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A B S T R A C T   

The impact of halide perovskites on photonics, optoelectronics and energy science is indisputable. The pursuit of 
perovskite nanomaterials has open roads for explorations where large surface-to-volume ratios are paramount. 
While the solution-phase synthesis of most nanoparticles is relatively easy, the cleaning steps for obtaining 
populations of high-quality nanocrystals in good yields tend to present some challenges. As an extensive number 
of reports show, the quality of photoluminescent nanoparticles usually correlates with increased optical-emission 
quantum yields. Herein, we examine the products from the cleaning steps, involving centrifugation and resus
pension washes, of an established procedure for preparing cesium plumbobromide nanocrystals. The photo
luminescence quantum yields of the collected nanocrystals drops by about 10% to 30% after each wash. At the 
same time, the average exciton lifetime increases by about a factor of four, which reflects a decrease in the 
radiative-decay rates by about factor of five, while the non-radiative ones increase by less than a factor of two. 
Further analysis indicates that decreasing the particles size, along with changing their morphology, alters some 
of the exciton traps, or “quenching” sites, on them. This size decrease, along with changes that accompany it, 
shorten the exciton lifetimes while enhancing the limited spatial overlap between the holes and the electrons of 
the excitons and considerably increasing the radiative rates of deactivation. These findings do not suggest that 
good quality nanoparticles should not necessarily manifest high emission quantum yields. Rather, they point to 
the complexity of nanomaterials, due to their inherent heterogeneity, that warrants multimodal analysis for 
understanding the exciton dynamics, while correlating it to observed structural characteristics.   

1. Introduction 

Lead and tin halide perovskites have attracted considerable attention 
in the past decade due to their immensely promising performance not 
only as photovoltaic (PV) media, but also as light-emitting materials, 
photodetectors, and photocatalysts [1–6]. Calcium titanate perovskite, 
CaTiO3, is a rare mineral in the Earth’s crust, which was first discovered 
in the Ural Mountains by Gustav Rose in 1839 and was named after his 
contemporary, Count Lev Alekseyevich von Perovskiy (Граф фон 
Перовский) who was also a mineralogist and a pioneer in the founding of 
the Russian Geological Society. Consequently, “perovskite” has evolved 

as a general term for compounds with stoichiometries, such as Ax+B 
y+Xz–

3 with 3z = x + y (and derivatives of it with three cations and two 
anions), that adopt the crystal structure of the natural CaTiO3. Swapping 
the positions of the cations and the anions in these structures leads to 
inverse perovskites, or antiperovskites, such as Li3OX (X = halides), 
which in their own terms have promising electrical properties [7]. 

First synthesized by Wells at the end of the 19th century [8] and 
further studied by Møller in the 1950s [9, 10], lead halide perovskites 
have open new possibilities for photonics and electronics [11]. The 
expansion to tin and germanium analogues [12, 13], while promising, 
proved challenging due to chemical stability issues when exposed to air. 
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After all, while the reduction potentials of lead (IV) compounds, EPb(IV)| 

Pb(II), are around 1.5 V vs. SCE and larger, ensuring that Pb2+ is relatively 
stable in oxidizing atmosphere, ESn(IV)|Sn(II) ≲ 0 V vs. SCE and EGe(IV)|Ge(II) 
≲ –0.5 V vs. SCE, making it challenging to prevent the oxidation of Sn2+

and especially of Ge2+. 
Goldschmidt tolerance factor, α, used originally for quantifying the 

stability of ABO3 perovskites from the effective radii of the comprising 
ions, rA, rB and rX, allows quantifying the structural stability of ABX3 
structures [14]: 

α =
(rA + rX)
̅̅̅
2

√
(rB + rX)

(1a)  

where the values for the effective ionic radii are extracted from known 
crystal structures, considering the interionic distances in the lattices, 
along with the volume, the state of oxidation and the coordination 
number of each ion [15]. Indeed, using different databases and estimates 
of the ionic radii in eq. 1a produces variations in the values of α reported 
for the same perovskite materials [16–18]. 

In his original publication, Goldschmidt used α to designate the ratio 
in eq. 1a, but in the current literature t and τ are also widely used. 

Ideally, α should assume values as close as possible to 1 for a stable 
cubic lattice; and as α exceeds 1.1 or drops below 0.9, orthorhombic, 
tetragonal and monoclinic structures may emerge [10, 14]. In addition 
to α, an octahedral factor (μ) accounts for the stability of the arrange
ment of the [B y+Xz–

3]y–3z units in the perovskite crystal lattice [17]: 

μ =
rB

rX
(1b) 

Values of μ between 0.44 and 0.90 broaden the range of the Gold
schmidt tolerance factor, warranting stable perovskite structures with 
compositions with 0.81 < α < 1.11 [19]. For CsPbBr3, for example, the 
reported values of α range between about 0.81 and 0.86 and μ is in the 
order of 0.66 [16–18], which not only makes it one of the most stable 
perovskite structures, but also permits tolerance for doping and alloying 
with other ions, such as Rb+ and Ag+, in the pursuit of compositions 
with enhanced photoluminescence quantum yield (ϕPL) [18, 20-22]. 

The Weber’s discovery of organic-inorganic hybrid perovskites in the 
1970s, with methylammonium serving as A+ [23, 24], provided the 
platform for the work from Mitzi et al. in the 1990s [25], and the 2009 
breakthrough by Miyasaka et al. demonstrating the utility of perovskite 
materials for PV devices [26]. These initial steps, which followed more 
than 100-years of research developments, triggered the fastest known 
evolution in the performance of PV devices of any class. In less than a 
decade, the power-conversion efficiency of perovskite solar cells grew 
from about 3.8% to more than 20% [26–28]. 

The impact of the hybrid perovskites on the impressive development 
of the field is indisputable. Recently, however, the interest is shifting 
back to all inorganic lead halide perovskites due to their relatively high 
stability and durability. This trend is especially pronounced in the 
development of perovskite nanomaterials, where the surface-to-volume 
ratios are inherently large [29–31]. A range of strategies, involving ion 
doping, modification of the surface coatings and encapsulation in 
different materials, improve not only the stabilize of perovskite nano
crystals (NCs), but also their photoluminescence quantum yields, ϕPL 
[29]. 

The emission quantum yield, ϕPL, serves as a key criterion for the 
quality of photonic nanomaterials. As important as the luminescence 
efficacy is for a wide range of applications, such as light-emitting de
vices, the complexity of perovskite nanomaterials warrants caution 
when using ϕPL as an “one dimensional” test of their quality. It is 
practically a “trademark,” for example, for the emission wavelength of 
the NCs composed of direct-bandgap chalcogenides of the second 
analytical group of cations to strongly depend on the size, allowing 
tuning the PL of the same material from the ultraviolet to the near- 
infrared spectral regions by only varying the particle size. Conversely, 

the size of perovskite NCs does not have such a dramatic effect on their 
optical bandgaps and luminescence output. The size of readily achiev
able stable NCs, composed of halide perovskites, usually exceeds their 
Bohr diameters, making the bandgap insensitive to the size of the par
ticles. Therefore, perovskite cubic NCs with edge size in the order of 10 
nm and larger are not truly quantum dots. On the other hand, changes in 
the chemical composition allows for tuning the PL wavelengths from the 
blue to the red regions of the spectrum [32, 33]. Variations in compo
sition, morphology and coatings of perovskite nanomaterials alter their 
emission quantum yields over an order of magnitude, as evident from 
reported ϕPL values that can be smaller than 0.1 in some cases and 
approach unity in others [32–39]. An increase in ϕPL originates from 
enhancing the radiative and suppressing the non-radiative pathways of 
exciton deactivation. Thus, deterioration of the quality of NCs that ac
companies an introduction of sites with improved oscillator strength, 
may still lead to an increase in ϕPL while shortening the exciton life
times. This photophysical feature, along with the inherent heterogenous 
nature of the exciton-deactivation kinetics, makes emission quantum 
yields a necessary but not sufficient characteristic for evaluating the 
quality of photonic nanomaterials. 

As relatively simple as the synthesis of lead halide perovskite NCs can 
be, their separation from the reaction mixture and purification warrants 
a great deal of caution. Upon completion of the synthesis and bringing 
the reaction mixture to room temperature, a series of centrifugation and 
resuspension washing steps can yield NC samples with high quality [32, 
40]. Perovskites are notoriously susceptible to moisture and polar 
media. Even moderately polar solvents, such as chloroform and tetra
hydrofuran, can readily alter the morphology, or completely dismantle, 
perovskite NCs [40, 41]. This inherent susceptibility of halide perov
skites to polar media places a conundrum regarding the solvents for the 
centrifugation-resuspension wash steps. The solvents have to be strong 
enough to readily dissolve the unreacted oleic salts, such as lead oleate 
and oleylammonium halide, but weak enough to ensure it does not 
compromise the fidelity of the synthesized NCs. 

Herein, we focus on the changes in the populations of CsPbBr3 NCs 
after each centrifugation-resuspension wash step. After the initial pre
cipitation of the NCs from the reaction mixture with a strong solvent, 
such as acetone, we use benzene for the following wash steps and 
collected the obtained supernatant suspensions after each centrifugation 
step. High emission quantum yield, ϕPL, is a key indication for the 
quality of the NCs. The ϕPL of the NCs in the collected supernatants 
decreases after each wash. Concurrently, the NC morphology improves 
after the first benzene wash, as electron micrographs reveal; and the 
lifetimes obtained from photoluminescence decays of the NCs also in
crease significantly after the first benzene wash. These findings indicate 
that improving the quality of such nanomaterials (i.e., attaining popu
lation of predominantly cuboidal particles with a similar size) enhances 
their exciton lifetimes, while decreasing the rates of radiative 
deactivation. 

2. Experimental 

2.1. General information 

The reagents for the synthesis were purchased from Millipore Sigma 
and used as received. The solvents, dry for electrochemistry, and spec
troscopic grade for optical measurements, were obtained from Thermo 
Fisher Scientific. The deuterated benzene, C6D6, for the NMR studies was 
purchased from Sigma Aldrich Inc. Micrographs were recorded using a 
Tecnai12 transmission electron microscope [42–44]. The sample solu
tions were diluted for adequate dispersion of the nanoparticles on car
bon 400 mesh grids. The recorded images were contrasted to highlight 
the edges of each particle. ImageJ allowed estimating the dimensions of 
at least a hundred particles for each sample from different images 
recorded for the suspension obtained from multiple synthesis trials. 
Proton NMR spectra were recorded using a Bruker Avance 500 MHz 

J. Tamayo et al.                                                                                                                                                                                                                                 



Journal of Photochemistry and Photobiology 10 (2022) 100109

3

spectrometer [45, 46]. The proton chemical shift of the traces of C6D5H, 
7.16 ppm, served as an internal standard. 

2.2. Synthesis 

We adapted a previously published procedure for the synthesis of the 
CsPbBr3 NCs [32]. To produce cesium oleate, Cs2CO3 (81 mg, 0.25 
mmol) and oleic acid (0.25 mL, 0.8 mmol) were suspended in 4 mL 
1-octadecene and stirred at 110 ◦C for 1 hour under vacuum prior to 
placing it under nitrogen. In parallel, PbBr2 (69 mg, 0.19 mmol) was 
suspended in 5 mL 1-octadecene and also stirred at 110 ◦C for 1 hour 
under vacuum and blanked with nitrogen. Oleic acid (0.5 mL, 0.16 
mmol) and oleylamine (0.5 mL, 0.15 mmol) were injected in the PbBr2 
suspension and the temperature of the mixture was elevated to 150 ◦C. 
Concurrently, the temperature of the cesium oleate solution was 
elevated to 180 ◦C. A quick injection of some of the hot cesium oleate 
solution (0.4 mL) into the vigorously stirred PbBr2 mixture resulted in 
the formation of yellow suspension with greenish luminescence. During 
the hot-injection and stirring, the nanocrystals form while the oleyl
amine and the oleic acid coat them to maintain their structural integrity 
and colloidal stability in hydrocarbon solvents. Immediately after the 
yellow coloration and the appearance of the green fluorescence, the 
reaction mixture was cooled down in a water bath. Addition of 1 mL 
acetone to the cooled mixture and centrifugation at 10,000 rpm for 3 
minutes resulted the formation of a yellow pellet that was collected and 
resuspended in 0.6 mL dry benzene. This solution was centrifuged for 30 
seconds at 10,000 rpm and the supernatant (SN1) was collected for 
further studies. (A series of tests revealed that 30 s is the shortest 
centrifugation time, at 10,000 rpm, after which the benzene supernatant 
is not cloudy.) The pellet was resuspended again in 0.6 mL dry benzene 
and centrifuged to produce the second supernatant suspension (SN2). 
Repeating this resuspension/centrifugation procedure once again yiel
ded the third suspension (SN3). It should be noted, that while we use dry 
benzene blanketed with argon for the washing steps, the procedures are 
carried out under ambient conditions, which exposes the solutions to the 
humidity of the laboratory atmosphere. The optical steady-state spectra 
of the prepared samples, however, remain unperturbed for about one to 
two weeks. Nevertheless, for these studies, we use samples that are 
prepared within 24 hour of each of the measurements. 

2.3. Optical spectroscopy 

Steady-state absorption spectra are recorded in a transmission mode 
using a JASCO V-670 spectrophotometer (Tokyo, Japan). The steady- 
state emission spectra and the time-correlated single-photon counting 
(TCSPC) fluorescence decays are measured, using a FluoroLog-3 spec
trofluorometer (Horiba-Jobin-Yvon, Edison, NJ, USA), equipped with a 
pulsed diode laser (λ = 406 nm, 200-ps pulse full width at half 
maximum, FWHM) and a TBX detector [47–49]. Recording the TCSPC 
photoluminescence decays at a frequency of 100 kHz and less, ensures a 
complete deactivation of the exciton emission after each pulse. All 
samples are transferred into 1-cm square quartz cuvettes with four 
polished sides equipped with screw caps and septa, and are purged with 
argon for 5 to 10 min per 1 mL of solution prior to each measurement. 

The photoluminescent quantum yields, ϕPL, are determined by 
comparing the integrated emission intensities of the samples, I(λ), with 
the integrated fluorescence of a reference sample, I0(λ), with a known 
fluorescence quantum yield, ϕ0 [50]: 

φPL= φ0

∫
I(λ)dλ

∫
I0(λ)dλ

⋅
1 − 10− A0(λex)

1 − 10− A(λex)
⋅

n2

n2
0

(2)  

where A(λex) is the absorbance at the excitation wavelength; and n is the 
refractive index of the media. The subscript “0” indicates the quantities 
for the used reference sample. We employed alkaline aqueous solutions 
(pH = 10) of fluorescein as reference samples, ϕ0 = 0.93 [51, 52], λex =

470 nm, and (n n0
–1)2 ≈ 1.27. For the emission-quantum yield mea

surements, the absorption of the samples and the reference at the exci
tation wavelengths is kept between 0.1 and 0.2 and the spectra are 
emission signal is collected at a 90◦ angle in relevance to the excitation 
beam. 

For the time-correlated single-photon counting (TCSPC) emission- 
decays measurements, we use the same spectrofluorometer that we 
use for recording the steady-state spectra, but with the TBX detector 
running in a single-photon-counting mode [53]. Placing selected 
reflection neutral-density filters in front of the laser source controls the 
intensity of the excitation light. For recording the time-profile of the 
excitation pulse, we use the signal from the Rayleigh scattering from 
deionized water by tuning the emission monochromator to the excita
tion wavelength, i.e., 406 nm. For the emission decay, we tune to 
wavelengths corresponding to the luminescence bands we analyze. 

3. Results and Discussion 

Adopting previously reported procedures [32], we prepare CsPbBr3 
perovskite nanocrystals (NCs) that assume cubic shapes (Figure 1,2). 
Rapid injection of a hot solution of lead bromide, PbBr2, oleic acid, 
C17H33CO2H, and oleylamine, C18H35NH2, into a heated vigorously 
stirred solution of freshly prepared cesium oleate, Cs(C17H33CO2), af
fords yellow suspension of perovskite NCs with distinct green photo
luminescence (PL). An aliphatic hydrocarbon with a high boiling point, 
1-octadecene (C18H36), serves as a solvent for each of the solutions in 
this procedure. Employing polar solvents, such as N,N-dimethylforma
mide (which is thermally unstable), can lead to NCs with different 
stoichiometry and structure, such as round nanoparticles with decreased 
content of PbBr2, i.e., Cs4PbBr6 [40]. Conversely, treating CsPbBr3 
perovskite NCs with methanol depletes their CsBr content to produce 
nanoparticles of CsPb2Br5 [41]. 

While using polar solvents in the separation and purification steps is 
unavoidable, we limit the exposure of the NCs to such potentially 
detrimental media to as short as possible durations. Adding acetone to 
the rapidly cooled reaction mixture precipitates the NCs, while 
providing sufficient solubility of most of the labile organic components. 
Centrifugation allows us to collect the NCs as pellets, which we resus
pend in benzene and centrifuge again to remove a portion of the 
nanoparticles and collect the supernatant, i.e., SN1. Repeating this 
resuspension-centrifugation step two more times, allows to collect the 
supernatants, i.e., SN2, and SN3, for further analysis and comparison. 
Further resuspension-centrifugation step produce supernatants suspen
sion containing heterogeneous populations of NCs, many with sizes 
exceeding 30 nm. 

The first wash step with benzene makes the biggest difference in the 
consistency of the NC suspensions. The optical absorption and photo
luminescence maxima of SN2 are bathochromically shifted by 9 and 4 
nm, respectively, in comparison with those of SN1 (Figure 3, Table 1). 
The PL band of SN1 is about 14% to 19% wider than the emission bands 
of SN2 and SN3, respectively, as the full widths at their half maxima 
(FWHM) reveal (Table 1). Conversely, the differences between the 
spectral maxima of SN2 and SN3 is about 1 nm. Concurrently, while the 
photoluminescence quantum yield, ϕPL, of SN1 is close to quantitative, 
ϕPL of SN2 and SN3 drops to about 0.7 (Table 1). Also, the FWHM of the 
PL bands of SN2 and SN3 are practically the same (Table 1). 

The morphology of the NCs in the different suspensions reflects the 
differences that their optical properties reveal. SN1 contains a relatively 
monodispersed population (8.2 ± 0.6 nm) of NCs that do not all have 
well-defined cuboidal shape, characteristic for the CsPbBr3 perovskite 
(Figure 1a, 2a). Furthermore, SN1 is substantially loaded with C18H36 
and C17H33CO2H / C18H35NH2 in comparison with SN2 and SN3, as their 
NMR spectra reveal (Figure 4). The inhomogeneity in the NC shapes and 
the abundance of non-volatile organic material precludes the NCs from 
forming orderly packed films on the TEM sample holder. In contrast, 
SN2 contains cuboidal NCs that self-assemble in monolayered films 

J. Tamayo et al.                                                                                                                                                                                                                                 



Journal of Photochemistry and Photobiology 10 (2022) 100109

4

when their suspension dry on the TEM sample holders (Figure 1b). The 
sizes of the SN2 NCs, however, is not as monodispersed as that of SN1, 
and is shifted toward larger values (Figure 2b). The size distribution of 
the SN3 NCs shows even worse monodispersity than that of SN2 

(Figure 3c). In addition to the 9-nm NCs that appear similar to those of 
SN2, SN3 contains a substantial population of large cuboidal particles 
(Figure 2c). While the NCs in SN2 and SN3 have more heterogeneous 
size distribution than the NCs in SN1, the SN2 and SN3 show slightly 

Figure 1. Electron micrographs of dried benzene supernatants, SN1, SN2 and SN3, collected after the centrifugations following different washes of the synthesized 
cesium plumbobromide nanoparticle: (a) SN1 – supernatant collected after centrifugation of the resuspended (in benzene) acetone-induced precipitation from the 
crude reaction mixture; (b) SN2 – supernatant collected after centrifugation of SN1; and (c) SN3 – supernatant collected after centrifugation of SN2. The images 
indicating that while the first benzene wash is key for collecting cesium plumbobromide particles with cuboidal morphology (in the SN2 suspension), further washes 
enhance the NC population with large particles. 

Figure 2. Size distribution of the NC populations in benzene supernatants, SN1, SN2 and SN3, obtained from their electron micrographs. For cuboidal particles, 
d represents the average of lengths of the visible edges, and for rounded particles, d represents the diameter of the circles in which they fit. The blue lines represent 
the Gaussian fits of the populations with d < 20 nm, with the maxima and the full widths at half maxima designated. 
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narrower PL spectral bands than SN1 (Table 1, Figure 2). These findings 
suggest that most likely the principal contribution to spectral broad
ening originates from irregularly shaped NCs with sizes comparable to 
or smaller than the exciton Bohr diameter, which for perovskite CsPbBr3 
is about 7 nm [32]. 

The PL decays reveal somewhat an unusual trend. While φPL de
creases after each wash, the exciton lifetimes appear to increase 

(Figure 5). Multiexponential fits show an increase in all time constants, 
τi, after the first benzene wash, and the intensity-average lifetime, τ, of 
SN2 exceeds τ of SN1 by more than a factor of three (Table 1). As a result, 
the average radiative-decay rate constant, kPL, of SN1 is more than four 
times larger than kPL of SN2 and SN3, while the non-radiative decay rate 
constants, knd, differ by less than a factor of two (Table 1). That is, the 
spatial overlap between the hole and the electron orbitals of the excitons 
in the NCs, allowing transitions with minimum phonon coupling, gov
erns the observed photophysical tends. The slightly larger NC size in SN2 
and SN3, in comparison with SN1, could offer a rationale for the kPL 

trends. The sizes of these particles, however, exceed the 7-nm effective 
Bohr diameter estimated for CsPbBr3 [32]. 

Despite the broad use of multiexponential fits for analyzing PL de
cays of nanoparticles, the interpretation of the results should be 
approached with a certain level of caution. Such fitting function, indeed, 
reflect the inherent heterogeneous nature of samples of luminescent 
NCs. This heterogeneity, however, can originate from: (1) differences in 
size and shape of the NCs in the sample; and (2) different defects and 

Figure 3. Optical absorption and emission spectra of benzene supernatants, SN1, SN2 and SN3, plotted against (a) wavelength and (b) energy after transition-dipole 
moment corrections, i.e., A(ℰ) = A(λ) ℰ–1 and PL(ℰ) = PL(λ) ℰ–5 [61]. The concentrations were adjusted to give similar absorbance at the maxima around 500 nm, i. 
e., at the bathochromic edges of the spectra. The photoluminescence spectra are normalize to their maxima (λex = 470 nm). 

Table 1 
Photophysical characteristics of the NCs in supernatants SN1, SN2 and SN3.   

SN1 SN2 SN3 

λ(Amax) / nm a  497 ± 2 506 ± 1 507 ± 1 
λ(PLmax) / nm a  514 ± 1 518 ± 1 519 ± 1 
E (Amax) / eV a  2.48 ± 0.02 2.45 ± 0.01 2.44 ± 0.02 
E (PLmax) / eV a  2.41 ± 0.02 2.39 ± 0.01 2.39 ± 0.01 
ΔE / meV b  70 ± 30 60 ± 10 50 ± 20 
FWHMPL / meV 

c 
87 ± 5 76 ± 3 73 ± 4 

ϕPL 0.95 ± 0.10 0.75 ± 0.15 0.70 ± 0.12 
τ1 / ns (α1) d  3.63 (0.8365) 3.82 (0.845) 4.83 (0.808) 
τ2 / ns (α2) d  12.3 (0.1559) 14.5 (0.137) 18.2 (0.172) 
τ3 / ns (α3) d  44.6 (0.0072) 71.6 (0.015) 74.7 (0.017) 
τ4 / ns (α4) d  244 (0.0004) 309 (0.003) 304 (0.003) 
τ5 / ns (α4) d,e  > 1,000 b (3 ×

10–5) 
> 1,000 b (2 ×
10–5) 

> 1,000 b (3 ×
10–5) 

χ2f  1.26 1.09 0.94 

d f 2.02 2.04 1.92 
τ / ns g  13.9 52.3 49.7 
kPL × 10–6 / s–1 

h 
68 14 14 

knd × 10–6 / s–1 

h 
3.6 4.8 6.0  

a Absorption (at the bathochromic edges of the spectra) and photo
luminescence maxima extracted from spectra plotted against wavelength and 
energy (Figure 3). 

b Stokes’ shifts, ΔE = E (Amax) − E (PLmax). 
c Full widths at the half maxima (FWHM) of the photoluminescence bands. 
d Lifetimes, τi, along with the normalized amplitudes, αi, obtained from mul

tiexponential data fits, IPL(t) = Σiαi exp(− t τi
− 1) [54, 55]. 

e While tetraexponential functions do not provide good fit for the microsecond 
regions of the decays, τ5 of pentaexponential fits for each decay converges to 
different values between about 1 μs and 5 μs depending on the initial input 
value. 

f Chi square (χ2) tests of the goodness of the pentaexponential fits, and auto
correlation (d) tests, as implemented by the Durbin-Watson statistics, for 
examining the appropriateness of the fitting function [56–60]. 

g Intensity-average lifetimes from the first four exponential components, T =

(Σiαiτi
2) (Σiαiτi)

− 1. 
h Averagerate constants of radiative and non-radiative decay rate, i.e., kPL =

φPL τ− 1 and knd = (1 − φPL) τ− 1. 

Figure 4. Alkene and aromatic regions of the 1H NMR spectra of the content of 
supernatants SN1, SN2 and SN3, adjusted to have optical absorption of 0.5 at 
500 nm in a 1-mm cuvette. After measuring the absorption, 1 mL of each 
sample was dried under vacuum and redissolved in 1 mL C6HD5 for the NMR 
measurements. The spectra show the signals from the alkene protons of oleyl 
amine and/or oleic acid, which overlap when bound to perovskite NCs, along 
with abundance of the non-volatile solvent, 1-octadecane, used for the syn
thesis, which always accompanies NCs synthesized using such a procedure, as 
previously reported [62]. The values in the parentheses represent the integrated 
area under each peak divided by the integrated area of the solvent peak at 
7.16 ppm. 
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traps (within the bulk and on the surfaces of the particles) distributed of 
populations of NCs with identical shape and size. To account for the 
latter, we resort to a model that was initially developed for explaining 
micelle-mediated emission quenching, and assumes a Poisson distribu
tion of each of several quenchers over the particles in the suspension 
[64, 65]. Assuming each quencher represents a different exciton trap in 
the nanoparticles has allowed the successful application of this model 
for the analysis of PL decays of quantum dots [66–72]. Adopting this 
model, allows representing the time-evolution of the emission intensity, 
IPL(t), observed for suspensions containing m types of NCs with n 
different exciton traps distributed among them: 

IPL(t) =
∑m

i=1
Ii,0 exp

(

−
t

τi,0
−
∑n

j=1

〈
Ni,j
〉
(

1 − exp

(

−
t

τ(T)

i,j

)))

(3)  

where Ii,0 is the initial amplitude of the PL intensity for the ith type of 
NCs; τi,0 is the lifetime of the excitons in the ith type of NCs in the absence 
of any traps; 〈Ni,j〉 is the average number of a type j traps per particle in 
the ith type of NCs; and τi,j

(T) characterizes the lifetime of an exciton in a 
type j trap in the ith type of NCs. 

This Poisson-distribution model (eq. 3) where we vary m and n be
tween 1 and 5, offers a means for global fits (GFs) of the PL decays 
recorded for SN1, SN2 and SN3, where the lifetimes, τi,0 and τi,j

(T), are set 
the same for all three suspensions, while the preexponential amplitudes, 
Ii,0 and 〈Ni,j〉, are allowed to fluctuate independently for each sample. 
Allowing any of τi,0 and τi,j

(T) to adjust independently to different values 
for each decay does not improve the quality of the data fits, but can 
compromise the convergence of the least-squares iterations. Setting m =
1 and n = 4 describes well the PL decays of all three samples, employing 
the smallest number of fitting parameters (Figure 5, inset). 

Temperature dependence of the photophysical properties of the NCs 
provides a means to characterize the trap states that the Poisson- 
distribution model (eq. 3) postulates. Heating SN2, for example, re
sults in a significant decrease in its emission quantum yield, as well as in 
a slight hypsochromic shift in the PL maximum and broadening of the PL 

band (Figure 6). While these results are consistent with temperature- 
enhanced access to exciton traps with decreased efficacy of radiative 
deactivation, their interpretation should be approached with a great 
deal of caution and treated as qualitative at best. Unfortunately, raising 
the temperature above ca. 30 ◦C induces irreversible changes in the PL 
properties of these NC samples, as revealed by the losses in ϕPL and the 
irreversible spectral broadening upon heating and cooling cycles 
(Figure 6). Conversely, circulating the temperature between about 5 and 
30 ◦C does not induce detectable irreversible changes within the dura
tion of the measurements. 

The GF analysis of the PL decays reveals two key features about the 
exciton dynamics (Table 2). (1) The inherent exciton lifetime, τi,0, for 
trap-free cesium lead bromide NCs (with sizes slightly exceeding the 
Bohr diameter [32]) is in the order of a microsecond. It is consistent with 
the low-amplitude slow components, τ5, that the multiexponential fits 
produce (Table 1). (2) The samples with different average kPL, i.e., SN1 
vs SN2 and SN3 (Table 2), have different number of traps inducing 
exciton lifetimes between about 0.3 and 1 μs, i.e., 〈N1,1〉 and 〈N1,2〉

(Table 2). That is, SN1, which has larger ϕPL and shorter average life
times, τ, than SN2 and SN3 (Table 2), has a noticeable population of 
traps inducing 300-ns exciton lifetime, i.e., for SN1 〈N1,2〉 > 3, and 
practically none of the 1-μs ones, i.e., 〈N1,1〉 < 0.05 (Table 2). In contrast, 
the particles in SN2 and SN3 are practically depleted of traps that 
shorten the exciton lifetime to around 300 ns, i.e., 〈N1,2〉 ≲ 0.2 for SN2 
and 〈N1,2〉 ≲ 0.1 for SN3, while loaded with traps that induce lifetimes 
almost as long as τi,0, i.e., 〈N1,1〉 (SN2) ≈ 〈N1,1〉 (SN3) ≈ 5 (Table 2). 
Therefore, the structural features in these all-inorganic lead halide NCs 
that prolong the exciton lifetimes, also decrease the spatial overlap be
tween the exciton hole and electron, lowering the luminescence oscil
lator strength and the rates of radiative decay. 

4. Conclusions 

While the synthesis of perovskite and other luminescent nano
particles is relatively easy, their separation from the reaction mixture 
and purification is not always straightforward. The inherent structural 
heterogeneity of such nanomaterials renders the reproducibility of their 
preparation somewhat challenging. Electron microscopy is a primary 
tool for examining the morphology of the NC populations, and NMR 

Figure 5. Photoluminescence decays of supernatants SN1, SN2 and SN3, ob
tained using time-correlated single photon counting (TCSPC). Instrument 
response to the laser excitation (L): λex = 406 nm and FWHM = 200 ps [63]. The 
inset shows the global fits of the decays (Table 2) along with the residuals. The 
logarithmic scale of the abscissa allows to illustrate the changes that span over 
three orders of magnitude. For reliability of the fits at t ≳ 500 ns, where the 
intensity drops by more than three orders of magnitude, the data fits were 
carried out using the logarithm of the Poisson-distribution function (eq. 3), i.e., 
lg(IPL(t)). (Chi-square and Durbin-Watson tests for the goodness of the global fit 
yield: χ2 = 1.17; d = 1.91 [56–60].) 

Figure 6. Temperature dependence of the PL properties of SN2, including 
thermal effects on: emission quantum yield, ϕPL, spectral maxima, i.e., Δℰmax =

ℰ(PLmax) – ℰ(PLmax, 20 ◦C), and spectral widths, i.e., ΔFWHM = FWHM – 
FWHM(20 ◦C). The linear correlations (R2) are for the temperature increase 
from 7 to 65 ◦C, i.e., 280 to 338 K. An increase in temperature above about 30 
◦C, however, causes irreversible changes in the samples and cooling down does 
not recover the initial spectral properties. The spectrum depicted with the 
dashed dark green line and the hollow circular marker represent the PL prop
erties after cooling down from 65 to 20 ◦C. 
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spectroscopy – for monitoring the (free) organic components in the 
suspensions. It is optical spectroscopy, however, that provides key in
formation about the electronic properties of such nanomaterials. Even 
then, the trends have layers of complexity that need examining. High 
photoluminescence quantum yields, for example, do not necessarily 
correlate with the exciton lifetimes and with the overall quality of the 
nanomaterials. Such considerations are crucial for designs of photonic, 
optoelectronic and solar-energy applications. 
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〈N1,1〉 0.019 ± 0.031 5.1 ± 0.4 5.4 ± 0.2 
〈N1,2〉 3.6 ± 0.031 0.17 ± 0.15 0.062 ± 0.093 
〈N1,3〉 3.1 ± 0.031 2.2 ± 0.6 3.0 ± 0.8 
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