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1. Femtosecond transient absorption measurements 

The ultrafast transient absorption measurements were performed using a femtosecond laser 

setup that was previously described in detail [6]. Briefly, pump and probe pulses were 

obtained using a regenerative amplified Ti:Sapphire laser (Libra, Coherent). The Libra 

generates compressed laser pulses (70 fs pulse width) with output of 4.26 W at a repetition 

rate of 5 kHz and centered at 800 nm. The output beam was split into two parts. The major 

portion of the output pulse was used to pump a Coherent OPerA Solo (Light Conversion Ltd.) 

optical parametric amplifier to generate spectrally tunable light spanning the range 

240−2600 nm and is used as the pump beam. The remaining small portion of the laser output 

was focused on a sapphire crystal to generate a white light continuum in the range 430-800 

nm which is used as the probe beam in a Helios transient absorption spectrometer (Ultrafast 

Systems, LLC). The probe light was measured by a fiber optic that is coupled to a 

multichannel spectrometer with a CMOS sensor in the range 350-850 nm. Chirp in the white 

light continuum probe was minimized by using parabolic mirrors. Rotational contribution to 

the overall excited state decay kinetics was removed by depolarizing the pump beam using 

a depolarizer (DPU-25, Thorlabs). The pump pulse was attenuated to ~100 nJ in order to 

avoid multiphoton excitation. The pump and probe pulses were focused on the sample and 

the temporal delay of the probe pulse was varied using a computer-controlled optical delay 
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stage. Kinetic traces at appropriate wavelengths were assembled from the time-resolved 

spectral data. Surface Xplorer software (supplied by Ultrafast Systems) was used for data 

analysis. The IRF was measured from Raman scattering to be ~ 120 fs. The samples were 

prepared in 2 mm fused silica cuvettes (Starna Scientific) and were stirred during the 

experiment to avoid photodegradation. In order to adjust the zero delay for each wavelength 

and to get the chirp-corrected spectrum, we carried out the transformation process using 

the software program (Surface Xplore). 

 
2. Determination of the dye-to-QD concentration ratio [x]  

The Beer-Lambert law provides the concentration of a solution by measuring its absorbance. 

The linear relationship between the concentration and the absorbance of the solution is 

given by the equation [1]; 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑂𝑂𝑂𝑂) = 𝜀𝜀(𝜆𝜆) 𝑙𝑙 𝐶𝐶                     (1) 

where 𝜀𝜀 is the extinction coefficient (expressed in L mol-1cm-1) for a specific wavelength, 𝑙𝑙 is 

the optical path length (in cm) and 𝑐𝑐 is the concentration in mol L-1. The dye-to-QD 

concentration ratio [x] is determined using equation 2;  

[𝑋𝑋] =
CDye
CQD

                                 (2) 

where  

𝐶𝐶Dye = 𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝑙𝑙
        (3)     

CQD = 𝑂𝑂𝐷𝐷𝑄𝑄𝑄𝑄
𝜀𝜀𝑄𝑄𝑄𝑄𝑙𝑙

                                  (4)        

Therefore; 

[𝑋𝑋] =
𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝜀𝜀𝑄𝑄𝑄𝑄

𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 𝑂𝑂𝐷𝐷𝑄𝑄𝑄𝑄
          (5) 
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Table S1: Concentration of the quencher molecule [𝑄𝑄] and the corresponding dye-to-QD 
molar ratio [𝑋𝑋] for different QD-dye assemblies. Following extinction coefficients are used; 
CIS QDs: 4.12 ×  105 𝑀𝑀−1 𝑐𝑐𝑚𝑚−1 at 400 nm, InP QDs: 2.6× 105 𝑀𝑀−1 𝑐𝑐𝑚𝑚−1 at 548 nm, Rh575: 
9.7 × 104 𝑀𝑀−1𝑐𝑐𝑐𝑐−1 at 518 nm and Rh560: 7 × 104 𝑀𝑀−1𝑐𝑐𝑐𝑐−1 at 500 nm [2-4]  

Assembly [𝑄𝑄] 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇/𝐿𝐿 [𝑋𝑋] Assembly [𝑄𝑄] 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇/𝐿𝐿 [𝑋𝑋] 
 
 
 
 
 
 

CIS-Rh575 
 

0.01 
0.05 
0.08 
0.12 
0.16 
0.20 
0.34 
0.44 
0.63 
0.69 
0.75 

0.1 
0.5 
0.8 
1.2 
1.6 
2.0 
3.4 
4.4 
6.3 
6.9 
7.5 

 
 
 
 
 
 

CIS-Rh560 
 

0.05 
0.13 
0.20 
0.43 
0.71 
0.89 
1.10 
1.30 
1.60 
1.90 
2.10 
2.80 

  

0.3 
0.8 
1.2 
2.6 
4.3 
5.3 
6.6 
7.8 
9.6 

11.4 
12.6 
16.8 

  

 
 
 
 

InP-Rh575 
 

0.83 
1.60 
1.94 
3.02 
3.14 
3.88 
4.19 
4.59 
5.28 

10.26 
 

2.7 
5.2 
6.3 
9.8 

10.2 
12.6 
13.6 
14.9 
17.2 
33.3 

 

 
 
 
 

InP-Rh560 
 

0.26 
1.05 
1.30 
2.23 
3.09 
4.63 
5.73 
7.19 

 

0.9 
3.5 
4.4 
7.5 

10.3 
15.5 
19.6 
24.1 
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Figure S1: Molecular structures of Rh575 and Rh560 dye molecules (top) and their 

absorption and emission spectra in ethanol (bottom). 

 

 
Figure S2: Absorption spectra of Rh575 in different environments. The spectrum on QD 

surface is obtained by subtracting QD spectrum from the QD-dye spectrum. 
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Figure S3: Comparison of quadratic (black dashed line) and linear (blue dashed line) 

forms of Stern-Volmer equations fitted to the I0/I vs. [Q] data.  

 

 
Figure S4: Absorption, emission spectra and emission decay transients of CIS-Rh560 (a-

c) and InP-Rh560 (d-f) assemblies in toluene. The legend [Q] is the molar concentration 

of Rh560 in µmol/L. λex = 410 nm. Figures a-c adopted from [5]. 
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3. Förster resonant energy transfer (FRET) efficiency calculation 

According to FRET theory, the energy transfer efficiency 𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟  is given by equation; 

𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟 =
1

1 + � 𝑟𝑟𝑅𝑅0
�
6        (6) 

Here, r is the distance between the center-of-mass of donor (QD) and acceptor (dye), which 

we estimate to r = 3.45 nm for the CIS-dye assemblies and to r = 3.05 nm for the InP-dye 

assemblies. The Föster radius R0 is given by the equation; 

𝑅𝑅0 = 0.2018 �
∅𝐷𝐷 𝑘𝑘2 𝐽𝐽(𝜆𝜆)

𝑛𝑛4
�

1
6

               (7) 

 where ∅𝐷𝐷is the quantum yield of the donor in the absence of the acceptor, k  is the orientation 

factor describing the relative orientations of the transition dipoles of the donor and acceptor 

(here we use the orientational average, i.e., k2 = 2/3), 𝐽𝐽(𝜆𝜆) is the spectral overlap integral 

between the normalized donor emission and acceptor absorption, and n is the refractive 

index of the medium (taken here as the refractive index of the ZnS shell, n = 2.4). The 

efficiency of energy transfer 𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟 , i.e., the fraction of photons absorbed by the donor which 

are transferred non-radiatively to the acceptor, is then compared to the quenching 

efficiencies that are calculated using the lifetime (𝐸𝐸𝑞𝑞𝜏𝜏)  and the emission intensity (𝐸𝐸𝑞𝑞𝐼𝐼) data 

(see Figs. 1c, 2b, 3c, 4b, S4) as; 

𝐸𝐸𝑞𝑞𝜏𝜏 = 1 −
𝜏𝜏
𝜏𝜏0

        (8) 

𝐸𝐸𝑞𝑞𝐼𝐼 = 1 −
𝐼𝐼
𝐼𝐼0

           (9) 

respectively. In Table S2 we provide for illustration the values for all efficiencies for a dye-

to-QD ratio of 1. 
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Table S2: Estimated values of the spectral overlap integral 𝐽𝐽, Föster radius 𝑅𝑅0, and the 
efficiency of energy transfer 𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟  as well as the quenching efficiencies 𝐸𝐸𝑞𝑞𝜏𝜏 and 𝐸𝐸𝑞𝑞𝐼𝐼 . 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
 

𝜏𝜏0  
(𝑛𝑛𝑛𝑛) 

∅𝐷𝐷 𝐽𝐽 × 1013  
(𝑛𝑛𝑛𝑛4𝑀𝑀−1𝑐𝑐𝑐𝑐−1) 

𝑅𝑅0  
(𝑛𝑛𝑛𝑛) 

𝑟𝑟 
(𝑛𝑛𝑛𝑛) 

𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟  
(%) 

𝐸𝐸𝑞𝑞𝜏𝜏 
(%) 

  𝐸𝐸𝑞𝑞𝐼𝐼  
(%) 

CIS-Rh560 290 0.4 9.236 1.92 3.45 2.9 62 66 
InP-Rh560 37 0.2 2.067 1.33 3.05 0.7 18 18 
CIS-Rh575 290 0.4 39.98 2.45 3.45 11.4 71 79 
InP-Rh575 37 0.2 18.86 1.93 3.05 6.0 16 18 

 

 
Figure S5: (a) PL spectral shift and (b) peak emission wavelength of InP QDs forming 

assemblies with Rh560 (black) and Rh575 (red) dye molecules in toluene. 
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