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ABSTRACT: Luminescence quenching by hole transport layers
(HTLs) is one of the major issues in developing efficient perovskite
light-emitting diodes (PeLEDs), which is particularly prominent in
blue-emitting devices. While a variety of material systems have been
used as interfacial layers, the origin of such quenching and the type
of interactions between perovskites and HTLs are still ambiguous.
Here, we present a systematic investigation of the luminescence
quenching of CsPbBr3 by a commonly employed hole transport
polymer, poly[(9,9-dioctylfluorenyl-2,7diyl)-co-(4,4′-(N-(4-sec-bu-
tylphenyl) diphenylamine)] (TFB), in LEDs. Strong and weak
quantum-confined CsPbBr3 (nanoplatelets (NPLs)/nanocrystals
(NCs)) are rationally selected to study the quenching mechanism
by considering the differences in their morphology, energy level
alignments, and quantum confinement. The steady-state and time-resolved Stern−Volmer plots unravel the dominance of dynamic
and static quenching at lower and higher concentrations of TFB, respectively, with a maximum quenching efficiency of 98%. The
quenching rate in NCs is faster than that in NPLs owing to their longer PL lifetimes and weak quantum confinement. The ultrafast
transient absorption results support these dynamics and rule out the involvement of Forster or Dexter energy transfer. Finally, the
1D 1H and 2D nuclear overhauser effect spectroscopy nuclear magnetic resonance (NOESY NMR) study confirms the exchange of
native ligands at the NCs surface with TFB, leading to dark CsPbBr3-TFB ensemble formation accountable for luminescence
quenching. This highlights the critical role of the triarylamine functional group on TFB (also the backbone of many HTLs) in the
quenching process. These results shed light on the underlying reasons for the luminescence quenching in PeLEDs and will help to
rationally choose the interfacial layers for developing efficient LEDs.
KEYWORDS: PL quenching, LEDs, CsPbBr3, nanoplatelets, perovskite, TFB, ligand exchange, interfacial interactions

■ INTRODUCTION
Colloidal lead halide perovskites (APbX3, where A = cesium,
methylammonium, and formamidinium; X = Cl, Br, and I) are
explored as red and green downconverters in liquid crystal
displays (LCDs)1−3 and as emitters in electrically driven
perovskite light-emitting diodes (PeLEDs).4−9 The rapid
progression after the realization of the first room-temperature
PeLED10 in 2014 paved the path for a new generation of low-
cost and high-performance LEDs.9,11−16 Especially colloidal
cesium lead bromide (CsPbBr3) nanocrystals (NCs), owing to
unique and exceptional optoelectronic properties like high
photoluminescence quantum yield (PLQY), narrow emission
line widths (less than 20 nm), high carrier mobility, and long
exciton diffusion lengths (>200 nm), are favorites for light-
emitting applications.17−19 With a particle size slightly larger
(10−20 nm) than the exciton Bohr radius (∼7 nm), these NCs
exhibit weak quantum confinement. However, the defect-
tolerant nature of CsPbBr3 NCs facilitates efficient radiative
recombination and results in efficient and bright green (∼515

nm) emission.20 Owing to such unique features, these NCs are
well-explored for bright green LEDs with external quantum
efficiencies of over 20%.12 Recent advancements in their
controlled synthesis allow one to tailor the band gap and the
emission wavelength without halide mixing or compositional
tunning.21−23 Such controlled one-dimensional size reduction
forms 2D nanoplatelets (NPLs) with a thickness less than that
of the Bohr diameter (∼7 nm) and favors quantum
confinement.21,24,25 As a result, thickness-dependent bright
blue emission (450−480 nm) can easily be obtained from
CsPbBr3.
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Despite such advancements, the CsPbBr3-based devices are
still far behind commercial applications and need more
fundamental studies to tackle several key barriers. Although
increased exciton binding energy (>300 meV)26 and
recombination rate in CsPbBr3 NPLs are well suited for
high-efficiency blue LEDs, increased surface traps and film
inhomogeneity restrict their performance in the device. In
contrast, weakly confined and green-emitting CsPbBr3 with
small exciton binding energy close to the thermal energy suffer
from the dissociation of excitons to the free charge careers and
slow recombination rate under the LED operating con-
ditions.27,28 However, these are not the only reasons limiting
their advancement. To achieve high-efficiency and possible
commercialization, other key aspects include, but are not
limited to, interfacial interactions, efficiency roll-off, balanced
and efficient charge injection, and high light outcoupling
efficiency.29,30 Therefore, device engineering plays an im-
portant role in defining the performance of the PeLEDs.
Generally, in LEDs, the choice of transport layers and the

type of device architecture play a critical role in achieving
efficient charge carrier balance, energy level alignment, light
outcoupling, and hence high efficiency.31 Regardless of the
device structure, the inherent nature of the emissive layer in a
device can limit the efficiency of LEDs. For example, in blue
perovskites, despite their high PL quantum yields in solution,
the efficiency is severely hindered when employed in a device.
This is primarily due to (i) the challenges with carrier injection
and carrier balance on the emissive layer owing to the wide
band gap nature, (ii) physical and/or chemical interactions
with underlining layers, and (iii) ion migration. In blue-
emitting CsPbBr3 NPLs, although the ion migration is not a
major issue, unlike Cl/Br perovskites, challenges (i) and (ii)
still significantly impact the device performance. For instance,
the physical interactions between CsPbBr3 and the transport
layers may alter the crystal growth and uniform coverage. In
contrast, the chemical interaction can affect the energy level
alignment and charge carrier mobilities and create new defect
states at the interfaces.32 While the crystallinity and uniform
coverage can be achieved through thin-film processing and
fabrication methods, the chemical interactions are hard to
understand due to the complexity of their chemical
composition. Typical CsPbBr3 NPLs consist of long-chain
surface passivating ligands such as oleic acid and oleyl amines,
A- and B-site ions, and halide ions. Any of these can form
bonds with the transport layers and create nonradiative
channels at the interface.31,33,34 Often, in PeLEDs, poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS),
poly[(9,9-dioctylfluorenyl-2,7diyl)-co-(4,4′-(N-(4-sec-butyl-
phenyl) diphenylamine)] (TFB), poly(N-vinylcarbazole)
(PVK), poly(N,N′-bis-4-butylphenyl-N,N′-bisphenyl)-
benzidine (PolyTPD), 1,1-Bis[(di-4-tolylamino)phenyl]-
cyclohexane (TAPC), and poly(bis(4-phenyl)(2,4,6-
trimethylphenyl)amine) (PTAA) are employed as hole
transport layers (HTLs).6,9,35−38 Notably, many of these
HTLs, such as TFB, PolyTPD, PTAA, and TAPC, possess
triarylamine functionality and are known for interfacial
luminescence quenching.6,34,39−41

Therefore, the interfaces play a crucial role in PL and EL
quenching,34,42,43 and understanding these interfacial inter-
actions to overcome the luminescence quenching is challeng-
ing but crucial to achieving high-efficiency PeLEDs.40,44 While
several strategies exist to overcome such quenching, introduc-
ing a molecular interlayer at the perovskite/HTL interface is a

simple yet effective way to mitigate the quenching. Wang et al.
used a molecular modifier, 1,3,5-tris (bromomethyl) benzene
(TBB), between polyTPD and the emitting layer to improve
charge injection, charge balance, and efficiency, despite the
reduction in the PL.41 Nafion perfluorinated ionomer (PFI) is
widely known to reduce exciton quenching by preventing the
charge transport from the emitting layer to TFB.7 Recently, a
thin layer of phenethylammonium bromide has been explored
as an interlayer over PTAA that helps to balance the charge
carrier transport.9 Similarly, amphiphilic poly[(9,9-bis(3′-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dio-
ctylfluorene)] (PFN) was also utilized as an interfacial layer to
improve quality of the film and device performance.45 Apart
from this, a few studies demonstrated the treatment/doping of
HTLs to overcome the luminescence quenching.42,46 While
numerous interfacial layers are available, their applicability
cannot be extended across a broad spectrum of HTL
variations. The effective prevention of quenching by certain
molecules, as opposed to others, lacks a clear rationale. This
discrepancy stems from a fundamental gap in our under-
standing of the interfaces. Consequently, it becomes imperative
to illuminate the origins of interfacial quenching, unraveling
the specific interactions between HTLs and CsPbBr3. Such
insight is crucial for the judicious utilization of interfacial layers
to enhance the efficiency of LEDs.
Here, we systematically elucidate the luminescence quench-

ing of colloidal blue- and green-emitting CsPbBr3 (NPLs and
NCs) by TFB using time-resolved absorption and emission
spectroscopies and nuclear magnetic resonance (NMR)
spectroscopy. TFB is an electron-blocking, hole transport-
conjugated polymer and belongs to a family of widely used
triarylamine-based HTLs with a high hole mobility of 0.01 cm2

V−1 s−1 at room temperature. Several reports demonstrated
that TFB acts as a luminescence quencher due to interfacial
interactions.47,48 To understand luminescence quenching, we
treated colloidal CsPbBr3 NPLs and CsPbBr3 NCs with
increasing concentrations of TFB while monitoring their UV−
visible absorption, photoluminescence, and time-resolved
photoluminescence at room temperature. Owing to the wide
band gap of CsPbBr3 NPLs, their UV−visible absorption and
emission features significantly overlap with the emission of the
TFB. At the same time, the optical characteristics of the green-
emitting NCs are significantly different than that of TFB. This
allowed us to investigate the effect of quantum confinement,
PL lifetime, and energy levels of NPLs and NCs on quenching
kinetics by employing the classical Stern−Volmer model based
on the change in PL intensity and PL decay dynamics with
increasing TFB concentration. Excited-state decay dynamics
obtained from ultrafast transient absorption support the
systematic quenching with increasing TFB amount, ruling
out the Foster/Dexter energy transfer processes. Further, in-
depth 1D 1H and 2D NOESY NMR spectroscopic
investigations provide evidence for the formation of the dark
TFB-CsPbBr3 adduct through the exchange of native ligands,
mainly responsible for the static quenching process. The
unique combination of optical spectroscopy and NMR analysis
presented here enables us to elucidate the origin and
mechanism of luminescence quenching, which are crucial for
designing high-efficiency CsPbBr3-based blue and green LEDs.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00083
JACS Au 2024, 4, 1229−1242

1230

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS

Characteristics of CsPbBr3 and the Quencher (TFB)

The blue-emitting CsPbBr3 NPLs were synthesized at room
temperature by the ligand-assisted precipitation (LARP)
method49 with slight modifications, and the green-emitting
CsPbBr3 NCs were synthesized by a hot-injection protocol.20

The detailed synthesis procedure is given in the Materials and

Methods section. From now on, blue- and green-emitting
CsPbBr3 will be represented as NPLs and NCs, respectively.
One-dimensional size control yields NPLs that show strong
excitonic absorption at 445 nm and blue emission at 454 nm
with a Stokes shift of 9 nm and a full width at half-maximum
(FWHM) of 20 nm (Figure 1a, blue-dotted and smooth lines).
While NCs show an absorption peak at 502 nm and a PL peak
at 516 nm with a Stokes shift of 14 nm and an FWHM of 22

Figure 1. Characterization of CsPbBr3. (a) UV−visible absorption (dotted lines) and photoluminescence (smooth lines) spectra of CsPbBr3 NPLs
and NCs. (b) Comparison between time-resolved photoluminescence of NPLs, NCs, and TFB. (c) TEM image of CsPbBr3 NPLs. (d) HRTEM
image of CsPbBr3 NCs. (e) Chemical structure of TFB. (f) Energy level diagram of TFB, NPLs, and NCs.

Figure 2. Quenching of CsPbBr3 emission. (a, b) Photoluminescence quenching of CsPbBr3 NPLs upon increasing addition of TFB. (c, d) Time-
resolved photoluminescence spectra monitored at 454 nm for CsPbBr3 NPLs with increasing concentrations of TFB. IRF stands for the
instrumental response function. (e, f) Photoluminescence quenching of CsPbBr3 NCs upon increasing addition of TFB. (g, h) Time-resolved
photoluminescence spectra monitored at 516 nm for CsPbBr3 NCs emission with increasing concentrations of TFB. The black and red arrows
guide the eyes, highlighting an increase or decrease in the PL intensity or lifetime.
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nm. The time-resolved PL (TRPL) decay dynamics suggest
average lifetimes of 7.2 ns for NPLs and 10.4 ns for NCs
(Figure 1b).
From the TEM and HRTEM images shown in Figure 1c,1d

and Figure S1a−e, the morphologies of NPLs and NCs can be
easily differentiated. TEM images of NPLs show stacked
particles with an average length of 5 (±0.1) nm and a width of
1.8 (±0.3) nm, while the average edge length for NCs is 12
(±3) nm (Figure S1c,f). Further, these colloidal NPLs and
NCs are used for the luminescence quenching studies by
treating with the known concentration of TFB. Before diving
into the detailed quenching study, the optical properties of
TFB are studied and compared with those of NPLs and NCs.
TFB is a wide band gap organic HTL with a HOMO (highest
occupied molecular orbital)-LUMO (lowest unoccupied
molecular orbital) gap of ∼3 eV,6,50 whereas the band gap of
NPLs is ∼2.8 eV and that of NCs is ∼2.5 eV. A chemical
structure of TFB and an energy level diagram of TFB, NPLs,
and NCs are shown in Figure 1e,1f.6,9,51 The absorption and
emission spectra of the TFB, along with the optical features of
NPLs and NCs, are shown in Figure S2 for comparison. Both
absorption (excitonic peak at 445 nm) and emission (peak at
454 nm) spectra of NPLs significantly overlap with the broad
TFB emission, which is centered at 440 nm (Figure S2a). In
contrast, the TFB absorption (centered at 390 nm) shows
negligible spectral overlap with the emission from NPLs and
NCs (Figure S2a,b). Therefore, to verify the possibility of
energy exchange between TFB and NPLs/NCs, we performed
optical spectroscopy.
Photophysical Aspects of CsPbBr3 Luminescence
Quenching

To probe the interactions, we begin treating colloidal
dispersion of NPLs in toluene with TFB and monitor the
changes in their UV−visible absorption and emission. With the
increase in TFB addition, the absorbance of TFB (black
upward arrow in Figure S3a) increased systematically, as
expected. The excitonic absorption peak of the NPLs showed a
slight red shift after the excessive addition of TFB (Figure
S3b). Interestingly, the corresponding PL measurements show
an unusual trend in the emission intensity of both TFB and
NPLs, and these trends are observed to be dependent on the
concentration of the TFB in the mixture. The addition of TFB
results in two main changes to the PL spectra of both NPLs
and TFB: (i) an increase in the emission intensity of both
NPLs and TFB at very low concentrations ranging from 0.030
to 0.090 μM (shown in black-colored upward arrows in Figure
2a) and (ii) with further increase in TFB concentrations from
0.10 to 3.30 μM, a systematic decrease in the emission
intensity (indicated by red downward arrows in Figure 2a,b) of
both NPLs and TFB. In the first case, while an increase in the
concentration of TFB leads to an increase in TFB emission
intensity, the reason for the increase in NPLs emission with
TFB addition is unclear. Note that there is no change in the
absorption of NPLs. This increase in emission of NPLs could
be due to (a) energy or electron transfer from TFB to NPLs or
(b) surface passivation of NPLs by TFB. However, the
possibility of energy transfer is ruled out as one can expect a
decrease in the emission intensity of the donor and an increase
in the emission intensity of the acceptor, but in this case, the
emission intensity of both TFB and NPLs is increasing. A
systematic decrease in emission intensity of both NPLs and
TFB with increasing TFB concentration in case (ii) could be

due to degradation or nonradiative energy loss. However, the
unchanged absorbance of NPLs, even at higher concentrations
of TFB, confirms the colloidal stability of NPLs, thus ruling out
degradation. There may be a formation of a nonradiative
species from the interaction of NPLs and TFB, responsible for
the decrease in intensity in case (ii). As the TFB concentration
increases, the chances of TFB encountering the NPL increase,
potentially leading to the formation of the dark complex.
Clearly, changes observed in PL alone cannot explain the
mechanism of quenching. Therefore, we investigated this
further using time-resolved PL measurements, transient
absorption studies, and NMR analysis.
The time-resolved photoluminescence (TRPL) of all of the

reaction mixtures is recorded and coupled with PL measure-
ments. The unusual trend continued in the lower concen-
tration range (0.030−0.155 μM); with an increase in TFB, the
average lifetime values decreased systematically. NPLs without
TFB showed an average PL lifetime of 7.2 ns, which decreased
to as low as 4 ns when treated with 0.155 μM TFB (Figure
2c,d). Such faster decay, as compared to the untreated NPLs,
indicates an emergence of nonradiative decay channels with
increasing TFB concentration. Surprisingly, when the TFB
concentrations increased >0.155 μM, the decay in NPLs
became slower (∼5 ns) and remained constant despite the
continuous decrease in the emission intensity.
The best-fit parameters and average lifetime values for NPLs

are given in Table S1. These unusual trends in PL and TRPL
could be due to (1) energy or electron transfer from NPLs to
TFB (or vice versa), (2) the effect of quantum confinement,
and (3) formation of transient NPL-TFB complex from the
chemical interactions between NPLs and TFB under
excitation. To unravel this, we examine all of the potential
causes systematically.
There have been numerous reports on energy or electron

transfer from perovskites to chromophores in the litera-
ture.52−54 Generally, if such transfer occurs, the emission
intensity of one compound (donor) decreases, the other
(acceptor) increases, and corresponding changes will be
reflected in their TRPL profile. In the current case, since the
emission of TFB strongly overlaps with the excitonic
absorption peak of NPLs, there is a possibility of energy
transfer from TFB to NPLs. When such transfer occurs, a
decrease in the emission of TFB (donor) and an increase in
the emission from NPLs (acceptor) are expected. However,
from the above experiments, we observe a decrease in the
emission of both NPLs and TFB, particularly in the higher
TFB concentration range. Therefore, the possibility of energy
or electron transfer from TFB to NPL can be ruled out in this
concentration range. The transfer from NPL to TFB is also not
possible, considering the minimal overlap in the emission of
NPL and absorption of TFB. Recently, several reports
elucidated the energy transfer from perovskites to triplet states
of chromophores.52−54 To verify if such transfer is responsible
for the luminescence quenching in NPLs, we employed weakly
confined (average size = ∼12 ± 3 nm), narrow band gap,
green-emitting CsPbBr3 NCs with TFB, whose VB is expected
to be below triplet state (∼2.2 eV) of TFB.50 In addition, the
green NCs exhibit no spectral overlap with the TFB. Similar
experiments were performed by adding TFB into colloidal NCs
that showed a slight red shift in the absorption peak (∼508
nm) that is more prominent at a higher TFB concentration
(0.790 μM) (Figure S3c,d). Most importantly, the trends
observed in PL and TRPL of NCs are similar to those of NPLs
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(Figure 2e−h and Table S2), irrespective of the particle size,
dimensionality, band gap, and energy levels, indicating that the
quenching mechanism is the same for both NPLs and NCs.
However, to understand if the luminescence quenching is
caused by the particle destruction upon TFB addition, we
performed a TEM analysis of the pure and TFB-treated NPLs/
NCs. TFB-treated (0.155 and 3.30 μM) NPLs and TFB-
treated (0.155 and 0.790 μM) NCs showed similar
morphology to untreated NPLs and NCs (Figure S4). Also,
size distribution histograms for untreated and treated NPLs
and NCs suggest negligible changes. This confirms that the
luminescence quenching in NPLs and NCs is not driven by
particle destruction/decomposition.
Overall, the above photophysical aspects clarify that no

transfer of energy/electrons occurs from TFB to NPL/NCs
and vice versa, as the PL intensity of both TFB and NPLs/NCs
decreases when mixed. Owing to the wide band gap, TFB can
act as a donor while NPLs/NCs act as acceptors due to their
narrow band gap. However, the possibility of PL quenching by
energy transfer (Forster/Dexter) is neglected because of (i) no
enhancement in emission intensity of acceptor and a
systematic decrease in the PL intensity of both TFB and
NPLs/NCs, (ii) a systematic faster decay with increasing TFB
concentration, and (iii) a significant gap between absorption
peaks/onset of TFB and NPLs (0.4 eV) or NCs (0.7 eV).
Therefore, a decrease in PL intensity and unchanged PL decay
with increasing TFB concentration supports the static
nonradiative complex formation between TFB and CsPbBr3.

Elucidation of the Quenching Mechanism by the Classical
Stern−Volmer Model

Next, we turned to steady-state and time-resolved Stern−
Volmer plots to identify different types of quenching processes
involved in both NPLs and NCs.55−58 To begin with, the
Stern−Volmer eq (eq 1) is employed to seek insights into the
TFB-induced emission quenching of NPLs and NCs.

I I K Q/ 10
SV= + [ ] (1)

where I0 corresponds to integrated PL intensity in the absence
of TFB, I is the integrated PL intensity of NPLs/NCs at varied
concentrations of TFB, KSV is the Stern−Volmer constant, and
Q represents the concentration of the TFB. The plot I0/I vs
concentration of TFB (steady-state Stern−Volmer plot) in the
low TFB concentration range of 0.030−0.155 μM resulted in a
second-order polynomial (nonlinear) curve with an upward
curvature (red-colored points in Figure 3a,3b). Such quadratic
dependence of I0/I on the concentration of TFB in both cases
of NPLs and NCs suggests that there is an existence of dual
dynamic and static quenching.55−57,59

Since the PL quenching includes the contribution of both
static complex and dynamic collision, the emission ratio of I0/I
cannot differentiate between static and dynamic quenching. To
separate the contributions of dynamic and static quenching, we
used emission lifetimes and plotted the PL lifetime ratio (τ0/τ)
vs the concentration of TFB in Figure 3a,3b (black-colored
points). The emission lifetime, an inherent characteristic of the
compound, is not generally affected by the formation of a dark
static complex. Therefore, the changes observed in emission
decay are mostly due to bimolecular collisional quenching.
Corresponding collisional constant kq can be derived from the

Figure 3. The Stern−Volmer Plots. (a, b) Stern−Volmer plots for the low concentration region of TFB (c, d) Stern−Volmer plots for the high
concentration region of TFB obtained for CsPbBr3 NPLs and CsPbBr3 NCs. Black and red lines indicate a linear fit and second-order polynomial fit

for τ0/τ vs [TFB] and I0/I vs [TFB], respectively. (e, f) PL quenching efficiency calculated using the equation ( )1 I
IQ 0

= , where ϕQ is the

quenching efficiency, I0 and I are the integrated PL intensity before and after the addition of TFB for CsPbBr3 NPLs and NCs, respectively.
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τ0/τ vs the concentration of TFB plots. It is noteworthy that,
unlike the steady-state Stern−Volmer plots, the time-resolved
Stern−Volmer plots52,56 show a linear relation with the
concentration of the TFB when fitted with eq 2

K Q k Q/ 1 10
D q

0= + [ ] = + [ ] (2)

where τ0 corresponds to the PL lifetime of NPLs/NCs in the
absence of TFB while τ is the lifetime of NPLs/NCs emission
in the presence of the TFB, KD is the dynamic quenching
constant, and kq is the bimolecular quenching rate constant.
Such a linear dependence or the decreasing trend in the
lifetime values (Table S1) at low concentrations of the TFB
(0.030−0.155 μM) in both NPLs and NCs is an indication of
the presence of a dynamic quenching process in addition to
static quenching.56,59 The values of KD obtained for NPLs and
NCs as the fit parameters for τ0/τ vs [TFB] in Figure 3a,3b are
used to extract the contribution of the static quenching process
using a modified Stern−Volmer equation (eq 3).60

I I K Q K Q/ (1 )(1 )0
D S= + [ ] + [ ] (3)

Here, KS is the static quenching constant, and the values of

Stern−Volmer quenching constants, KS, KD, and kq ( )k k
q

D
0=

are given in Table 1.

A common feature of a larger dynamic quenching constant
(KD) than the static quenching constant (KS) confirms the
dominance of dynamic quenching over static in both NPLs and
NCs when treated with TFB in the concentration range of
0.030−0.155 μM. We note that the calculated kq values are in
the order of 1015 [M−1 S−1] and are much higher than the
typical diffusion-induced bimolecular quenching constant (kdiff
= 1010 [M−1 S−1]).52,60 The kq values larger than this limit
suggest the presence of surface binding interactions between
NPLs/NCs and TFB and rule out purely diffusion-mediated
PL quenching. PL quenching by charge transfer or energy
transfer is another possibility that can occur at the same time
scales, leading to dynamic quenching.59,60 Overall, in the low
concentration range of 0.030−0.155 μM, the steady-state and
time-resolved Stern−Volmer plots revealed that the quenching
is dominated by dynamic interactions between NPLs/NCs and
TFB that are leading to a nonradiative charge transfer/trapping
mechanism.60

Interestingly, Stern−Volmer constants (Table 1) estimated
for NPLs and NCs show some deviations in the quenching
rates in the presence of a quencher (TFB). Note that NPLs
and NCs exhibit different degrees of quantum confinement
due to their electronic dimensionality and the carrier lifetime.
The PL lifetime of NCs (τavg: 10.4 ns) is slightly longer
compared to that of NPLs (τavg: 7.2 ns). These differences can
have an impact on the luminescence quenching rates. Indeed,
dynamic quenching observed in colloidal NCs (KD = 16.15 ×

106 M−1) is more prominent than that observed in the NPLs
(KD = 5.52 × 106 M−1). In addition, we observed two main
distinct features for NCs: (i) a high degree of nonlinearity/
quadratic nature in steady-state Stern−Volmer plot (Figure 3a)
compared to NPLs and (ii) large Stern−Volmer quenching
constants (KSV) as compared to NPLs (Table 1). These
characteristics indicate that the PL quenching is faster in NCs
and is attributed to the weak quantum confinement (slightly
longer PL lifetime of the NCs) of the excited charge carriers in
NCs (average particle size: 12 nm). Since NPLs are strong
quantum-confined, the excitons generated after photoexcita-
tion recombine radiatively at a faster rate while competing with
the rates of collisional quenching, whereas in NCs, the
generated excitons are weak quantum-confined and can live
relatively longer, leading to a slower recombination rate.
Therefore, upon photoexcitation, the excitons live rather
longer to interact with the quencher, which occurs in
nanoseconds to the tens of nanosecond time scales, leading
to enhanced dynamic quenching in NCs.60,61 In addition, due
to the weak quantum confinement, the charge carriers are
more delocalized in NCs compared to NPLs that can easily
reach the nonradiative traps on the surfaces generated by
“dark” static complex, eventually leading to enhanced static
quenching in NCs.60,61 Therefore, the faster PL quenching in
the NCs-TFB ensemble (large Stern−Volmer quenching
constants (KS, KD, and kq)) is a synergistic effect of the longer
PL lifetime and weak quantum confinement.
Further, we investigated the quenching mechanism at higher

concentrations by repeating the same analyses. At a higher
concentration of the TFB (0.80−3.30 μM in NPLs and 0.170−
0.790 μM in NCs), the plot of I0/I vs the concentration of
TFB shows linear dependence in both NPLs and NCs (red-
colored points in Figure 3c,d). Also, it is noted from the PL
decay dynamics (Table S1) that the average PL lifetime
remains constant, irrespective of the TFB concentration. The
plots of PL lifetime ratio τ0/τ against TFB concentration are
constant (black-colored points in Figure 3c,3d) and are
independent of TFB concentration and type of the particles
(NCs vs NPLs). Such a linear dependence of I0/I and
independency of τ0/τ on increased TFB loading is concrete
evidence of the static PL quenching process.56,57,59 The slope
of the steady-state Stern−Volmer plot is equal to the
equilibrium constant for the formation of the ground-state
complex. The obtained value of the equilibrium constant in
NPLs is 4.40 × 106 M−1, while in NCs, it is 81.2 × 106 M−1 at
room temperature, implying that the static quenching in NCs
is more prominent as compared to that of NPLs and agrees
well with the earlier discussion on the quantum confinement.
The calculated quenching efficiency52 with respect to the TFB
concentration is presented in Figure 3e for NPLs and in Figure
3f for NCs. The highest quenching efficiency obtained in the
case of NPLs is 98% at 3.30 × 106 M−1 of TFB concentration,
which is 97% in NCs at 0.790 × 106 M−1 of TFB. This
highlights a unique difference: the amount of TFB needed to
quench NC emission is very low compared to that in NPLs.
Despite low required TFB concentration and large Stern−
Volmer constants in NCs, both NPLs and NCs exhibit almost
complete emission quenching by forming the nonemissive
ensemble with TFB. Therefore, static quenching observed at
higher TFB concentrations is attributed to the CsPbBr3-TFB
adduct formation via strong interactions/adsorption at the
surface, enabling nonradiative decay channels. To summarize,
the Stern−Volmer analysis of PL and TRPL data revealed the

Table 1. Best-Fitted Values of Dynamic (KD) and Static (KS)
Quenching Constants, the Bimolecular Quenching Rate
Constant (kq), and Maximum Quenching Efficiency (ϕQ)
Calculated for the Highest Concentration of TFB for the
CsPbBr3 NPLs and NCs

sample
KD × 106
[M−1]

kq × 1015
[M−1 S−1]

KS
[M−1]

maximum ϕQ
(%)

NPLs 5.52 0.76 3.32 98
NCs 16.15 1.55 21 97
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underlying mechanism of PL quenching by contributing to the
dynamic and static quenching processes. However, the nature
of dark states involved in the quenching process and the type
of interactions between TFB and CsPbBr3 leading to the static
complex are still unclear from this analysis. This information is
crucial for rationally choosing the interfacial layers that can
cease the TFB-CsPbBr3 interactions and prevent emission
quenching by TFB in device applications.
Further evidence of the interactions between CsPbBr3 and

TFB can be obtained through transient absorption (TA)
spectroscopy. Figure 4a shows the transient absorption spectra

at different pump−probe delays for colloidal CsPbBr3 NCs.
The pump wavelength for this experiment is tuned to 420 nm.
We observe a clear positive differential transmission (ΔT/T)
signal at the optical edge of the system, which is assigned to
bleaching of the ground state (GSB). Note that the carrier
thermalization is complete within the resolution of the
experiment. In Figure 4b, we show the ultrafast dynamics of
this GSB feature at different excitation fluences obtained via
integration of the signal over the entire spectral range for a
better signal-to-noise ratio. We observe a clear intensity
dependence in the dynamics with a faster component emerging
at higher excitation densities. This component is associated
with the nonradiative, Auger-like recombination process,
typically driven by multiexciton species manifesting at high
excitation densities. Such dynamics in the perovskite nano-
crystals have been quantitatively rationalized by several
previous works.26,62,63

We now analyze the transient absorption signal of the
CsPbBr3:TFB mixture. First, we note that no significant
absorption is associated with TFB at the pump wavelength
used in this experiment. Second, direct optical excitation of the
TFB solution with a more blue-shifted pump resulted in an
evident photoinduced absorption (PA) band in the visible
spectral range with a peak around 620 nm, which is associated

with the excited-state absorption of TFB.64 Given that there is
direct excitation of TFB in the mixture, we can see that the
transient absorption spectral line shape is similar to that of the
pristine NCs (Figure S5). If there was any interaction between
the nanocrystals and TFB and subsequent charge or energy
transfer to TFB, we would have observed the PA band. On the
contrary, we do not observe any such spectroscopic signature,
at least within the sensitivity of our measurement. While this
may appear to contradict the observations we have previously
made, temporal dynamics offer a more supportive perspective.
We show the intensity-dependent GSB dynamics of the

CsPbBr3:TFB mixture in Figure 4c. Note that the concen-
tration of the CsPbBr3 NCs is kept the same as that of the
pristine system to enable a robust comparison, and the
concentration of TFB is kept high to ensure TFB-NCs
interaction. For the same excitation fluence, we observe a
substantial reduction in the intensity dependence of the
dynamics with the dynamics, showing a hint of faster
recombination only at the highest excitation fluence. Given
that the nanocrystal concentration is comparable across both
samples, we expect similar initial excitation density in both
samples. In the presence of TFB molecules, however, the
dynamics indicate much lower excitation density, low enough
to exclude any Auger-like quenching in the subnanosecond
time scales. This observation can be rationalized by invoking
an additional ultrafast (<200 fs) quenching of the photoexcited
population in the CsPbBr3:TFB mixture that results in a much
lower excitation density within the nanocrystal ensemble
available for recombination. Notably, this quenching occurs
within the time resolution of the experiment. Given the lack of
any spectroscopic evidence of an ultrafast transfer process to
TFB, we hypothesize that the ultrafast quenching is associated
with a transfer of the photoexcited population to an optically
inaccessible composite (nanocrystal-TFB) state. Given the
limited spectral bandwidth of the probe pulses used in this
experiment, this observation should only be taken as
speculation and not as proof of the existence of a composite
state. More concrete evidence, however, emerges in the 2D-
NMR studies presented in later sections of the manuscript.
Validation of Static Quenching by Nuclear Magnetic
Resonance (NMR) Spectroscopy

We use nuclear magnetic resonance (NMR) techniques to gain
more insight into the surface chemistry of colloidal NPLs and
their interactions with TFB. We conducted one-dimensional
(1D) and two-dimensional (2D) NMR experiments to
understand the changes over the NPLs surface due to TFB
addition. The synthesized NPLs contain oleic acid and oleyl
amine as ligands (X-type ligands) on their surfaces. Therefore,
before diving directly to investigate NPLs-TFB adduct, we
started with 1H NMR experiments to identify corresponding
oleic acid and oleyl amine resonances from NPLs by
comparing them with pure oleic acid and oleyl amine. The
1D 1H spectrum of oleic acid and oleyl amine showed all
expected resonances for the aliphatic protons in the upfield
region (δ 0.8−3 ppm), olefinic protons at δ 5.4 ppm, and a
broad singlet for acidic proton (−COOH) near δ 11.7 ppm.
These resonances and corresponding protons in their chemical
structure shown in Figures S6 and S7 are in good agreement
with the previous reports.65−69 Further, to confirm their
presence on the NPLs surface, 1H NMR of colloidal NPLs in
toluene-d8 was recorded and compared with the proton NMR
of the oleic acid and oleyl amine (Figure S8). The presence of

Figure 4. Transient absorption (TA) spectroscopy. (a) Transient
absorption spectra of colloidal CsPbBr3 NCs. Spectrally integrated
ground-state bleach dynamics at different pump excitation fluences in
(b) CsPbBr3 and (c) a CsPbBr3:TFB mixture.
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all characteristic peaks, including broad doublet for olefinic
protons near δ 5.4 ppm, corroborates the passivation by oleic
acid and/or oleyl amine ligands.68,69

Since the photophysical studies suggest the NPLs-TFB
complex formation with increasing TFB loading, one can
expect the following changes on the NPLs surface: (i) binding
of TFB on the surface and/or (ii) exchange of dynamic oleic
acid and oleyl amine ligands from NPLs surface by TFB. In
either case, the changes should be reflected in the proton
resonances of ligands and TFB. However, these changes can
only be traced if TFB resonances are distinguished from the
ligand resonances. Figure S9 shows the 1D 1H NMR spectrum
of TFB, where aliphatic and aromatic protons of TFB are
identified and labeled in its chemical structure, as shown in the
inset. Further, by comparing the 1H NMR spectrum of TFB
with colloidal NPLs, we identified distinct resonances and

monitored them by increasing the amount of the TFB, as
shown in Figure S10 (cyan-colored bullets). The methyl
resonance (−CH3) at 0.8 ppm, methylene (−CH2−)
resonances near 1, 1.5, and 2.2 ppm in shielded regions, and
aromatic 1H resonances between 7 ppm to 7.8 ppm are
identified as signals of interest for the TFB and ignored the rest
because they significantly overlap with the ligand resonances.
1H NMR of colloidal NPLs after incremental addition of the
TFB in colloidal NPLs is shown in Figure S11a, and the
enlarged view of the shielded region is presented in Figure 5a.
Note that most TFB resonances in the shielded region
(aliphatic protons) show no shift with an increase in the TFB
amount, as denoted by the dotted black line in Figure 5a.
Conversely, we observed a systematic upfield shift for the
resonances corresponding to the aromatic protons of TFB.

Figure 5. 1D 1H and 2D NOESY nuclear magnetic resonance spectroscopy. (a) Shielded region of 1H NMR spectra of TFB and colloidal CsPbBr3
NPLs in toluene-d8 with different concentrations of TFB. (b, c) Enlarged view of the deshielded region of TFB and colloidal CsPbBr3 NPLs in
toluene-d8 with varying concentrations of TFB. The dotted lines are guides to the eyes to monitor the peak positions. (d) 2D NOESY spectrum of
NPLs. (e) 2D NOESY spectrum of colloidal CsPbBr3 NPLs treated with 3.30 μM TFB. (f) Enlarged view of the shielded region in (e). The red-
colored dots indicate the peaks corresponding to the TFB. Schematic (g) shows the NPLs surface capped with ligands. (h) Possible mechanism of
ligand exchange on the NPL surface. (i) Dark CsPbBr3-TFB complex formation after ligand exchange. Inset of (i) is the chemical structure of TFB.
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Especially, a broad singlet near 7.76 ppm and a multiplet
between 7.5 and 7.6 ppm show a systematic upfield shift with
an increase in TFB loading (Figure 5b,5c). These observations
imply that the aliphatic group in TFB remains unaffected, but
the protons of the triarylamine group in TFB experience a
change in the electronic environment when CsPbBr3 NPLs are
present. Therefore, it is most likely that TFB binds to the
surface of NPLs through the triarylamine group, resulting in an
upfield shift of aromatic proton resonances. However, no shift
in the aliphatic protons indicates that they remain away from
the NPL surface due to a lack of binding site. In addition to the
TFB resonances, the aliphatic and olefinic protons of the oleic
acid and oleyl amine ligands appeared, and their peak position
remained the same despite the addition of TFB (Figure S11b).
The ligands could be bound to the surface or detached from
the surface to accommodate the TFB. Generally, resonances of
bound ligands are characterized by line broadening that
distinguishes them from the free ligands.65,68 However, various
relaxation mechanisms can also affect the line width; therefore,
predicting if the ligands are bound or unbound based on the
line widths is difficult.69 This is a critical limitation of 1D 1H
experiments, and in this case, it is restricting to establish a
mechanism for PL quenching via NPLs-TFB adduct formation.
Nuclear overhauser effect spectroscopy (NOESY) based on

interactions “through space” between dipolar coupled 1H nuclei
is widely used to differentiate bound and free ligands.69,70 The
dipolar spin relaxation pathways depend on the molecular
mobility or tumbling in solvent expressed as the rotational
correlation time (τc). Mainly, cross-relaxation pathways cause
the transfer of spin polarization between two sets of protons
(Hα and Hβ) embedded in the same molecule and help to
distinguish the free ligands from the bound ones.71−74 Freely
floating ligands behave like small molecules (τc ≪ 1/ω0, ω0 is
the angular frequency of the spectrometer) and build positive
NOEs or negative cross peaks between dipolar coupled
protons with opposite sign/color to the diagonal peaks.69 At
the same time, the ligands that are bound to the nanocrystals
(restricted mobility or slow tumbling) behave like rigid/large
molecules that develop large negative NOEs or positive cross
peaks with a faster rate due to larger τc than 1/ω0.

69,70 Such
negative NOEs show the same sign/color as the diagonal peaks
in the NOESY spectrum. Therefore, 2D NOESY experiments
of pure ligands, TFB, and a TFB-NPLs mixture are carried out
to illustrate the surface interactions and their impact on PL
quenching. A 2D NOESY spectrum of the pure NPLs features
strong negative NOE cross peaks for ligands (oleic acid and/or
oleyl amine), as shown in Figure 5d. Notably, the negative
NOE of the olefinic protons of ligands at 5.4 ppm dipolar
coupled (through space) toward methylene and methyl
protons is prominent (Figures 5d and S12), suggesting their
surface-bound nature.69,72,74 This is attributed to the increased
τc due to the tumbling of bound ligands with the characteristics
of NPLs.69,74 A 2D NOESY spectrum of pure TFB in toluene-
d8 (Figure S13) shows weak NOE for aromatic protons toward
the neighboring aromatic and methylene protons due to its
large molecule nature.
2D NOESY spectrum of the NPLs-TFB has a strikingly

different appearance (Figure 5e), and comparison emphasizes
two main changes: (i) the disappearance of strong negative
NOEs for ligands and (ii) the appearance of additional
negative NOEs for the TFB. Notably, the absence of negative
NOE for alkene protons of the ligands (shown in the red-
colored box in Figure 5e) suggests that they are no more

bound to NPLs surface, but resonances in 1D 1H (Figure
S11b) discussed above confirm their presence in colloidal
solution as free ligands. It is noteworthy that the strong
negative NOEs initially present in NPLs in the aliphatic region
(Figures 5d and S12) are now absent but show increased zero-
quantum coherence artifacts due to scalar coupled spins,72

further confirming their unbound nature (Figure 5e,f).
Conversely, we notice additional positive cross peaks (negative
NOEs) for aromatic and aliphatic protons of TFB (Figure
5e,5f), which indicates the binding of TFB with NPLs. For
better understanding, we labeled TFB resonances that are
distinct from ligands with red dots on the spectrum (see the
spectra on the left and top axes in Figure 5e,5f). The aromatic
protons of TFB at 7.8 ppm show an additional negative NOE
toward the methylene protons of TFB near 1.2 and 2.1 ppm
(denoted by the black-dotted lines in Figure 5e). Moreover,
the methylene protons at 2.1 ppm show positive cross peaks
with methylene protons of ligands at 1.2 ppm and overlapping
end methyl protons of the ligands and TFB near 0.8 ppm
(shown by the black-dotted lines in Figure 5f). Additional
weak negative NOEs are also observed near 1.1 ppm between
the methylene protons of the TFB.
Possible Mechanism of Luminescence Quenching through
Ligand Exchange
All of the above observations hint toward the surface
attachment of TFB and the detachment of ligands from the
NPLs surface potentially by the ligand exchange process.72

Interestingly, a strong negative NOE for labile hydrogen
(residual water) at 0.45 ppm (Figure 5f) features the cross
peaks with methylene resonances of the TFB and ligands at 0.9
ppm, suggesting the proton exchange between the amine and
residual water in the sample.74 Such an exchange could take
place with either triarylamine-based TFB or oleylammonium
bromide. Most importantly, the residual water resonance is not
observed in 2D NOESY or 1D 1H NMR of pure ligands and
TFB, and it appears only when the TFB is added to the
colloidal NPLs solution (Figure S11a). Also, this water
resonance shows a systematic upfield shift with TFB loading
(Figure 3a, blue-dotted line). Therefore, it is apparent that the
triarylamine group of TFB is exchanging a proton with
oleylammonium bromide. The proton exchange between
oleylammonium bromide and TFB can be depicted by the
following reaction:

RAr N R NH Br RAr NHBr R NH3 3 3 2+ +F

where R is the alkyl substitution in TFB, Ar is the benzene
rings, and R′ is the long carbon chain (C18H35). Although the
pKa of the triarylamine features a weak base character, the
bulky alkyl groups attached to the aromatic rings, due to their
positive inductive effect, promote protonation of the triaryl-
amine group. Such protonation converts TFB to triarylammo-
nium cation (RAr3NH+Br− in the above reaction), making it
suitable for binding to the CsPbBr3 surface like typical X-type
ligands. The bromine atoms over the CsPbBr3 surface can
interact with the protonated TFB, leading to TFB:CsPbBr3
adduct formation. This is like the binding of oleylammonium
ligands to the CsPbBr3 surface through a hydrogen bridge as
illustrated by previous 2D-NMR studies.68,75 It is, therefore,
appropriate to consider that protonated TFB can act as an X-
type ligand76 similar to oleylammonium bromide, thus favoring
the ligand exchange process as depicted schematically in Figure
5g−i. Therefore, NMR experiments provide concrete evidence
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for (i) the triarylamine functional group as an active site on the
TFB responsible for interactions with the surface of NPLs, (ii)
protonation of triarylamine functionality transforming to an X-
type ligand, and (iii) binding of protonated TFB on NPLs
surface through exchange of native ligands leading to a dark
static complex. These all-important observations support our
initial assessment based on Stern−Volmer analysis, confirming
static PL quenching by the NPLs-TFB ensemble. Owing to the
same chemical composition, ligands, PL quenching trend, and
mechanism, we close with the same possible mechanism for
luminescence quenching in NCs, albeit with different
morphology.

■ DISCUSSION
By compiling data from steady-state, time-resolved photo-
luminescence (PL), Stern−Volmer plots, ultrafast spectrosco-
py, and NMR spectroscopic analyses, we establish a concrete
understanding of luminescence quenching in CsPbBr3. Our
findings reveal a dynamic quenching process prevailing at
lower TFB concentrations, while elevated TFB loading induces
the formation of dark CsPbBr3-TFB adducts, resulting in static
quenching of the CsPbBr3 emission. The quenching dynamics
remain consistent across variations in size, shape, energy level
alignments, and quantum confinement, particularly when
exposed to TFB.
Comparative analysis underscores a swifter and more

pronounced quenching in nanocrystals (NCs) compared to
that in nanoplatelets (NPLs), attributed to slightly larger PL
lifetimes and weak quantum confinement in NCs, leading to
higher Stern−Volmer quenching constants (KS, KD, and kq).
Ultrafast transient absorption spectroscopy dismisses the
involvement of Forster and Dexter energy transfer in
quenching processes, supporting our conclusion of static
quenching at higher concentrations as per the Stern−Volmer
model.
Further substantiating our findings, 1D 1H and 2D NOESY

NMR experiments demonstrate ligand exchange on the
CsPbBr3 surface, resulting in CsPbBr3-TFB adduct formation
through robust interactions at the surface. In the case of
colloidal NPLs treated with TFB, 2D NOESY confirms the
exchange of hydrogen from residual water with TFB and
oleylammonium bromide. This implies protonation of TFB,
promoting ligand exchange and demonstrating its X-type
ligand nature. These results offer compelling evidence of
luminescence quenching via CsPbBr3-TFB adduct formation at
high TFB loading, thereby presenting a comprehensive
understanding of the underlying mechanism between CsPbBr3
and triarylamine-based hole transport materials. This knowl-
edge holds significant promise for advancing the technology of
PeLEDs.

■ MATERIALS AND METHODS

Materials
Lead bromide (≥98%), cesium bromide (99.99%), cesium carbonate
(Cs2CO3), oleic acid (90%), oleyl amine (≥98%), anhydrous N, N′-
dimethylformamide (DMF, 99.8%), ethyl acetate, octane (≥99%),
hexane (95%), anhydrous toluene (99.8%), and phenethylammonium
bromide (PEABr, ≥98%) were procured from Sigma-Aldrich.
Poly[(9,9-dioctylfluorenyl-2,7diyl)-co-(4,4′-(N-(4-sec-butylphenyl)
diphenylamine)] (TFB, molecular weight >30,000) was purchased
from Luminescence Technology Company, Taiwan (Lumtec). All of
the chemicals were used as received without further purification.

Methods
Synthesis of CsPbBr3 Nanoplatelets. The NPLs were

synthesized using the ligand-assisted reprecipitation (LARP) method
at room temperature. The precursor solution was prepared by
dissolving CsBr (0.5 mM) and PbBr2 (1.0 mM) in 20 mL of
anhydrous DMF. In a separate vial, a solution of oleic acid (100 μL),
oleyl amine (100 μL), and anhydrous toluene (10 mL) was prepared
by vortexing for 10 s at room temperature. Subsequently, 1000 μL of
the precursor solution was swiftly added into a vial containing toluene
and ligands. Immediately, the color of the mixture turns yellowish
green, indicating the formation of the product. The reaction was then
quenched by the addition of ethyl acetate (10 mL), and the resulting
product was centrifuged at 5000 rpm for 5 min to remove larger
platelets. The supernatant was collected separately in a 50 mL
centrifugation tube and treated with oleic acid, oleyl amine, and
PEABr (10 μL each). For PEABr treatment, 200 mg of PEABr was
dissolved in 1 mL of DMF. The mixture was then vortexed for 5 s
followed by the addition of 15 mL of ethyl acetate. Immediately, the
mixture was centrifuged at 7800 rpm for 15 min, and the precipitate
was collected and dispersed in 1 mL of anhydrous hexane.
Subsequently, oleic acid and oleyl amine (2 μL each) were further
added, and nanoplatelets were again reprecipitated using 2 mL of
ethyl acetate. Finally, the mixture was centrifuged at 7800 rpm for 15
min, and the precipitate was redispersed in anhydrous toluene/
toluene-d8 (1 mL) and stored in the glovebox.

Synthesis of CsPbBr3 Nanocrystals. The synthesis of CsPbBr3
nanocrystals was carried out by a hot-injection method. Typically, for
the Cs-oleate preparation, 0.814 g of Cs2CO3 was loaded into a three-
neck round-bottom flask containing 30 mL of 1-octadecene and 2.5
mL of oleic acid. The mixture was degassed at 120 °C for 60 min and
then heated at 150 °C, making sure complete dissolution of Cs2CO3.
The Cs-oleate precursor solution is stored under nitrogen and used
whenever necessary by preheating at 100 °C. For the synthesis of
CsPbBr3 NCs, a three-neck round-bottom flask was loaded with 1-
octadecene (10 mL), PbBr2 (138 mg), oleic acid (1 mL), and oleyl
amine (1 mL) under nitrogen atmosphere. The mixture was then
degassed at 120 °C for 60 min. After complete solubilization of PbBr2,
the temperature was raised to 160 °C under a nitrogen atmosphere.
Preheated Cs-oleate solution (∼100 °C) was then swiftly injected
(0.8 mL) into the above mixture, and immediately within 5 s later, the
reaction mixture was cooled by an ice−water bath to attain room
temperature. The reaction mixture was collected in centrifuge tubes,
and an equal amount of ethyl acetate was added. The mixture was
then centrifuged at 7000 rpm for 7 min, and the precipitate was
collected. The precipitate was dispersed in 2 mL of hexane and
washed again with 3 mL of ethyl acetate. The resulting mixture was
centrifuged again at 7000 rpm for 10 min, and the precipitate was
collected and redispersed in toluene/toluene-d8 (1 mL) and stored in
the glovebox for further use.

Luminescence Quenching Experiment. For the quenching
experiment, the dispersion of NPLs or NCs in toluene was prepared
by mixing 200 μL of as-synthesized NPLs/NCs in 2 mL of anhydrous
toluene and labeled as a reference. In a separate vial, a stock solution
of TFB (125 μM) was prepared by dissolving 50 mg of TFB in 5 mL
of toluene. To probe the optical properties, the reference dispersion of
NPLs/NCs was treated with 0.5 μL of TFB (0.0325 μM) from the
stock solution. The treated solution was first used for UV−visible
absorption measurements followed by PL and TRPL measurements.
Further, the same solution was treated with increasing amounts of the
TFB (1−70 μL), and after each addition, absorption, PL, and TRPL
measurements were carried out.

Characterization. UV−Visible Absorption Spectroscopy. UV−
visible absorption measurements were done using a Varion Cary 100
Bio UV−visible spectrophotometer.

Photoluminescence (PL) and Time-Resolved Photoluminescence
(TRPL) Measurements. Photoluminescence and TRPL measurements
were carried out using a Deltaflex modular fluorescence lifetime
system (Horiba Scientific) equipped with a 356 nm LED source. The
PL lifetime was monitored at fixed emission wavelengths for NPLs
(454 nm) and NCs (516 nm).
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1D 1H and 2D NOESY Nuclear Magnetic Resonance Spectros-
copy Measurements. NMR experiments were carried out using a
Bruker AVANCE III operating at a 1H frequency of 500 MHz, at 298
K. The 1H measurements were carried out by fixing the spectral width
to 20 ppm. 2D NOESY experiments were conducted by using 2048
data points in the direct dimensions and 256 data points in the
indirect dimensions with a mixing time of 500 ms. The 1H and
NOESY spectra were processed by using Bruker TopSpin NMR data
analysis software.

Transmission Electron Microscopy (TEM). TEM and HRTEM
imaging were carried out using an FEI Technai F-20 Transmission
Electron Microscope (200 kV). Samples were prepared by drop-
casting a colloidal solution on carbon-coated TEM grids. The images
were analyzed by using ImageJ image processing software.

Ultrafast Transient Absorption Measurements. The experimental
system is based on a 20 W femtosecond Yb:KGW amplifier generating
200 fs pulses at 1030 nm (Pharos from Light Conversion) and
operating at 100 kHz. About 12 W of the output is used to pump a
tunable optical parametric amplifier (Orpheus from Light Con-
version) to generate pump pulses at the desired wavelengths. About 2
W of the output is used to pump a sapphire substrate to generate
white light continuum pulses to be used as probe pulses. The pump
pulses are modulated using a mechanical chopper (Thorlabs),
temporally delayed using a mechanical translation stage (PI), and
focused on the sample at a slight angle with respect to the probe
pulses. The probe pulses are collected after the sample interaction and
directed toward the Fourier transform spectroscopy system based on a
translating-wedge-based identical pulse encoding system (GEMINI
from Nireos srl).77 The transient absorption signal is then
demodulated by using a photodetector (Femto.de) connected to a
lock-in amplifier (Zurich Instruments). The GEMINI system provides
a temporal interferogram of the TA spectrum, which is a Fourier
transform to obtain the experimental spectrum. To obtain the
spectrally integrated dynamics with a high signal-to-noise ratio, we
used optical filters to spectrally filter the desired spectral ranges and
detected the signal with the photodiode:lock-in system without
GEMINI.
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