
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://hdl.handle.net/10251/153214

Rodríguez-Rodríguez, H.; Acebrón, M.; Juárez, B.; Arias-Gonzalez, JR. (2017).
Luminescence Dynamics of Silica-Encapsulated Quantum Dots During Optical Trapping.
The Journal of Physical Chemistry C. 121(18):10124-10130.
https://doi.org/10.1021/acs.jpcc.6b11867

https://doi.org/10.1021/acs.jpcc.6b11867

American Chemical Society

"This document is the Accepted Manuscript version of a Published Work that appeared in
final form in The Journal of Physical Chemistry C, copyright © American Chemical Society
after peer review and technical editing by the publisher. To access the final edited and
published work see https://pubs.acs.org/doi/10.1021/acs.jpcc.6b11867."



Luminescence Dynamics of Silica Encapsulated 

Quantum Dots During Optical Trapping 

Héctor Rodríguez-Rodríguez,1,2 María Acebrón,1 Beatriz H. Juárez1,2* and J. Ricardo Arias-Gonzalez1,3* 

1Instituto Madrileño de Estudios Avanzados en Nanociencia (IMDEA-Nanoscience), 28049 

Cantoblanco, Madrid, Spain 

2Departamento de Química-Física Aplicada, Universidad Autónoma de Madrid, 28049 Cantoblanco, 

Madrid, Spain 

3CNB-CSIC-IMDEA Nanociencia Associated Unit “Unidad de Nanobiotecnología”, 28049 

Cantoblanco, Madrid, Spain. 

 

ABSTRACT: The trade-off between photo-brightening and photo-bleaching controls the emission 

stability of colloidal quantum dots. This balance is critical in optical trapping configurations, where 

irradiances that confine and simultaneously excite the nanocrystals in the focal region cannot be 

indefinitely lowered. In this work, we studied the photo-brightening and bleaching behaviors of two 

types of silica-encapsulated quantum dots excited upon two-photon absorption in an optical trap. The 

first type consists of alloyed CdSeZnS quantum dots covered with a silica shell. We found that the 

dynamics of these as-prepared architectures are similar to those previously reported for bare surface-

deposited quantum dots, where thousands of times smaller irradiances were used. We then analyzed the 

same quantum dot systems treated with an extra intermediate sulfur passivating shell for the better 

understanding of the surface traps influence in the temporal evolution of their emission in the optical 

trap. We found that these latter systems exhibit better homogeneity in their photodynamic behavior 

compared to the untreated ones. These features strengthen the value of quantum dot preparations in 



optical manipulation as well as for applications where both long and maximal emission stability in 

physiological and other polar media are required. 

Introduction 

Colloidal semiconductor nanocrystals or quantum dots (QDs) have evolved from mere materials 

science outsiders in biology and medicine to essential tools for imaging, sensing and diagnostics, 

besides their potential applications in photovoltaics or quantum computing, due to their unique optical 

properties.  

Recently demonstrated simultaneous optical trapping (OT) and excitation of QDs has enriched the 

applications of these fluorescent probes. OT of a nanoparticle (NP) can be just generated by tightly 

focusing a laser beam near an object with majorly dielectric behavior at a specific laser wavelength.1-3 

The electromagnetic field of the beam induces a time-dependent dipole within the NP volume with a 

concomitant attractive force pointing to the center of the focal region, where the field intensity is the 

highest.4-5 OT of QDs has been demonstrated by Pan et al. using a 1047 nm picosecond laser6 and has 

also been reported by Jauffred et al. with a 1064 nm continuum-wave trapping beam.7-8 This method has 

been found to be convenient in water because this medium minimizes heating effects stemming from 

optical absorptions.9 Recently, silica-encapsulated (QD@SiO2) and other polymer-encapsulated QDs 

have been trapped in nano-plasmonic structures.10 These systems present several advantages in a wealth 

of cutting-edge applications11-12 and may preserve optical properties.13 

Photoluminescence (PL) of optically excited colloidal QDs may suffer from a variety of non-

reversible photo-induced effects, including brightening, bleaching and blueing. Photo-brightening 

consists of an enhancement in the PL intensity, presumably due to surface traps passivation,14-16 although 

many others mechanisms such as ligand degradation have also been proposed.17 In contrast, the 

formation of inter-band recombination centers induces the progressive quenching of the PL, giving rise 

to the photo-bleaching effect.18-19 Spectral blueshift is associated to the reduction of the effective emitting 

volume, usually another consequence of the photo-oxidation of the QD surface. Heat-assisted diffusion 

of atoms within the QD structure has also been recently proposed as a source of blueshift in some QDs.20-

21 Since the aforementioned phenomena may take place simultaneously, there is a trade-off between 

light-assisted lightening and dimming processes.  



Compared to core/shell or core/shell/shell QDs exhibiting an abrupt and defined interface, alloyed 

QDs, where there is a graded composition of elements from the inner core to the outer shell, show better 

photochemical stability and even show suppression of undesirable blinking in single particle 

experiments.21-22 The burst of research lines involving OT of QDs demands studies on photodynamic 

effects at the laser beam focus, which to the best of the authors’ knowledge, have not been performed in 

detail. The origin and nature of these effects have shown to be highly dependent on the medium 

surrounding the QD,23-24 hence the characterization of optically-confined QDs, both at the single-particle 

level or in clusters, is gaining interest, especially for molecular and cell biology. 

In the following, we show that an extra sulfur-passivizing shell improves the emission stability of 

silica-encapsulated CdSeZnS QDs in a laser trap. Our results further validate optical tweezers for the 

study of the emission dynamics of QDs in solution, despite the typical irradiances in the trapping focus 

are significantly larger than those used in experiments where the QDs were deposited on a surface.  

Experimental section 

QD synthesis 

The synthesis and further SiO2-coating of alloyed CdSeZnS QDs have been performed according to 

our previous report.20 Surface treatment was carried out by sulfur addition to the initial QD 

microemulsion before SiO2-coating. The sulfur precursor was in turn prepared in microemulsion 

maintaining the ratio surfactant/water/organic-solvent and the amount of sulfur for a controlled 

formation of the passivation monolayer was calculated according to the SILAR methodology.25 Ethanol 

dispersions of QD@SiO2 were sonicated before being flowed in a microfluidic chamber for the optical 

trapping experiments (see below). The morphology of QDs and QD@SiO2 was characterized by 

transmission electron microscopy (TEM) using a JEOL JEM 1010 microscope operating at 100 kV. 

Average size values were obtained from the TEM images, measuring at least 100 particles. PL spectra 

of QDs microemulsions were recorded in a spectrofluorometer (Horiba JobinYvon Fluoromax-4) using 

an excitation wavelength of 420 nm. 

Optical trapping configuration and irradiance 

Our instrument is a dual, counter-propagating beam optical trap in which two oppositely travelling 

laser beams in the near-infrared (835 nm) are focused inside a microfluidics chamber by two each 

microscope objectives (Nikon CFI plan-Apochromat 60X, NA=1.2).26 Deflections in the trapping beams 

are measured by two position-sensitive photodetectors (PDs). Numerical aperture of the trapping lasers 



was NA ≈ 0.4. Based on paraxial Helmholtz approximation for a Gaussian beam, beam waist was 

estimated to be 2w0 ≈ 1.3 μm and total trapping power was set to 90 mW at the focal region. The 

resulting irradiance in the trap is ≈ 6.3×103 kW cm−2. The generated PL was collected through one of the 

objectives and redirected to both a spectrometer (Ocean Optics USB2000+) and a CCD camera for 

monitoring purposes. 

Thermal noise and Stokes’ law size determination 

To measure the hydrodynamic size of the optically trapped specimens, we followed previously 

developed methods based on the analysis of the friction coefficient,9, 27-28 which we summarize next: In 

the thermal noise method, force fluctuations of a trapped particle in a direction perpendicular to the 

optical axis were obtained from the voltage signal in the PDs operating at 100 kHz during 5.24 s. The 

time interval was divided into 128 sub-intervals of 40.96 ms. Next, force fluctuations (in voltage units) 

in each interval were Fourier transformed in the time domain (−∞, +∞) and averaged over the 128 

samples. The resulting data (in voltage squared per hertz units) were fitted to the equilibrium power 

spectrum density (PSD) of an overdamped particle in a harmonic potential, yielding the so-called corner 

frequency, fc, and drag coefficient, γ, as parameters (see also the main text). In order to transform volts 

to force units, the same procedure was applied to polystyrene (PS) beads of known size (Polybead 

Polyscience, 1-µm diameter). In the Stokes’ law method, the micro-fluidic chamber was displaced 

transversally to the optical axis using a translation stage (Thorlabs MDT-631) while a particle was in the 

trap. Drag velocity was determined by recording chamber displacements using an LVDT sensor 

(Schaevitz PCA 116-100) as a function of the time. The drag coefficient, γ, was extracted from the 

fitting to F = –γv. For reference experiments, we used PS microspheres with two other nominal 

diameters (as provided by the vendor): 0.53 and 2.23 µm (Spherotech). 

 

Results and discussion 

Alloyed CdSeZnS QD@SiO2 were prepared in microemulsion (QD@SiO2)20 along with an extra 

sulfur-passivated version of these structures (pQD@SiO2), see Experimental Section. The extra sulfur 



shell improves the robustness of the QD PL, as it will be further shown. Its selection was made on the 

basis of previous XPS analysis evidencing an outer Zn-rich shell, which unsaturated atoms could act as 

surface traps leading to non-radiative pathways with subsequent quenching of the PL. Fig. 1 shows the 

sample characterization. The extra sulfur shell yielded hardly appreciable changes in the mean and 

spread of the size distributions (Fig. 1a, b and c). Sulfur passivation and silica encapsulation did not 

either significantly changed the PL peak wavelength (Fig. 1d, e and f). The similarity between the two 

preparations, both in size and in emission spectrum, made possible to perform a rigorous quantitative 

comparison between their photodynamics.  

 

Figure 1. Sample characterization. TEM images of, (a), QD cores, (b), QD@SiO2 and (c) pQD@SiO2. 

Scale bars, 200 nm. Insets, size statistical distributions. Black curves, Gaussian fits yielding diameters 

(mean ± HWHM) of 5.9 ± 0.7 nm, 34.7 ± 2.6 nm and 32.5 ± 2.0 nm for QD, QD@SiO2 and pQD@SiO2, 

respectively. Photoluminescence (PL) of, (d), QD cores, (e), QD@SiO2 and, (f) pQD@SiO2 as obtained 

in water-in-oil microemulsion. In (f), the PL from the QD cores with the passivating S layer is shown in 

green whereas that from these particles after SiO2 encapsulation is shown in blue. The grey vertical line 

in the right panels is a guide to the eye marking the PL peak wavelength of the original QD cores. 



 
 
We manipulated both QD@SiO2 and pQD@SiO2 in an optical tweezers setup, see Fig. 2 and 

Experimental Section, as earlier applied for the manipulation of single nanostructures that manifest a 

time-dependent dynamics.9, 27-28 A colloidal dispersion of QDs in ethanol was flowed into the microfluidics 

chamber for their trapping. Under our experimental conditions, QDs in the focal region bunched in 

small groups of QDs (QD clusters from now on)29 and were therein excited by a two sub-bandgap photon 

absorption process.7, 30 Since the period between two trapping episodes can be statistically lengthened by 

lowering the QD concentration pumped into the microfluidics chamber, it was possible to maintain 

isolated QD clusters in the trap for minutes. 

 

Figure 2. Simplified experimental setup. Two near-IR laser beams are focused through objective 

lenses (O1 and O2) after passing through other optical elements, including polarizing beam splitters 

(BS) like the represented one that transmit the visible range by polarization. Scattered intensity is 

analyzed by position sensitive photodetectors (PD). Only the PD that registers the deflections of laser 2 

is shown for the sake of simplicity. Luminescence from the trap is collected through O2 and visible-pass 

filtered for both CCD camera image and spectrometer analysis (not including near-IR wavelengths). 

Trapping of QD clusters takes place in a microfluidic chamber. 

Behavior of the QD clusters in the optical trap 

The hydrodynamic diameter of the trapped clusters was determined by means of the thermal noise 

analysis. The equilibrium power spectrum density (PSD) of an overdamped particle in a harmonic 

potential is: 

∆𝐹! 𝑓 !" = 2𝛾𝑘!𝑇
𝑓!!

𝑓! + 𝑓!!
,                                                                                                                                           (1) 

where the brackets represent the equilibrium ensemble average, 𝛾 is the drag coefficient, fc = κ/2πγ the 

corner frequency (in Hz), kB the Boltzmann constant, T the temperature, f the sampling frequency (in 



Hz) and κ the spring constant accounting for the stiffness of the optical trap. Data sets of force vs. time 

are transformed into the frequency domain, as explained in the experimental section, and fitted to Eq. 

(1), yielding values for the free parameters 𝛾 and fc. Then, the effective diameter, d = γ/3πη, of a sphere 

hydrodynamically equivalent to the trapped cluster is derived, being η the viscosity of the medium. 

Measured PSDs for a typical QD@SiO2 cluster and a 1-µm PS bead are shown in Fig. 3 (a). These 

transformed data normally display artefactual electronic noise above ∼103 Hz related to the acquisition 

system. 

Hydrodynamic diameters were alternatively measured by means of the Stokes’ law (see the 

experimental section and Fig. 3 (b)), yielding similar values to those obtained via PSD measurement, as 

shown in Fig. 3 (c). Cluster size generally varies from 0.5 to 1.5 µm while most probable diameter is 

near 1 µm, Fig. 3 (d). An upper limit for the number of QDs in a typical cluster can be set at ~103 from 

the close packaging model.31 Nevertheless, in TEM pictures (Fig. 1 (b) and (c)), QDs fill a 50% of 

planar cluster images, yielding a QD density of 37%.  Then, from both the hydrodynamic size analysis 

and the TEM images the number of QDs is estimated in ~102. The fact that we observed clusters in the 

trap within this estimation in the number of NPs is further supported by the inhomogeneous broadening 

of the registered emission spectra (see Supplementary Information for details). 

Fig. 3 (e) shows the dependence of κ (transversal to the optical axis) on the hydrodynamic diameter 

for QD@SiO2 clusters. Within the size range found in our sample, κ increases with diameter since it 

does not exceed the transversal dimensions of the beam waist at the laser focus (see the experimental 

section and 32-33). In fact, κ measured for 2.23 µm PS beads is similar to that found for 1.0 µm PS beads, 

indicating a focal region with transversal size within these values. PS beads exhibited higher κ owing to 

the higher refractive index of polystyrene with respect to the effective refractive index of a QD cluster, 

which is in the end an overall mixture of QD cores, silica and dispersive medium. 

 



 

Figure 3. Cluster size analysis in the optical trap. (a) PSD measurements of a typical QD@SiO2 cluster 

(green) and a 1-μm diameter PS bead (black). Dashed curves represent the fit of Eq. (1) to the 

experimental data with corner frequencies at 226 ± 9 Hz and 1941 ± 28 Hz, respectively, for these 

particular samples. Estimated sizes from this analysis yielded 1.07 ± 0.02 µm for the represented 

QD@SiO2 cluster and 1.00 ± 0.01 µm for the bead. (b) Drag force versus velocity for a QD@SiO2 

cluster of similar size (green dots) and a PS bead (hollow dots). Dashed lines are linear regressions to 

the experimental data, yielding diameters of 1.53 ± 0.06 μm for the represented cluster and 1.10 ± 0.07 

μm for the bead. (c) Comparison of hydrodynamic diameters obtained via Stokes’ law and PSD on both 

QD@SiO2 clusters (green dots) and PS beads (hollow dots). The black line is a guide to the eye showing 

the points where both sizes equal. (d) Size distributions derived from PSD analysis of QD@SiO2 

clusters; black curve, normal distribution fitting the data histograms ad yielding mean and standard 

deviations of 0.95 ± 0.49μm. (e) Transversal trapping stiffness as a function of the particle size for 

QD@SiO2 clusters (green dots) and PS bead of three diameters (hollow dots). 

 

 



 

Figure 4.  Typical temporal evolution of the luminescence generated in the optical trap. Each intensity 

peak indicates a trapping event of a QD@SiO2 cluster. Left inset, luminescence temporal behavior 

during one of the trapping events, as marked by the red arrow. CER model (Eq. (2)) has been fit to the 

experimental data (red curve) yielding ka = 0.12 ± 0.02 s−1 and kd = 0.036 ± 0.004 s−1 for this particular 

measurement. Right inset, emission spectrum at one specific instant within that trapping episode. Red 

curve, Gaussian fit yielding peak emission at 543.5 ± 20.5 nm (mean ± HWHM). 

 

Photodynamics of the optically trapped QD clusters. 

The PL coming from the optically trapped sample evolves as shown in Fig. 4 in a typical OT 

experiment: The incorporation of a QD cluster is revealed by a rapid increase in the PL intensity, or 

activation, as previously reported for other nano-sized luminescent particles.29 QD clusters then show a 

photo-brightening enhancement of the PL followed by a slow decay distinctive of photo-bleaching. 

Emission spectra at specific instants were recorded using an integration time of 5 s. A representative 

spectrum of a trapped QD@SiO2 cluster is shown in the right inset of Fig. 4. As further analyzed in the 

Supplementary Information, the collected intensity exhibits inhomogeneous broadening due to the 

spread of QD sizes in the trap. 

The temporal profile of the PL intensity (activation, enhancement and decay) is given by a 

consecutive elementary reaction (CER) model proposed by Lee and Osborne in terms of populations of 

emitting QDs.34 The collected intensity, I(t), can be assumed to be proportional to the number of emitting 

particles: 



𝐼 𝑡 = 𝐴!
𝑘!

𝑘! − 𝑘!
𝑒!!!! − 𝑒!!!! + 𝐵!𝑒!!!!,                                                                                      (2) 

where A0 and B0 are the initial intensities of the dark and fluorescent fractions of QDs, respectively, 

whereas ka and kd are the characteristic photo-brightening and photo-bleaching rates, respectively. This 

proportion has been found linear in Ref. 34 for small populations of emitting nanoparticles but remains 

useful when bulk samples are considered.35-36 Eq. (2) fitted properly the experimental data, as shown in 

left inset, Fig. 4. 

Since QD clusters are firmly bunched electrostatically during the experiment and our setup allows a 

fine control of the QD cluster concentration, other phenomenologies such as an exchange of QDs 

between the trapped cluster and the medium37 have been discarded. For a given sample, we collected 

intensity traces for individual clusters. Each cluster was maintained in the optical trap until decaying 

emitted intensity was comparable to detector noise level, as shown by the multi-peak intensity profile in 

Fig. 4. Then, the nearly bleached cluster was released from the trap. QD cluster concentration was tuned 

to avoid multi-step, cumulative trapping events during the recording of an intensity profile. However, 

the co-existence in the optical trap of several emitting clusters at a time, each bearing a characteristic 

CER-predicted profile, was sometimes observed (see Supplementary Information). In order to keep 

systematical experimental conditions, values coming from these multi-trapping experiments have been 

excluded from the analysis.      

Statistical distributions of ka and kd measured over a representative number of QD@SiO2 and extra 

passivated pQD@SiO2 clusters are shown in Fig. 5. QD@SiO2 clusters are observed to activate faster 

(higher ka) than pQD@SiO2, Fig. 5 (a) and (b), respectively, thus suggesting that the intermediate extra S 

shell tempered the PL enhancement. The extra S layer certainly made pQD@SiO2 clusters less sensitive 

to the light-induced phenomena that limit the stability of their emission, probably by ridding surface 

defect states which normally stem from surface trap neutralization.14, 24 In fact, averaged kd from 

QD@SiO2 is considerably higher than that from pQD@SiO2, Fig. 5 (c) and (d), respectively. The 

behavior of kd is more specifically related to the shielding effect that generates the extra passivation 

layer against oxygen, thus delaying photo-oxidation processes on the surface of the QD cores.38-39 It is 

also observed that QD@SiO2 clusters exhibit a much wider kd distribution, hence a much less 

homogeneous behavior, than pQD@SiO2 ones (compare Figs. 5(d) and (b)). Broad differences within 



the same sample were similarly reported for bare CdSe/ZnS QDs,19 as therein described by so-called 

bleaching times, all in all suggesting a higher uniformity of the surface of our sample upon S growth. 

 

 

Figure 5. Statistical distributions of the activation and bleaching rates (ka and kd) for QD@SiO2, (a) and 

(b), and pQD@SiO2 clusters, (c) and (d). Gaussian fits to experimental distributions with mean ± 

HWHM data are displayed. 

 

Typical values of ka and kd obtained in drop-casting experiments for similar QD systems 35, 40 are 

compiled along with ours on Table 1. To the best of our knowledge, ka and kd have not been reported in 

alloyed QDs to date, and never directly in solution from an optical trap. As shown on this table, earlier 

reported data are comparable to ours despite both ka and kd were shown to be proportional to the 

excitation power.35-36, 40 More in depth, data on QDs drop-casted on a surface were usually pumped with 

some kW cm−2 19, 38, 40 in contrast to the herein used irradiation power, which is three orders of magnitude 

higher under our experimental conditions (see Experimental section). 

 

Table 1. Photo-brightening, ka, and photo-bleaching, kd, rates for QDs based on CdSe and ZnS under 

several excitation conditions 

Composition Irradiance (kW cm-2) λexcitation 
(nm) 

Excitation method ka (s-1) kd (s-1) Ref. 

CdSe/ZnS Not reported 435-692 
One photon 

0.04195-0.00066 0.04712-0.00219 35 
CdSe/ZnS 0.5 457-514 0.032-0.115 0.006-0.013 40 
CdSe/ZnS 1.2-12 488 0.081-1.3 0.0182- 0.182 40 

Alloyed CdSeZnS 
QD@SiO2 6.3⨯103 835 

Two photons 
0.111 0.027 

This work 
Alloyed CdSeZnS 

pQD@SiO2 6.3⨯103 835 0.033 0.013 
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Figure 6. Emission peak shift, (a) and (b), and temporal evolution of the intensity, (c) and (d), 

for trapped QD clusters; (a) and (c), QD@SiO2 and (b) and (d), pQD@SiO2. 

 

Wavelength-shifted PL signals have been measured during the luminescent evolution of both 

QD@SiO2 and pQD@SiO2 clusters and are represented in Fig. 6. The peak wavelength as a 

function of the time is shown in Figs. 6(a) and (b) for QD@SiO2 and pQD@SiO2 clusters, 

respectively. In the case of QD@SiO2, after an initial blueshift (∼2 nm), there appears a plateau 

followed by a longer blueshift (∼5 nm). A blueshifted PL response may appear as a consequence 

of a light-driven element migration.21, 41 The fact that the herein measured blueshift manifests with 

concomitant PL decrease, Fig. 6 (c), further indicates photo-oxidation,42 which is expected due to 

the nature of the SiO2 shell and the use of both ethanol as the dispersive medium and high photon 

fluxes. In contrast, in pQD@SiO2 clusters though exhibiting a similar total blueshifted PL signal 

(by ∼7 nm), the evolution of this spectral displacement and the associated intensity, Fig. 6 (d), is 

more gradual than for the QD@SiO2 clusters. 

It is remarkable that the PL signal is almost completely quenched after the first 50 seconds for 

the QD@SiO2 clusters, Fig. 6 (c), whereas pQD@SiO2 ones do not cease emitting by that time, 

Fig. 6 (d). The fact that the intensity decreases more slowly for pQD@SiO2 than for QD@SiO2 

clusters implies that photo-oxidation is weaker for the former. Photo-oxidation may be attributed 

to an incomplete ZnS layer (with ZnS islands) on the surface of alloyed QDs, in which the 
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oxygen can diffuse, although other mechanisms such as charged species may be responsible for 

the less robust PL behavior of QD@SiO2.43  

All in all, the higher stability and performance in the optical trap exhibited by our pQD@SiO2 

hybrid system is attributed, firstly, to the graded shell in alloyed QDs, which has been proven to 

be less sensitive to oxygen than core/shell systems;39 secondly, to the extra S layer providing 

better passivation; and thirdly, to the SiO2 encapsulation, which increases protection of the QD 

surface from oxygen and other external reactants.11, 44  

Conclusions 

We studied the photo-brightening and bleaching dynamics of silica encapsulated QDs clusters 

for the first time in an optical trap and in solution. We found that the concurrence of alloyed QDs 

with both the use of an extra S layer and SiO2 encapsulation tolerates irradiance doses three 

orders of magnitude higher than those reported for bare core/shell architectures on solid surfaces, 

which makes our QD systems and trapping scheme suggestive for tracking experiments in 

biological scenarios. We also found that although photo-oxidation is present in both QD@SiO2 

and pQD@SiO2 systems, longer PL emission stability is registered for the latter, which is 

associated to the extra passivation S shell that attenuates or event suppresses other light-assisted 

bleaching mechanisms, in agreement with former qualitative studies with the QDs affixed on a 

solid surface. 

ASSOCIATED CONTENT 

Additional discussion on the inhomogeneously broadened emission of QD clusters and an 

example of multi-step, cumulative trapping. This material is available free of charge via the 

Internet at http://pubs.acs.org.  
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