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Chapter 4 

Broadband Dye-Sensitized Upconversion of 

Near-IR Light 

 

 

Photon upconversion of near-infrared (NIR) photons is a promising way to overcome the 

Shockley-Queisser efficiency limit of 32% of a single-junction solar cell. However, the 

practical applicability of the most efficient known upconversion materials at moderate light 

intensities is limited by their extremely weak and narrowband NIR absorption. Here we 

introduce the concept of an upconversion material where an organic NIR dye is used as an 

antenna for β-NaYF4:Yb,Er nanoparticles (NPs) in which the upconversion occurs. The 

overall upconversion by the dye-sensitized NPs is dramatically enhanced (by a factor of 

~3300) as a result of increased absorptivity and overall broadening of the absorption 

spectrum of the upconverter. The proposed concept can be extended to cover any desired part 

of the solar spectrum by applying a set of dye molecules with overlapping absorption spectra 

acting as an extremely broadband antenna system, connected to suitable upconverters. 
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4.1 Introduction 

One of the fundamental factors limiting the energy conversion efficiency of a single junction 

solar cell to the Shockley-Queisser limit of ~ 32% is the inability to absorb photons with energy 

less than the band-gap of the active materials.1 Upconversion materials, which can sum the 

energies of NIR quanta to emit a quantum of higher energy, are considered as one of the 

promising routes to overcoming this limit.2-6 Other methods focus on adapting the absorption of 

the solar cell active-layer materials to the solar spectrum, but upconversion modifies the solar 

spectrum to make it match better with the absorption spectrum of the solar cells. This strategy 

also makes it possible to electrically isolate the upconverters from the active layer and apply 

them as a separate layer in solar cells. 

In theory, the standard AM1.5 spectrum power conversion efficiency of a single-bandgap 

solar cell can be increased up to 50.7% by the application of an ideal upconverter (with the two 

upconverter bandgaps at 0.94 and 1.40 eV), in combination with a PV active layer material with 

a relatively wide bandgap of 2 eV.7 However, to date, experimentally obtained upconversion 

solar cell efficiencies have been extremely low, merely serving as proof of principle.3,8-12 The 

main problem is that the known internally efficient upconversion materials absorb extremely 

weakly and within a very narrow spectral window.  Moreover, upconversion is a process that is 

of higher order in light intensity (that is, quadratic in intensity for two-photon upconversion in 

the low-intensity limit), making very high illumination intensities often necessary. The best 

upconversion materials are currently based on mixed lanthanide compounds.11,13  Promising 

upconversion efficiencies have also been reported using (supra)molecular triplet–triplet 

annihilation systems,14–16 but the spectral range of 650–700 nm to be upconverted is of limited 

relevance for solar cell applications. Of these materials, bulk NaYF4: Er3+, Yb3+ and NaYF4:Er3+ 

have shown the highest upconversion quantum yields under monochromatic irradiation at 975 

nm and 1522 nm NIR light (5% and 3%, respectively11, 17). The corresponding NaYF4: Er3+(2%), 

Yb3+ (20%) nanoparticles typically show lower, size-dependent quantum yields, For example, 
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0.1% has been reported for 30 nm diameter particles 17.  The inherently weak and narrowband 

absorption of Ln3+ ions of such materials is due to the parity-forbidden nature of the 4f 

transitions. Hence, most of the efforts to enhance the Ln3+ upconversion luminescence have been 

focused on materials providing a locally enhanced electromagnetic field or on doping with other 

lanthanide ions, serving as sensitizers.18-20 For instance, plasmonic coupling was introduced to 

enhance the upconversion efficiency of lanthanide nanoparticles (NPs)21-27 resulting in 

enhancement factors of 2-8. 21-23 More recently, the upconversion luminescence of gold-

decorated β-NaYF4:Yb,Tm NPs at 345 nm was reported to be increased by a factor of 109.27  

Here we propose and demonstrate the viability of a new strategy to enhance upconversion 

luminescence of lanthanide NPs based on increased and spectrally broadened absorption, using 

organic IR dyes as sensitizers. The main idea was inspired by the natural light-harvesting 

systems in which various absorber molecules surround and transfer the solar energy to the central 

reaction center,28 albeit for upconversion instead of charge transfer. In our approach, dye 

molecules function as antennas, absorbing incident light and transferring their excitation energy 

to the upconverting metal ions encapsulated in a NP (Figure 4.1). In a solar cell, the upconverted 

photon energy is then transferred radiatively or non-radiatively to the active layer. The 

advantages of combining organic antennas with inorganic upconversion centers are: (i) the strong 

NIR absorption, (ii) the broad absorption spectrum, (iii) the ability to tune the absorption band by 

molecular bandgap engineering, and (iv) the possibility of using a set of complementary antenna 

molecules to further optimize the absorption range (for example, in an energy cascade manner).  
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Figure  4.1 Principal  concept  of  the  dye‐sensitized  nanoparticle  (NP): antenna dyes  (in  green) 

absorb  the NIR  solar  energy  (red wiggled  arrows)  and  transfer  it  to  the NP  core  (in  yellow) 

where upconversion  is realized. Upconversion denotes here a process  in which energies of two 

NIR quanta are summed up  to emit a quantum of a higher energy  in  the green‐yellow  region 

(green wiggled arrow). 

4.2 Changes of absorption and emission spectra of IR-806 on 

nanoparticles 

We chose to show the first proof of principle of dye sensitization using the nanoparticle 

upconverters for 975 nm light, for chemical and instrumental reasons. Oleylamine-coated β-

NaYF4:Yb,Er NPs with an averaged 16 nm core diameter were prepared using a known method 

from a mixture of trifluoroacetates in oleylamine.29 Solutions of these NPs in CHCl3 showed the 

characteristic bright green-yellow upconversion emission upon excitation with ~975 nm laser 

light.  A commercially available cyanine dye IR-780 was selected as the starting material for the 
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preparation of functionalized antenna molecules to be attached to the surface of the NPs. 

Nucleophilic substitution of the central chlorine atom in IR-780 was used as the method to 

prepare a carboxylic acid-functionalized derivative (see chapter 3). The resulted carboxylated 

dye absorbs light mainly between 650 and 850 nm, with a maximum at 806 nm in CHCl3 (Figure 

4.2); We therefore named it IR-806. The extinction coefficient of IR-806 at 806 nm is 390 

L/g·cm, which is ~5·106 times higher than that of β-NaYF4:Yb,Er NPs at 975 nm (7·10-5 L/g·cm). 

Weak absorption of IR-806 below 600 nm is also essential, because the antenna dye should be 

transparent for the upconverted photons that exit the NP. 
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Figure 4.2 Absorption spectra of IR‐780 (3.0×10‐6 M; blue line) and carboxylic acid derivative   IR‐

806 (3.18×10‐6 M; red line) in CHCl3. 
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Figure 4.3 emission spectra of IR-780 (3.0×10-6 M; blue line) and carboxylic acid derivative   

IR-806 (3.18×10-6 M; red line) in CHCl3. 

At 750 nm excitation, the emission spectrum of IR-806 in CHCl3 extends well beyond 900 

nm (Figure 4.3). The overlap between the emission spectrum of IR-806 and the absorption 

spectrum of the NPs at 900–1000 nm – albeit not being optimal – still allows for Förster type 

energy transfer from excited IR-806 to the Yb3+ absorption centers in the NPs. The exchange 

reaction with the oleylamine ligands and binding of IR-806 to the surface of the NP were 

determined by clearly observable changes of absorption in the NIR and IR regions as well as the 

emission properties (Figure 4.4–4.6). First, following the addition of oleylamine-coated NPs to a 

solution of IR-806 in CHCl3, the absorption of IR-806 at 806 nm decreased and the absorption 

maximum wavelength was gradually blue-shifted from 806 nm to a saturation value of 800 nm 

(Figure 4.5). Second, the IR-806 luminescence decreased to 35% of the original intensity (Figure 

4.6). In a blank experiment in which IR-806 was bound to oleylamine-coated NaYF4 NPs with 

no Yb and Er photon energy acceptors, an identical blue shift in IR-806 absorption was observed 

(Figure 4.7), but the luminescence decrease was only to 90% of the original intensity (Figure 4.8). 
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Third, the lifetime of IR-806 luminescence shortened from 1.14 ns (pure IR-806) to 0.64 ns (IR-

806:NP) upon binding to the NaYF4:Yb,Er NPs  (Figure 4.9). This set of experiments 

demonstrates that about 50% of the photon energy initially absorbed by bound IR-806 is 

transferred to the Yb and Er energy-accepting ions in the NaYF4:Yb,Er  NP core. 
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Figure 4.4 FT‐IR (ATR) spectra of IR‐806 (red line), oleylamine‐coated NPs (blue line), and IR‐806‐

coated NPs (olive line). The IR absorption of the IR‐806‐coated NPs resembles ‐for a large part‐ a 

superposition of the spectra of the constituents. The changes in the carbonyl region (υ = 1650‐

1750 cm‐1) are taken as indicative of bond formation between the IR‐806 carboxylic acid group 

and the  inorganic NP core. The  inset  in the Figure shows the color change of the sample from 

colorless (left image, NPs only) to deep green after coating of the NPs with IR‐806 (right image), 

which clearly shows the binding of IR‐806 to the nanoparticles. 
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Figure 4.5 Change of absorption spectrum of  IR‐806  (0.0025 mg/mL  in CHCl3) upon  increasing 

concentration of NPs. The  legend shows the weight  ratio of  IR‐806 and NPs. The  inset depicts 

the maximum absorption as a function of the weight content of the NPs, normalized to [NP]=0.  
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Figure  4.6  Change  of  emission  spectrum  of  IR‐806  (0.0025 mg/mL  in  CHCl3)  upon  increasing 

concentration  of  NPs.  The  excitation wavelength was  set  at  750  nm where,  unlike  in  peak 

absorption  around  800  nm,  the  absorption  increases  (by  ~30%)  with  increase  of  NPs 

concentration  (consult Figure 4.5). The  legend shows  the weight  ratio of  IR‐806 and NPs. The 

inset depicts the emission  intensity (integrated from 765 to 980 nm) of IR‐806 as a function of 

concentration of NPs, normalized to [NP]=0.  
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Figure 4.7 Change of absorption spectrum of IR‐806 (0.0025 mg/mL in CHCl3) upon addition of 

undoped NaYF4 NPs (the ‘blank’ NPs). The legend shows the weight ratio of IR‐806 and NPs.  
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Figure 4.8 Change of emission  spectrum of  IR‐806  (0.0025 mg/mL  in CHCl3) upon 50:1  (w/w) 

addition of undoped NaYF4 NPs (the ‘blank’ NPs). The excitation wavelength was set at 750 nm, 

as in the experiment depicted in Figure 4.6.  
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Figure  4.9  Time‐resolved  fluorescence  of  IR‐806  (0.0008 mg/mL,  blue  dots)  and  IR‐806/NPs 

(0.0008/12 mg/mL, blue circle) in CHCl3 exited by a 800 nm, 100 fs pulsed laser (repetition rate 

of 76 MHz, repetition rate of 3 mW). The red lines are best fits for a monoexponential function. 

The fluorescence was integrated in the regions of 802‐852 nm for IR‐806 and 792‐842 nm for IR‐

806/NPs to account for the emission shift due to binding.  

This conclusion was also verified by similar measurements on the original IR-780 (whict 

cannot bind to the NPs) instead of IR-806, no changes in IR-780 absorption and emission were 

observed (Figure 4.10, 4.11). Finally, the FTIR spectrum of a sample of dried and washed dye-

coated NPs resembles a superposition of the two spectra of oleylamine-coated NPs and the dye 

(Figure 4.4). This strongly suggests that close proximity of the dye (secured by chemisorption in 

the case of IR-806) and NP is necessary for efficient energy transfer. 
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Figure 4.10 “Blank experiment”: UV-VIS-NIR absorption spectra of the reference dye IR-780 

(red line, 0.0025 mg/mL) and IR-780/NPs (blue line, 0.0025/0.125 mg/mL) in CHCl3.  
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Figure  4.11  “Blank  experiment”:  Fluorescence  spectra  of  the  reference  dye  IR‐780  (0.0025 

mg/mL) and IR‐780/NPs (0.0025/0.125 mg/mL) in CHCl3. The excitation wavelength is 750 nm.  
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4.3 Dye-sensitized upconversion emission 

The upconversion spectrum of the solution containing IR-806-functionalized NPs under a 

800 nm, 2 mW cw continuous-wave (c.w.) laser excitation is shown in Figure 4.12. There are 

three characteristic Er3+ emission bands at 510-530 nm, 530-570 nm, and 630-680 nm, 

corresponding to 2H11/2→
4I15/2, 

4S3/2→
4I15/2, and 4F9/2→

4I15/2 transitions, respectively.27 The 500-

700 nm spectral distribution of upconverted light from the IR-806/NPs samples irradiated at 800 

nm (2 mW) was determined to be similar to that of samples of pure NPs irradiated at 975 nm (50 

mW)  (Figure 4.13). This clearly indicates that the 800 nm photon energy is absorbed by IR-806, 

transferred to the NP core, upconverted to higher photon energy, and subsequently re-emitted. In 

the cases of solutions of pure oleylamine-capped NPs, pure IR-806 in CHCl3 (800 nm excitation) 

and mixtures of nonfunctionalized IR-780 and NPs (780 nm excitation), no detectable 

upconversion emission was observed, in full agreement with the absorption and fluorescent 

quenching experiments. Therefore, we conclude that functionalized IR-806 (secured by 

chemisorption) acts as an antenna for the β-NaYF4:Yb,Er NPs for the upconversion process.   
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Figure 4.12 Steady‐state emission spectra of β‐NaYF4:Yb,Er NPs (cyan line), IR‐806 (green  line), 

β‐NaYF4:Yb,Er  NPs/IR‐780  =  0.80/0.006  mg/mL  (red  line),  and  β‐NaYF4:Yb,Er  NPs/IR‐806  = 

0.80/0.006 mg/mL (blue line) in CHCl3 exited by a 2 mW, 800 nm cw laser. 
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Figure 4.13 Steady‐state emission spectra of IR‐806/NPs (blue line, 0.80/0.006 mg/mL, exited by 

a 2 mW, 800 nm cw laser) and NPs (red line, 4.0 mg/mL, exited by a 50 mW, 975 nm cw laser) in 

CHCl3. Note that the emission  intensity from the NPs sample  is multiplied by a factor of 6, the 

NPs  sample  is  excited  by a  factor of 25  stronger  light  (which  transfers  to  a  factor  of  625  in 

emission considering the two‐photon nature of the excitation process), and the concentration of 

the NPs  sample was a  factor of 5 higher  than  in  the  IR‐806/NPs  sample  to obtain detectable 

emission.  
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4.4 Optimizing the surface coverage 

We next determined the optimal surface coverage of the NPs with antenna molecules for the 

most efficient dye-sensitized upconversion (Figure 4.14). On adding IR-806 to a solution of the 

NPs, the upconversion emission intensity first increases, which is consistent with an increasing 

overall absorption of the excitation energy at 800 nm by an increasing number of surface-bound 

antenna molecules. However, beyond a certain concentration, further increase of the IR-806/NP 

ratio results in decreasing upconversion emission intensity. The observed decline can be 

explained by two factors, namely increased mutual interactions between antenna molecules on 

the NP surface (self-quenching), and an increasing concentration of unbound (excess) antenna 

molecules which absorb the excitation energy but do not transfer it to the NPs. The optimum IR-

806:NP weight ratio was determined as 1:133. We estimate a mean number of 70±20 antenna 

molecules per average size NP to be bound at this ratio, with a center-to-center intermolecular 

distance of ~ 3.4 nm. This optimal concentration will be used in all following experiments.  
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Figure 4.14 Emission intensity integrated in the range of 500–570 nm of β-NaYF4:Yb,Er NPs 

(0.80 mg/mL) as a function of IR-806 content (in CHCl3) exited by a 2 mW, 800 nm cw laser. 
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4.5 Power dependence upconversion emission 

Figure 4.15 shows the upconversion emission intensity integrated in the range 500-685 nm as 

a function of the incident power. The best fit with a power function results in a perfect quadratic 

dependence on the incident light intensity. This confirms that the mechanism of the antenna-

mediated process involves a two-photon upconversion step. Based on this set of observations we 

propose the following mechanism for the overall process in the IR-806/NPs solution, and call it 

‘dye-sensitized upconversion’ (DUC).  In this mechanism, the bound IR-806 antenna molecules 

absorb the NIR photons and transfer their excitation energy to the Yb3+ 2F5/2 level by resonance 

energy transfer. The typical energy transfer processes from Yb3+ to Er3+ follow13, eventually 

leading to the Er3+ emission of upconverted light.  
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Figure  4.15  Integrated  in  the  range  of  500–685  nm  upconversion  intensity  of  β‐NaYF4:Yb,Er 

NPs/IR‐806 (concentration of 0.80/0.006 mg/mL) in CHCl3 as a function of excitation power of a 

800 nm cw laser. Best fit with a power function yields the exponent factor of n=1.92 indicating a 

purely two‐photon process. 
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4.6 Upconversion emission efficiency 

The monochromatic quantum yield (mQY) of the IR-806/NPs was determined at 800 nm 

excitation wavelength as  0.12 .
. %	 at the intensity saturation point (Figure 4.15) for 

monochromatic illumination (for detail see experimental part). The mQY of our non-sensitized 

oleylamine-coated NPs was measured to be 0.3±0.1% at the maximum absorption wavelength of 

975 nm. This value is in good agreement with the reported mQY value15 of 0.1% for slightly 

larger (30 nm diameter) but otherwise similar oleylamine-coated NPs given higher intensities 

used herein. The two mQYs are, within experimental error, in reasonable agreement with the 

observed luminescence quenching and excited state lifetime shortening of the nanoparticle-

bound dye described above. 
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Figure  4.16  Experimental  upconversion  excitation  spectra  of  β‐NaYF4:Yb,Er  NPs/IR‐806  at 

concentration of 0.80/0.006 mg/mL (blue dots) and β‐NaYF4:Yb,Er NPs at concentration of 0.80 

mg/mL  (green  triangles),  both  dissolved  in  CHCl3.  The  emission  intensity  is  integrated  in  the 
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500–685 nm  range while excitation  is performed by a 2 mW cw  laser. The  red  line shows  the 

squared absorption spectrum.  

The upconversion action spectrum (that is, upconverted power as a function of the excitation 

wavelength) was recorded using a 2 mW-calibrated wavelength-tunable cw laser. It was first 

confirmed that the emission spectrum of the sample is independent on the excitation wavelength 

in the 720-1000 nm spectral range. The integrated power over the 500-685 nm range of the 

emission was then plotted versus excitation wavelength (Figure 4.16). The upconversion action 

peak in the range 740-850 nm corresponds to the squared absorption of IR-806 while the tiny 

action peak in the 900-990 nm range follows the squared absorption of β-NaYF4:Yb,Er (Figure 

4.16; inset). This is fully consistent with the proposed DUC mechanism comprising a two-photon 

process in which the antenna molecules are involved as initial absorbers. 

The dramatic effect of dye-sensitized process is immediately eminent from the main panel: 

where the contribution from the upconversion by the non-sensitized process around 975 nm is 

simply invisible on this scale. However, as the inset shows, the non-sensitized upconversion does 

take place in this range. Importantly, this process has similar efficiency and spectral response for 

non-coated and dye-coated NPs, which proves that the upconversion properties of the NPs were 

not compromised upon dye attachment.  Although the peak-to-peak (at 975 nm versus at 800 nm) 

ratio of non-sensitized and sensitized upconversion is ~1:1100, the integrated spectral response 

in the 720-1000 nm range from the dye-coated NPs, as shown in Figure 4.16, is ~3300 times 

stronger than that of the non-sensitized NPs. This result lends further support for the DUC 

mechanism operating in excitation range where IR-806 absorbs, and the ‘direct’ upconversion by 

the NPs in the range where the NPs absorb.  

4.7 Conclusion 

In conclusion, we have demonstrated that dye sensitized-upconversion of NPs yields a 

dramatically increased upconversion efficiency. Further improvement can be obtained by 

optimization of the dye emission and NP absorption spectral overlap. Moreover, we propose that 

by using suitable co-sensitizing sets of antenna-molecules and upconverting NPs, together 
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absorbing the full desired spectral range of light to be upconverted, it will be possible to obtain 

even more broadband upconversion. Such broadband sensitization, in combination with higher 

quantum yield upconverters, would change upconversion from an academic and exotic 

phenomenon into realistic and viable tool for increasing the efficiency of photovoltaic devices. 

Furthermore, as the absorption spectrum of the dye-sensitized upconverter can be tuned, analyses 

and imaging techniques in medicine and diagnostics13 based on upconverting NPs will also 

benefit greatly from the proposed approach. 

4.8 Experimental part 

4.8.1 General Chemicals  

IR-780 iodide (99%), chloroform (ACS spectrophotometric grade, ≥99.8%, with amylenes as 

stabilizer) were obtained from Aldrich. All chemicals were used as received. Oleylamine-coated 

β-NaYF4:Yb,Er  and β-NaYF4 nanoparticles were synthesized using the method described in 

chapter 2. The synthesis of IR-806 was described in chapter 3. 

4.8.2 Instrumentation 

FT-IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer, using the SMART 

iTR for ATR measurements (diamond). Mass spectra were recorded on a LTQ Orbitrap XL 

(ESI+). Transmission electron microscopy (TEM) was performed on a Philips CM10 

transmission electron microscope operating at an accelerating voltage of 100 kV. Images were 

recorded on a Gatan slow-scan CCD camera. UV-Vis absorption spectra were measured on a 

Perkin/Elmer Lambda 900 UV-Vis-NIR Spectrometer in chloroform in a quartz cuvette with a 

path length of 1 cm. Standard CW fluorescence measurements of solutions in chloroform were 

performed on a Fluorolog 3 (Jobin Yvon Horiba). For the up-conversion luminescence 

measurements, a Ti:Sapphire laser system (MIRA-900-F) was used as the excitation source. 

Luminescence spectra and lifetime measurements were performed in the cw and pulsed mode, 

respectively. In the latter case, the repetition rate was 76 MHz. The excitation light was focused 

into a 1 mm thick sample cell by a 75 mm focal length lens. This resulted in a focal spot of 
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120±10 μm full-width at half-maximum level. The excitation power was controlled by a gradient 

neutral density filter and set at 2 mW for all experiments with the exception of the power-

dependence measurements. The emission was collected at the right-angle geometry via an f/2 

collimating lens and subsequently focused by an f/4 lens onto the slit of the spectrograph. The 

(time-resolved) emission detection was performed by a streak camera system equipped with a 

spectrograph (Hamamatsu C5680) running with the vertical time axis sweep off while recording 

cw emission spectra. 

4.8.3 Sample preparation  

Sample preparation for IR measurement. A mixture of oleylamine-coated NaYF4:Yb, Er 

nanoparticles (50 mg) and IR-806 (1 mg) in CHCl3 (1 mL) was stirred for 2 h at room 

temperature under N2, and then ethanol (20 mL) was added. The IR-806-functionalized 

NaYF4:Yb,Er nanoparticles were isolated by centrifugation. The as-precipitated nanoparticles 

were washed 3 times with ethanol and then dried in a vacuum oven at 40 ºC overnight. 

Sample preparation for UV-Vis-NIR absorption and fluorescence measurements. All 

samples were prepared and measured under an atmosphere of N2.  The samples for UV-Vis-NIR 

absorption and standard fluorescence measurements were prepared by adding different amounts 

of NaYF4:Yb,Er  nanoparticles to 0.01 mg of IR-806 in CHCl3 (4 mL). The solutions were stirred 

for 2 h at room temperature. The samples for upconversion fluorescence measurements were 

prepared by adding different amounts of IR-806 to 40 mg of NaYF4:Yb,Er nanoparticles in 

CHCl3 (1 mL). The solutions were stirred for 2 h at room temperature and then diluted 50 times 

for measurement. 

4.8.4 Measurement of the Monochromatic Quantum Yield of IR-806/NPs and NPs  

To determine the monochromatic quantum yield (mQY) of the IR-806/NPs we chose as a 

reference sample a DMSO solution of ATTO Rho14 fluorophore with a well-established QY of 

80%.30 Excitation of the dye solution was performed at a wavelength of 595 nm selected from a 

home built white-light continuum generator based on a hollow fiber.31 The Mira pump laser was 

run in mode-locked femtosecond mode and the vertical time axis sweep of the streak-camera was 
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switched off (“focus mode”) to record the time integrated emission spectrum. A 20 nm portion of 

the continuum centered around 595 nm was selected by an interference filter. The sample optical 

density at 595 nm over 1 mm was measured to be OD=0.035.  

We measured the emission intensity of the up-conversion sample, β-NaYF4:Yb,Er NPs/IR-

806 in CHCl3 at the optimal concentration of 0.80/0.006 mg/mL. Excitation of the IR-806/NPs 

was performed with the Mira laser in cw mode at a wavelength of 800 nm (OD=0.19 over 1 mm). 

The green-yellow emission was collected in exactly the same way as the emission from the 

reference dye sample.  

To determine the QY of up-conversion of bare β-NaYF4:Yb,Er NPs, their solution in CHCl3 

was used at a concentration of 650 mg/mL. Excitation of NPs was performed again in cw laser 

mode but at a wavelength of 974 nm (OD=0.04 over 1 mm). Emissions of the reference, IR-

806/NPs, and NPs samples were corrected for streak-camera sensitivity and integrated over the 

500-700 nm detection range. The sample mQY was calculated according to Eq.1 by Baluschev et 

al.32 Note that within this definition, the mQY ranges from 0 to 1 for one-photon and from 0 to 

0.5 for two-photon (as the upconversion) processes. The calculated values of the mQY are given 

in Table 1 below. The maximum mQY of IR-806/NPs is attained near the saturation regime (see 

Figure 4.15 of the main text) and amounts to 0.12 .
. %. This is in a good agreement with the 

mQY of the NPs sample of 0.3±0.1% (obtained at slightly higher excitation intensity) and the 

dye-NP energy transfer efficiency of ~50%. 

Table 1. Results of measurements of monochromatic quantum yields 

 

  
RHO14 IR-806/NPs NPs 

 
Excitation power, W 

 
0.003 2 4 8 4 

 

Excitation intensity, W·cm-2 

 
1 200 450 900 650 

 
mQY, % 

 
80 0.08±0.05 

 
0.12 .

. 0.1±0.05 

 
0.3±0.1 
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4.8.5 Estimations on NPs molecular weight, molar antenna:NPs ratio, and average 

intermolecular distances between antenna molecules on the surface of the NPs 

Molecular weight: We begin from the known density of pure NaYF4 that amounts to 4.21 

g/cm3  = 4.21·10-21 g/nm3,33 which we will also use as the density of our lanthanide doped NPs 

core. From the averaged NPs core diameter of 16 nm (see Figure 2.2a in chapter 2), the NP 

volume is calculated (in a spherical approximation) as 2145 nm3. From here we arrive at the 

averaged NP core weight of 2145 x 4.21·10-21 = 9.0·10-18 g, which can be recalculated as 

molecular  weight  of 6.1023 x 9.0·10-18 = 5.4·106 g/mol. Then we add the weight of ~ 5 per nm2 

(for example, as if densely packed, like in a SAM)34 oleylamine molecules (MW 267.5) equally 

distributed over a 804 nm2 NP surface area, i.e. ~ 1·106 g/mole for the organic shell. This results 

in a total value of inorganic core + organic shell average MWtotal = 6.4·106 g/mol for the 

oleylamine coated NPs. 

Molar antenna:NP ratio: Optimum efficiency for the dye-sensitized upconversion was 

observed at the NPs:IR-806 ratio of 0.8 mg : 0.006 mg, i.e. the weight ratio of 133:1. The 

molecular weight of IR-806 depends on the counterion: MWIR-806 = 657 without counter anion 

(656 as internal salt) or 784 as the iodide. We expect that the IR-806 molecules on the NPs may 

not all have iodide counterions. Therefore, we used the two extreme values for the IR-806 

molecular weight in the following estimations. At a weight ratio of 1:133 the IR-806:NP ratio 

ranges then between 73:1 and 61:1 antennas per particle.  

Distances between antenna molecules on the surface of the inorganic core of the NPs: 

At the optimal ~ 70:1 ratio, the core surface coverage is 804 (NP surface area) over 70 (number 

of antennas at a single NP) = 11 nm2 per IR-806 molecule, which results in the average center-to-

center distance of 3.4 nm. At the “saturation” ratio of 0.0025:0.1 = 1:40, the IR-806:NP ratio 

becomes between ~ 200:1 and 240:1 antennas per average size NP, with the averaged center-to-

center inter-antenna distance on the surface of the inorganic core the NP of 1.9 nm. Such a short 

separation most probably results in self-quenching amongst the antenna molecules.  
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