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A photochromic Förster resonance energy transfer (FRET) 

system was employed to disentangle the fluorescence 

quenching mechanisms in quantum dot/photochromic dye 

hybrids. In the off-state of the dye the main quenching 

mechanism is the FRET whereas the moderate quenching in 10 

the on-state is due to non-FRET pathways opened up upon 

assembly. 

Light responsive materials have attracted immense research 

efforts due to their widespread applications, e.g. in ultrahigh-

density optical data storage1-3 and super-resolution microscopy.4-5 15 

In these fields, the modulation of the fluorescence intensity by 

photochromic molecules is of particular interest. Photochromic 

diarylethene (DAET) derivatives exhibit a colourless open and a 

coloured closed structure, high thermal stability and fatigue 

resistance, which make them ideal candidates for switching 20 

applications. However, DAETs show very weak fluorescence 

(quantum yields below 5 %), because rotational degrees of 

freedom increase the rate of radiationless decay of the excited 

state.6-8 Consequently, DAETs have been decorated with 

fluorophores yielding molecular dyads3, 9 and triads.1, 10 In such 25 

systems, fluorescence can be modulated reversibly by switching 

the state of the DAET molecule. In the off-state (closed DAET) 

efficient photochromic Förster resonance energy transfer 

(pcFRET)11-12 takes place after photoexcitation of the 

fluorophore, whereas in the on-state (open DAET), the 30 

photoexcited fluorophore decays radiatively. A critical factor in 

the application of pcFRET systems is the photoinduced 

fluorescence switching contrast between on- and off-state, which 

is estimated from the fluorescence intensity ratio between the two 

states.8 From the dynamical point of view, this ratio is governed 35 

by the life time of the fluorophore and the pcFRET rate.  

 In energy and charge transfer applications, semiconductor 

quantum dots (QD) with high photostability and strong 

fluorescence have proven their benefit.13-17 However, only few 

studies report on the fluorescence modulation in systems 40 

incorporating QD.18-21 Different strategies for the attachment of 

the photochromic molecules have been introduced such as 

coating the QD with an amphiphilic photochromic polymer 

(pcFRET system)20-21 or direct coordination via a pyridine 

functional group (charge transfer system).19  45 

 In FRET applications, it is a challenging task to disentangle, 

whether the observed QD fluorescence quenching stems from the 

energy transfer process or from competing relaxation channels 

opened up by the ligand exchange at the surface of the QD. 

 50 

Fig. 1 Structure of the photochromic DTE-linker conjugate. 

In earlier studies, the existence of non-FRET mechanisms has 

been discussed.18, 22 It has been demonstrated that the quenching 

of QD emission is partially related to new non-radiative decay 

channels formed upon assembly.22 In this context the 55 

photoswitch/QD system could be an elaborated approach to 

discriminate between FRET and non-FRET quenching. 

 Herein, we report spectroscopic investigations on a pcFRET 

system, which is composed of CdSe QD and a dithienylethene 

dye (DTE). The DTE is attached to the QD surface via an 60 

adamantyl based tripodal linker furnished with three COOH 

anchoring groups (Tripod-COOH; Fig. 1). This type of linkage is 

expected to provide a well-defined geometry and strong binding 

in the investigated pcFRET pair. Former investigations have 

proven that bidendate carboxylate anchors can lead to complexes 65 

with extraordinary long-term stability. A chelate type binding of 

the organic dyes to QD surface atoms via their dicarboxylate 

groups was assumed.23 Equally strong affinity of the tripodal 

linker to the QD surface can be expected. Considering the large 

footprint area of the tripodal linker, a rather strong rearrangement 70 

of the QD surface ligands during the adsorption process can be 

expected, which likely influences the degree of surface 

passivation of the QD. 

 It has been reported that the DTE-linker conjugate can be 

converted between an open state (100 % open(o)-DTE) and a 75 

photo-stationary state (pss-DTE; open/closed = 11:89)24 with 

light of appropriate wavelengths. The functionality of the DTE-

linker conjugate is known to be preserved after attachment to 

TiO2 nanoparticles.25 Analysis of the spectroscopic data confirms  
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Fig. 2 (a) Absorption and fluorescence spectra of pure QD, o-DTE/QD 

and pss-DTE/QD in chloroform; o-DTE and pss-DTE were obtained by 

irradiation with light at  > 590 nm and  = 320 nm, respectively. 

Absorption of pure QD was normalized to that of the o-DTE/QD and the 

obtained normalization factor was applied to the fluorescence of pure QD. 5 

Inset: o-DTE/QD and pss-DTE/QD after subtraction of the QD 

contribution. (b) Normalized integrated fluorescence of the QD in the 

QD/DTE system during switching between on- and off-state and 

normalized DTE absorption at 620 nm; (c) Quenching efficiency. 

this observation, although a slightly smaller fraction of closed 10 

DTE in the pss of surface bound DTE compared to solution is 

found. Due to the sample preparation (the DTE switch is poorly 

dissolvable in CHCl3; Figure S2) it is assumed that DTE 

molecules are predominately adsorbed to the surface. 

 Steady state absorption and emission spectra of the 15 

investigated QD and the DTE/QD coupled system are depicted in 

Fig. 2a. The pure QD exhibit the absorption and fluorescence 

band of the lowest excitonic transition at 571 nm and 588 nm, 

respectively. In the absorption spectrum of the coupled system 

the presence of closed DTE in the pss is indicated by the broad 20 

absorption band between 500 nm and 700 nm. The spectral 

overlap between the QD fluorescence and the absorption of the 

closed DTE is essential for an efficient Förster-type energy 

transfer between photoexcited QD and DTE. In contrast, the o-

DTE is colourless and absorbs light only in the UV spectral 25 

range. Consequently, the absorption spectra of the pure QD and 

the o-DTE/QD coupled system are identical in the visible spectral 

range. The QD fluorescence in the o-DTE system is reduced 

moderately compared to that of pure QD whereas the presence of 

DTE in the pss leads to a much more efficient FRET-type 30 

fluorescence quenching. Former studies indicated that the closed 

isomer of DTE derivatives is non-fluorescent.26 Consequently, 

FRET induced acceptor emission is not observed. 

It should be emphasized that electron transfer processes after 

photoexcitation of the QD could contribute to the observed 35 

fluorescence quenching. Zhao et al. found an oxidation potential 

at 1.806 V vs. NHE for the open isomer of a carboxy-substitued 

DTE compound.27 For the closed isomer oxidation potentials at 

0.939 V vs. NHE and 1.46 V vs. NHE and a reduction potential at 

-0.887 V vs. NHE have been determined. According a published 40 

procedure the oxidation and reduction potentials of the exciton in 

the QD under investigation of -0.828 V vs. NHE and 1.343 V vs. 

NHE are calculated, respectively.28 Electron transfer between 

photoexcited QD and o-DTE is not feasible (cf. Figure S3) 

suggesting that it is not responsible for the moderate quenching in 45 

the on-state. In contrast, an electron transfer from closed DTE to 

photoexcited QD is thermodynamically possible. Thus, a 

contribution of electron transfer in the off-state cannot be  

Fig. 3 Time resolved fluorescence recorded at 590 nm after 

photoexcitation of pure QD, o-DTE/QD and pss-DTE/QD at 388 nm. 50 

Lines represent the fit of the experimental data with eqs. (1) and (2). 

ruled out, although the tripodal linker is expected to provide a 

good spatial and electronic separation between the reaction 

partners favouring a FRET mechanism.  

To evaluate the DTE/QD ratio in the coupled system, the 55 

concentrations of QD and DTE have to be determined. According 

to an earlier study, the size dependent extinction coefficient () 

of the QD can be obtained from the spectral position of the lowest 

excitonic transition (571 nm).29 Considering that o-DTE does not 

absorb at that spectral position, the QD concentration of the 60 

coupled system is determined in the on-state (spectrum of o-

DTE/QD in Fig. 2a). A QD concentration of 17 µM is derived. 

To calculate the absolute concentration of DTE in the coupled 

system, the normalized absorption spectrum of the QD was 

subtracted from the o-DTE/QD spectrum to yield the isolated 65 

spectrum of the coupled o-DTE (Fig. 2a, inset). On the basis of 

the extinction coefficient 330 = 5.1*104 M-1cm-1 of pure o-DTE 

(measured in MeOH/CHCl3 (10:90)) a DTE concentration of 52 

µM is calculated. Consequently, the DTE/QD molar ratio is 

3.14:1.  70 

 It should also be possible to estimate the DTE concentration 

from the pss spectrum of the coupled system on the basis of its 

absorption at 500 - 700 nm (with 620 = 1.7*104 M-1cm-1 for pure 

pss-DTE measured in MeOH/CHCl3). The absorption spectrum 

of the coupled DTE in the pss is extracted via the subtraction of 75 

the QD absorption spectrum (Fig. 2a, inset). From the absorption 

at 620 nm an apparent DTE concentration of 43 µM is calculated. 

Considering that the extinction coefficients have been determined 

from pure DTE in solution, the lower concentration obtained 

from the pss spectrum of the coupled system indicates that 80 

switching to the closed form is reduced on the QD surface 

compared to pure DTE in solution (by 17 %; see Supporting 

information). This could be caused by either steric effects in the 

QD ligand shell or electronic interactions between QD and DTE. 

In the open-to-closed switching of the DTE, photoexcitation at 85 

320 nm inevitably leads to photoexcited QD and subsequently to 

a FRET to c-DTE. The resulting electronically excited c-DTE is 

prone to isomerization. This process may alter the pss of the 

coupled system. 

 The fluorescence intensity of the QD in the DTE/QD system 90 

can be modulated efficiently utilizing the photochromism of 

DTE. The results of consecutive on and off-switching of the QD 

fluorescence by converting the DTE between the open form (via 

visible light) and the pss (via UV light) is depicted in Fig. 2b. 

Both, the on- and the off-state exhibits a decrease of QD 95 

fluorescence intensity during the switching cycles. A similar 

trend in the fluorescence has been observed for a QD based 
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pcFRET system and interpreted by an increase of QD surface 

charge under intense irradiation.18 However, the QD absorption 

(Fig. S2) is unaffected indicating that the QD does not degrade. 

Additionally, a weak and monotonic decrease of the closed DTE 

absorption at 620 nm is observed which is most probably related 5 

to photobleaching under intense irradiation. The quenching 

efficiency (calculated form the change of the integrated 

fluorescence going from the on- to the off-state) during the cycles 

is 76 - 81 % with a moderate decrease over a period of approx. 

3.5 h (Fig. 2c).  10 

 The pcFRET between the photoexcited QD and the adsorbed 

DTE was investigated in time resolved fluorescence experiments. 

The effect of FRET on the QD exciton lifetime can be monitored 

in time-correlated single-photon-counting measurements. The 

fluorescence decay curves after photoexcitation of pure QD, o-15 

DTE/QD and pss-DTE/QD recorded at 590 nm are depicted in 

Fig. 3. The excitation wavelength was adjusted to 388 nm. 

 In comparison to the pure QD, the fluorescence decay of o-

DTE/QD is moderately accelerated. Since the DTE is 

quantitatively in the open state (cf. absorption spectrum in Fig. 20 

2a), this cannot be attributed to FRET. Therefore, we assign the 

accelerated decay in the o-DTE/QD system to non-FRET 

quenching. In the case of pss-DTE/QD a drastic reduction of the 

exciton lifetime is observed. Considering the spectral 

characteristics of pss-DTE/QD, the significantly accelerated 25 

decay of the QD fluorescence is most probably related to FRET 

quenching. 

 To fit the decay curves, a stochastic model originally 

developed by Tachiya for fluorescence quenching in micelles and 

later refined by Patra et al. for a dye/QD FRET system is 30 

used.30-31 The model assumes a competition between energy 

transfer (with the rate constant kq), radiative decay (with the 

decay constant k0) and nonradiative transition in unidentified trap 

states, which are related to the QD surface (with the rate constant 

kqt). The model also assumes that the number of acceptors per QD 35 

as well as the number of trap states follows a Poisson distribution. 

The mean number of acceptors and trap states are given by m and 

mt, respectively. In the case of the pure QD, no energy transfer is 

possible leading to the following equation for the decay of the 

photoexcited QD: 40 

  (    )                 [     (     )]                    (1)                        

Whereas the decay of the photoexcited QD in the dye/QD FRET 

system is described by: 

  (      )                 [     (     )      

    (    )]                                                                                (2) 45 

 In our case the FRET type energy transfer is not possible for 

pure QD and the o-DTE/QD system. Consequently, the 

corresponding decay curves were fitted with eq. (1), whereas the 

decay curve of pss-DTE was fitted with eq. (2). The fit curves are 

depicted in Fig. 3. Interestingly, the decay curves of pure QD and 50 

o-DTE/QD can be well fitted with identical rates for the radiative 

decay and the nonradiative transition in unidentified trap states 

(k0 = 0.025 ns-1 and kqt = 0.079 ns-1). However, the determined 

value for the mean number of trap states for the o-DTE/QD 

system increases by a factor of two (from mt = 0.62 to mt = 1.18) 55 

indicating a reduction of the QD passivation upon adsorption of 

the DTE. Obviously, pss-DTE/QD exhibits the fastest 

fluorescence decay. Since DTE is already attached to the surface 

in the o-DTE/QD system, the accelerated decay in pss-DTE/QD 

cannot be attributed to the reduction of the QD passivation. This 60 

is confirmed by the fact that the decay curves of o-DTE/QD and 

pss-DTE/QD can be well fitted with identical kqt (0.079 ns-1) and 

mt (1.18) values. According to the applied model, the additional 

fast decay component (kq) of pss-DTE/QD is assigned to the 

energy transfer between photoexcited QD to closed DTE. A 65 

FRET rate of kq = 0.24 ns-1 per one dye molecule and a mean 

value of closed DTE per QD of m = 2.25 is determined. 

 From steady state absorption measurements a DTE/QD ratio of 

3.14:1 has been determined. Earlier investigations in solution 

found an open/closed ratio of 11:89.24 Consequently, a closed-70 

DTE/QD ratio of 2.79:1 can be calculated. However, our analysis 

of the o- and pss-DTE/QD absorption spectra indicated that the 

fraction of closed DTE in the pss of the coupled system is smaller 

compared to that of free DTE in solution (by ~17 %). 

Considering this factor the closed DTE/QD ratio of 2.31:1 is 75 

determined. This value is in very good agreement with the mean 

number of DTE molecules per acceptor (m = 2.25) in the time 

resolved experiments. 

The relative fluorescence intensities I0 and I of QD in the on- and 

off-state of the coupled system can be calculated on the basis of 80 

the applied kinetic model providing another approach for the 

determination of the quenching efficiency in the off-state:31 

   ⁄   {∑ ∑ (        )(  
  

        ) (   
    

 
   

                  ⁄         ⁄ )} ∑ (  
  

        ) (   
    

                    ⁄ )                                                                        (3) 85 

The determined quenching efficiency of 81 % is in good 

agreement with the value obtained from steady state 

measurements. 

Conclusions 

Our steady state and time resolved experiments on the DTE/QD 90 

pcFRET system showed strong QD fluorescence in the on-state 

(o-DTE) and considerable quenching in the off-state (pss-DTE) 

with an efficiency of approximately 80 %. Time resolved data 

were interpreted in the framework of a stochastic model 

indicating that the fluorescence decay can be satisfactorily fitted 95 

with three kinetic components, radiative decay, transition to trap 

states and FRET. A non-FRET quenching is observed in the on-

state and attributed to an increase of trap sites upon adsorption of 

the tripodal linker. The characteristics of the fluorescence decay 

in the off-state is strongly dominated by the FRET. The 100 

determined FRET rate is one order of magnitude larger than the 

radiative decay rate and three times larger than the trapping rate. 

In conclusion we could demonstrate that the investigated QD 

based photochromic system can be utilized to discriminate 

between FRET and non-FRET quenching, the latter caused by 105 

assembly of the dye/QD hybrid. These findings are not limited to 

the investigated pcFRET system but could also add important 

indications for other inorganic/organic energy and electron 

transfer hybrids. 
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