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ABSTRACT: We have analyzed the decays of the fluorescence of colloidal CdSe quantum dots (QDs) suspensions
during dilution and titration by the ligands. A ligand shell made of a combination of trioctylphosphine (TOP),
oleylamine (0OA) and stearic acid (SA) stabilizes the as-synthesized QDs. The composition of the shell was analyzed
and quantified using high resolution liquid state 1H nuclear magnetic resonance (NMR) spectroscopy. A quenching of
the fluorescence of the QDs is ohserved upon removal of the ligands by diluting the QDs mother solution. The
fluorescence is restored by the addition of TOP. We analyze the results by assuming a hinomial distribution of
quenchers among the QDs and predict a linear trend in the time resolved fluorescence decays. We have used a non
parametric analysis to show that for our QDs, 2.97+0.1 quenching sites per QD on average are revealed by the removal
of TOP. We moreover show that the quenching rates of the quenching sites add up. The decay per quenching site can
be compared with the decay at saturation of the dilution effect. This provides a value of 2.88+0.02 for the number of
quenchers per QD. We extract the quenching dynamics of one site. It appears to he a process with a distribution of
rates that does not involve the ligands.




In spite of constant improvements in their synthesis,- the time-resolved fluorescence decay of CdSe nanocrystals
remains a complex and poorly understood process whose details are moreover strongly dependent on the synthesis
procedure and on the nature of the ligand shell covering these quantum dots (QDs).- The size distribution of the
nanocrystals is commonly invoked to explain the multi-exponential nature of the decays. But the presence of ground
state dipoles., variation in surface passivation- or distribution of traps energies have also heen mentioned. K. E.
Knowles et al. have shown that the fluorescence is produced by the recombination of free electrons with trapped
holes: but the trapping of electrons is also mentioned.- Part of the complexity of the effect of ligand exchange on the
QD fluorescence yield has heen handled by a Perrin model and a Poisson distribution of quenchers. A.J. Morris-
Cohen and coll. proposed a double binomial distribution to describe (i) the number of available sites per QD and (ii) the
partial occupation of these sites hy acid-derivatized viologen ligands.- The use of a Poisson distribution of quenchers
for the analysis of time resolved fluorescence have heen done by Tachiya-. These authors have included the binomial
distribution of quenchers to analyze the electron transfer rate hetween QDs and viologen, assuming an exponential
kinetics.- But to the hest of our knowledge, the binomial distribution has not been used to analyze the dynamics of the
fluorescence decays of neat QD nanocrystals or using non exponential quenching.

In this contribution, we extend the formalism by Blumen- and Klafter- to demonstrate the existence of a linear
behavior in the kinetics of fluorescence using a binomial distributions of quenchers in the case of time dependent rate
coefficients. The logarithm of the decay depends linearly on the number of quenchers. We then use a non parametric
data analysis- that shows that beyond the complexity due to the hinomial distribution of quenchers, the quenching
dynamics induced by one site is multiexponential. To this end, we have studied the effect of dilution on the
fluorescence decay in the case of a colloidal dispersion of as-synthesized spherical CdSe QDs (diameter = 4.8 nm)
stabilized by a ligand shell composed of a mixture of trioctyl phosphine (TOP), oleylamine (OLA) and stearic acid (SA).
From the analysis of the effect of dilution on the fluorescence decays traces, we show that the dilution reveals a
maximum of m=2.97+0.1 quencher per QD. Our approach allows us to extract the quenching dynamics of one site that
shows a strong heterogeneity of the QDs.

RESULTS AND DISCUSSION:
Liquid-sate NMR analysis of the ligand shell of the QDs

As discussed in detail in the supplementary information, spherical colloidal CdSe QDs (J~ 4.8 nm) were synthesized
using a gram-scale protocol. The as-synthesized QDs are covered by a ligand shell composed of a mixture of TOP, OLA
and SA whose relative proportions can significantly differ from those in the initial reaction mixture due to different
affinities of the ligands for the surface of the QDs-. High-resolution liquid-state H NMR spectroscopy is commonly used
for qualitative and quantitative structural analyzes of the ligand shell and to study potential dynamic exchange
processes -~ We applied these techniques to get more insights regarding the composition and the dynamics of the
ligand shell of our QDs.

First, the 1TH NMR spectrum of freshly synthesized colloidal QDs is compared with the spectra of the free ligands
recorded in the same solvent, namely toluene-d8 (Figure 1A). In the QDs spectrum, two sets of signals can he
distinguished corresponding respectively to free ligands and to ligands hound to QDs.
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Figure 1 A: ‘H NMR spectra of a CdSe QD solution ([QDs] = 62,5 pM) and of the free ligands in toluene-d. B: Diffusion-
filtered ‘H NMR spectra of CdSe QD sample. The diffusion time is A=150 ms, the gradient pulse duration is /=2s and the
gradient strength g = 5% (B.1) and 95 % (B.2) of the maximum value achievable of 50.5 G/cm. The peaks labeled with ¢
correspond to the free ligands.

In the latter case, the resonances are broadened and low-field shifted relative to those measured for the free
ligands. The assignment of broad signals to the QDs-hound ligands was further confirmed by diffusion-filtered NMR
(Fig. 1B). Pulsed field gradient (PFG) H NMR is an efficient tool for the measurement of self-diffusion coefficient which
enables to selectively edit NMR spectra of the species according to their diffusion coefficient. As a matter of fact,
when using appropriate experimental conditions, a complete disappearance of resonances corresponding to the fast
diffusing species, i.e. free ligands and solvent, can be observed as shown in Figure 1B.2.

In order to quantify the composition of the ligand shell, CHBr was added as an internal standard. The resonance of
OLA is easily distinguished from SA and TOP hy the olefinic protons signal at 5.61 ppm. Using this resonance for the
quantification of bound OLA, we obtain a concentration of [OLA ] = 9 = 0.1 mM. The methylene (1.3-1.8 ppm) and
methyle (1.01ppm) group resonances assigned to the bound ligands strongly overlap. Nevertheless, using the fact that
CH/CH ratio for TOP and SA are different and by subtracting the contribution of OLA and the free ligands to the intensity
of the methylene and methyl group resonances, we estimate the concentration of hound TOP and SA to be [TOP_] = 0.8
= 0.6 mM and [SA_] = 5.8 = 0.9 mM (Table 1). The concentration of the free ligands was quantified in the same way:
[OLA ] = 0.2 mM, [TOP_] = 0.7 mM, [SA ] = 0.6 mM. The concentration of QDs, [QDs] = 62.5 pM, was calculated from
the UV-vis ahsorption spectrum applying the method described in ref. -. Taking into account that the surface of a
spherical QD with a diameter of 4.8 nm is around 72 nm, we can calculate the average number of bound ligands per
QD as well as the ligand density (Table 1). We find a total average density of bound ligands of 3.5 nm-. This in good
agreement with the results obtained by other groups, taking into account that in our case the ligand shell is composed
of three different ligands .

Ligand Concentration of Concentration of Average number Density of
bound ligands (mM) free ligands (mM) of ligands per QD ligands
(nm’)
OLA 9 0.2 144 2.0
TOP 0.3 0.7 13 0.2
SA 5.8 0.6 93 1.3
Total 15.6 1.5 250 3.5

Table 1: Goncentration of bound and free ligand deduced from the NMR analysls, average number
per QD and average density of bound ligands. The QD concentration was 62.5mM.

The second step of our NMR analysis was to perform a quantitative PFG ‘H NMR analysis. The attenuation of the NMR
peaks with increasing pulsed field gradients allows us to calculate the self-diffusion coefficients of the corresponding
species (D). Figure 2 shows the attenuation profile measured for CH resonances of free and bound ligands. Thanks to
these results and using the Stejskal-Tanner equation (see Experimental methods), the corresponding self-diffusion
coefficients of the hound ligands can be calculated with a value of D = 1.08 x 10- m s-. Using the Stokes-Einstein
equation (15), we obtain a value of 7.3 nm for the hydrodynamic diameter d of the QDs. This corresponds well with the
size of the QDs core of diameter 4.8 nm covered by the ligand shell approximately 1 nm thick. Therefore, PFG NMR
analysis confirms the assignment of broad resonances to protons of the ligands hound to the QDs. Furthermore, the
values of D calculated from the attenuation observed for the four broad peaks (figure 1 B.2) are very close (see Table
$1 in supplementary information). For the free ligands, from the plot in Figure 2 we obtain a value D(CH ) = 1.04 x 10
m s-. This is in reasonable agreement with the values of D measured for the ligands in toluene-d - D(TOP ) = 0.92 x 10
ms, D(SA) =1.1 x 10- m s- and D(OLA) = 1.3 x 10- m s- - taking into account the different proportion of the free
ligands.

Quenching by dilution

The QD mother solution (41,5 pmol/L calculated from the ahsorbance-) in toluene stabilized by OLA, TOP and SA was
further diluted in toluene. The decays curves are gathered in figure 3, for an excitation wavelength at 450 nm and an
emission collected from 624 to 644 nm. Upon dilution of the mother solution, a fast component appears but at the



same time a long component remains. The decays at long time (<30ns) are parallel. A fraction of the QDs still exhibits
the same fluorescence lifetime of 37 ns as that of the mother solution. They are not quenched. The proportion of the
populations of quenched and non-quenched QDs can be analyzed using a binomial distribution of a few quenching
sites per QD (See Supplementary materials). Upon dilution, one may assume that ligand are removed form the surface
of the QD and that surface defects are formed that acts as quenchers.-
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Flgure 2: Attenuation profile for the CH resonances (free and bound ligands) in H NMR PFG spectra (A = 150ms, 5=2ms, t =
0.5 ms, g varying from 5% to 95% of the maximum amplitude of 50.5 G/cm); and corresponding plots of In(I/1) versus k=(y g
S)(A - 8/3 - ©/2) for these resonances.

The inset in figure 3 emphasizes the decay curves at short time (<10ns). It appears that the initial decay rate
increases with the dilution factor.
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Flgure 3: Fluorescence decays of a solution of QD 41.5 pmol/L in toluene that is further diluted in toluene. Excitation
wavelength: 450nm, Emission wavelength: 634+10nm. The black curve is the instrument response function. The inset shows
the same curves on a smaller time scale. When diluting the mother solution, the fluorescence yield decreases. A long
component remains and the fast component develops and becomes faster. This is characteristic of a quenching by a limited
number of quenching sites that add their quenching rates. At high dilution, Vo/V-0.01 the development of the fast component
levels up.

This behavior does not correspond to an equilibrium between two populations of QDs since the initial slope would
remain the same as the proportion of the two population are changing.- When the number of quencher per QD
increases, we see a change in the initial decay rates; the quenchers add their quenching rate. This behavior of the
fluorescence decays has heen already observed but only the static fluorescence quenching was analyzed. In the
following we shall quantitatively explain the quenching dynamics of QDs by some quenchers.

We can see on figure 3 that at a high dilution factor of 100, the contribution of the unquenched QD disappears. This
is an indication that the number of possible quenching sites per nanoparticle is limited and that the opening of the
quenching site can reach saturation.

Fluorescence recovery

We have compared the effect of a dilution in toluene with the dilution in the three surfactants in order to indentify
which ligand is responsible of the quenching. The fluorescence recovery upon the addition of ligand is summarized on
figure 4. To a volume 0.1mL of the 41,5umol/L of the QD solution, we have added the same volume of toluene, or 0.1mL
of either TOP, or 0.1mL of oleylamine OLA or 0.1 mL of a solution of stearic acid SA at a concentration of (0.5 mol/L)
and we monitored the evolution of the fluorescence decay curves in the different cases. We can see that the effect of
the addition of OLA is similar to that of the addition of toluene. OLA is not involved in the quenching. The addition of
TOP reduces the quenching whereas the addition of stearic acid increases the quenching amplitude. This indicates
that the quenching by dilution is due to the removal of TOP and possibly by its replacement by stearic acid.
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Flgure 4: Fluorescence decays after addition of solvent or of ligand: “()” a solution of QDs at a concentration 20pmol/L; “o0”
same with stearic acid (final concentration of added SA 0.25 mol/L); “V” same with TOP (1.1 mol/L); “x* same with
oleylamine (OLA) (1.5 mol/L). It can be seen that the presence of OLA has barely any effect on the decay curve. The
fluorescence recovers upon the addition of TOP, whereas the addition of stearic acid SA induces a precipitation and an
increased quenching. The measured decays are compared with the decays calculated (dotted lines) according to a Perrin
model assuming that more quenching sites with the same quenching rate per site are created by the addition of SA. We can
see that the addition of SA does increase the number of quenching sites but not the quenching rate per site.

Binomlal distributlon of quenchers



The quenching by a small number of quenchers was first described by Perrin- for the static part. Infelta- and
Tachiya- have treated the quenching dynamics the case of in micelles and recently for FRET quenching of QD-. Blumen
has predicted the transfer of energy of one fluorescent molecule to an ensemble of surrounding sites that are
randomly occupied.- This has been generalized by Klafter as a first passage time problem.-

Here we shall use the formalism of Blumen to describe the quenching by a few quenchers but we assume that the
fluorescence decay per quencher in non exponential. This can he due for at least two reasons. First, one can assume
that the sample is heterogeneous. The same exciton/quencher pair is supported by different QDs and this same pair
reacts with different rates from QD to QD. Or one can assume that the hole part of the exciton is trapped after each
excitation in different positions-- and that exciton/quencher pair reacts with different rates depending on the position
of the hole. Each QD would be heterogeneous with respect to the quenching. In hoth cases the excitons differ by their
position i in different QD or in different positions inside a QD. A few quenching sites labeled j=[0,/m] that are randomly
occupied quench them.

The decay of one emissive site in position /is given by:

Lo (8) =1, (0) exp(—kft)lﬁ[exp(—éjk@t) )
j=l

Where k is the quenching rate constant of a site in position 7 by a quencher in position j. dequales 1 or 0 if the
quenching site j is active or not in the configuration K. k is the fluorescence rate constant in the absence of
quenching.

The ensemble decay is the sum over all the possible K configurations of quenchers on the QD but also over all the
positions i of the emissive site in the QDs.

1,(1) = 1,(0) exp( ~k ’)E E lm:[e"p( =0,ko; t) )

The average decay of one K configuration of the quenchers over the i possible positions of the emissive site can he
described as a time dependent rate coefficient.-

Ly (1) = 1, (0)exp(—k;t )Elﬂ‘[exp(“sjk@:/t)
- 3)
= fK(O)exp(—kft —LkQK(u)du)

For the configurations K with one quencher, we shall assume that the average rate coefficient is the same whatever
the position of the quencher on the QD: k(%). For n quenchers the rates adds up to n.k(%).

L,m=1, (O)exp(—kft —nf kQ(u)du) @

Let us assume that the maximum number of quenching sites is m, the same for all QD. (The case of a binomial
distribution of m values is treated in reference - for the static quenching). The probability that a site is active for
quenching is p. The number of quenching sites per particle varies from 0 to m, leading to m+1 different populations of
fluorescent QDs in proportions that follow the binomial distribution:

1,(0)=1,0) Cp"0-p)"” ©

From equation (4) and (5), the fluorescence decay of the total population will be:

I(1) = If(O)EC:;p”(l - p)""exp| -kt —n ka(u)du (6)

Thus applying the binomial theorem, we can write:



JiS) (k1) =11+ (’k( Ydu) -1 ’ 7
When p tends to one, that is, when all QD have m active quenching sites:
1,(1) '
Ln| L=+ k.t — —m(k,(u)du
1,00) 7 f ¢
asp —1 @)
When p tends to 0, the total fluorescence decay can he approximated by:
1,(1) { f
r
n|— + k.t = mpyexp(—|k (u)du)—l}
I( ! P f ¢ @

asp—0
which is the formula obtained assuming a Poisson distribution of quenchers.-

We have demonstrated this formula in the case of immobile reactants. We show in the supplementary information
that, in some cases, it can be applied to other type of reactions with time dependent rate coefficients such as diffusion
limited reactions.

As long as p, the fraction of quenching sites remains low, the logarithm of the fluorescence decays should depend
linearly on mp as shown by equation (9). We have applied a Principal Component Analysis to this linear problem--
using the data analysis environment Igor Pro from Wavemetrics.- The decays are considered as vectors in a space of
4096 dimensions. The algorithm is looking for an orthonormal base on which to express the data. The first component
of the base is chosen to be the closest to the data. The data are then projected in the space orthogonal to that first
vector and the successive elements of the base are constructed by recurrence. The fraction of the data described by
each component is displayed in the inset of figure 5. The inset shows that the first two components are sufficient to
properly describe the data. This is confirmed by the shape of the sum of components beyond the two firsts that is
shown on figure 5. It is shapeless and contains only noise.
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Flgure 5: Theory predicts that the logarithm of the fluorescence decay in the case of the quenching by a Poisson
distribution of quenchers will he the sum of two components. Indeed in inset are displayed the contributions of the
components proposed for the description of the data. Only two have a significant contribution to the data. The sum of the



contribution of the discarded components is plotted as a dotted curve. It contains more noise than kinetics. Components with
a physical meaning can be built as linear combinations of the components proposed by the main component analysis. One
combination is chosen to be as close as possible to monoexponential decay (lozenge). It represents the fluorescence decay
of QD without quencher. The second one is chosen to be flat at long times (square). This component is the decay dynamics of
one site. It appears to be highly non-exponential.

The quality of the description of the data by the two components is depicted by the weighted residuals on figure 6.
The map made from the residuals of each curve exhibits a random change in sign. The : of the adjustment of each
curve is close to one, showing that the quality of the description of the data by the two first components is very good.
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Flgure 6: The quality of the description of the data by the two components is shown. First the weighted difference hetween
the data and their description is plotted in red white blue colour scale. It can be seen that points are randomly red or blue
that means that the data are randomly ahove and bhelow their description. One domain is not well described: the short time of
the most diluted sample. The standard deviations of the weighted residuals are represented for each curve. It confirms that
the two most diluted decays are less well described by the Poisson model.

We thus show that the logarithm of the decays can be described the sum of two curves: the quenchers add their
actions and the decay rate coefficient of n quenchers is n/k where [k states for [k (u)du. The next step is to extract the
unquenched component and the quenching component from the data. The two components that have been produced
by the principal component analysis are not the two components predicted by the theory, but a linear combination of
them. Any linear combination of the two main components will describe the data equally well. Thus we need to make
additional hypothesis.

To describe the unquenched component, we have chosen a combination as close as possible to an exponential. We
obtain a curve that describes the rise of the fluorescence during the excitation pulse and the exponential decay of the
unquenched population with a lifetime of 45 ns that compares with the one measured on concentrated solutions. For
the component [k that describes the quenching, we have chosen a combination that tends to a horizontal slope at long
time. This component represents the quenching rate per one quencher (equation (9)).

The adjustment of the decays on these two components exp(-ki) et [k(u)du according to equation (9) give us the
value for mp=<n>.

Thermodynamics of the formation of the quenching sites

As described in the previous section and using equation (9), we can extract the average number of quenchers per
QD <n>=mp from the dilution analysis. Let us assume that the ligands L=(TOP or, OLA or ST) are in equilibrium
between the solution (as free ligands) and the surface of the QDs (as bound ligands).



rL+C =C K (10)

with an equilibrium constant K_and where G, (C ) stands for any one of the combinations of n, (n +1) quenching
sites on a QD.
The stoichiometric coefficient r for the ligand is left unknown, since one may assume that a defect is revealed hy the
synergic removal of rligands at a time. When using the chemical equation (10), we assume that the sites are identical
and independent.
The concentration ratio hetween two populations that differs by the occupation of one quenching site is equal to ratio
of the probabilities of having an empty quenching site or an occupied one:

[C,]1 1-p m-<n>

= =K [L] 1"
Cod T p T ens TR o
where p is the probability that a site is active for quenching. <n> is the average number of quenching sites among
the m possible ones. This relation can be rewritten as
1 1 K .
=—+—[L] (12)
<n> m m

This is the Langmuir isotherm in the case of particle dispersions.-

In figure 7, we obtained a straight line by plotting the inverse of the amplitude of the quenching term, 1/<n>, versus
the inverse of the dilution factor Vo/V. The free ligand concentration decreases with the dilution. First, we can see that
the experimental data points align on a straight line when plotted versus (Vo/V). This indicates that r=1. Thus a
quenching defect is due to the removal of one single ligand. Second, the concentration of free ligands follows linearly
the dilution. This means that the large majority of ligands are tightly bound to the surface of the QD and do not feed
the solution in free ligands during the dilution. Third the intercept of the fitted straight line with the Y-axis gives a
value of m=2.97=0.1. Thus up to 3 quenching sites per QD can be rendered active under our experimental conditions.
This is 3 out of 13 TOP per QD on average as was measured by NMR.- This is much less than the 37 quenching sites
measured in the case of CdSe in chloroform.- This could be only a fraction of the total ligand released, if the other
ligands are released from sites that do not induce a quenching.
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Flgure 7: The average number of quenching site obtained from the amplitude of the quenching in decays is represented
versus the inverse of the dilution factor according to a Langmuir model. The dotted curve is an adjustment with a free
stoichiometric parameter r found equal to 0.8x0.1. The straight lime is an adjustment with stoichiometric parameter r=1. The
point alignment shows that the creation of one quenching site is due to the removal of one ligand and that the maximal
number of quenching sites is 2.97+0.1.



The concentrations of the free ligands have heen measured by NMR. They are gathered in table 1. From the slope of
the fit in figure 7, we can deduce an average affinity constant of all three ligands of 1600L/mol. This in good
agreement with the results obtained by other groups, taking into account that in our case the ligand shell is composed
of three different ligands.-

Kinetics of the quenching

From the data treatment part, we get the shape of the time dependant rate [k of the quenching by one site. When all
the QD present the same, maximum, number of quenching sites, the decay rate of the solution will be mfk. This is
shown by equation (8). Indeed the logarithm of the decay recorded for a solution diluted 100 times in toluene is
compared to the decay rate obtained from the analysis of the first steps of the dilution in Figure 8. The scaling factor
can he obtained from the plot shown in the inset where the two time functions are plotted one versus the other for all
values of the time. We measure for m the maximum number of quenching sites a value of m=2.88+0.02. This confirms
the value obtained by the previous thermodynamic analysis. This also validates the assumption made in the data
treatment part that [k is zero at long time.

The two rates are compared after scaling in figure 8. We plot them versus V(time). The figure shows that Ln(i(t))
scales as v at short times:

Ln(I(t)) =a—-(t/7,)"* + O(1/7,)*"*) (13)

with a value of 160 ns for 7.
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Flgure 8: The quenching rate per quenching site /k obtained from the Poisson distribution analysis can be compared with
the quenching rate at high dilution where all quenching sites are active on all QDs. In inset, the parametric plot of the rates
shows that the quenching rate at high dilution is 2.88+0.02 faster than the rate per quenching sites. This perfectly agrees
with the number of quenching site deduced from the Langmuir analysis. In the figure the normalized quenching rates have
been displayed as a function of v(t) together with the instrument response function (in grey).

We can discard some hypothesis ahout what is the process that responsible of the fluorescence decay. We have
compared the decay obtained in 1.1 mol/L of SA with the decay expected from an increase of the number of quenching
sites with the same quenching rate per site (figure 4). We see that the observed decay is not faster than the predicted
one. The addition of SA has increased the number of quenching sites but the rate per site remains the same. The
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reaction responsible of the quenching cannot he the diffusion of stearic acid molecules from the solution toward a TOP
free site, since the rate per site after the addition of stearic acid is not faster.

It should also not he a diffusion of a TOP molecule out of a quenching site induced by the excitation of the
nanoparticles since this diffusion would scale as 1/t- if it diffuses freely into the surfactant layer or toluene.- The
reaction responsible for the formation of the quenching site thus is not the reaction responsible for the quenching
kinetics. The removal of a TOP acts as a tap that opens a deactivation pathway but ligands do not participate to the
quenching step.

It cannot be a fast charge trapping, a process by which the electron or hole is transferred from its initial
delocalized excitonic state to a state localized on a surface atom occurring at short time followed by a slow (ns)
tunnelling. Indeed the deactivation of the trapped exciton would not be faster if more than one surface traps are made
available whereas we show that each quenching site adds a new decay channel for the exciton. The Perrin
dependence on the number of quencher shows that the surface states add their reactivity. Thus the surface defect is
one of the reactants of the reaction responsible of the non radiative decay (recombination).

The v dependence shows that we have a distribution of quenching rates. This reveals a heterogeneous
environment: the rate of reaction of the exciton with the surface defects varies either from QD to QD or inside a QD. The
mechanism by which this reaction occurs or the origins of the heterogeneity are heyond the scope of this contribution.
Indeed the v kinetics that we measure could be that of a Brownian diffusion of a mobile quencher-, or an energy
transfer through a dipolar coupling.-

In conclusion, we have been able to decrypt the complexity of the fluorescence decays of CdSe QDs during a dilution
experiment thanks to the proportionality between the rate coefficient and the average number of quenchers. We have
successfully used a principal component analysis that shows that up to 3 quenching sites appear upon dilution of
dispersion of our QDs dispersion. The quenching sites are created by the release of TOP molecules one hy one. The
number of quenching sites is obtained independently from a Langmuir isotherm and from the kinetics study of the
decay curves. In addition to a hinomial distribution of the quenchers, we show that the quenching dynamics scales as
v1. The nature of the surface defects and the mechanism of the reaction of the quenching sites with the exciton remain
unknown.

EXPERIMENTAL METHODS:

Synthesis and characterization of the CdSe QDs. Spherical CdSe QDs (diameter ~ 4,8 nm) were synthesized
using a 2-L reactor according to the procedure described in references L4 in brief, 8 mmol of cadmium stearate
CdSt, 184 mmol of SA, 0.85 mol (280 mL) of oleylamine (0A) and 186 mL of 1-octadecene (ODE) are introduced in the
2-L reactor which is thereafter degassed for 45 min filled with argon and heated to 250°C. Then 100 mL of a 0.4 M
TOP-Se solution are injected within 1s using a peristaltic pump with a strong vortex mixing. The mixture is maintained
at 250°C for 15 min and then the heating source (molten salt or graphite flakes hath) is removed. The obtained CdSe
QDs are purified by first adding acetone (500 mL) then methanol (200mL) and again 300 mL of acetone. The reactor is
maintained overnight at 70°C. This allows keeping the stearic acid in its liquid phase (melting temperature around
70°C) whilst the QDs precipitate at the bottom of the reactor. At the end of this step, the supernatant is removed and
the precipitated QDs are recovered and redispersed in hexane. Two further steps of purification by addition of
methanol then centrifugation and redispersion are performed hefore using the QDs. For all the experiments presented
in this work, we used colloidal dispersion of QDs in toluene (or toluene-d for the NMR analysis, see below) as the
solvent. The QDs are covered by a ligand shell composed of a mixture of trioctylphosphine (TOP), oleylamine(0A) and
stearate (SA) whose average composition was analyzed using solution nuclear magnetic resonance spectroscopy
(NMR) techniques (vide supra).

The absorption spectrum of the QDs shows an excitonic peak with its maximum at 602 nm which corresponds to a
diameter of 4.8 nm using the relation provided in ref., see Figure S1. This is in excellent agreement with the average
QD size, as derived from transmission electron microscopy (TEM, data not shown). The size polydispersity as derived
from TEM is around 13,3%. The fluorescence spectrum of the QDs peaks at ). = 620 nm with a full-width-at half
maximum (FWHM) of 36 nm. Powder X-ray diffraction of the QDs (data not shown) confirms the hexagonal wurtzite
structure of the QDs.

High resolution liquld state NMR characterization of the composition of the ligand shell covering
the Q@Ds. The composition of the ligand shell was analyzed and quantified using ‘H nuclear magnetic resonance
spectroscopy (NMR). All NMR measurements were performed with a Bruker Avance 500 spectrometer equipped with a
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5 mm BBI-xyz-gradient probe. The spectra were recorded in toluene-d at 298 K. Typical concentrations of the QD
dispersions used for the NMR analysis are ahout 10 to 100 pM as determined from the UV-vis absorption spectra-. For
the quantification of the composition of the ligand shell, CHBr was used as an internal concentration standard. We
systematically used a digital integration of the resonance lines of H-NMR relaxed spectra (recycling time of 45 s) after
baseline correction with the WIN-NMR software (Bruker Biospin, Wissembourg, France). Based on this quantification
and on the concentration of CdSe QDs from the UV-vis spectra, we can estimate the average number of ligands per QD
as well the ligand density.

In Pulsed field gradient (PFG) H-NMR mode, one can measure the diffusion coefficient D of a species by monitoring
the attenuation of related NMR peaks when applying variable magnetic field gradients --. The diffusion filtered spectra
were recorded with the standard bipolar LED pulse sequence, 5=2ms and A=150 ms. The amplitude of the trapezoidal
gradient pulses was varied from 5 to 90% of the maximum amplitude of 50.5 G.cm-. The attenuation of the peaks
follows the Stejskal-Tanner equation:

1
—= exp(— (yHg(S)Z D (A -0/3 —1/2))
ly (14)
where D is the self-diffusion coefficient of the species considered, y is the proton gyromagnetic ratio, g and 6 are
the gradient pulse strength and duration, respectively, A the diffusion delay and finally t is the time interval between
the bipolar gradient pulses . To calculate the hydrodynamic diameter d from the diffusion coefficient D, we used the
Stokes-Einstein formula

k,T
" 3D
0 (15)
where k is the Boltzmann constant and taking » = 0.55 x 10- kg s.m- for the value of the dynamic viscosity of
toluene at 298 K.

Instrument. The single photon counting set up has been described elsewhere.- It uses a Tsunami titanium- doped
sapphire laser from Spectra Physics and a multichannel plate photo- multiplier (R3809U Hamamatsu Massy, France).

Characterization. U\V-vis absorption spectra were acquired on a Carry 5000 spectrophotometer. The
photoluminescence spectra were obtained using a Fluorolog Ill spectrometer. Transmission electron microscopy
imaging of the NCs was performed using a Jeol 4000 EX microscope at 400 keV operated in bright field mode.

SUPPORTING INFORMATION:

The UV-Vis absorption and photoluminescence spectra of the CdSe QDs can be found in the supplementary materials. Also
included are a hinomial analysis of the non quenched population and a discussion about the difference hetween mobhile
quenchers and mobile fluorescent sites in the case of Perrin quenching. This material is available free of charge via the
Internet at hitp://pubs.acs.org.
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