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Experimental section 

Materials: Chemicals including DPA, PtOEP, PMMA and PCBM were purchased from Sigma-

Aldrich and were used as received. The singlet exciton sink PE was synthesized according to the 

previously published procedures.1 

Preparation of the Upconverting Films: Upconverting films were prepared following a previously 

reported melt-processing procedure.2 First, PMMA matrix (30 mg), DPA emitter (15 – 40 wt%), and 

PtOEP sensitizer (5×10-3 – 1 wt%) were dissolved at the desired ratio in chlorobenzene (300 µL) by 

stirring for 4 h at 65°C. Here wt% of a substance is defined as a weight percentage relative to the total 

weight content of the mixture. For evaluation of singlet exciton diffusion in DPA/PtOEP/PMMA films, 

varying amounts of PCBM quencher (0 – 2 wt%) were additionally introduced. To demonstrate the 

singlet exciton sink approach, a pyreneethylene derivative (PE) was also added at concentrations 

ranging from 10-3 to 1 wt%. The mixtures were drop-casted on pre-cleaned 150-µm-thick glass 

substrate at 200°C and left for 30 min to evaporate the solvent. Then, the films were covered with 

another glass slide and hot-pressed in a Carver press at 240°C under a pressure of ~100 kg/cm2 for 

5 min. The samples were then removed from the press and immediately cooled in an ice-bath. The 

immediate cooling was performed to induce a rapid thermal quenching below Tg, and allow for kinetic 

trapping of homogeneous mixtures, thus suppressing substantial emitter aggregation even at high dye 

content.3 

DPA concentration in the UC films was set to 15, 20, 25, 30, 35 and 40 wt%, whereas the 

concentration of PtOEP was varied in a more continuous manner from 5×10-3 to 1 wt%. Additional sets 

of reference films containing only the emitter (DPA/PMMA) and only the sensitizer (PtOEP/PMMA) 

were also prepared using the same melt-processing technique. 

Photophysical Measurements: Absorption spectra of the films were recorded using a UV−vis−near-

IR spectrophotometer Lambda 950 (PerkinElmer). The emission of the samples was caused by 
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excitation at 405 and 532 nm, using semiconductor laser diodes and measured using a back-thinned 

CCD spectrometer PMA-11 (Hamamatsu). The fluorescence quantum yield was estimated by utilizing 

an integrating sphere (Sphere Optics) coupled to the CCD spectrometer via an optical fiber. 

Fluorescence transients of the samples were measured by using a time-correlated single photon 

counting system PicoHarp 300 (Picoquant), which utilized a pulsed semiconductor laser diode 

(repetition rate - 1 MHz, pulse duration - 70 ps, emission wavelength - 375 nm) as an excitation source. 

The phosphorescence spectrum of PE was recorded using a time-gated intensified CCD camera New 

iStar DH340T (Andor) coupled with a spectrograph SR-303i (Shamrock), whereas a wavelength-

tunable optical parametric amplifier tuned to 415 nm and pumped by a pulsed Nd3+:YAG laser 

(EKSPLA) (pulse duration – 5 ns, repetition rate – 1 kHz) served as an excitation source. 

Phosphorescence measurements of PE dispersed in PMMA at 0.15 wt% were performed at a 

temperature of 10 K using closed cycle helium cryostat 204N (Cryo Industries) with sample in 

exchange gas. 

 

  



S4 
 

 

 

 

 

 

Figure S1. The pathway of TTA-UC process consists of the following events: i) low-energy photon 

absorption by a sensitizer, ii) intersystem crossing (ISC) to triplet manifold followed by triplet energy 

transfer (TTET) to emitter molecules, iii) triplet exciton diffusion (TED) and formation of encounter 

complex, iv) population of singlet excited state of an emitter by means of triplet-triplet annihilation 

(TTA) followed by higher-energy photon emission. 

Gray arrow indicates long–range Förster resonant energy transfer (FRET) of upconverted emitter 

singlets back to the sensitizer. 

 

FRET 
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Figure S2. Fluorescence decay of DPA/PMMA and DPA/PtOEP/PMMA (cPtOEP = 0.05 wt%) films at 

different DPA concentrations. 

 

 

 

 

Figure S3. Photographs of the upconverting DPA/PtOEP/PMMA films containing 25 wt% of DPA and 

at different PtOEP concentrations (indicated). Excitation wavelength – 532 nm. 
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Figure S4. Phosphorescence quantum yield of melt-processed PtOEP/PMMA films as a function of 

PtOEP concentration. The line is a guide to the eye. Shaded region indicates aggregation induced 

quenching of PtOEP. 
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Figure S5. Relative quenching efficiency vs molar quencher concentration of DPA/PMMA and 

DPA/PtOEP/PMMA (cPtOEP = 0.05 wt%) films at different DPA concentrations: (a) 20 wt%, (b) 

25 wt%, (c) 30 wt%, (d) 35 wt%. Lines show Stern-Volmer fits. For the fluorescence quenching 

experiments the excitation wavelength was 405 nm. 
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Quenching efficiency curves were modelled using the Stern–Volmer formalism and “hindered access 

model”,4 which implies that only a fraction (fa) of molecules is accessible to the quencher due to its 

aggregation at higher concentrations. According to the formalism relative quenching efficiency can be 

written as 

𝐼𝐼0 − 𝐼𝐼𝑞𝑞
𝐼𝐼0

= 𝑓𝑓𝑎𝑎 −
𝑓𝑓𝑎𝑎

 1 + 𝐾𝐾𝑆𝑆𝑆𝑆[𝑄𝑄𝑐𝑐] (1) 

Here I0 and Iq is the time-integrated emission intensity without and with a quencher, respectively, [Qc] 

is a quencher concentration and KSV is Stern-Volmer constant, which can be expressed as 

𝐾𝐾𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑞𝑞𝜏𝜏, (2) 

where kq is quenching rate coefficient and τ - exciton lifetime. The exciton quenching rate is 

proportional to the probability (P) that a quenching reaction will occur when exciton collides with the 

quencher (P=0.5 for FRET at 𝑅𝑅0), to the reaction radius of the two colliding species (r), to diffusion 

coefficient (D) and Avogadro’s number (NA): 

𝑘𝑘𝑞𝑞 = 4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝐴𝐴. (3) 

In Eq. (3), r was calculated by taking into account Förster resonant energy transfer from DPA to 

PCBM, i.e. 

𝑟𝑟6 = (𝑅𝑅0 + 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)6 =
9Φ𝐹𝐹𝐹𝐹𝜅𝜅2

128 𝜋𝜋5𝑛𝑛4
�𝜆𝜆4𝐹𝐹D (𝜆𝜆)𝜎𝜎A(𝜆𝜆)𝑑𝑑𝑑𝑑 + 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

=
9Φ𝐹𝐹𝐹𝐹𝜅𝜅2

128 𝜋𝜋5𝑛𝑛4
 𝐽𝐽(𝜆𝜆) + 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 

(4) 

where 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is PCBM quencher radius (=0.5 nm), ΦFL is the fluorescence quantum yield, κ is dipole 

orientation factor, n is the refraction index, λ is the wavelength, FD is the normalized fluorescence 

spectrum, σA is absorption cross-section, and J(λ) is spectral overlap integral. κ was assumed to be 

0.845�2 3⁄  for amorphous film with randomly oriented dipoles.5 

The singlet exciton diffusion length was obtained from: 

𝐿𝐿𝐷𝐷 = √𝑍𝑍𝑍𝑍𝑍𝑍, (5) 

where Z equals 3 in the case of three-dimensional diffusion.6 
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Table S1. Stern-Volmer fitting parameters used for the quantitative evaluation of singlet exciton 

diffusion in the DPA/PtOEP/PMMA films 

DPA PtOEP R0 KSV kq D <τ> LD fa 
wt% wt% nm cm3⨯mol-1  cm3mol-1s-1 cm2⨯s-1 ns nm  

w/o PtOEP      
20 0 5.72 1.4⨯106 (±8.2⨯104) 1.6⨯1014 6.7⨯10-5 9.1 13.5 1.0 
25 0 5.61 1.5⨯106 (±1.8⨯105) 1.8⨯1014 7.8⨯10-5 8.6 14.1 1.0 
30 0 5.61 3.4⨯106 (±5.2⨯105) 3.5⨯1014 1.5⨯10-4 9.7 20.9 0.9 
35 0 5.52 4.5⨯106 (±2.4⨯105) 5.2⨯1014 2.3⨯10-4 8.8 24.5 0.9 

w/ PtOEP      

20 0.05 5.72 4.9⨯105 (±6.9⨯104) 1.3⨯1014 5.7⨯10-5 3.7 7.9 1.0 
25 0.05 5.61 5.5⨯105 (±5.9⨯104) 1.7⨯1014 7.2⨯10-5 3.3 8.5 1.0 
30 0.05 5.61 5.1⨯105 (±5.7⨯104) 1.8⨯1014 7.9⨯10-5 2.8 8.1 0.9 
35 0.05 5.52 6.9⨯105 (±9.2⨯104) 2.5⨯1014 1.1⨯10-4 3.1 9.5 0.8 

 

 

 

 

 

 

 

 

FRET rates and Forster radii for the DPA → PtOEP, DPA → PE, PE → DPA and PE → PtOEP 
processes at the fixed DPA and PtOEP concentrations of 25wt% and 0.01wt% (used throughout this 
work), respectively, were estimated from these relationships 
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Table S2. Parameters used for calculating FRET rates and Forster radii for DPA → PtOEP, DPA → 
PE, PE → DPA and PE → PtOEP processes. 

DPA conc. 
in PMMA J ΦFL κ n R0 d τ kF 

wt%* nm6 %   nm nm ns s-1 

 
DPA → PtOEP 

   

25 1.52⋅108 76 0.69 1.6 7.60 1.23 11.5 4.93⋅1012 

 
DPA → PE 

   

25 3.41⋅108 76 0.69 1.6 8.69 1.23 11.5 1.10⋅1013 

 
PE → PtOEP 

   

25** 2.41⋅108 69 0.69 1.6 8.08    
PE concentration in 25wt% DPA, 0.01wt% PtOEP PMMA blend    

0.001     8.08 21.22 1.82 1.67⋅106 
0.002     8.08 20.81 1.82 1.88⋅106 
0.005     8.08 19.73 1.82 2.58⋅106 
0.01     8.08 18.35 1.82 4.00⋅106 
0.05     8.08 13.39 1.82 2.65⋅107 
0.2     8.08 9.00 1.82 2.87⋅108 
0.4     8.08 7.23 1.82 1.07⋅109 
0.8     8.08 5.77 1.82 4.12⋅109 
1.6     8.08 4.60 1.82 1.62⋅1010 

 
PE → DPA 

   

25** 1.70⋅105 69 0.69 1.6 2.41    
PE concentration in 25wt% DPA, 0.01wt% PtOEP PMMA blend     

0.001     2.41 1.23 1.82 3.18⋅1010 
0.002     2.41 1.23 1.82 3.18⋅1010 
0.005     2.41 1.23 1.82 3.18⋅1010 
0.01     2.41 1.23 1.82 3.18⋅1010 
0.05     2.41 1.23 1.82 3.18⋅1010 
0.2     2.41 1.23 1.82 3.18⋅1010 
0.4     2.41 1.23 1.82 3.19⋅1010 
0.8     2.41 1.23 1.82 3.19⋅1010 
1.6     2.41 1.22 1.82 3.21⋅1010 

* - PtOEP concentration 0.01wt%. 
** - PE concentration 0.01wt%. 
J – spectral overpal integral 
ΦFL – fluorescence quantum yield 
κ – dipole orientation factor 
n – refractive index 
τ – exciton lifetime 
R0 – Förster radius 
kF – Förster energy transfer rate 
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Figure S6. Schematic drawing of the FRET rates for DPA/PtOEP/PE/PMMA films at the fixed DPA 
and PtOEP concentrations of 25wt% and 0.01wt%, respectively, and at different PE concentrations 
0.001 – 1.6 wt%. 

 

 

 

 

 

 

600 700 800
0

1

 

P
ho

sp
ho

re
sc

en
ce

 in
te

ns
ity

 (a
rb

. u
ni

ts
)

Wavelength (nm)  

Figure S7. Phosphorescence spectrum of the singlet sink PE in PMMA (csink = 0.15 wt%) measured at 

10K. Excitation wavelength - 415 nm. 
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Figure S8. UC and PtOEP phosphorescence intensity as a function of excitation power density of the 

film DPA/PtOEP/sink/PMMA (cDPA = 25 wt%, cPtOEP = 0.01 wt%, csink = 0.01 wt%). Excitation 

wavelength - 532 nm. The arrow indicates the threshold density, where the UC intensity switches from 

quadratic to linear regime. 
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