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ABSTRACT: In the synthesis o cesium lead bromide (CsPbBr3) perovskite quantum dots,
with an electronic absorption and emission band around 510 nm, and perovskite magic-sized
clusters (PMSCs), with an electronic absorption and emission band around 430 nm, another
distinct absorption and emission around 400 nm is oten observed. While many would attribute
this band to small perovskite particles, here we show strong evidence that this band is a result o
the ormation o lead bromide molecular clusters (PbBr2 MCs) passivated with ligands, which
do not contain the A component o the ABX3 perovskite structure. This evidence comes rom a
systematic comparative study o the reaction products with and without the A component under
otherwise identical experimental conditions. The results support that the near 400 nm band
originates rom ligand-passivated PbBr2 MCs. This observation seems to be quite general and is
signicant in understanding the nature o the reaction products in the synthesis o metal halide
perovskite nanostructures.

Perovskite quantum dots (PQDs) are semiconductor
nanoparticles dened by the ABX3 ormula, where A is

an inorganic or organic cation (Cs+ or CH3NH3
+), B is a metal

cation (Pb2+), and X is a halide anion (Cl−, Br−, I−). They
exhibit coveted properties such as narrow emission bands and
a tunable emission across the visible spectrum.1−5 The tunable
properties o PQDs are attributed to the quantum connement
eect and a large surace-to-volume ratio, and can be
manipulated through altering the crystal size or halide
composition.6−9 CsPbBr3 PQDs, in particular, are o increased
interest due to a near-unity photoluminescence (PL) quantum
yield as well as its acile and inexpensive synthesis and high PL
quantum yield.10,11 These nanoparticles are characterized by a
bright green fuorescence under ultraviolet excitation, with an
absorption band at around 505 nm and an emission band at
around 516 nm.12,13 While exploring the manipulation o the
optical properties o CsPbBr3 PQDs, perovskite magic-sized
clusters were introduced.14−17

Perovskite magic-sized clusters (PMSCs) are smaller and
narrower than conventional PQDs and are characterized by
discrete size distributions and sharp absorption and emission
peaks.13,14,16,18−26 They are oten described as stable
intermediates to PQDs or bulk perovskites, making them
ideal models or understanding the growth mechanism o
PMSCs to larger perovskite nanomaterials.17 This synergistic
relationship was showcased when Xu et al. demonstrated the
tuning o cesium lead bromide (CsPbBr3) PQDs to PMSCs
through the addition o a trivalent metal hydrated nitrate
coordination complex (TMHNCC) in conjunction with
conventional passivating ligands, oleic acid, and oleylamine.

These CsPbBr3 PMSCs exhibited a monodispersed excitonic
absorption peak at 413 nm and PL emission peak at 421 nm.14

A subsequent paper by Xu et al. presented a tuning o CsPbBr3
PMSCs by controlling the ratio o carboxylic acids with
benzylamine, wherein the characteristic CsPbBr3 PMSC
excitonic absorption peak and PL emission peak were reported
to be between 389 to 399 nm and 391 to 402 nm,
respectively.15 While exploring the growth mechanism o
PMSCs to PQDs, lead bromide molecular clusters (MCs) were
ound as a potential precursor to PMSCs.17

Lead bromide molecular clusters (PbBr2 MCs) exhibit
similar optical properties to PMSCs, such as bluer and
narrower excitonic absorption and emission peaks and single
size distributions.1,17,27−29 However, PbBr2 MCs lack the
perovskite composition since they have no A component.
PbBr2 MCs also only require an amine to passivate its
structure, though adding an acid does not drastically change
the product’s composition or optical properties. Vickers et al.
demonstrated that PbBr2 MCs are a potential precursor to
PMSCs and that, given the appropriate experimental
conditions, PMSCs can revert back to PbBr2 MCs ater a
period o time.17 However, the reported absorption and
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emission or PbBr2 MCs passivated with butylamine are
respectively around 400 and 410 nm, which overlaps with the
already established CsPbBr3 PMSCs. Furthermore, a compar-
ison between MCs and PMSCs was limited to PbBr2 MCs and
methylammonium lead bromide PMSCs, which have estab-
lished absorption and emission bands at around 420 and 430
nm, respectively, but did not explore the synergistic relation-
ship with CsPbBr3 PMSCs.1,2,16,17,24,31 Due to the equilibrium
o these two species and the act that PbBr2 MCs were
identied ater preliminary publications on PMSCs, it is
important to clariy the origin o the 400 nm absorption peak
so that uture classications are not jeopardized.
In this study, we perorm a series o comparison experiments

where we synthesize CsPbBr3 nanoparticles with and without
the cesium component through ligand-assisted reprecipitation
(LARP), using dierent organic ligands to passivate the

nanoparticles. These ligands were used in previously
established protocols or synthesizing perovskite nanoparticles,
ocusing on carboxylic acids like mesitylacetic acid (MAA),
valeric acid (VA), and octanoic acid (OcA), as well as organic
amines like butylamine (BTYA) and benzylamine
(BZA).1,2,13−17,21,24,27,29,31−33,30 Other organic acids used or
passivation include oleic acid (OA), benzoic acid (BA), and
phenylacetic acid (PAA). PbBr2 MCs were ound to have
ormed in all o the tested conditions and tend to absorb and
emit at wavelengths that were previously attributed to CsPbBr3
PMSCs. These results suggest that what our group has earlier
characterized as CsPbBr3 PMSCs are PbBr2 MCs and urther
establish the presumption that PbBr2 MCs are an important
precursor in the reaction dynamics o perovskite nanoparticles.
Figure 1A and B show the ultraviolet−visible (UV−vis)

electronic absorption and PL spectra o PbBr2 MCs passivated

Figure 1. UV−vis absorption and PL spectra o (a) BTYA PbBr2 and (b) BZA PbBr2.

Figure 2. UV−vis absorption and PL spectra o (a) MAA + BTYA CsPbBr3, (b) MAA + BTYA PbBr2 MCs, (c) MAA + BZA CsPbBr3, and (d)
MAA + BZA PbBr2 MCs.
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with BTYA and BZA, respectively. BTYA PbBr2 MCs have an
electronic absorption band peak at 404 nm and emission band
peak at 409 nm, which are consistent with the values reported
by Vickers et al.17 BZA PbBr2 MCs have an electronic
absorption band at 401 nm and an emission band at 406 nm,
indicating that PbBr2 MCs passivated with BZA are slightly
smaller than their BTYA counterpart. These values serve as a
reerence or PbBr2 MCs in terms o where they absorb and
emit in subsequent comparative studies.
Figure 2A shows the UV−vis absorption and PL emission

spectra o CsPbBr3 nanoparticle passivation with MAA and
BTYA. These MAA+BTYA CsPbBr3 nanoparticles have two
excitonic absorption bands at 400 and 426 nm, and three PL
emission bands at 405, 435, and 487 nm. The multiple
emission is a result o the quantum size eect, which aects the
number o layers o the perovskite nanoparticles. A dierence
in the number o layers results in varied emission on the PL
spectra.34,35 Figure 2B shows the UV−vis absorption and PL
spectra o PbBr2 MCs passivated with MAA and BTYA, lacking
the cesium component that would complete the perovskite
structure. These MAA + BTYA PbBr2 MCs have an electronic
absorption band peak at 400 nm and emission band peak at
405 nm. The high similarity in the near 400 nm absorption and
PL bands between the two samples, with and without the Cs+
component, strongly implies that the near 400 nm bands in
Figure 2A originate rom PbBr2 MCs13,17,27,29 and not rom
PMSCs. The 426 nm absorption and 435 nm emission bands
can be attributed to CsPbBr3 PMSCs,14−17,21,24,25,31 while the
487 nm emission band is most likely due to a small amount o
CsPbBr3 PQDs with a high photoluminescence quantum yield
(PLQY) or trap states in the structure.3,8,10,12,18,36

Figure 2C shows the UV−vis absorption and PL emission
spectra o CsPbBr3 nanoparticles passivated with MAA and
BZA. These MAA + BZA perovskite nanoparticles have two
distinct excitonic peaks at 393 and 415 nm but several
emission peaks at 399, 422, 443, 488, and 519 nm. Figure 2D
shows the UV−vis absorption and PL emission spectra o the
sample synthesized under the same conditions except without
Cs+ added, which exhibit an absorption band peak at 393 nm
and an emission band peak at 399 nm attributed to MAA +
BZA PbBr2 MCs.13,17,27,29 The absorption and emission peaks
or the MCs without Cs+ match those o the nanoparticles with
the Cs+ component present, which suggest that the near 400
nm bands in Figure 2C originate rom PbBr2 MCs ormed in
the synthesis o CsPbBr3 nanoparticles. The 422 and 443 nm
em i s s i o n p e a k s a r e a t t r i b u t e d t o C s P b B r 3
PMSCs14−17,21,24,25,31 and the 488 nm and 494 nm emissions
to CsPbBr3 PQDs.

3,8,10,12,18,36

Figure 3A shows the UV−vis absorption and PL emission
spectra o CsPbBr3 nanoparticles passivated with VA and
BTYA. This condition also renders two electronic absorption
bands at 404 and 430 nm and multiple PL emission bands at
409, 433, and 461 nm. Figure 3B shows the UV−vis absorption
and PL emission spectra o the sample synthesized similarly
without Cs+, with an absorption band at 404 nm and emission
band at 409 nm, which can be attributed to VA+BTYA PbBr2
MCs.13,17,27,29 As beore, the overlapping absorption and
emission bands o the approximate 400 nm peaks regardless o
the presence o Cs+ suggest that PbBr2 MCs are responsible or
the 404 nm absorption band and 409 nm emission band
observed in Figure 3A or the sample with Cs+ present. The
4 3 3 nm em i s s i o n b a n d i s d u e t o C s P b B r 3

Figure 3. UV−vis absorption and PL spectra o (a) VA + BTYA CsPbBr3, (b) VA + BTYA PbBr2 MCs, (c) VA + BZA CsPbBr3, and (d) VA +
BZA PbBr2 MCs.
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PMSCs,14−17,21,24,25,31 and the 461 nm emission peak is rom
small CsPbBr3 PQDs or trap states.3,8,10,12,18,36

Figure 3C shows the UV−vis absorption and PL emission
spectra o CsPbBr3 nanoparticles passivated with VA and BZA.
These nanoparticles are represented by one broad electronic
peak at 393 nm, and two emission bands at 403 and 501 nm.
Figure 3D shows the absorption and emission spectra under
the same conditions but without the Cs+ component, with an
absorption band peak at 394 nm and an emission band at 403
nm. Because o the overlap o the 394 nm absorption band and
the 403 nm emission band with and without the presence o
Cs+, we attribute the 394 nm absorption band and the 403 nm
emission band to PbBr2 MCs seen in Figure 3C or the sample
with Cs+ present.13,17,27,29 The 501 nm emission band is most
likely attributed to CsPbBr3 PQDs with a high PLQY, which
may contribute to the low intensity o the PbBr2
MCs.3,8,10,12,18,36

Figure 4A depicts the UV−vis absorption and PL emission
spectra o CsPbBr3 nanoparticles passivated with OcA and
BTYA. These nanoparticles are characterized by a single strong
absorption band at 404 nm and a broader absorption band at
434 nm, as well as several emission peaks at 410, 436, 462, and
528 nm. Figure 4B shows the absorption and PL spectra o
samples synthesized under almost identical conditions except
without Cs+, with an absorption band at 404 nm and an
emission band peaked at 410 nm attributed to OcA + BTYA
PbBr2 MCs.13,17,27,29 The consistent overlap makes it
reasonable to assume that the 404 nm absorption peak and
the 410 nm emission peak in Figure 4A are due to PbBr2 MCs.
The 436 nm emission band is attributed to CsPbBr3
PMSCs.14−17,21,24,25,31 The 462 nm emission band is rom

small CsPbBr3 PQDs or trap states, and the 528 nm emission
band is rom CsPbBr3 PQDs.

3,8,10,12,18,36

The UV−vis absorption and PL emission spectra or
CsPbBr3 nanoparticles passivated with OcA and BZA are
shown in Figure 4C. The product has three excitonic species at
390, 421, and 456 nm, and two emissive species at 404 and 504
nm. When the synthesis was carried out without the Cs+
component, the absorption and PL spectra shown in Figure 4D
exhibit an absorption band at 390 nm and emission band at
404 nm. This again supports that the species that absorbs at
390 nm and emits at 404 nm in Figure 4C is PbBr2 MCs even
with the presence o Cs+.13,17,27,29 There is a notable lack o
CsPbBr3 PMSCs in the emission spectra but a clear indication
o its presence in the absorption spectra at 421 nm, likely due
to sel-absorption o the emitted light rom PMSCs by the
PQDs in the sample.14−17,21,24,25,31 The 504 nm emission band
can be attributed to CsPbBr3 PQDs.

3,8,10,12,18,36

Compared to the PL band at 400 nm or PbBr2 MCs in
Figure 2 with MAA + BZA and MAA + BTYA as the
passivating ligands, the 403 nm emission band in Figure 3C
with VA + BZA as ligands and the 404 nm emission band in
Figure 4C with OcA + BZA as ligands are relatively weaker. A
weaker PL is usually attributed to a higher density o deects or
less eective passivation. The above comparison shows the
ollowing trend: ligand pairs that are “similar” (straight-chain
acid with straight-chain amine or aromatic acid with aromatic
amine) avor the PbBr2 MC ormation, whereas “mixed” ligand
pairs (straight-chain acid with aromatic amine or vice versa)
seem to avor the ormation o PQDs or PMSCs. We suggest
that this is possibly due to similar ligands being more ordered
compared to mixed ligands, and more ordered ligands lead to
better passivation, lower density o deects, and the ormation

Figure 4. UV−vis absorption and PL spectra o (a) OcA + BTYA CsPbBr3, (b) OcA + BTYA PbBr2 MCs, (c) OcA + BZA CsPbBr3, and (d) OcA
+ BZA PbBr2 MCs.
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o MCs. Previous studies have already ound that MCs need
better passivation than PQDs or PMSCs.13,17,27,29
Even though this work does not ocus on determination o

the structure o the MCs, we suggest that the MCs have
layered structures based on our previous study rom our lab29
and related work rom others.34,35 I the proposed layered
structure is correct, then the MCs represent ultrasmall
“quantum well in quantum dot” structures.
In summary, through a series o control experiments, we

have demonstrated the synthesis o ligand-passivated PbBr2
MCs with a strong absorption and PL emission band near 400
nm with and without the A (Cs+) component o perovskites
under otherwise identical experimental conditions. Compara-
tive UV−vis and PL spectroscopic characterizations show
convincingly that the 400 nm band is due to ligand-passivated
PbBr2 MCs rather than CsPbBr3 PMSCs as one may expect
when Cs+ is present in the synthesis. The CsPbBr3 PMSCs
absorb around 420 to 440 nm and emit around 426 to 450 nm.
Clarication o the origin o the near 400 nm band in the
synthesis o metal halide perovskites is important in under-
standing the mechanism o synthesis o nanostructures o
metal halide perovskites.
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