.9
	C5	4.69	1.5
	C6	3.13	1.2
	C7	2.35	0.83
	C8	1.56	0.65
	C9	1.17	0.55
	C10	0.98	0.45
	C11	0.78	0.35
	C12	0.69	0.30
	C13	0.59	0.25
	C14	0.49	0.19
	C15	0.39	0.13
	C16	0.29	0.10
	C17	0.20	0.06
	C18	0.10	0.03
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