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Abstract

Forster resonant energy transfer (FRET) can be an efficient energy transfer mechanism
between densely-packed fluorescent emitters. It plays a key role in photosynthesis but may also be
detrimental. In opto-electronic devices for instance, FRET funnels energy to quenching sites and
favours losses. Here, we image individual self-assembled chains of stacked CdSe nanoplatelets and
demonstrate fluorescence intermittency (blinking) of chain portions corresponding to a few tens of
platelets. This collective blinking is attributed to the fluctuations of a quencher site, to which excitons
are transferred by FRET migration from the surrounding platelets. We develop an analytical random
walk model of the chain and show that an ensemble of platelets can be quenched collectively by a
single site provided that its quenching (non-radiative recombination) rate is faster than the geometric
mean of the radiative recombination rate and the transfer rate, which for self-assembled platelets
would be of the order of (100 ps)™.

Keywords : semiconductor nanoplatelets ; Forster transfer ; fluorescence blinking

Since its first implementations,? single-molecule spectroscopy has revealed many
photophysical properties inaccessible to ensemble measurements. A prominent example is
fluorescence on/off intermittency (blinking), which was evidenced on a wide range of emitters such as
terrylene molecules,® colloidal semiconductor nanocrystals® or fluorescent proteins.® These studies use
very dilute depositions of fluorophores (less than 1/um?) so that the luminescence of single emitters
can be isolated. However, most applications of these fluorophores involve densely-packed samples
where close-range interactions can modify luminescence significantly. For instance, a large collection
of blinking emitters should not blink because their blinking events are averaged out. Yet, various types
of fluorophore assemblies, when considered individually, have demonstrated on/off blinking, showing
that all fluorophores within the assembly fluctuate collectively. Such collective blinking was reported
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for some multichromophoric dendrimers® and conjugate polymers,”° aggregates of polymer chains,**

J-aggregates,>3 dye-loaded nanospheres!* and clusters of semiconductor nanocrystals.?>®

Occurrences of collective blinking have been explained by various mechanisms involving (i) a
qguencher site whose non-radiative decay mechanism switches on and off randomly, and (ii) Forster
resonant energy transfer (FRET), a non-radiative dipole-dipole interaction ranging over a few
nanometres, by which an exciton in a given fluorophore recombines and yields its energy to a
neighbour fluorophore.'” The quencher whose on/off fluctuations are responsible for blinking may act
on a collection of emitters through direct (one-jump) FRET® or most often by exciton diffusion until it
reaches the quencher.”'*18 For clusters of nanocrystals, due to their inhomogeneous distribution of



energies, observations show that the exciton can be funnelled to the lowest-energy nanocrystal, and
blinking is controlled by the fluctuations of this acceptor.?>® These mechanisms must be understood
in order to mitigate the effect of quencher states on the luminescence of a dense sample. Moreover,
collective blinking provides crucial insights into exciton transfer processes, by which energy is funnelled
in photosynthesis systems?® and which have been proposed for opto-electronic applications.?

Whereas collective blinking has been observed for collections of up to hundreds of dye
molecules,*?* for semiconductor nanocrystals it was limited to trimers® and small clusters,® (and
modifications of on-time statistics were also observed for clusters of tens of nanorods®¥) because their
interparticle distances are larger so that FRET is less efficient. Semiconductor nanoplatelets?® (NPL)
present exceptional photophysical properties with various potential opto-electronic applications.?%*
They also display very fast FRET transfer?>>?’ due to their low Stokes shift, negligible inhomogeneous
linewidth?® and large oscillator strength.?! Moreover, when stacked co-facially, their in-plane dipoles®®
have deterministic parallel orientation.3® Demir et al. proposed that FRET exciton diffusion is
responsible for the lower quantum vyield of stacked NPLs by transferring excitons to quencher

platelets.?

Self-assembled chains of stacked nanoplatelets313>5> constitute excellent model systems to
study charge transfer and interactions between nano-emitters. The NPLs can be arranged in linear
order over up to a few microns, with a uniform centre-to-centre distance around 5 nm. While reported
exciton diffusion lengths were limited to 5-30 nm in films3® or ordered lattices®”® of spherical
nanocrystals, we have shown that excitons diffuse along a NPL chain over an exceptional length of 500
nm before recombining.?®

In this paper, we demonstrate collective blinking of large 400-nm portions of self-assembled
chains corresponding to a few tens (35-70) of nanoplatelets. We attribute this observation to FRET
migration of excitons to fluctuating quencher platelets. We develop an analytical model of random
walk diffusion in presence of a defect site and discuss the quenching range and rate.

Results and discussion

We synthesized nanoplatelets with a 1.5-nm thickness (6 Cd layers + 5 Se layers), with
(7 £2) x (20 + 4) nm? lateral dimensions (TEM image in figure 1(a)) (see Methods). The emission
spectrum of the platelets is centered at 549 nm (figure 1(b)). No inhomogeneous broadening is
observed when comparing the emission spectra of single NPL and NPL chains, because of the
monodisperse NPL thickness controlled with atomic layer precision. The assembly took place through
slow evaporation of a nanoplatelet dispersion in the presence of oleic acid. 1D chains of platelets were
obtained as shown on the TEM image of figure 1(c). The center-to-center distance between neighbor
platelets is homogeneous and estimated as 5.7 nm from TEM images. The lengths of the chains
obtained range from a few hundreds of nm to a few pum for the longest observed.*

We show on figure 1(d) the fluorescence image of a 2 um single chain obtained with our micro-
photoluminescence setup, under wide-field excitation at 450 nm at sufficiently low power density that
no more than one exciton per chain was created (see Supporting Information — S.I. — section E). In
order to study the fluctuations of the intensity along the axis of the chain, we deconvolved the images



by the point spread function (PSF) of the imaging setup (see S.I. section A ; PSF radius 190 nm). The
deconvolved version of the image on figure 1(d) is shown in figure 1(e): the width of the chain has
decreased and some bright or dark portions appear more clearly.
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Figure 1. (a) TEM image of single CdSe nanoplatelets. (b) Absorption spectrum (green dotted line) of a NPL
solution. Photoluminescence spectra of a single NPL (yellow dashed line) and a NPL chain (blue full line) under
470 nm excitation. (c) TEM image of NPL chains. (d) Fluorescence image of a NPL chain under wide-field excitation
at 450 nm. (e) Same image with the imaging system PSF deconvolved. Same colorbar for both figures (d) and (e).

Figure 2(a) shows the deconvolved fluorescence images of the same chain at different times (similar
figures for other chains are plotted in the S.I. file and the original video files are available online as
supporting material). The intensity is not homogeneous along the chain. Some portions display
fluorescence intensity fluctuations. We plot in figure 2(b) the time-position fluorescence diagram of
the chain, giving its fluorescence profile as a function of time. We can identify on states of emission
(red rectangles) and off (fully dark) states of emission (black rectangle). We plot on figure 2(c) the
intensity of three points of the chain as a function of time. The intensity-time curves of remotes points
present no clear correlation with each other, showing that each portion blinks independently from the
others.

This is confirmed by plotting (fig. 3(a)) the two-dimensional autocorrelation function C(x, T) of this
time-position diagram, revealing correlations in both time and space coordinates. When plotting
C(x, ) as a function of x (fig. 3(b)), for T = 0 correlations appear over a distance of the order of 200
1100 nm (distance for 1/e decay of 1 — C). These correlations are maintained for delays of 0.2 or 0.5
s, but are mostly lost for 7 = 10 s as most blinking events are shorter. Equivalently, when plotting



C(x,7) as a function of 7 (fig. 3(c)), for x = 0 (time correlations of a given point) strong correlations
are observed at short delays, indicating the presence of blinking over 0.1-to-1 s time scales. These
correlations are maintained for x up to 200 nm. On the other hand, for points separated by x = 400
nm or more (fig. 3(c)), signs of blinking vanish. This confirms that different portions of the chain present
uncorrelated blinking. Eventually, the autocorrelation plots show that a given spot on the chain will
blink in synchronized manner with neighbor points + 200 nm from it : this corresponds to portions of
the chain of length 400 + 200 nm (70 NPLs) blinking together.
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Figure 2. (a) Deconvolved fluorescence images of a nanoplatelets chain (same as in figure 1(d)) under wide-field
excitation at 450 nm taken at different times. (b) Time-position diagram showing the intensity along the chain
(vertical) versus time (horizontal), showing collective blinking with bright spots (red rectangles) and dark spots
(black rectangles). (c) Intensity of three points of the chain (black dashed line on figure 2(b)) versus time. Same
colorbar for figure 2(a,b). Examples of such treatment for other chains are provided in section B of the S.1.

A fluorescence spot on the camera corresponds to many platelets, and the blinking of each single
platelet cannot be resolved individually as the NPL-to-NPL distance (5.7 nm) is much lower than the
PSF (190 nm) — even when deconvolving the PSF. However, precisely because the luminescence from
a spot on the chain is the sum of many platelets, if these platelets blinked randomly out-of-phase from
each other, their blinking would be averaged out in the summation and no significant intensity
fluctuation would be observed on the chain. The fact that portions of the chain blink and can become
randomly extinct (fig. 2(b)) indicates that many NPLs within this portion fluctuate in phase, correlated
with each other.

More precisely, if the signal is a sum of N emissions, uncorrelated but of same statistical properties
(same average intensity and intensity correlations for each single emitter), the correlations scale as
1/N:



Co(n)—1

Cty—1= N

where Cy(7) is the correlation function of a single emitter (demonstration in S.I. section F). We
measure here, on average, the autocorrelation C(x = 0,7 =0) =1.09 for the chains and
Co(t = 0) = 1.35 for isolated platelets on a glass slide (see fig. S8). If all nanoplatelets within a chain
portion of the size of the PSF (N ~35) blinked independently, there would be almost no blinking in the
total intensity and this would be reflected in the intensity correlation: C(0) —1 = (C,(0) —1)/N =
0.01, while the measured correlations are almost one order of magnitude larger: €(0) — 1 = 0.09.
This confirms that a large number of platelets blink collectively. However, the chain correlations (1.09)
are still not as large as the single-NPL correlations (1.35). This is probably due to the averaging over
the whole chain, which contains both blinking and non-blinking portions, and possibly also because
the blinking statistics are different for isolated NPLs and platelets in a chain. Yet we cannot exclude
that only a portion of the chains in a given spot blink collectively. In the latter case, a detailed analysis
of the correlations (see S.I. section F) shows that around half of the emitters would blink in phase.

Eventually, with intensity correlations spanning around 400-nm portions (70-NPL) of the chains and
correlation amplitudes revealing that at least half of the emitters fluctuate in phase, we conclude that
a few tens of NPLs (35 to 70) blink collectively. This should not happen if the blinking of each platelet
was controlled by a specific quencher defect fluctuating randomly, independently from the others,
because each quencher defect has its own random fluctuations. Therefore, we conclude that the
blinking of many platelets in a given portion is controlled collectively by the same single quencher.

In order to understand this mechanism, let us first discuss the blinking of isolated NPLs. Figure 4(a)
shows the fluorescence intensity of a single nanoplatelet (identified as single by its antibunched
behavior) as a function of time. It shows clear switches between on (bright) and off (dark) periods.
Blinking studies often distinguish “type A” and “type B” behaviors:*! in the former, periods of lower
light emission are associated with faster exciton recombination, indicating the appearance of an
additional non-radiative decay channel. In the latter, the decay curve remains unchanged, showing
that the quenching mechanism involves bypassing the emitter state (figure 4(b)). A widespread “type
A” blinking mechanism for semiconductor nanoparticles is ionization/neutralization of the particle:
during charged periods, an additional non-radiative decay channel for the exciton is introduced by its
Coulombic interaction with the extra charge (Auger effect).
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Figure 3. (a) 2-dimensional autocorrelation function C(x, 7) of the time-position diagram of fig. 2(b). (b) Spatial
dependence of the correlations at various delays 7. (c) Time dependence of the correlations for various distances
X.

Figure 4(c) plots the decay curve of brighter and dimmer periods of the NPL in figure 4(a). Both
curves present a main short component and a minor long component. The short component is 7.1 ns
for the brighter states and 1.8 ns for the dimmer states, showing that the dimmer states are associated
with much faster decay. The slow component, on the other hand, is longer for the dimmer states (128
ns) than for the brighter states (58 ns). More decay curves are presented in S.I. section C. Figure 4(d)
shows, for the same recording, the fluorescence-lifetime-intensity-distribution (FLID) giving the
correspondence between the fluorescence intensity and the decay time at each moment of the
blinking curve. Both curves show that the luminescence decay is faster when the emitter is less bright,
corresponding to a type A blinking for our nanoplatelets.

More information can be obtained from the literature on similar platelets. At 4 K, spectral
fluctuations have been attributed to a switching between exciton and trion luminescence,
corresponding to either neutral or negatively charged NPL states.*”** At room temperature, NPL
blinking can be understood as a dimming of the negatively charged NPL luminescence due to non-
radiative Auger recombination of the trion. However, Weiss et al. have distinguished blinking slower
than 1 s., attributed to trion states and correlated with spectral shifts, and sub-second blinking
demonstrating type-B behavior.*® In one instance, different emissive states were also evidenced,
associated with either exciton or trap states.** The more general literature on semiconductor
nanoparticle blinking has shown that it depends on many parameters like nanoparticle ligand coating
or protective shell (here blinking is probably favored by the absence of protective shell on the NPLs)



and that higher excitation photon energy and power density can enhance blinking by reducing the

average duration of the on periods.
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Figure 4. Blinking of a single nanoplatelet. (a) Intensity time trace (time bin = 0.5 s). (b) Schematic of type-A and
type-B blinking behaviors. (c) Decay curves (semilog scale) of on states (red) and off states (black) of emission
from the fluorescence data of figure 3(a) (red and black rectangles). (d) Fluorescence lifetime-intensity



distribution extracted from the fluorescence data of figure 3(a). Examples of such treatment for other single
platelets are provided in section S.I.-C.

Based on this analysis of single-NPL blinking, we propose the following mechanism for collective
blinking. A given nanoplatelet blinks back and forth from off to on states because of the appearance
and disappearance of a new non-radiative decay channel (Auger or other) which bypasses radiative
emission (type-A blinking). When this platelet is off, excitons from nearby platelets can be transferred
to this platelet and decay non-radiatively by the same mechanism. If transfer to the off-platelet and
non-radiative decay is faster than photon emission, the off-platelet will act as a quencher for its whole
neighbors group.

More precisely, efficient transfer from a platelet to the neighbor platelet can occur by FRET, as is
well known for stacked platelets.?%25>27:3% Collective blinking from a 400-nm chain portions is achieved
if excitons can transfer to a single quencher from all of these platelets. The range of FRET transfer
(Forster radius) is theoretically of the order of 17 nm for NPLs:* this is especially large but much
shorter than 400 nm. Therefore, we exclude that all NPLs transfer their excitons directly to the
guencher. Eventually, we propose that excitons transfer to the quencher by FRET diffusion: neighbor-
to-neighbor FRET hopping. Such FRET diffusion to a quencher, shown in figure 5(a), has already been
described in order to explain the low quantum yield of stacked NPLs.?® This mechanism, combined with
on/off fluctuations of the quenching channel, explains the observed collective blinking. Note that the
blinking - fluctuations of the quencher efficiency — occurs on time scales (seconds) much longer than
the quenching of a single excitation (ps, ns). The efficiency of this FRET-mediated quenching
mechanism will result from a competition between non-radiative decay at the quencher site and
radiative decay in all platelets, and also, at the quenching site, a competition between escape from the
site by FRET and non-radiative decay.

In order to find the figure of merit which determines this competition, we consider an ordered
infinite one-dimensional (1D) array of identical nanoplatelets, with a homogeneous centre-to-centre
distance between neighbour platelets, so that all platelets present the same rates of radiative
recombination y, and of FRET transfer to a neighbour platelet y;, (fig. 5(a)). Because FRET scales as
the 6 power of distance, we limit our model to nearest-neighbour jumps: second-neighbour jumps
might occur but with negligible influence. The radiative decay rate is obtained from on-state decay
curves and is of the order of (0.1 ns)™.3%4” We estimated the transfer rate as y;-~ (1 ps)™.3® Each NPL
being labelled by its index s (integer number from —oo to +0), a quencher NPL is introduced at site
s = sq4, with an additional non-radiative rate y,. We measure experimentally the distribution of
luminescence intensity over the NPL chain which is given by the probability that an exciton recombines
at NPL s and emits a photon. We model this system as a 1D-random walk of the exciton with jumps
separated by 1/y,,.*® The full analytical treatment for this problem is developed in section D of the S.I.
When all excitons are created at the same nanoplatelet s = s, (localized excitation), the luminescence
distribution can be written

]So(s) x e~ Is=sol/sF _ Qe—|Sq—SO|/sFe—|s_sq|/sF (1)

with the two figures of merit Q and sy defined in the S.I. The factor Q depends on ¥, ¥, and y, and
therefore reflects the influence of quenching (with @ — 0 fory, » 0 and @ — 1 when y, — ), while

Sr depends only on ¥, and y, and characterizes the FRET efficiency.



We plot in figure 5(b) this function I (s) giving the intensity along the chain under localized
excitation at position s, = —100 with a single quencher localized at s, = 0 for different values of Q.
For y; = 102 stand y, = 1085, sp = 100. For Q = 0 (absence of quenching), the curve simply
reflects the exciton diffusion, starting from the excitation position s, with a diffusion range sg. When
Q increases, a luminescence drop appears at the quencher position s = s,. When Q tends to 1, the
quenching is so strong that the exciton can never go beyond the quenching site:
I(s = sq) =0.
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Figure 5. (a) Model for collective blinking : each NPL is a two-level system labeled by its integer position s with
decay rate y, and transfer rate to its neighbors y;,.. The quencher NPL is described as an additional decay rate y,
for one NPL numbered s,. (b) Intensity distribution along a NPL chain under localized excitation calculated with
the random walk model for different values of the quenching factor Q with s = 100. A single exciton is generated
at position s, = —100 in the presence of a single quencher at s, = 0. (c) Intensity distribution along a NPL chain
under uniform excitation calculated with the random walk model for different values of the quenching factor. A
single quencher is considered at position s, = 0. (d) Evolution of the quenching factor @ with the two ratios
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In order to match the experimental conditions, which are chains under a uniform wide-field excitation,
we summed the distribution I (s) over all possible values of sy, which leads to (see S.1.)

I(s) x 1 —Qe~Is=%al/se ()

Figure 5(c) shows this emission profile I(s) for different values of Q for the same values of y;,- and
¥o- The emission intensity is uniform (I(s) = 1) in the absence of quenching. As soon as Q # 0, the
intensity drops at the centre of the chain, with no intensity at s = s, for @ = 1. We can conclude that
the observation of collective quenching (dip in the luminescence profile) is well described by our



model. The quenching efficiency (depth of the luminescence dip) corresponds to factor Q, while
coefficient sr describes the quenching range.

We show on figure 5(d) the dependence of Q on the two ratios yq/yo and yq/ytr. Domains of weak
(Q « 1)andefficient (Q ~ 1) collective quenching can be distinguished. Collective quenching requires
FRET transfer to be much faster than recombination (y;,- > ¥,), so that the excitons diffuse before
recombining. In this case, we can approximate our two parameters as

_ /m — 1
F= % and Q= 14+20Y07er e
Y

q

An experimental value of the blinking portion size of 2sz = 70 NPLs (400 nm) was extracted from figure
3, with a significant uncertainty given the pixel size and noise ratio. This value of 200 nm is shorter than
the FRET diffusion length of 500 nm which we reported previously,® either because of these
uncertainties, or as a result of a slightly different sample preparation, or because of the limitations of
the theoretical model. For instance, structural disorder within the chain (fig. 1(c)) might prevent
exciton transfer at some locations and reduce the overall average diffusion length.

From eq. (3) the condition for efficient quenching (Q — 1) writes simply

Yqg > \YoVer (4)

Let us provide a physical intuition for this condition: because the exciton diffuses on average over
sg platelets, it will be at the quencher NPL at a given time with a probability of the order of 1/sp
(provided that it was created at a distance smaller than s from the quencher). Therefore, one can
consider yq/sp as the time-averaged quenching rate: it must be faster than y, in order to obtain

collective quenching, which leads to equation 4.

With the measured single-NPL exciton decay time of 1/y, ~ 10 ns and our previous estimate*® of
1/v¢r in the order of 1 ps, condition (4) means that the quenching time scale must be faster than 100
ps. Alternatively, we may use the experimental value sp ~ 35 and write the quenching condition
Yq/Sk > Yo :thenthe quenching must be faster than 300 ps. If the blinking is attributed to a charged
NPL and Auger recombination, the quenching rate corresponds to the trion Auger rate which is known
to be slower than 1 ns at 5 K,** but should be faster at room temperature. More experimental
information is available about the biexciton Auger rate (which may be of the order of twice the trion
Auger rate®?). By transient absorption or time-resolved photoluminescence measurements, values of
the biexciton Auger rate ranging from 70 to 600 ps have been reported for 4-monolayer NPLs at room
temperature, 224! depending mostly on the NPL lateral area. However, Auger times of 2-3 ns have
also been deduced from time-gated antibunching data,>?> while on the other hand Auger-mediated hole
trapping mechanisms can also occur on sub-picosecond timescales.>® A quenching rate 1/v4~ 35 ps
has been used to model stacked NPLs.?

Eventually, it seems plausible that condition (4) can be fulfilled for some NPLs, with a non-radiative
rate y, related to Auger effect or to another mechanism. Although most single NPLs exhibited some
level of blinking, we note that a relatively small portion of NPLs behave as quenchers in the chains:
around 5-10 blinking domains appear in a chain of 350 NPLs, corresponding to 1-3 % of quenchers. This
might be a sign that the quenching condition (4) is not easily fulfilled, because Auger effect is not very



fast in platelets, so that not all defective platelets can act as collective quenchers. This might also be
due to a better ligand coverage and surface passivation within the chain than on single platelets.
Indeed, the number of blinking sites in a chain depends on the assembly protocol and sample
deposition. For the samples presented in figure 2 and S.I.-C, all chains showed some level of blinking.
On the other hand, other samples showed no blinking for 90 % of the NPL chains, probably due to
better NPL surface passivation or because the stacking structure was better preserved during spin
coating. When the same chain solution was sonicated for 20 minutes before deposition, the
percentage of non-blinking chains was reduced to 10 % depending on the sample, reflecting some
degradation of the NPL ligand coverage. This might also explain why we find around 1-3 % of platelets
behaving as quenchers in our chains while Guzelturk et al. found 20 % of quenchers for their more
disordered stacks of platelets.?

To conclude, we have used linear self-assembled NPL chains to analyze the effect of FRET on the
luminescence properties of an ensemble of nano-emitters. We evidenced events of collective
luminescence intermittency over some portions of chains involving an exceptional collection of tens of
NPLs. We attribute this observation to the presence of intermittent quencher NPLs presenting an
additional non-radiative exciton decay mechanism, such as Auger trion recombination. An excitonin a
given NPL may reach the quencher NPL by FRET hopping between neighbor platelets if the FRET and
quenching rates are sufficiently large. We developed an analytical random walk model to describe this
effect and showed that the collective quenching should involve around s ~ m platelets and be
efficient under the condition y; > /¥t~ 1/(100 ps). Collective blinking of single NPL chains thus
provides new direct insight into the physics of FRET-mediated quenching within dense ensemble of
nano-emitters. In order to reduce FRET-mediated quenching, the different strategies include reducing
the number of defective NPLs (low y,), accelerating radiative decay (high y,) so that the exciton
recombines before reaching the quencher, and, somehow less intuitively, accelerating FRET transfer
(high y¢;-) in order to compete with non-radiative decay.

Methods
e Reagents

Sodium oleate (82%), ethanol, methanol (99%), selenium powder (99.5%), cadmium acetate dihydrate
(98%) and oleic acid (90%) were purchased from Sigma-Aldrich. 1-octadecene (ODE, 90%) and hexane
(90%), were supplied by Fisher-Acros Organics. Ethyl acetate (99%) and cadmium nitrate tetrahydrate
(98.5%) were supplied by Fisher-Alfa Aesar. Polyisobytylene succinimide (PIBSI, mean Mw= 1000
g/mol) was a gift from TotalEnergies Additives & Fuels Solutions and was received as a 50% wt
dispersion in C10 aromatic solvent. All chemicals were used without further purifications.

e Cadmium oleate synthesis

In a 1L three neck round bottom flask, 12.1776 g of sodium oleate are dissolved in 200 mL ethanol at
96° at 70°C in the presence of 5 mL of water. In parallel, 6.1996 g of cadmium nitrate tetrahydrate are
dissolved in 50 mL ethanol at 96° in a conical flask. The cadmium nitrate tetrahydrate solution is then
added drop by drop during 30 min. The mixture is left to react during 2 h. Purification of the obtained



precipitate is carried out by centrifuging 5 min at 6000 rpm four times in 30 mL of warm ethanol and
once in 30 mL of methanol. Finally, the solid is filtered and freeze-dried overnight.

e NPL synthesis

808 mg of cadmium oleate, 27 mg of selenium powder and 25 mL ODE are inserted in a 50 mL three-
neck round bottom flask. This mixture is degassed under vacuum for 1 h. The temperature is then
raised to 240°C under argon flow. At 205°C, when the color is yellow-orange, 280 mg of cadmium
acetate dihydrate are swiftly injected. The mixture’s color shifted from yellow-orange to deep red.
Annealing at 240°C is carried out during 10 min before injecting 1 mL of oleic acid and cooling down
the flask to room temperature using a water bath.

NPLs are separated from the remaining reactants and quantum dots by centrifuging the crude product
during 10 min at 6000 rpm. Further purification by selective precipitation and centrifugation at 6000
rom (10 min) are carried out in presence of 10 mL ethyl acetate to remove the remaining quantum
dots. After each centrifugation, NPLs are re-dispersed in first 5 mL then 2.5mL hexane.

e Chain synthesis

172 ulL of the previously prepared NPL solution are mixed with hexane and a volume of oleic acid
between 13 and 38 pL (corresponding to concentrations in the final dispersion of 11 to 30 mM). Hexane
and NPL solution quantities are adjusted so that the total volume of the solution is to 4 mL with an
absorbance of 3.6 at 550 nm. The solvent is then left to evaporate over three days and the chains are
then dispersed in hexane for further use.

e TEM imaging

TEM images were taken with a JEOL JEM-1400 equipped with a 100-kV field emission gun at CIQLE,
Lyon. 100 pL of 0.38% w/w PIBSI solution is added to the diluted chain solution before drop casting (1
drop) on a copper/carbon 300 mesh TEM grids. PIBSI acts as a dispersant that prevents chain
aggregation and allows a better observation.

e Fluorescence microscopy

We performed optical measurements using a home-built inverted fluorescence microscope. To image
the NPL chains, we used a mercury lamp for wide-field excitation (filtered by a 480-nm longpass filter
which selected the 436-nm mercury line) and a CCD camera (Qlmaging Retiga EXi, pixel size 6.45um
corresponding to 66 nm on the image) for detection. We used an immersion objective (Olympus
apochromat 100x, 1.4 N.A.) to both excite the emitters and collect their emission. The excitation power

density was estimated to 5 pW/um? (see S.I. section E). The scattered excitation light was filtered by

a set of filters, and only the 549 nm fluorescence can reach the detectors. We acquired fluorescence
movies of chains of nanoplatelets at around 10 frames per second. The decay curves (fig. 4) were
obtained with avalanche photodiodes of resolution 200 ps. The short component decay time was
estimated as the time for 1/e decay. The long component decay time was found by fitting the t > 100
ns portion of the curve by an exponential.

From the time-position diagram I (X, t) (fig. 2(b)), the autocorrelation function was calculated as



c _ A{IX DX +x,t+ 1))
(x7) = AX,ONIX + x,t + 1))

The samples were carefully prepared in order to maintain the integrity of the chains once deposited.
The glass slide was first rinsed with hexane. Then, the solution of chains was spin-coated along with
pure hexane in order to dilute smoothly the solution at 4000 rpm for 40 s. The samples then presented
droplets on the glass surface where preserved chains were imprisoned. The glass slide was put in
vacuum in order to evaporate the droplets.

Associated contents

Supporting Information. (A) Image processing (B) Collective blinking of other chains (C) Blinking
behavior of single nanoplatelets (D) Random walk model (E) Excitation regime (F) Chain and single-
emitter correlation functions.

Chains blinking videos. AVI files organized by the number of the figure where the images are
referenced in the main text and the supporting information.
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