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2. General 
Yttrium(III) oxide (99.9%), ytterbium(III) oxide (99.9%), and thulium(III) oxide (99.9%) were 
purchased from Alfa-Aesar. Ethanol (99.8%) was purchased from either Fluka or Sigma-Aldrich. 
Sodium 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) was obtained from Lipoid and stored at 
−20 °C. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol were purchased from 
Avanti Polar Lipids and stored at −20 °C. All other reagents and solvents, including 1-octadecene 
(tech. grade, 90%), oleic acid (tech. grade, 90%), oleylamine (97%), ammonium fluoride (≥ 98%), 
sodium trifluoroacetate (98%), sodium hydroxide (≥ 97%), hydrochloric acid (37%), trifluoroacetic 
acid (99%), anhydrous methanol (99.8%), toluene (99.7%), and n-hexane (97%), were purchased 
from Sigma-Aldrich, and used as received. Upconverting nanoparticle synthesis and ligand synthesis 
was conducted in oxygen-free atmosphere using standard Schlenk line techniques. Synthesis of all 
ruthenium complexes and ruthenium-containing nanoconjugates was performed in the absence of 
light. Flash column chromatography was performed on silica gel (Screening devices B.V.) with a 
particle size of 40–64 µm and a pore size of 60 Å. TLC analysis was conducted on TLC aluminium 
foils with silica gel matrix (Supelco, silica gel 60, art. nr. 56524) with detection by UV-absorption 
(254 nm). All aqueous nanoparticle dispersions were made using Milli-Q water (18.2 MΩ.cm, 
< 5.0 ppb TOC, Merck Millipore), whereas demineralized water was used in complex and ligand 
synthesis. MES buffered saline solution (5 mM MES, 5 mM NaOAc, 30 mM NaCl, pH = 6.1) was 
prepared by dissolving MES monohydrate (267 mg, 1.25 mmol), sodium acetate (103 mg, 
1.25 mmol) and sodium chloride (438 mg, 7.50 mmol) in Milli-Q water, and correcting the pH with 
a 1M NaOH solution before adjusting the volume to 250 mL. This solution was filtered through a 
200-nm cellulose acetate syringe filter, stored at 4 °C, and used within four weeks. The syntheses of 
2,9-dimethyl-1,10-phenanthroline-5,6-dione (3), and 1,10-phenanthroline-5,6-dione (4) were carried 
out according to literature procedures.1 

All 1H NMR spectra were recorded on a Bruker DPX-300 or AV-400 spectrometer. Chemical shifts 
(δ) are indicated in ppm relative to TMS or the solvent peak. Mass spectra were recorded by using an 
MSQ Plus Spectrometer fitted with a Dionex automatic sample injection system. High resolution 
mass spectra were recorded by direct injection (2 µl of 1 µM solution in MeOH or acetonitrile and 
0.1% formic acid) in a mass spectrometer (Thermo Finnigan LTQ Orbitrap) equipped with an 
electrospray (250 °C) with resolution R = 60,000 at m/z = 400 (mass range m/z = 150–2000) and 
dioctylphthalate (m/z = 391.28428) as a lock mass. The high-resolution mass spectrometer was 
calibrated prior to measurements with a calibration mixture (Thermo Finnigan). Photographs of the 
nanoparticle emission under NIR excitation were taken using an iPhone SE (Apple). 

3. Ligand synthesis 
5,6-bis(dodecyloxy)-2,9-dimethyl-1,10-phenanthroline, 5: Compound 3 (500 mg, 2.10 mmol) was 
dissolved in a 1:1 mixture of H2O and THF (20 mL), and placed under argon atmosphere, followed 
by the addition of tetrabutylammonium bromide (451 mg, 1.40 mmol), sodium dithionite (2.19 g, 
12.6 mmol) and 1-bromododecane (1.66 mL, 6.93 mmol). To the resulting yellow suspension was 
slowly added a solution of KOH (1.77 g, 31.5 mmol) in H2O (10 mL), leading to a dark brown 
suspension. The reaction mixture was stirred at 40 °C for 3 days, during which the colour lightened 
to yellow-brown. After dilution with H2O (50 mL), the mixture was extracted with EtOAc 
(3 x 75 mL). The combined organic layers were washed with H2O (100 mL), dried over MgSO4 and 
concentrated in vacuo. Column chromatography (SiO2, EtOAc) yielded compound 5 in 59% yield as 
a beige powder (720 mg, 1.25 mmol). 1H NMR (300 MHz, δ in CDCl3): 8.45 (d, J = 8.4 Hz, 2H, 
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H4+H7), 7.49 (d, J = 8.4 Hz, 2H, H3+H8), 4.21 (t, J = 6.7 Hz, 4H, H1’), 2.93 (s, 6H, −CH3), 1.88 (p, 
J = 6.7 Hz, 4H, H2’), 1.61 – 1.48 (m, 4H, H3’), 1.45 – 1.20 (m, 32H, H4’–H11’), 0.88 (t, J = 6.9 Hz, 
6H, H12’); 13C NMR (75 MHz, δ in CDCl3): 158.2 (Cq), 141.9 (Cq), 131.0 (C4), 124.4 (Cq), 123.7 (C3), 
74.1 (C1’), 32.1, 30.6, 29.8, 29.8, 29.7, 29.5, 26.4 (all C2’–C10’), 25.7 (–CH3), 22.9 (C11’), 14.3 (C12’); 
HR-MS m/z exp. (calcd.): 577.4721 (577.4728, [M+H]+). 

 

Scheme S1. Structural formulas of compounds 5 and 6, showing the atom numbering used in NMR attribution. 

5,6-bis(dodecyloxy)-1,10-phenanthroline, 6: This compound was prepared as described for 
compound 5, but using 1,10-phenanthroline-5,6-dione (4) as the starting material (500 mg, 
2.38 mmol). Purification by column chromatography (SiO2, DCM:MeOH (99:1)) yielded compound 
6 as a beige powder (620 mg, 1.13 mmol, 47%). 1H NMR (300 MHz, δ in CDCl3): 9.13 (dd, J = 4.4, 
1.7 Hz, 2H, H2+H9), 8.58 (dd, J = 8.3, 1.7 Hz, 2H, H4+H7), 7.65 (dd, J = 8.3, 4.4 Hz, 2H, H3+H8), 
4.24 (t, J = 6.7 Hz, 4H, H1’), 1.90 (p, J = 6.7 Hz, 4H, H2’), 1.59 – 1.50 (m, 4H, H3’), 1.46 – 1.19 (m, 
32H, H4’–H11’), 0.88 (t, J = 6.7 Hz, 6H, H12’); 13C NMR (75 MHz, δ in CDCl3): 149.2 (C2), 144.1 
(Cq), 142.4 (Cq), 130.7 (C4), 126.5 (Cq), 123.1 (C3), 74.1 (C1’), 32.1, 30.5, 29.8, 29.8, 29.7, 29.5, 26.3, 
22.8 (all C2’–C11’), 14.3 (C12’); HR-MS m/z exp. (calcd.): 549.4411 (549.4415, [M+H]+). 

4. Ruthenium complex synthesis 
[Ru(bpy)2(5)](PF6)2 ([1](PF6)2): A mixture of compound 5 (50 mg, 0.086 mmol) and 
cis-Ru(bpy)2Cl2 (50 mg, 0.103 mmol) was placed in a 25-mL Teflon-lined stainless steel reaction 
vessel. Ethylene glycol (4 mL) was added, and the vessel was heated to 200 °C for 6 h. The red 
solution obtained was poured onto water (25 mL) and an orange precipitate was produced by adding 
sat. aq. KPF6 (5 mL). After cooling the mixture to 4 °C, the precipitate was collected by filtration, 
washed with cold water and extensively with cold Et2O. Purification by size exclusion 
chromatography (Sephadex LH20, acetone) yielded the desired compound as an orange-red powder 
(80 mg, 0.062 mmol, 73%). Rf = 0.4 (SiO2, acetone:water:sat. aq. KPF6 (100:10:2)); 1H NMR 
(300 MHz, δ in CD3CN): 8.63 (d, J = 8.5 Hz, 2H, HP4+HP7), 8.49 (d, J = 8.1 Hz, 2H, HB3), 8.43 (d, 
J = 8.1 Hz, 2H, HA3), 8.02 (td, J = 8.0, 1.5 Hz, 2H, HB4), 7.97 (td, J = 8.0, 1.5 Hz, 2H, HA4), 7.68 (d, 
J = 5.3 Hz, 2H, HA6), 7.61 (d, J = 5.1 Hz, 2H, HB6), 7.56 (d, J = 8.5 Hz, 2H, HP3+HP8), 7.27 (dd, 
J = 5.7, 1.0 Hz, 2H, HB5), 7.23 (dd, J = 5.7, 1.1 Hz, 2H, HA5), 4.38 – 4.18 (m, 4H, HP1’), 1.91 – 1.83 
(m, 10H, –CH3+HP2’), 1.54 (p, J = 7.1 Hz, 4H, HP3’), 1.41 – 1.21 (m, 32H, HP4’–HP11’), 0.88 (t, 
J = 6.5 Hz, 6H, HP12’); 13C NMR (75 MHz, δ in CD3CN): 166.6 (Cq), 153.8 (CB6), 152.9 (CA6), 138.8 
(CA4), 138.6 (CB4), 133.1 (CP4+CP7), 128.3 (CP3+CP8+CA5+CB5), 125.4 (CA3+CB3), 75.4 (CP1’), 32.7 
(CP2’), 30.8, 30.4, 30.3, 30.1, 26.8 (all CP3’–CP10’), 26.0 (–CH3), 23.4 (CP11’), 14.4 (CP12’); HR-MS m/z 
exp. (calcd.): 495.2534 (495.2539, [M-2PF6]2+); UV-Vis: λmax (ε in L·mol−1·cm−1): 452 nm 
(1.37 × 104 in CH3CN), 453 nm (1.28 × 104 in acetone/H2O (1:1)); Elemental analysis for 
C58H76F12N6O2P2Ru: (calcd.): C, 54.41; H, 5.98; N, 6.56; (exp.): C, 54.94; H, 5.23; N, 6.58. 
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[Ru(bpy)2(6)](PF6)2 ([2](PF6)2): A mixture of compound 6 (94 mg, 0.172 mmol) and 
cis-Ru(bpy)2Cl2 (100 mg, 0.206 mmol) was placed in a 25-mL 2-neck round-bottom flask under 
nitrogen. To this flask, a deoxygenated water/ethanol mixture was added (1:1, 10 mL). The reaction 
mixture was refluxed overnight, after which the EtOH was removed by rotary evaporation. Saturated 
aq. KPF6 (5 mL) was added to the resulting red solution, producing an orange precipitate. After 
cooling the mixture to 4 °C, the precipitate was collected by filtration, washed with cold water and 
cold Et2O, and purified by column chromatography (SiO2, acetone:H2O:sat. aq. KPF6 (100:10:1)). 
Yield: orange powder, 153 mg, 0.122 mmol, 71%. Rf = 0.3 (SiO2, acetone:water:sat. aq. KPF6 
(100:10:2)); 1H NMR (300 MHz, δ in CD3CN): 8.70 (dd, J = 8.5, 1.3 Hz, 2H, HP4+HP7), 8.50 (dd, 
J = 11.4, 8.2 Hz, 4H, HA3+HB3), 8.09 (td, J = 7.9, 1.6 Hz, 2H, HA4), 8.04 – 7.95 (m, 4H, 
HB4+HP2+HP9), 7.82 (d, J = 5.8 Hz, 2H, HA6), 7.67 (dd, J = 8.4, 5.2 Hz, 2H, HP3+HP8), 7.53 (d, 
J = 5.9 Hz, 2H, HB6), 7.43 (ddd, J = 7.4, 5.6, 1.3 Hz, 2H, HA5), 7.23 (ddd, J = 7.3, 5.7, 1.4 Hz, 2H, 
HB5), 4.40 – 4.23 (m, 4H, HP1’), 1.91 – 1.86 (m, 4H, HP2’), 1.61 – 1.49 (m, 4H, HP3’), 1.46 – 1.19 (m, 
32H, HP4’–HP11’), 0.87 (t, J = 6.4 Hz, 6H, HP12’); 13C NMR (75 MHz, δ in CD3CN): 158.2 (Cq), 157.9 
(Cq), 153.0 (CA6), 152.9 (CB6), 152.1 (CP2+CP9), 138.8 (CA4), 138.7 (CB4), 132.5 (CP4+CP7), 128.5 
(CA5), 128.3 (CB5), 126.6 (CP3+CP8), 125.2 (CA3), 125.1 (CB3), 75.6 (CP1’), 30.9 (CP2’), 30.4, 30.4, 
30.3, 30.3, 30.3, 30.1, 30.1 (all CP4’–CP10’), 26.8 (CP3’), 23.4 (CP11’), 14.4 (CP12’); HR-MS m/z exp. 
(calcd.): 481.2378 (481.2382, [M-2PF6]2+); UV-Vis: λmax (ε in L·mol−1·cm−1): 452 nm (1.66 × 104 in 
CH3CN), 453 nm (1.53 × 104 in acetone/H2O (1:1)); Elemental analysis for C56H72F12N6O2P2Ru: 
(calcd.): C, 53.71; H, 5.80; N, 6.71; (exp.): C, 53.99; H, 5.71; N, 6.71. 

 

Scheme S2. Structural formulas of compounds [1](PF6)2 and [2](PF6)2, showing the atom numbering used in NMR 
attribution. 
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5. Synthesis of NaYF4:Yb3+,Tm3+ upconverting nanoparticles 

 

Scheme S3. Synthesis scheme for the preparation of β-NaYF4:Yb3+,Tm3+ upconverting nanoparticles (UCNPs). 
OA = oleic acid, ODE = 1-octadecene. 

The synthesis of the NaYF4:Yb3+,Tm3+ upconverting nanoparticles was carried out by a modified 
literature procedure.2 A mixed rare earth chloride precursor, comprising of 79.5 mol% Y3+, 20 mol% 
Yb3+ and 0.5 mol% Tm3+, was used. To this end, a mixture of Y2O3 (90 mg, 0.3975 mmol), Yb2O3 
(39 mg, 0.10 mmol), and Tm2O3 (1.0 mg, 2.5 μmol) was placed in a 100-mL three-neck round bottom 
flask, and dissolved in hydrochloric acid (1.7 M, 4.2 mL) with stirring under reflux at 80 °C. When 
the solution had become clear and colourless, stirring was stopped, the condenser removed, and the 
solvent was slowly removed by evaporation in air at 63 °C. The powder was dried further in an oven 
at 105 °C for at least one night. Upon removal from the oven, a mixture of oleic acid (8 mL) and 
1-octadecene (15 mL) was swiftly added to the flask containing the above-prepared rare earth chloride 
mixture and placed under argon flow. The mixture was heated under vacuum and magnetic stirring 
to 160 °C for 30 min to form a clear, pale-yellow solution, and then cooled down to room temperature 
under argon flow. A solution of NaOH (100 mg, 2.5 mmol) and NH4F (148 mg, 4.0 mmol) in 
methanol (10 mL) was slowly added (1 mL∙min−1) into the flask and the resulting suspension was 
stirred for 45 min. Subsequently, the solution was slowly heated under a slight vacuum and magnetic 
stirring until 125 °C to remove the methanol and then heated under gentle argon flow to reflux at 
300 °C and kept at this temperature for 70 min. The solution was subsequently cooled down to room 
temperature under argon flow, and the nanoparticles were precipitated from the solution with ethanol 
(43 mL) and collected by centrifugation (4000 rpm, 2020 × g, 20 min). The resulting white powder 
was washed as followed: the pellet in each of the six 15-mL centrifuge tubes was redispersed in 
hexane (1 mL per tube), precipitated with ethanol (7 mL per tube), allowed to sediment, and isolated 
by centrifugation at 4000 rpm. The washing was repeated thrice more, using four, four, and two tubes, 
respectively, and using the same amount of (counter) solvent per tube. Finally, the white pellet was 
stored under ethanol. A small amount of powder was dried under vacuum for XRD, TGA and 
ICP-OES characterization. The lanthanoid dopant ratio was measured by ICP-OES (see below for the 
ICP-OES method) and found to be as follows: (calcd.): Y, 79.5; Yb, 20; Tm, 0.5; (exp.): Y, 81.8 ± 2.0; 
Yb, 17.8 ± 1.9; Tm, 0.34 ± 0.04. 
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6. Nanoparticle lipid encapsulation 
Synthesis of UCNP@lipid/[2]: The lipid coating procedure used to functionalize oleate-capped 
NaYF4:Yb3+,Tm3+ UCNPs is derived from a published method by Rojas-Gutierrez et al.3 Stock 
solutions of DOPA, DOPC, cholesterol (all 5.0 mM), [2](PF6)2 (2.0 mM) in chloroform were prepared 
and stored at −20 °C. Briefly, oleate-capped UCNPs (5 mg) were dispersed in chloroform 
(10 mg·mL−1) and sonicated for 10 minutes. Aliquots of the chloroform surfactant stock solutions 
were added to this dispersion, namely DOPA (5.32 μmol, 1.06 mL), DOPC (0.586 μmol, 117 μL), 
cholesterol (2.41 μmol, 481 μL), and [2](PF6)2 (0.438 μmol, 219 μL). The resulting mixture was 
sonicated for 10 min, and subsequently dried to a lipid film by rotary evaporation. The lipid film was 
redispersed in chloroform (2.5 mL), sonicated (10 min) and evaporated twice more in order to 
enhance the interaction between the surfactants and the UCNPs. After the final evaporation, the film 
was dried in vacuo for 45 min, before being hydrated with MES buffered saline (5 mL, see above), 
and sonicated for 20 min. The orange, slightly turbid dispersion was then vortexed, and extruded 
successively through a 400-nm and a 200-nm polycarbonate membrane (both 11 times) at RT. It was 
then centrifuged at RT (14,000 rpm, 16,000 × g, 30 min), the orange supernatant was removed, and 
the orange pellet redispersed in MES buffered saline (2.5 mL). After sonication (60 min) to obtain a 
fully dispersed sample, it was centrifuged once more (14,000 rpm, 16,000 × g, 30 min). The very 
light orange supernatant was removed, and the pellet dispersed in MES buffered saline (2.5 mL) with 
sonication (30 min) to obtain the finished UCNP@lipid/[2] nanoconjugate ([UCNP] ≈ 2.0 mg·mL−1). 

Synthesis of UCNP@lipid: Lipid-coated UCNP nanoconjugate samples containing no ruthenium 
complex were prepared as described above for UCNP@lipid/[2], using the following quantities of 
lipid stock solution: DOPA (5.6 μmol, 1.12 mL), DOPC (0.613 μmol, 123 μL), and cholesterol 
(2.54 μmol, 508 μL). 

7. ICP-OES analysis of the UCNP dopant concentration 
An aliquot of NaYF4:Yb3+,Tm3+ UCNPs (~ 4 mg) was dried in vacuo (30 min), and divided over two 
glass test tubes to perform the analysis in duplo. To each test tube, 0.5 mL of concentrated (~ 65%) 
HNO3 was added. A glass marble was placed on top of the tube and the particles were digested in an 
oven at 90 °C overnight. After cooling to RT, the samples were diluted to 7.5 mL with Milli-Q H2O 
and the concentrations of Y, Yb, and Tm ions were determined via ICP-OES using a Varian Vista-
MPX. Using a Varian SPS3 autosampler, an aliquot of the sample (~ 2.8 mL) was fed into an argon 
plasma, whereafter the emission from the various elements was detected at 360 nm (Y), 329 nm (Yb), 
and 313 nm (Tm). The machine was freshly calibrated using single element ICP calibration standards 
(Sigma-Aldrich), diluted to 0.1, 1.0, and 10 mg·L−1 in 3% aqueous HNO3. If necessary, samples were 
diluted tenfold so that the concentration of the analysed element was between 0.1 and 10 mg·L−1. 

  



S7 
 

8. Powder X-ray diffraction 
Powder X-ray diffraction (PXRD) measurements were carried out with a Bruker D8 Advance 
diffractometer using Cu Kα radiation (λ = 1.5406 Å). PXRD data (Figure S1) was collected for 2θ 
= 10–70°, with a step size of 0.02°. 

 
Figure S1. Powder X-ray diffraction (XRD) pattern of NaYF4:Yb3+,Tm3+ UCNPs (UCNP), and the reference 
pattern for β-NaYF4 (hexagonal phase, JCPDS no. 28-1192). 

9. Thermal gravimetric analysis 
Differential scanning calorimetry−thermal gravimetric analysis (DSC−TGA) were carried out under 
nitrogen atmosphere using the SDT 2960 Simultaneous DSC-TGA (TA Instruments). Thermograms 
(Figure S2) were recorded at 10 °C∙min−1 heating rates under nitrogen flow. The covered temperature 
ranged from RT to 700 °C.  

 
Figure S2. Thermogravimetric analysis (TGA) of NaYF4:Yb3+,Tm3+ UCNPs. 
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10. Upconversion emission spectroscopy 
Upconversion emission spectroscopy was conducted in a custom-built setup shown in Scheme S4. 
All optical parts were connected with optical fibres from Avantes, with a diameter of 200–600 μm. 
Samples, consisting of the UCNPs dispersed in toluene (1 mg·mL−1, 1.0 mL), were placed in stirred 
101-OS cuvettes (Hellma Analytics). The sample was placed in a CUV-UV/VIS-TC temperature-
controlled cuvette holder (Avantes), and equilibrated at 298 K for 2 minutes. Temperature control 
was performed with the use of a TC-125 controller from Quantum Northwest. Excitation was 
performed using a fibre-coupled CW 969-nm diode laser (MDL-H-980-3W, CNI Laser), coupled into 
a 200-μm multimode optical fibre, leading to a collimating lens (F220SMA-980, Thorlabs). After 
collimation, the light passed two lenses (f = 10 and 5 cm) to produce a ca. 2 mm beam (2.0 W, 
50 W∙cm−2). The excitation power was measured using a S310C thermal sensor connected to a 
PM100USB power meter (Thorlabs). Emission spectra were collected at a 90° angle with respect to 
the excitation beam. The emitted light passed through an OD4 875 nm short pass filter (Edmund 
Optics, part no. 86-106) and a double collimator into an optical fibre, which led to an AvaSpec-
ULS2048L StarLine CCD spectrometer obtained from Avantes. The spectrometer was calibrated 
using an Avalight-HAL-CAL-ISP30 NIST traceable calibration lamp from Avantes. All spectra were 
recorded using Avasoft 8.5 software from Avantes and further processed using Microsoft Office 
Excel 2010 and Origin Pro 9.1 software. 

Scheme S4. Setup used for upconversion spectroscopy, photolysis and quantum yield experiments. (1) CW laser 
light source, (2) collimating lens, (3) focusing lenses (only for NIR excitation), (4) temperature-controlled cuvette 
holder, (5) short pass filter (only for emission spectra under NIR excitation), (6) double collimator, (7) UV-Vis 
(300–1000 nm) or NIR (1000–1700 nm) CCD spectrometer, (8) UV-Vis halogen-deuterium light source, and 
(9) optical fibres. 
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11. Absolute upconversion quantum yield determination 
The upconversion quantum yield (ΦUC) of the NaYF4:Yb3+,Tm3+ UCNPs was carried out using a 
previously described method.4 The values at an excitation power density (Pexc) of 5 W·cm−2 were 
determined absolutely, using an integrating sphere-based approach. Quantum yield values at other 
power densities were derived relative to that absolute value, from a study of the power dependence 
of the upconverted emission in a standard UV-vis cuvette. 

 
Figure S3. Excitation power dependence (Pexc = 0.5–50 W∙cm−2) of the upconverted emission intensity IUC, for the 
(A) major and (B) minor thulium emission bands in toluene (λexc = 969 nm, T = 298 K, [UCNP] = 1 mg∙mL−1). 

 

 

Figure S4. Excitation power dependence of the upconversion quantum yield (ΦUC) of the minor emission bands in 
the NaYF4:Yb3+,Tm3+ UCNPs in toluene (λexc = 969 nm, T = 298 K, [UCNP] ≈ 40 mg∙mL−1). 
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Table S1. Upconversion quantum yields (ΦUC,λ) for NaYF4:Yb3+,Tm3+ UCNPs in toluene. The data points were 
measured relative to the value at 5.0 W∙cm−2. 

Pexc [W.cm−2] ΦUC,451 ΦUC,475 ΦUC,510 ΦUC,647 ΦUC,698 ΦUC,803 ΦUC,total 
0.51 n.d. 6.5(9) × 10−6 n.d. n.d. n.d. 6.5(9) × 10−3 6.5(9) × 10−3 
1.05 n.d. 1.3(2) × 10−5 n.d. n.d. n.d. 7.6(11) × 10−3 7.6(11) × 10−3 
1.44 n.d. 2.0(3) × 10−5 n.d. 5.2(7) × 10−6 4.9(7) × 10−6 8.9(12) × 10−3 8.9(13) × 10−3 
2.06 n.d. 3.0(4) × 10−5 n.d. 8.7(12) × 10−6 8.3(12) × 10−6 0.010(1) 0.010(1) 
3.0 1.2(2) × 10−6 4.2(6) × 10−5 n.d. 1.2(2) × 10−5 1.0(1) × 10−5 0.012(2) 0.012(2) 
5.0 6.3(9) × 10−6 7.7(11) × 10−5 1.7(2) × 10−7 2.4(3) × 10−5 1.7(2) × 10−5 0.015(2) 0.015(2) 
7.0 1.7(2) × 10−5 1.2(2) × 10−4 5.3(8) × 10−7 3.7(5) × 10−5 2.2(3) × 10−5 0.017(2) 0.017(2) 
10 3.7(5) × 10−5 1.7(2) × 10−4 1.1(2) × 10−6 5.2(7) × 10−5 2.9(4) × 10−5 0.022(3) 0.022(3) 
15 8.1(11) × 10−5 2.4(3) × 10−4 3.1(4) × 10−6 7.6(11) × 10−5 3.6(5) × 10−5 0.025(4) 0.025(4) 
20 1.4(2) × 10−4 3.0(4) × 10−4 5.2(7) × 10−6 1.0(1) × 10−4 3.9(5) × 10−5 0.028(4) 0.029(4) 
30 2.9(4) × 10−4 4.8(7) × 10−4 1.1(2) × 10−5 1.6(2) × 10−4 4.7(7) × 10−5 0.033(5) 0.034(5) 
40 5.3(7) × 10−4 7.1(10) × 10−4 2.0(3) × 10−5 2.4(3) × 10−4 5.5(8) × 10−5 0.038(5) 0.040(6) 
50 8.5(12) × 10−4 1.0(1) × 10−3 3.4(5) × 10−5 3.4(5) × 10−4 6.2(9) × 10−5 0.042(6) 0.044(6) 

n.d.: not determined. Uncertainties on the final digit are presented in parentheses. 

12. ROS generation experiments on UCNP@lipid and UCNP@lipid/[2] 
Preparation of the Na(DCFH2) ROS probe solution: A stock solution of sodium 
2’,7’-dichlorodihydrofluorescein (Na(DCFH2)) was prepared from 2’-7’-dichlorodihydrofluorescein 
diacetate (DCFH2DA) by a modified literature protocol.5 DCFH2DA (4.9 mg, 0.010 mmol) was 
dissolved in methanol (10 mL) and stored at 4 °C in the dark. An aliquot (500 µL) of this solution 
was added to aqueous NaOH (0.01 M, 2.00 mL), mixed and left for 30 min at RT in the dark. At this 
point, MES buffer (10 mL, see above) was added. The probe solution was stored in the dark at 4 °C, 
and used within 1 week. 

Preparation of the Na4(ADMBMA) probe solution: A 1 mM stock solution of tetrasodium 
9,10-anthracenediyl-bis(methylene)dimalonate (Na4(ADMBMA)) was prepared by dissolving 
ADMBMA (2.05 mg, 0.005 mmol) in 4 mM NaOH (5.00 mL). This solution was kept in the dark at 
4 °C until use. 

Experimental procedure: Singlet oxygen generation experiments on UCNP@lipid or 
UCNP@lipid/[2] were performed in the abovementioned custom-built irradiation setup (see Scheme 
S4). For experiments employing the DCFH2− probe, a dispersion of UCNP@lipid/[2] or UCNP@lipid 
in MES buffer (500 µL, 2.0 mg UCNP∙mL−1) was mixed with the Na(DCFH2) probe solution 
(250 µL) and MES buffer (250 µL), to obtain 1.00 mL of final sample solution 
([UCNP] = 1.0 mg·mL−1, [DCFH2−] = 10 µM). For experiments employing the ADMBMA4− probe, 
a dispersion of UCNP@lipid/[2] in MES buffer (500 µL, 2.0 mg UCNP∙mL−1) was mixed with the 
Na4(ADMBMA) probe solution (50 µL) and MES buffer (450 µL), to obtain 1.00 mL of final sample 
solution ([UCNP] = 1.0 mg·mL−1, [ADMBMA4−] = 50 µM). The sample was placed in a stirred macro 
cuvette inside the temperature-controlled cuvette holder. Temperature was kept at 298 K during the 
experiment, and allowed to equilibrate for 2 minutes prior to irradiation. The sample was irradiated 
for 2–3 h, using 969 nm light (2.0 W, 50 W∙cm−2). Every 5–15 min, a UV-Vis absorption spectrum 
was recorded. In order to perform this absorption measurement, the laser irradiation was switched off 
each time for ~ 15 seconds. The deuterium-halogen light source used for recording the absorption 
spectra was switched off during the irradiation of the sample. All spectra were recorded using Avasoft 
8.5 software from Avantes and further processed using Microsoft Office Excel 2010 and Origin Pro 
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9.1 software. The change in absorbance at 502 nm was determined, and converted to the concentration 
of 2’,7’-dichlorofluorescein (DCF2−) using the known molar absorption coefficient of DCF2− 
(ε502 = 75,000 M−1·cm−1). 

Blue light irradiation was performed in a similar manner, using the 450 nm Laserglow CW laser 
described earlier. Excitation power was set to 50 mW (0.4 W∙cm−2), and UV-Vis absorption spectra 
were recorded every 1–5 minutes for 60 min. 

 

Scheme S5. ROS-induced two-electron oxidation of DCFH2− to DCF2−. DCFH2 and DCF are shown in their 
respective protonation states at pH = 6.1.  

13. Nanosecond time-resolved emission spectroscopy 
Nanosecond time-resolved emission spectroscopy was measured using an in-house assembled setup. 
The excitation light (λexc = 980 nm, 0.1 W, 1300 W·cm−2) was generated using a tuneable Nd:YAG-
laser system (NT342B, Ekspla) comprising the pump laser (NL300) with harmonics generators (SHG, 
THG) producing a 355-nm laser beam used to pump an optical parametric oscillator (OPO) with a 
SHG connected in a single device. The laser system was operated at 10 Hz repetition rate. Samples, 
consisting of UCNP@lipid/[2] or UCNP@lipid in MES buffer ([UCNP] = 1.0 mg·mL−1, 2.0 mL) 
were placed in a quartz macro cuvette at room temperature. Emission was detected at a 90° angle, 
focused using a 75 mm lens to the entrance slit of a monochromator (M20 Carl Zeiss, set to 
480 ± 4 nm or 794 ± 16 nm). Detection was performed using a photomultiplier tube (R928 
Hamamatsu), where the supply voltage and monochromator slit width were adjusted to prevent 
saturation of the signal. The time-resolved signal was captured with an oscilloscope (Tektronix DPO 
4054) and triggered by the laser. The setup was controlled with an in-house written program 
(LabView). A minimum of 6000 spectra was recorded over 10–20 minutes and averaged. As the 
complicated nature of the upconverted Tm3+ spectral signature precluded fitting of both the rise and 
decay using a single fitting function, we solely fitted the decay part of the spectra to a mono-
exponential decay function using Origin Pro 9.1, starting from where the decay function became 
linear on a logarithmic plot. 

The FRET efficiency was determined using Equation S5 below: 

𝜂"#$% = 1 − )*+
),

 Equation (S5)  

where ηFRET is the FRET efficiency, and τRu and τ0 are the lifetimes measured for UCNP@lipid/[2] 
and UCNP@lipid, respectively. 
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14. Singlet oxygen generation and phosphorescence quantum yield of [1](PF6)2 
and [2](PF6)2 

The quantum yields of singlet oxygen generation and of phosphorescence were determined in aerated 
CD3OD as described previously, using [Ru(bpy)3]Cl2 as reference compound.6 

 
Figure S5. (A) Visible emission spectra of [1](PF6)2, [2](PF6)2, and [Ru(bpy)3]Cl2 in aerated CD3OD at 293 K under 
blue-light irradiation (450 nm, 0.4 W∙cm−2). (B) Near-infrared spectra of 1O2 phosphorescence (λem = 1275 nm) 
sensitized by [1](PF6)2, [2](PF6)2, and [Ru(bpy)3]Cl2 in aerated CD3OD at 293 K under blue-light irradiation 
(450 nm, 0.4 W∙cm−2). The 1O2 phosphorescence graphs for [2](PF6)2 and [Ru(bpy)3]Cl2 are overlapping due to 
their equal ΦΔ values.  

15. Photosubstitution and dark stability of [1](PF6)2 and [2](PF6)2 
UV-Vis photosubstitution experiments on ruthenium complex [1](PF6)2 were performed on a Cary 
50 Varian spectrometer equipped with a Cary Single Cell Peltier for temperature control (T = 298 K) 
and stirring. Experiments were performed in 1.0 × 1.0 cm fluorescence cuvettes (QS-111, Hellma 
Analytics) containing 3.00 mL of solution. A stock solution of the desired complex was prepared in 
acetone, which was then diluted to the desired working concentration with water or a mixture of 
acetone and water, and placed in the cuvette. Irradiations were carried out under N2 atmosphere after 
deoxygenation for 10 minutes by gentle bubbling of N2 through the sample, and the sample was kept 
under inert atmosphere during the experiment by a gentle flow of N2 over the top of the cuvette. 
Irradiation was performed from the top of the cuvette using a custom-build LED irradiation setup, 
consisting of a high-power LED (λ = 466 nm, FWHM = 36 nm, part no. H2A1-H470, Roithner 
Lasertechnik), driven by a LED driver operating at 350 mA. The irradiance photon flux 
(qp = 1.09 × 10−7 mol photons·s−1) was determined using potassium ferrioxalate actinometry. UV-Vis 
absorption spectra were recorded every 30 seconds for the first 20 minutes, and then every minute. 
Mass spectrometry was performed after the irradiation experiments to identify the photoproducts. 
Data was analysed using Microsoft Excel 2010. The rate constants of the photosubstitution reactions 
(kΦ) were derived by fitting the time evolution of the UV-Vis absorption at 450 nm to a mono-
exponential decay function using Origin Pro 9.1. As the irradiation wavelength was chosen close to 
the isosbestic point in the photosubstitution reactions, we assumed that A466 was constant in time, so 
that the obtained rate constants could be converted into quantum yields for the photosubstitution 
reactions (Φ466) using Equation S1:7 

𝛷.// = 	
12∙4*+

56∙7898:;<=>>?
 Equation (S1)  
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Here, kΦ is the found photochemical rate constant, nRu is the total amount of ruthenium ions, qp is the 
incoming photon flux, and A466 is the absorbance at the irradiation wavelength (see below). 

Table S2. Values used in the calculation of the photosubstitution quantum yield Φ466 for [1](PF6)2. 

Compound qp (mol·s−1) A466,ave nRu (µmol) [Ru] (µM) kΦ Φ466 
[1](PF6)2 1.09 × 10−7 0.361 0.12 40 3.00 × 10−4  3.5 × 10−4  

 

Photostability experiments of [2](PF6)2 in acetone/H2O (1:1) were performed using the same setup 
and conditions as used for the photosubstitution experiment described above for [1](PF6)2, but without 
deoxygenation. Irradiation was performed using the same 466-nm LED (qp = 1.12 × 10−7 mol 
photons∙s−1) for 120 minutes, whereby UV-Vis absorption spectra were recorded every 30 minutes.  

Dark stability experiments were performed using the same setup and conditions, without 
deoxygenation or irradiation. The cuvettes were closed using a PFTE stopper to prevent solvent 
evaporation during the experiment. UV-Vis absorption spectra were recorded every hour for 18 
hours. 

 

Figure S6. (A) Evolution of the UV-Vis absorption spectra of a solution of [1](PF6)2 (56 µM) in acetone/H2O (1:1 v/v) 
in the dark for 18 h at 298 K. (B) Evolution of the UV-Vis absorption spectra of a solution of [2](PF6)2 (56 µM) in 
acetone/H2O (1:1 v/v) in the dark for 18 h at 298 K. (C) Evolution of the UV-Vis absorption spectra of a solution 
of [2](PF6)2 (52 µM) in acetone/H2O (1:1 v/v) upon irradiation (120 min) at 298 K with a 466-nm LED 
(qp = 1.12 × 10−7 mol photons∙s−1) under air. Insets: Time evolutions of the absorbance at 453 nm. 
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Figure S7. Mass spectrum taken in acetonitrile after 100 min of photolysis of a solution of [1](PF6)2 in acetone/H2O 
(1:1 v/v) under N2 at 298 K showing peaks corresponding to {bpy + H}+ (calcd.  
m/z = 157.1), [Ru(bpy)2(CH3CN)2]2+ (calcd. m/z = 248.0), [Ru(bpy)(5)(CH3CN)2]2+ (calcd. m/z = 458.2), 
[Ru(bpy)2(5)]2+ (calcd. m/z = 495.3), {5 + H}+ (calcd. m/z = 577.5). 

 

 
Figure S8. Mono-exponential fitting curve (yellow) of the time evolution of the absorbance at 453 nm (black) 
during the photolysis of [1](PF6)2 in acetone/H2O (1:1 v/v). Conditions: qp,466 = 1.09 × 10−7 mol photons·s−1, 
N2 atmosphere, T = 298 K, [Ru] = 40 μM. 
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16. Cryogenic transmission electron microscopy (cryo-TEM) 
Three microliters of a dispersion of UCNP@lipid/[2] in MES-acetate buffer (~ 1 mg∙mL−1) were 
deposited on a glow-discharged Lacey Carbon Film (300 mesh) Cu grids. After blotting away the 
excess of liquid for 1 second (95% humidity, RT, Whatman No.4 filter paper), the grids were quickly 
plunged in liquid ethane at −183 ºC using a Leica EM GP. A Tecnai T20 FEG microscope (FEI 
Company, The Netherlands) equipped with a field emission gun at 200 kV using a Gatan UltraScan 
camera (Gatan company, Germany) was used to acquire the cryo-TEM images. Images of the vitrified 
samples were recorded under low dose conditions with a defocus between −3 and −6 µm. For the 
images of lipid-free UCNPs (Figure S10d), BF4-coated UCNPs were prepared by the method of Dong 
et al.,8 and dispersed in DMF (50 mg·mL−1). This dispersion was diluted to 2% DMF using Milli-Q 
water, before being deposited onto grids as described above. 

 

Figure S9. Low-magnification cryogenic transmission electron micrographs, depicting UCNP@lipid/[2] (A) after 
extrusion, (B) after 1 washing cycle, and (C) after 2 washing cycles, as well as lipid-free UCNP@BF4 (D). 
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17. Transmission electron microscopy 
For TEM analysis of oleate-capped UCNPs, TEM grids were prepared by dropcasting ~ 50 μL of a 
toluene dispersion (1 mg∙mL−1) onto 400-mesh carbon-coated Cu grids, followed by air-drying. For 
negatively-stained TEM analysis of aqueous samples, TEM grids were prepared by placing a 400-
mesh Formvar/carbon-coated Cu grid on top of an aqueous dispersion (~ 1 mg∙mL−1) for 10 minutes, 
blotting away the excess liquid, placing the grid on top of a drop of a 2% (w/v) aqueous solution of 
uranyl acetate for 2 minutes, again blotting away the excess liquid, and air-drying the grid. Electron 
microscopy images were taken on a JEOL JEM-1010 transmission electron microscope (TEM) 
operating at 70 kV, equipped with an Olympus Megaview camera. Alternatively, images were taken 
on a FEI Tecnai G2 TEM operating at 100 kV, equipped with an Olympus Veleta camera. The average 
nanoparticle size was determined by the measurement of the area of > 500 individual nanoparticles 
using the Fiji ImageJ software package, and is defined as the diameter of a circle with the measured 
area. 

 

Figure S10. TEM micrograph of negatively stained UCNP@lipid/[2] in MES buffer after 1 washing cycle. Negative 
staining was performed using 2% [UO2](OAc) in H2O. 
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18. Dynamic light scattering (DLS) and zeta potential 
DLS and zeta potential measurements (Figure S9) were performed on a Malvern Panalytical Zetasizer 
Nano-ZS instrument, operating at a wavelength of 632 nm. Directly before the DLS measurement, an 
aliquot (250 µL) of the lipid-coated UCNP nanoconjugate ([UCNP] = 1.0 mg∙mL−1) in MES buffer 
was diluted with Milli-Q water (750 µL) and placed in a single-use PMMA cuvette (1 × 1 cm). Zeta 
potential measurements were performed directly after the DLS experiments in the same cell, using a 
universal dip probe (ZEN1002, Malvern Panalytical). Before the start of the measurements, the 
samples were allowed to equilibrate at 25 °C for 2 minutes, and the data is displayed as an average 
of at least three measurements comprised of at least 12 (DLS) or 22 (zeta potential) runs. 

 
Figure S11. (A) Hydrodynamic diameter and (B) zeta potential of UCNP@lipid/[2] (solid line) and UCNP@lipid 
(dashed line) in diluted MES buffer directly after preparation. 
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19. Ru content of the UCNP@lipid/[2] by UV-vis spectroscopy 

 

Figure S12. UV-Vis absorption spectra of UCNP@lipid/[2] (solid line) and UCNP@lipid (dashed line) in MES 
buffer, and oleate-coated UCNPs in toluene (dotted line). Conditions: [UCNP] = 1.0 mg∙mL−1, T = 298 K. 
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20. 1D 1H and 13C NMR spectra of synthesized compounds 

 

Figure S13. 1H NMR spectrum of compound 5 in CDCl3. 
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Figure S14. 13C-APT NMR spectrum of compound 5 in CDCl3. 

 

Figure S15. 1H NMR spectrum of compound 6 in CDCl3. 
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Figure S16. 13C-APT NMR spectrum of compound 6 in CDCl3. 

 

Figure S17. 1H NMR spectrum of compound [1](PF6)2 in CD3CN. 

 



S22 
 

Figure S18. 13C-APT NMR spectrum of compound [1](PF6)2 in CD3CN. 

 

Figure S19. 1H NMR spectrum of compound [2](PF6)2 in CD3CN. 

 

Figure S20. 13C-APT NMR spectrum of compound [2](PF6)2 in CD3CN. 
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