In-Depth Analysis of Excitation Dynamics in Dye-Sensitized Upconversion Core and Core/Active Shell Nanoparticles.
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Abstract: Upconversion nanoparticles (UCNPs) combining both dye sensitization and core/shell enhancement are of great interest for their ability to boost the excitation efficiency of upconversion systems. Here, we report and investigate a 20-fold upconversion luminescence enhancement in dye-sensitized core/active shell UCNPs compared to non-sensitized core-only UCNPs. We observe a two-component luminescence rise dynamics in the upconversion kinetics of dye-sensitized UCNPs, distinctly different from the one-component rise dynamics of the non-sensitized UCNPs. For dye-sensitized UCNPs, the fast, sub-microsecond component of the upconversion luminescence rise time is attributed to radiative pumping of Er3+ ions from the dye, while the slow, sub-millisecond component is due to non-radiative energy transfer from the dye predominantly to Yb3+ ions, followed by energy migration and non-radiative energy transfer from Yb3+ to Er3+ ions. Our studies provide an insight to the interplay between radiative and non-radiative energy transfer as well as in the role of energy migration across the active shell of dye-sensitized core/active shell UCNPs. 
Introduction
Upconversion nanoparticles (UCNPs) are promising materials for numerous applications such as bioimaging,1–3 photodynamic therapy,4–6 solar cell devices7,8 and sensing.9–11 The photophysical properties of UCNPs include a very high photostability, primary absorption in the near infrared (NIR) spectral range and continuous, non-blinking luminescence with a large anti-Stokes shift.12 Improving the brightness of UCNPs is a prerequisite for their adaptation into devices.13–15 A key strategy towards increasing the excitation efficiency of UCNPs involves sensitizing the particles with organic dyes. Hybridization of UCNPs with molecules that absorb efficiently in the NIR allows for an overall increase in the absorption cross-section of the composite nanoparticles. Optically active molecules act like antennas that transfer the harvested photons to the lanthanide ions of UCNPs. As a result, recently dramatic improvement of the upconversion emission was achieved in ultra-small dye-sensitized β-NaYF4:Yb,Er nanoparticles.16 Subsequent investigations aimed at a further increase of the upconversion luminescence from hybridized UCNPs utilizing simultaneously dye-sensitization and the advantages of core/shell UCNPs. Core/shell nanoparticles with an inert shell of few nm thickness demonstrate improved quantum yield (QY) due to minimization of surface quenching processes that become especially critical at sizes under ~20 nm.17,18 Utilizing spectrally-resolved photoexcitation measurements, it was shown that doping of the shell with Yb3+ ions (so called active shell) can result in an eight-fold increase of the upconversion luminescence in comparison with dye-sensitized core-only UCNPs.19 Further improvement of the upconversion luminescence in dye-sensitized UCNPs could be achieved by increasing the spectral overlap between fluorescent dyes and the active dopant ions in the shell. Time-resolved measurements revealed that the efficiency of energy transfer from the IR-806 dye to Nd3+ ions in the active shell exceeds that to Yb3+ ions, and can result in a 28-fold upconversion luminescence enhancement in comparison with non-sensitized UCNPs.20 Evidently, a stronger interaction at the interface between dyes and an active nanoparticle inorganic shell leads to stronger upconversion luminescence in the dye-sensitized core/active shell UCNPs.21 The cascaded upconversion relies on simultaneous utilization of Nd3+ and Yb3+ ions in the active shell of dye-sensitized UCNPs, resulting in upconversion efficiency exceeding 16%.22 These measurements confirm multidimensional pathways of energy transfer from excited NIR organic dyes to lanthanide ions, offering a promising route for further optimization of the upconversion brightness. Finally, recent study reveals the critical role of triplet states of the dye antennas in the brightness and stability of dye-sensitized UCNPs.23  
Upconversion luminescence efficiency strongly depends on the size, chemical composition and structure of UCNPs and therefore direct comparison of luminescence enhancement factors is not straightforward. Furthermore, the differences between the excitation dynamics in conventional (non-modified) UCNPs and dye-sensitized UCNPs are still being debated.15 To optimize the design of hybridized UCNPs, it is important to gain insight into the interplay of the energy transfer processes between sensitizers and activators. Here, we study energy transfer from an organic dye (IR-806) to core-only β-NaYF4:Yb3+(20%),Er3+(2%) and core/active shell 
β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%) UCNPs and reveal that energy transfer from dyes to Yb3+ ions dominates over energy transfer from dyes to Er3+ ions. We report a 20-fold upconversion luminescence enhancement in the dye-sensitized core/active shell UCNPs in comparison with non-sensitized core-only UCNPs. We demonstrate that the reported enhancement originates from the strong interaction between dyes and the Yb3+ ions in the active shell. We utilize time-resolved measurements to characterize the overall non-radiative energy transfer from dyes to core/active shell UCNPs, and obtain an energy transfer efficiency of 60%. Furthermore, we perform a comprehensive investigation of the upconversion kinetics of core-only, core/active shell, dye-sensitized core-only and dye-sensitized core/active shell UCNPs and observe previously unreported differences in the luminescence rise dynamics of dye-sensitized and non-sensitized UCNPs. The kinetics of dye-sensitized UCNPs exhibit two-component luminescence rise dynamics, unlike the one-component rise dynamics of the non-sensitized UCNPs. We show that for dye-sensitized core-only UCNPs, the fast sub-microsecond component of the upconversion luminescence rise time is driven by direct radiative pumping of Er3+ ions from the organic dyes, while the slow sub-millisecond component is due to non-radiative energy transfer from the organic dyes predominantly to Yb3+ ions, followed by non-radiative energy transfer from Yb3+ to Er3+ ions. We observed that the upconversion luminescence rise time following the fast component in dye-sensitized core/active shell UCNPs is slower than the upconversion luminescence rise time of dye-sensitized core-only UNCPs. We attribute the slower upconversion luminescence rise time to the long-lasting energy migration between Yb3+ ions in the active shell. Our results provide new insights into the mechanisms of dye-sensitized upconversion and the dynamics of in-demand dye-sensitized and conventional UCNPs with core and core/active shell structures.   

Results and Discussion

Non-radiative energy transfer in dye-sensitized UCNPs 

We synthesized core-only β-NaYF4:Yb3+(20%),Er3+(2%) UCNPs with mean size of 32.9±1.6 nm. Figure 1a shows a transmission electron microscopy (TEM) image of core/active shell 
β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%) UCNPs that exhibit size uniformity with an average diameter of 39.7±1.7 nm. These core/active shell UCNPs were synthesized from core 
β-NaYF4:Yb3+(20%),Er3+(2%) UCNPs with mean size of 31.2±1.6 nm. From the difference of mean diameters we estimate the thickness of the active shell, doped with Yb3+ ions, to be approximately 4.2 nm. For a description of the synthesis protocol, see Methods section. Here, we have used 10% concentration of Yb3+ ions that according to previous reports is optimal for the upconversion luminescence enhancement in dye-sensitized UCNPs.19 Figure 1b shows the principle of dye-sensitized upconversion for core/active shell structures. Photoexcitation at 800 nm results in efficient absorption by the dye molecules (IR-806), in the absence of strong optical transitions by Yb3+ and Er3+ ions with matching wavelength. Excited molecules transfer their energy either radiatively or non-radiatively to Yb3+ ions in the shell or to Yb3+ and Er3+ ions in the core of the UCNPs. In the case of core/shell UCNPs, non-radiative energy transfer between the dye and core ions is significantly reduced due to the 4.2 nm shell thickness. As we will show later, the shell is sufficiently thin to allow for energy migration between Yb3+ ions across the shell, which results in the excitation of core Er3+ ions that ultimately emit upconverted light. 
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Figure 1. a) TEM image of core/active shell β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%) nanoparticles with an average diameter of 39.7 nm. b) The principle of dye-sensitized upconversion for core/active shell UCNPs. Black arrows indicate possible radiative and non-radiative channels of the energy transfer in dye-sensitized UCNPs. c) Upconversion spectrum of dye-sensitized core/active shell β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%)/IR-806 nanoparticles  as a function of average excitation power at 800 nm. d) Power dependence of upconversion luminescence intensity of dye-sensitized core/active shell nanoparticles, spectrally integrated in the range of 510-690 nm pumped at 800 nm. The results of the fitting clearly demonstrate the two-photon nature of the upconversion process.

We optimized the concentration of the IR-806 dye to obtain the maximum upconversion luminescence of the dye-sensitized UCNPs in CHCl3 solution under photoexcitation at 800 nm. For a description of the nanoparticles functionalization with dyes, see Methods and Supporting Information. At the optimum organic dye concentration, for the dye-sensitized sets of core-only 
β-NaYF4:Yb3+(20%),Er3+(2%)/IR-806 and core/active shell 
β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%)/IR-806 UCNPs, we performed spectrally-resolved measurements under photoexcitation at 800 nm (pulse train with frequency of 295 Hz, duty cycle 5%) and observed the upconverted emission. Figure 1c shows the upconversion spectrum of the dye-sensitized core/active shell UCNPs as a function of the average photoexcitation power. The main emission bands of the UCNPs correspond to the following transitions of Er3+ ions: 2H11/2→4I15/2 (~525 nm), 4S3/2→4I15/2 (~540 nm) and 4F9/2→4I15/2 (~657 nm). The integrated intensity in the spectral range of 510-690 nm of the Er3+ emission follows a quadratic dependence on the pump power providing evidence of dye-sensitized upconversion, as shown in Figure 1d.


Whereas spectrally-resolved measurements provide strong evidence of energy transfer from the dyes to the lanthanide ions, they do not allow one to distinguish whether the nature of energy transfer is radiative or non-radiative. To reveal the nature of the energy transfer process, we perform fluorescence lifetime measurements. Figure 2 shows the fluorescence decay curves of the pure dye (black solid curve), the dye attached to core-only UCNPs (red solid curve) and the dye attached to core/active shell UCNPs (blue solid curve). The fluorescence decay of the pure dye is (mono-) exponential with a decay time of 1.29 ns, while the fluorescence decay of the hybridized dye/UCNPs (core and core/active shell) is nearly bi-exponential. The fast decay component is attributed to the fluorescence of dye molecules attached to the surface of the UCNPs and the slow component results from unbound dye molecules dispersed in the solvent. Indeed, the slow component of fluorescence decay is virtually identical to that of the solution of pure dye. To improve the accuracy of the estimation of the fast component, we fixed the decay time of the slow component to that of the pure dye, 1.29 ns here, and use a bi-exponential function to fit the fluorescence decay dynamics of the hybridized systems. The fluorescence lifetime of the fast component is 0.52 ns for the dye-sensitized core-only UCNPs, and 0.49 ns for dye-sensitized core/active shell UCNPs (see Figure S1). Assuming that the additional decay can be attributed entirely to this new energy transfer channel, the efficiency of non-radiative energy transfer from the dye to the core/active shell UCNPs is ~ 62% and to the core-only UCNP 59.7%. We note here that although the fast decay lifetime of molecules attached to core/active shell UCNPs is similar to that of molecules attached to core-only UCNPs, the ratio of the amplitudes of the fast over the slow component is distinguishably higher for molecules attached to core/active shell UCNPs (A​f/As=2.76) than for molecules attached to core-only UCNPs (A​​f/As=1.99). Although the difference of the amplitudes ratios points to the expected difference in dynamics for core-only and core/active shell UCNPs, this observation does not preclude differences in the concentration of non-bound molecules in the two types of UCNPs. For an estimation of the contribution to the observed dynamics of non-bound molecules in the solutions of core-only and core/active shell UCNPs see Supporting information.   
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Figure 2. Fluorescence decay curves of the pure IR-806 dye molecules (black solid curve), the molecules bound to core-only UCNPs (red solid curve), and the molecules bound to the core/active shell UCNPs (blue solid curve). The fluorescence decay of pure IR-806 dye is mono-exponential with a decay time of 1.29 ns (the best fit is shown with straight black line). The fluorescence decay of the dye molecules bound to UCNPs is nearly bi-exponential. The fast decay component (blue dashed line) is attributed to the fluorescence of dye molecules attached to the surface of the UCNPs, and the slow component (black dashed line) to unbound organic molecules dispersed in the solvent. Non-radiative energy transfer from the IR-806 dye to UCNPs is evidenced by the acceleration of the fluorescence decay from 1.29 ns to 0.49 ns. For these measurements, the excitation wavelength is 800 nm, and the laser repetition rate is 20 MHz.
In dye-sensitized core-only UCNPs, the fast component is typically attributed to point-to-point like dipole non-radiative ET (Förster resonance energy transfer) between the dye’s optical dipole and Yb3+ and Er3+ ions in the core of the UCNPs. In dye-sensitized core/active shell UCNPs the fast component is attributed to non-radiative energy transfer between the dye’s optical dipole and Yb3+ ions in the shell; for a shell thickness of 4.2 nm, here, non-radiative energy transfer between the dye’s optical dipole and core Yb3+ and Er3+ ions is expectedly suppressed.19 Also due to the large difference of the optical dipole moments of Yb3+ and Er3+ ions, we can safely assume that non-radiative energy transfer occurs predominantly from the dye to Yb3+ ions.24,25 Our assumption is corroborated by the experimental measurement of similar fast decay lifetimes in the case of hybridized core-only and core/active shell UCNPs. However, the presence of non-radiative energy transfer from the dyes to Yb3+ ions does not preclude direct radiative pumping of both Yb3+ and Er3+ ions in the UCNPs. Thus, following the photoexcitation of dye molecules, energy transfer may occur both radiatively to all lanthanide ions in the UCNPs and in a cascaded non-radiative process via long living Yb3+ ions to Er3+ ions. Evidence of radiative energy transfer in dye-sensitized UCNPs is discussed in the section devoted to the description of the excitation dynamics in conventional and dye-sensitized UCNPs.

Upconversion luminescence enhancement 

Figure 3 shows the upconversion luminescence of non-sensitized UCNPs pumped at 980 nm and dye-sensitized UCNPs pumped at 800 nm under the same excitation power (50 μW). The non-sensitized core-only UCNPs are the least luminescent under 980 nm excitation due to the low absorption cross-section inherent to lanthanide ions. Core/active shell UCNPs produce ~ 5.5 times higher upconversion luminescence than the core-only UCNPs due to reduced surface quenching and increased number of Yb3+ ions sensitizers.26 Comparison of the upconversion luminescence intensities of the non-sensitized core-only β-NaYF4:Yb3+(20%),Er3+(2%) UCNPs pumped at 980 nm and dye-sensitized core-only β-NaYF4:Yb3+(20%),Er3+(2%)/IR-806 UCNPs pumped at 800 nm, gives ~15.5 times of enhancement in the VIS spectral range for the dye-sensitized UCNPs. Spectrally integrated upconversion luminescence in the range of 510-690 nm shows ~ 20 times stronger emission from dye-sensitized core/active shell UCNPs in comparison with non-sensitized core-only UCNPs. Here, the observed improvement of upconversion luminescence intensity is due to the active shell, as described above, and non-radiative energy transfer from the epilayer of organic dyes to Yb3+ ions in the shell. Our observations are within the typical range of reported enhancement factors of the upconversion luminescence.19,20 However, a comparison based only on spectrally-resolved measurements does not suffice to distinguish between radiative and non-radiative energy transfer. Such comparison can easily lead to a large variation of the recorded intensity due to fluctuations in the number of UCNPs during the measurement, e.g. improper functionalization of the UCNPs’ surface may lead to aggregation and precipitation of the dye-sensitized UCNPs. Another challenge for dye-sensitized UCNPs is relating to their photostability. In this study, we ensure that the excitation configuration leads to highly reproducible results both for spectrally- and time-resolved measurements (see Supporting information, Figure S2).  
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Figure 3. Comparison of the upconversion luminescence intensities of the non-sensitized and dye-sensitized UCNPs pumped with 50 μW at 980 nm and 800 nm, respectively. The upconversion luminescence intensity of the non-sensitized core-only UCNPs (green curve) is ~5.5 times lower than upconversion luminescence intensity of non-sensitized core/active shell UCNPs (blue curve). Dye-sensitized core-only UCNPs (red curve) demonstrate an increase in intensity in comparison with non-sensitized UCNPs. The upconversion luminescence of dye-sensitized core/active shell UCNPs (black curve) is ~ 20 times stronger than the upconversion luminescence of conventional non-sensitized core-only UCNPs.

A broad range of enhancement factors has been reported in the literature for UCNPs of different sizes, compounds, and dye sensitizers.15 Expectedly, there is a correlation between upconversion enhancement and the diameter of UCNPs. The number of lanthanide ion sensitizers for conventional UCNPs scales with the third power of the particle’s diameter, whereas for dye-sensitized UCNPs the number of dye sensitizers scales with the second power of the particle’s diameter. Thus, the upconversion luminescence enhancement due to dye-sensitization is defined by the ratio of absorbers at the excitation wavelengths resonant to the absorption of the dye and the lanthanide ion. This results in a monotonic dependence of the enhancement factor on the particle’s diameter, when considered solely from a geometric perspective. Additionally, the smaller the diameter of UCNPs, the higher the proportion of lanthanide ions that can interact non-radiatively with dye sensitizers. We note a further correlation between the initial upconversion efficiency of UCNPs and the obtained enhancement factor. Since ultra-small UCNPs suffer from very low upconversion efficiency, due to the negative influence of non-radiative surface states, they allow for a significant upconversion luminescence enhancement. In view of aforementioned, the comparison of enhancement factors in different systems is not trivial.  

Excitation dynamics in conventional and dye-sensitized UCNPs

In the following, we investigate the transient dynamics of optical excitations in dye-sensitized and conventional UCNPs. The fluorescence lifetime measurements of the NIR dye sensitizer confirm the presence of non-radiative energy transfer in the system, and reveal its different manifestation in dye-sensitized core-only and dye-sensitized core/active shell UCNPs. Measurements of the upconversion kinetics in core-only, core/active shell, dye-sensitized core-only and dye-sensitized core/active shell UCNPs provide direct insight to the mechanisms involved in dye-sensitized upconversion.   

Non-sensitized core-only and core/active shell UCNPs

Indeed, the luminescence kinetics of involved Er3+ transitions are different for green and red lines of emission and strongly dependent on experimental conditions. However, the luminescence intensity of these lines quadratically depends on excitation intensity that we confirmed experimentally. The study of kinetics of dye-sensitized and non-sensitized UCNPs at different excitation intensities even for particular wavelength is a non-trivial task due to complicated internal dynamics within UCNPs. Here we spectrally integrate the upconversion luminescence in the range of 510-690 nm and time-resolve the upconversion kinetics of the non-sensitized core-only 
β-NaYF4:Yb3+(20%),Er3+(2%), shown in Figure 4a (red curve), and core/active shell 
β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%), shown in Figure 4b (red curve), UCNPs pumped at 980 nm. For a description of the experimental parameters, see Methods. In both cases, the rise dynamics during the excitation pulse (~170 μs) are virtually the same (for convenience we have plotted the two curves on the same panel in Figure S3). Following the excitation pulse, the upconversion luminescence of core/active shell UCNPs exhibits a longer lifetime in comparison with the upconversion luminescence of core-only UCNPs, which confirms better surface passivation in the core/active shell UCNPs. In both cases, the rise time (~220 μs) of the kinetics is associated with non-radiative energy transfer from Yb3+ to Er3+ ions rather than radiative energy transfer, since the rise time is much shorter than the luminescence lifetime of Yb3+ ions in the host matrix (2.3 ms).27 

Non-sensitized core-only and dye-sensitized core-only UCNPs

In Figure 4a we compare the upconversion kinetics of the non-sensitized core-only 
β-NaYF4:Yb3+(20%),Er3+(2%) and dye-sensitized core-only β-NaYF4:Yb3+(20%),Er3+(2%)/IR-806 UCNPs pumped at 980 nm and 800 nm respectively. The main difference is in the rise time of the dye-sensitized upconversion luminescence that consists of two components; annotated in Figure 4a with letters A-C. The first component (AB) is extremely fast (sub-microsecond) in comparison with the rise time of the non-sensitized upconversion luminescence (~220 μs). The second component (BC) initially shows slower dynamics than that in the non-sensitized UCNPs, until finally both kinetics coincide. 
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Figure 4. The upconversion kinetics of non-sensitized and dye-sensitized UCNPs pumped with 50 μW at 980 nm and 800 nm, respectively  for core-only (a) and core/active shell (b) UCNPs. The upconversion luminescence rise dynamics between non-sensitized (red curves) and dye-sensitized (black curves) UCNPs differ substantially. The rise dynamics of the upconversion luminescence of dye-sensitized UCNPs is characterised by two-components: the fast component (AB) is driven by direct radiative pumping of Er3+ ions from the dyes, while the slow component (BC) is due to non-radiative energy transfer from the dyes predominantly to Yb3+ ions, followed by non-radiative energy transfer from Yb3+ to Er3+ ions.
In the following, we discuss the various processes that could contribute to the observed ultrafast upconversion in dye-sensitized core-only UCNPs. Among the possible excitation routes of Er3+ ions are both the radiative and non-radiative energy transfer from the IR-806 dye. The lifetime measurements of the dye emission reveal that non-radiative energy transfer from dye molecules to Er3+ is less effective than that to Yb3+ ions, although this path’s contribution to the ultrafast rise time cannot be excluded. We address this issue in the next paragraph, where we discuss the kinetics of the dye-sensitized core/active shell UCNPs. Another possible excitation route of Er3+ ions in dye-sensitized UCNPs is via Yb3+ ions, excited by the dye. However, following from the previous section, the energy transfer from the excited Yb3+ leads to slower rise time of the upconversion luminescence. The addition of the dye-sensitizer in the chain of energy transfer would render the rise time even slower in comparison with the non-sensitized UCNPs. Hence, while this excitation path describes well the slow component (BC) of the rise time of dye-sensitized upconversion luminescence it cannot describe the fast one (AB). Thus, it is conceivable that the fast component of the upconversion luminescence is due to radiative pumping of Er3+ ions by the dye sensitizer that has fluorescence lifetime of ~1.29 ns. 

Non-sensitized core/active shell and dye-sensitized core/active shell UCNPs

In Figure 4b we compare the upconversion kinetics of the dye-sensitized core/active shell 
β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%)/IR-806 UCNPs pumped at 800 nm and non-sensitized core/active shell UCNPs pumped at 980 nm. Similar to dye-sensitized core-only UCNPs, in dye-sensitized core/active shell UCNPs we observe a very abrupt (sub-microsecond) increase of the upconversion luminescence, followed by a slow component (~310 μs). 

First, we can eventually clarify the contribution of radiative energy transfer from the IR-806 dye to Er3+ ions. Consider the upconversion kinetics of dye-sensitized core-only and dye-sensitized core/active shell UCNPs (Figure S4): the fast components of the rise time look very similar in amplitude and overlap in time. Since the shell significantly suppresses the non-radiative energy transfer from dye molecules to Er3+ ions, we can conclude that the fast component of the rise time is due to direct radiative pumping of Er3+ ions by the fluorescent dye. The observed minor difference in intensities of the fast components is due to the larger number of molecules attached to the surface of core/active shell UCNPs with respect to the core-only UCNPs that have a smaller surface. We estimate the relative contribution of radiative energy transfer to ~2% of the total upconversion luminescence and 10±1% of the rise dynamics (for derivation, see Supporting information). 
The rise time to the maximum of the upconversion luminescence in the kinetics of the 
dye-sensitized core/active shell UCNPs is significantly longer in comparison with dye-sensitized core-only UCNPs. This difference can be attributed to the process of energy migration between Yb3+ ions in the shell.28–30 Yb3+ ions excited by the dye sensitizers bring the energy across the shell and transfer it non-radiatively to core Yb3+ and Er3+ ions. Therefore, the thickness of the active shell plays an important role in optimizing the upconversion luminescence enhancement. It should be chosen so that the time necessary for the energy migration through the shell for subsequent sensitization of core Er3+ ions is shorter than the lifetime of Yb3+ ions in the host matrix. The fine tuning of the energy migration time can be achieved via design of the spatial separation of the dopant ions.31   

Conclusion

We demonstrate a 20-fold enhancement of the upconversion emission in dye-sensitized core/active shell UCNPs in comparison with conventional non-sensitized core-only UCNPs. Fluorescence decay measurements of dye-sensitized core-only and core/active shell UCNPs reveal non-radiative energy transfer from dye molecules to Yb3+ ions rather than to Er3+ ions with an efficiency of 62%. Furthermore, analysis of upconversion kinetics of dye-sensitized and non-sensitized UCNPs shows a dramatic difference in the rise dynamics. Dye-sensitized UCNPs unlike non-sensitized UCNPs, demonstrate extremely fast rise time, which is attributed to a radiative energy transfer from dye directly to core Er3+ ions. This observation is important for the design of dye-sensitized UCNPs with applications in biological imaging requiring high temporal resolution. The primary excitation channel is given by non-radiative energy transfer from the dye to Yb3+ ions in the outer shell. Understanding the contribution of radiative and non-radiative energy transfer in dye-sensitized UCNPs informs future design strategy for luminescence enhancement.              
Methods 

General chemical:

Yttrium (III) Chloride hexahydrate (99.99%), Ytterbium (III) Chloride hexahydrate (99.9%), Erbium (III) chloride hexahydrate (99.9%), Sodium Hydroxide (97%), Ammonium Fluoride (≥ 98%), 1-octadecene (90%), oleic acid (90%), IR-780 iodide (2-[2-[2-chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide) (98%), 4-Mercaptobenzoic acid (90%) and Nitrosyl tetrafluoroborate (95%) NOFF4, were purchased from Sigma-Aldrich and oleylamine (80-90%) from Fisher Scientific. All reagents were used as starting materials without further purification. 

Characterization method:

Transmission electron microscopy (TEM) was performed on a Hitachi HT7700 operating at 80 kV. The nanoparticle size distribution was analyzed with ImageJ (National Institutes of Health, USA) software considering over 200 nanoparticles for the statistical analysis. 1H and 13C NMR spectra were recorder on AVII400 (400 MHz and 100.61 MHz respectively) using CDCl3 as a solvent. Data in Figure S13 is reported as: s= singlet, d= doublet, dd=double doublet, t=triplet, m= multiplet). Mass spectrum was recorded by an ACQUITY UPLC H-Class System.  UV-Vis-NIR absorption spectra was recorded on a Jasco FT/IR 620 spectrometer in CHCl3 as solvent in a quartz cuvette with a path length of 10 mm. FT-IR spectra was recorded on a Nicolet iS5 FTIR spectrometer. To calculate the integrated intensity from Figure S17 and S18, luminescence spectra from different samples with varying IR-806 dye concentrations (in CHCl3) were obtained using a Coherent Chameleon femtosecond laser, pulsed with 200 fs pulse duration and 80 MHz repetition rate, as the excitation source. The prepared dye-sensitized UCNPs in CHCl3 were measured using a quartz cuvette with a path length of 10 mm. The excitation power was set to 2mW and the emission was collected at an angle of 90⁰ using achromatic lenses and a dove prism for projection of the pencil of luminescence onto the entrance slit of a spectrometer equipped with cooled CCD array (Andor Shamrock/iDus). A short pass IR-blocking filter (FGS900) and an optical bandpass filter from 515-710nm (Semrock) were used to suppress scattered excitation light and select only the fluorescence emission. 

Synthesis of β-NaYF4:Yb3+(20%),Er3+(2%), (core UCNPs)
The UCNPs were synthesized following a previously reported protocol with slight modifications.32 In a 100 ml three-neck round bottom flask, YCl3.6H20 (0.78 mmol, 236 mg), YbCl3.6H2O (0.20 mmol, 77.5 mg),  and ErCl3.6H2O (0.02mmol, 7.63 mg) were mixed together with 6 ml of oleic acid and 15 ml of 1-octadecene. The solution was heated to 150⁰C under the presence of Ar gas for 1 hour and 30 min. After that, the solution was cooled down to room temperature and a solution of NaOH (2.5 mmol, 100mg) and NH4F (4 mmol, 148.16 mg) dissolved in 10 ml Methanol was added dropwise under vigorous stirring. The mixture was stirred for 45 min at room temperature. After evaporating the methanol, vacuum was applied for 30 min at 100 ⁰C. Finally the solution was heated up to 305 ⁰C at a rate of 18 degree per minute average and maintained for 1 hour and 20 min under an Argon atmosphere. Then, the nanoparticles were cooled down, and ethanol in a ratio 1:1 was added in the solution to precipitate the particles. The sediment was washed twice with ethanol and the particles were dried and weighted. Two batches of UPCNs were prepared under identical conditions. The first one was initially dispersed in chloroform for growing a shell layer of  NaYF4:Yb3+(10%) around the particles and the second batch was kept directly in hexane for further modification on the surface. 
Synthesis of β-NaYF4:Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(10%),( core-shell UCNPs)
A shell of NaYF4:Yb+3(10%) was grown on the core UCNPs following a recently reported method with few modifications.19,33 In a 100 ml three-neck round bottom flask, YCl3.2H2O (0.45 mmol, 136.5 mg) and YbCl3.2H2O (0.05 mmol, 19.38 mg) were mixed together with 6 ml of oleic acid and 15 ml of 1-octadecene under Ar gas flow. The solution was heated to 150 ⁰C to form a homogenous mixture of the salts. After that, the solution was cooled down to 80⁰C and core UCNPs in chloroform (15 mg/ml) were added. After evaporation of the CHCL3, the solution was brought to room temperature and a mixture of NaOH (1.25 mmol, 50 mg) and NH4F (2 mmol, 74.08 mg) dissolved in 5 ml of Methanol was added dropwise under vigorous stirring. The mixture was stirred for 45 min. Then the methanol was evaporated and the solution was heated to 305 ⁰C (18 degrees/min) for 1hour and 40 min under Ar atmosphere.  Then, the nanoparticles were cooled down, precipitated with ethanol (~1:1 ratio) and the sediment was washed twice with ethanol. The core-shell UCNPs were dispersed in hexane and stored for further use.
Ligand–Exchange Reaction from Oleic Acid to Oleylamine:

For the ligand exchange of oleic acid with oleylamine on the surface of UCNPs a reported method was followed with minor alterations.34 In detail, UCNPs dispersed in hexane, were mixed with a dichloromethane solution of NOBF4 (0.01M) to create a two phase solution. The solution was stirred until the UCNPs migrated to the dichloromethane CH2Cl2 phase. Then, the CH2Cl2 phase was isolated and the nanoparticles were purified by precipitation slowly adding a mixture of toluene and hexane (1:1 ratio). The sediment was collected and the particles were dispersed in dimethylformamide (DMF). Then the solution was combined with hexane to form a two phase mixture where oleylamine was added in excess. The nanoparticles were washed and purified by addition of ethanol and the resultant UCNPs were dispersed in chloroform, CHCl3. 
Synthesis of the IR-806 dye:

The chemical functionalization of the dye IR-806 was performed following a previously reported synthesis with few alterations.16 A mixture of the dye IR-780 iodide (250 mg, 0.375 mmol) and 4-mercaptobenzoic acid (115.5 mg, 0.75 mmol) was dissolved in DMF (10 ml) and stirred overnight. DMF was removed using a rotary evaporator under vacuum at 40°C and the residue was dissolved in CH2Cl2 (5 ml). Diethyl ether (70 ml) was added to precipitate the product. The sediment was washed twice with diethyl ether, and dried under vacuum to collect the chemically modified IR-806 dye.
Synthesis of the dye-sensitized core or core-shell UCNPs:

To obtain the optimal surface coverage of nanoparticles with dye molecules, a series of samples were prepared under Ar atmosphere. Different amounts of IR-806 dye (in CHCl3): (0.000 mg/ml, 0.001 mg/ml, 0.003 mg/ml, 0.005 mg/ml, 0.007 mg/ml, 0.010 mg/ml and 0.015 mg/ml) were added to a fixed concentration of nanoparticles (0.8 mg/ml) in CHCl3 to a final volume of 2 ml and stirred for 2 hours at room temperature. A concentration of 0.8 mg/ml core UCNPs was kept constant for all the samples (core UCNPs and core-shell UCNPs). The increased weight of the core-shell UCNPs due to the shell formation was not considered in our calculations, which can lead to an underestimation in the number of particles.  
Time-resolved and spectral measurements: 

The upconversion spectra and kinetics of non-sensitized and dye-sensitized nanoparticles were measured under the pulse train excitation with a wavelength of 980 nm and 800 nm, respectively. As an excitation source we used 80 MHz Ti:Sa laser system (Chameleon, Coherent), coupled with the pulse picker (Pulse Select, APE), which reduced the frequency to 20 MHz. Then the excitation beam was modulated by an optical chopper with 60 slots blade (MC1F60, Thorlabs) with each 10th slot opened. The chopper controller (MC2000B, Thorlabs) operated at 10th harmonic of the reference frequency of 295 Hz, given externally by waveform generator (33500B, Keysight). As a result, the nanoparticles were excited at frequency of 295 Hz with duration of pulse train ~ 170 μs. The excitation frequency allows the excited states of Er3+ to decay completely before the next pulse train comes (see Figure S20). Each train consisted of multiple 150 fs pulses with 50 ns separation. The excitation beam with diameter of 5 mm was reflected with short pass dichroic mirror (FF749-SDi01-25x36x3.0, Semrock) and focused with 10x microobjective (Plan Achromat, NA=0.25, Olympus) in thin quartz cuvette, filled with solution of the nanoparticles in CHCl3. The collected upconversion luminescence was filtered additionally with short pass filter (FF01-720/SP-25, Semrock) and long pass filter (LP02-488RU-25, Semrock) and coupled through 50 μm fiber (Thorlabs) with either spectrometer (QE Pro, Ocean Optics) or avalanche photodiode (ID 100-50, ID Quantique). The output of the detector was connected with TCSPC card (SPC-160, Becker & Hickl) to perform time-resolved characterization. The measurement of upconversion kinetics was performed in triggered accumulation MCS mode of the TCSPC card that builds up the photons distribution versus their macro times after train of excitation pulses. Excitation power was measured by calibrated power meter (S121C, Thorlabs) and fixed at 50 μW during the upconversion kinetics measurements of both dye-sensitized and non-sensitized nanoparticles.

For the lifetime measurement of the IR-806 dye luminescence, 20 MHz excitation with a wavelength of 800 nm was used. The excitation power was fixed at 1 μW for characterization of pure dyes and dyes, attached to the surface of upconversion nanoparticles. The dye emission was filtered from the upconversion emission and laser excitation line by spectral filters: notch filter (NF808-34, Thorlabs), long pass filter (LP02-808RU-25, Semrock), short pass filter (FF01-950/SP-25, Semrock). All measurements with optimized dye concentration including upconversion luminescence spectra and fluorescence decay curves of pure dye and dye-sensitized UCNPs were carried out at room temperature after stirring (within 24 hours after synthesis). Additionally, during all measurements the quartz cuvette with solution was continuously scanned in the focal plane of the focusing microscope objective using an automated stage facilitating the effective mixing of the solution and allowing for highly reproducible results due to ensemble averaging and elimination of detrimental local heating.
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Acknowledgements
E.U.H would like to thank the department of Physics and Astronomy for a Mayflower studentship. The authors acknowledge the support of the UK’s Engineering and Physical Sciences Research Council (grant EP/P02484X/1 SuperSolar Hub) and of the Skoltech NGP Program (Skoltech-MIT joint project). 
References

(1) 
Zhou, J.; Liu, Z.; Li, F. Upconversion Nanophosphors for Small-Animal Imaging. Chem. Soc. Rev. 2012, 41 (3), 1323–1349.

(2) 
Liu, Q.; Chen, M.; Sun, Y.; Chen, G.; Yang, T.; Gao, Y.; Zhang, X.; Li, F. Multifunctional Rare-Earth Self-Assembled Nanosystem for Tri-Modal Upconversion Luminescence /Fluorescence /Positron Emission Tomography Imaging. Biomaterials 2011, 32 (32), 8243–8253.

(3) 
Generalova, A. N.; Rocheva, V. V; Nechaev, A. V; Khochenkov, D. A.; Sholina, N. V; Semchishen, V. A.; Zubov, V. P.; Koroleva, A. V; Chichkov, B. N.; Khaydukov, E. V. PEG-Modified Upconversion Nanoparticles for in Vivo Optical Imaging of Tumors. RSC Adv. 2016, 6 (36), 30089–30097.

(4) 
Cheng, L.; Wang, C.; Liu, Z. Upconversion Nanoparticles and Their Composite Nanostructures for Biomedical Imaging and Cancer Therapy. Nanoscale 2012, 23–37.

(5) 
Liu, X.; Que, I.; Kong, X.; Zhang, Y.; Tu, L.; Chang, Y.; Wang, T. T.; Chan, A.; Löwik, C. W. G. M.; Zhang, H. In Vivo 808 Nm Image-Guided Photodynamic Therapy Based on an Upconversion Theranostic Nanoplatform. Nanoscale 2015, 7 (36), 14914–14923.

(6) 
Khaydukov, E. V.; Mironova, K. E.; Semchishen, V. A.; Generalova, A. N.; Nechaev, A. V.; Khochenkov, D. A.; Stepanova, E. V.; Lebedev, O. I.; Zvyagin, A. V.; Deyev, S. M.; Panchenko, V. Y. Riboflavin Photoactivation by Upconversion Nanoparticles for Cancer Treatment. Sci. Rep. 2016, 6 (April), 35103.

(7) 
Ramasamy, P.; Manivasakan, P.; Kim, J. Upconversion Nanophosphors for Solar Cell Applications. RSC Adv. 2014, 4 (66), 34873–34895.

(8) 
Bünzli, J.-C. G.; Eliseeva, S. V. Intriguing Aspects of Lanthanide Luminescence. Chem. Sci. 2013, 4 (5), 1939–1949.

(9) 
Shan, J.; Kong, W.; Wei, R.; Yao, N.; Ju, Y. An Investigation of the Thermal Sensitivity and Stability of the β-NaYF4:Yb,Er Upconversion Nanophosphors. J. Appl. Phys. 2010, 107 (5), 054901.

(10) 
Vetrone, F.; Naccache, R.; Zamarron, A.; Juarranz de la Fuente, A.; Sanz-Rodríguez, F.; Martinez Maestro, L.; Martin Rodriguez, E.; Jaque, D.; Garcia Solé, J.; Capobianco, J. A. Temperature Sensing Using Fluorescent Nanothermometers. ACS Nano 2010, 4 (6), 3254–3258.

(11) 
Alonso-Cristobal, P.; Vilela, P.; El-Sagheer, A.; Lopez-Cabarcos, E.; Brown, T.; Muskens, O. L.; Rubio-Retama, J.; Kanaras, A. G. Highly Sensitive DNA Sensor Based on Upconversion Nanoparticles and Graphene Oxide. ACS Appl. Mater. Interfaces 2015, 7 (23), 12422–12429.

(12) 
Wu, S.; Han, G.; Milliron, D. J.; Aloni, S.; Altoe, V.; Talapin, D. V; Cohen, B. E.; Schuck, P. J. Non-Blinking and Photostable Upconverted Luminescence from Single Lanthanide-Doped Nanocrystals. Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (27), 10917–10921.

(13) 
Han, S.; Deng, R.; Xie, X.; Liu, X. Enhancing Luminescence in Lanthanide-Doped Upconversion Nanoparticles. Angew. Chemie - Int. Ed. 2014, 53 (44), 11702–11715.

(14) 
Li, Y.; Liu, X.; Yang, X.; Lei, H.; Zhang, Y.; Li, B. Enhancing Upconversion Fluorescence with a Natural Bio-Microlens. ACS Nano 2017, 11 (11), 10672–10680.

(15) 
Wang, X.; Valiev, R. R.; Ohulchanskyy, T. Y.; Ågren, H.; Yang, C.; Chen, G. Dye-Sensitized Lanthanide-Doped Upconversion Nanoparticles. Chem. Soc. Rev. 2017, 46 (14), 4150–4167.

(16) 
Zou, W.; Visser, C.; Maduro, J. A.; Pshenichnikov, M. S.; Hummelen, J. C. Broadband Dye-Sensitized Upconversion of near-Infrared Light. Nat. Photonics 2012, 6 (8), 560–564.

(17) 
Muhr, V.; Würth, C.; Kraft, M.; Buchner, M.; Baeumner, A. J.; Resch-Genger, U.; Hirsch, T. Particle-Size-Dependent Förster Resonance Energy Transfer from Upconversion Nanoparticles to Organic Dyes. Anal. Chem. 2017, 89 (9), 4868–4874.

(18) 
Gargas, D. J.; Chan, E. M.; Ostrowski, A. D.; Aloni, S.; Altoe, M. V. P.; Barnard, E. S.; Sanii, B.; Urban, J. J.; Milliron, D. J.; Cohen, B. E.; Schuck, P. J. Engineering Bright Sub-10-Nm Upconverting Nanocrystals for Single-Molecule Imaging. Nat. Nanotechnol. 2014, 9 (4), 300–305.

(19) 
Wu, X.; Zhang, Y.; Takle, K.; Bilsel, O.; Li, Z.; Lee, H.; Zhang, Z.; Li, D.; Fan, W.; Duan, C.; Chan, E. M.; Lois, C.; Xiang, Y.; Han, G. Dye-Sensitized Core/Active Shell Upconversion Nanoparticles for Optogenetics and Bioimaging Applications. ACS Nano 2016, 10 (1), 1060–1066.

(20) 
Shao, Q.; Li, X.; Hua, P.; Zhang, G.; Dong, Y.; Jiang, J. Journal of Colloid and Interface Science Enhancing the Upconversion Luminescence and Photothermal Conversion Properties of  ~800 Nm Excitable Core / Shell Nanoparticles by Dye Molecule Sensitization. J. Colloid Interface Sci. 2017, 486, 121–127.

(21) 
Chen, G.; Damasco, J.; Qiu, H.; Shao, W.; Ohulchanskyy, T. Y.; Valiev, R. R.; Wu, X.; Han, G.; Wang, Y.; Yang, C.; Ågren, H.; Prasad, P. N. Energy-Cascaded Upconversion in an Organic Dye-Sensitized Core/Shell Fluoride Nanocrystal. Nano Lett. 2015, 15 (11), 7400–7407.

(22) 
Chen, G.; Shao, W.; Valiev, R. R.; Ohulchanskyy, T. Y.; He, G. S.; Ågren, H.; Prasad, P. N. Efficient Broadband Upconversion of Near-Infrared Light in Dye-Sensitized Core/Shell Nanocrystals. Adv. Opt. Mater. 2016, 4 (11), 1760–1766.

(23) 
Garfield, D. J.; Borys, N. J.; Hamed, S. M.; Torquato, N. A.; Tajon, C. A.; Tian, B.; Shevitski, B.; Barnard, E. S.; Suh, Y. D.; Aloni, S.; Neaton, J. B.; Chan, E. M.; Cohen, B. E.; Schuck, P. J. Enrichment of Molecular Antenna Triplets Amplifies Upconverting Nanoparticle Emission. Nat. Photonics 2018.

(24) 
Huang, F.; Liu, X.; Ma, Y.; Kang, S.; Hu, L.; Chen, D. Origin of near to Middle Infrared Luminescence and Energy Transfer Process of Er3+/Yb3+ Co-Doped Fluorotellurite Glasses under Different Excitations. Sci. Rep. 2015, 5, 5–10.

(25) 
Haase, M.; Schäfer, H. Upconverting Nanoparticles. Angew. Chemie - Int. Ed. 2011, 50 (26), 5808–5829.

(26) 
Vetrone, F.; Naccache, R.; Mahalingam, V.; Morgan, C. G.; Capobianco, J. A. The Active-Core/Active-Shell Approach: A Strategy to Enhance the Upconversion Luminescence in Lanthanide-Doped Nanoparticles. Adv. Funct. Mater. 2009, 19 (18), 2924–2929.

(27) 
Villanueva-Delgado, P.; Krämer, K. W.; Valiente, R. Simulating Energy Transfer and Upconversion in β-NaYF4: Yb3+, Tm3+. J. Phys. Chem. C 2015, 119 (41), 23648–23657.

(28) 
Wang, F.; Deng, R.; Wang, J.; Wang, Q.; Han, Y.; Zhu, H.; Chen, X.; Liu, X. Tuning Upconversion through Energy Migration in Core-Shell Nanoparticles. Nat. Mater. 2011, 10 (12), 968–973.

(29) 
Alyatkin, S.; Asharchuk, I.; Khaydukov, K.; Nechaev, A.; Lebedev, O.; Vainer, Y.; Semchishen, V.; Khaydukov, E. The Influence of Energy Migration on Luminescence Kinetics Parameters in Upconversion Nanoparticles. Nanotechnology 2017, 28 (3), 035401.

(30) 
Feng, W.; Han, C.; Li, F. Upconversion-Nanophosphor-Based Functional Nanocomposites. Adv. Mater. 2013, 25 (37), 5287–5303.

(31) 
Zuo, J.; Sun, D.; Tu, L.; Wu, Y.; Cao, Y.; Xue, B.; Zhang, Y.; Chang, Y.; Liu, X.; Kong, X.; Buma, W. J.; Meijer, E. J.; Zhang, H. Precisely Tailoring Upconversion Dynamics via Energy Migration in Core–Shell Nanostructures. Angew. Chemie - Int. Ed. 2018, 57 (12), 3054–3058.

(32) 
Li, Z.; Zhang, Y. An Efficient and User-Friendly Method for the Synthesis of Hexagonal-Phase NaYF4:Yb, Er/Tm Nanocrystals with Controllable Shape and Upconversion Fluorescence. Nanotechnology 2008, 19 (34), 345606.

(33) 
Jiang, G.; Pichaandi, J.; Johnson, N. J. J.; Burke, R. D.; Van Veggel, F. C. J. M. An Effective Polymer Cross-Linking Strategy to Obtain Stable Dispersions of Upconverting NaYF4nanoparticles in Buffers and Biological Growth Media for Biolabeling Applications. Langmuir 2012, 28 (6), 3239–3247.

(34) 
Dong, A.; Ye, X.; Chen, J.; Kang, Y.; Gordon, T.; Kikkawa, J. M.; Murray, C. B. A Generalized Ligand-Exchange Strategy Enabling Sequential Surface Functionalization of Colloidal Nanocrystals. J. Am. Chem. Soc. 2011, 133 (4), 998–1006.


TOC Graphic
[image: image5.png]@
S
2

Normalized intensity

-
2L

-
e

—~
<,

— dye-sensitized core
— core

0 500 1000 1500

Time (us)




1

