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Abstract: CH;NH;PbBr; perovskite nanocrystals (PNCs) of
different sizes (ca. 2.5-100 nm) with high photoluminescence
(PL) quantum yield (QY; ca. 15-55 %) and product yield have
been synthesized using the branched molecules, APTES and
NH,-POSS, as capping ligands. These ligands are sterically
hindered, resulting in a uniform size of PNCs. The different
capping effects resulting from branched versus straight-chain
capping ligands were compared and a possible mechanism
proposed to explain the dissolution—precipitation process,
which affects the growth and aggregation of PNCs, and thereby
their overall stability. Unlike conventional PNCs capped with
straight-chain ligands, APTES-capped PNCs show high
stability in protic solvents as a result of the strong steric
hindrance and propensity for hydrolysis of APTES, which
prevent such molecules from reaching and reacting with the
core of PNCs.

Organolead halide perovskites, a class of materials with the
typical formula APbX; (A =Cs* or CH;NH;"; X =1, Br, Cl),
have emerged as promising materials for photovoltaics
(PV),! light-emitting diodes (LED),? photodetectors,””! and
lasers."! Yet, their practical applications are hindered by their
instability, which depends on factors such as oxygen, UV light,
temperature, moisture, and surface defects.”! Therefore, it is
urgent to understand the degradation mechanism and find
solutions to address this issue. Compared to bulk materials,
nanocrystals (NCs) are often less stable because of their large
surface-to-volume (S/V) ratio and high percentage of surface
atoms with dangling bonds, making them a good model
system for studying material instability.

PNCs have been used for LED applications because of
their high PL QY (ca. 90%), narrow emission bands (ca.
20 nm), and tunable emission spanning the whole visible
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range.” ! As a consequence of the high density of trap states
that often result in non-radiative recombination, it is
necessary to passivate the surface of PNCs using appropriate
capping ligands to achieve high PL QY.”*” Moreover,
simulation studies have shown that surface defects may
increase degradation of PNCs.[®! Therefore, proper passiva-
tion is also important for improving the stability of PNCs.
With this in mind, straight-chain octylammonium bromide
(OABr) and octadecylammonium bromide (ODABr) were
used as capping ligands for synthesizing PNCs.**! However,
the relatively weak passivation ability of these ligands
resulted in low PL QY (ca. 20 %) and non-uniform products,
including perovskite nanoparticles (PNPs) and perovskite
nanosheets (PNSs).’*?! Zhang et al. successfully synthesized
perovskite quantum dots (PQDs) with high PL QY (ca.
70%), when octylamine (OA) was used as the capping
ligand.” Nevertheless, the product yield of PQDs with high
PL QY is low due to the formation of large perovskite
particles during the precipitation step.®! Although both OA
and OABTr can serve as capping ligands, uniform particles with
a single emission band and high PL QY remain elusive with
these materials. More importantly, the PNCs capped by these
ligands show poor stability in polar and protic solvents, which
hinders further functionalization and sensitization since many
reactions are conducted in polar and protic solvents.

Herein, we describe branched capping ligands, (3-amino-
propyl)triethoxysilane (APTES) and polyhedral oligomeric
silsesquioxane (POSS) PSS-[3-(2-aminoethyl)amino]propyl-
heptaisobutyl substituted (NH,-POSS; Figure 1a), and their
successful implementation as passivators and stabilizers of
PNGCs. By adjusting the amount of the capping ligands,
uniform PNCs with high PL QY (ca. 15-55%), tunable size
(ca. 2.5-100 nm), and emission (452-524 nm) could be
synthesized in a controlled fashion. Moreover, the stability
of APTES-capped PNCs of different sizes was studied in
protic solvents; decomposition by solvent was impeded
because of the strong steric hindrance and hydrolysis
properties of APTES.

PNCos, PNCymposs, and PNCupres samples were
synthesized using a dissolution—precipitation method, as
shown in Figure 1b. N,N-dimethylformamide (DMF, 1 mL)
precursor solution was injected into toluene (10 mL) to
precipitate PNCs. The PNC supernatant and precipitate were
obtained by centrifuging the resultant solution at
13000 rpmmin— for 6 minutes. The PNC solution was
prepared by injecting DMF (4 pL) precursor solution into
toluene (4 mL) without any further purification, and under-
went optical characterization directly. Transmission electron
microscopy (TEM) and high resolution TEM (HRTEM) were
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Figure 1. a) Molecular structure of APTES and NH,-POSS, b) Synthetic
procedure for PNCs.

used to characterize the morphology of PNC,pgs (Figure 2).
For PNC,pgs precipitates prepared with low concentrations
of APTES, PNCpprgs, (Figure2a) and PNCpprpgy
(Figure 2b), cubic nanoparticles with an average length of
about 100 and 80 nm were obtained, respectively. After
increasing the APTES concentration to 8 uLmL’l, smaller
PNCs with a mean diameter of 7.8+ 1.6 nm were obtained,
attributed to the coordinating effect of capping ligands, which
resulted in a slower delivery rate of monomer."") With
a further increase in APTES concentration, more uniform
and monodisperse PNCs with an average diameter of
514+0.6 nm, 3.1 £0.4 nm, and 2.5+0.4 nm were obtained,
labeled as PNCpprpsi6s PNCapresa, and PNCypreses. NO
PNSs were found in the samples when the concentration of

Figure 2. TEM images of PNCs prepared with different concentrations
of APTES capping ligands. a) PNCppres.a, b) PNCapres.y €) PNChpresas,
d) PNCppreste €) PNCppressz, and f) PNCppres.es. Inset: HRTEM images
of (d) PNCppresas (€) PNCppres.sz, and (f) PNCopress
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APTES was >8 uLmL ™", because the strong steric hindrance
of branched APTES resulted in spherical particles. In
contrast, the products included a combination of spherical,
sheet-like, and belt-like PNCs when straight capping ligands,
OA and OABr, were used in the synthesis of PNCs
(Supporting Information, Figure S1), indicating the ability
of branched APTES to control the uniformity of PNCs.
HRTEM images of a single PNC show lattice spacing of 2.6
and 3.0 A, which could be assigned to the (02 1) and (0 0 2)
planes of cubic CH;NH,PbBr,.” The broader XRD peaks
(Supporting Information, Figure S2a) also indicate the forma-
tion of smaller PNCs with increasing APTES concentration.
An FTIR spectrum of the PNC (Supporting Information,
Figure S2b) shows a broad O—H asymmetric stretching band
from 3300 to 3600 cm™', indicating successful capping and
hydrolysis of APTES.

As shown in Figure 3, the UV/Vis spectrum of PNC,prgs.,
exhibits an excitonic absorption peak at 521 nm, with a tail at
longer wavelengths because of the scattering effect of large
particles. With further addition of APTES, the PNCprgs
suspension showed less scattering and the absorption onset
became blue-shifted, suggesting the formation of smaller
PNGCs. Similarly, a symmetric and narrow emission band with
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Figure 3. UV/Vis (solid line) and PL (dashed line) spectra

(Aex=365 nm) of PNCypres solutions prepared with different

concentrations of APTES capping ligands. Inset: digital pictures of the
PNCppres solutions under UV light.
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a peak at 524 nm was observed for the 2 pLmL™' APTES
sample. However, an insufficient amount of ligands gave rise
to poor passivation and low PL QY (ca. 2% ). The highest PL
QY (ca. 55%) was obtained with a slight emission shift when
the APTES concentration was increased to 16 uLmL™"
Although the emission could be further blue-shifted
(Supporting Information, Table S1), the PL QY of PNCyprgs
actually started to decrease. It is
known that ligands coordinate to
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stand the different capping effects of OA and APTES, the
optical properties of PNC precipitate, supernatant, and
solution were studied. As shown in Figure 4 a, the absorption
and PL spectra of PNC,, precipitate exhibited the character-
istics of bulk materials,'? with an identical absorption and
emission peak position (ca. 533 nm). Besides this prominent
peak, other PL peaks were evident between 475 and 500 nm,
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To demonstrate the generality of
the APTES ligands, we also applied
APTES in the synthesis of
PNGs, including CH;NH;PbCl;,
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ligands, branched ligands present
substantial steric hindrance that
favors the formation of smaller
and more uniform  NCs.['"
Cage-like POSS were previously
applied in the controlled growth of
layered perovskites.''! Herein, NH,-POSS was utilized as
a capping ligand to further demonstrate size control with
branched capping ligands beyond APTES (Supporting
Information, Figure S4). Similar to the PNCpgs, both the
absorption and emission bands of PNCyyy,.poss Were observed
to blue-shift with an increasing concentration of NH,-POSS.
Furthermore, all PNCymposs solutions showed good
dispersibility and high PL QY.

To date, several studies have employed the dissolution—
precipitation strategy to fabricate high PL QY PNCs.?>6-]
However, the PNCs capped by OA capping ligands tend to
agglomerate into large particles with a low PL QY (< 10%)
during precipitation (Supporting Information, Figure S5a). To
achieve high PL QY, the large particles are often discarded
and only the supernatant is kept after centrifugation, resulting
in a low product yield.”™® Moreover, the main components
included in PNCg, supernatant are always a mixture of PNPs
and PNSs.” In contrast, no large particles were formed
during the precipitation described herein, and the PNCs
synthesized using APTES showed high uniformity. To under-
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Figure 4. UV/Vis (solid line) and PL (dashed line) spectra (A, =365 nm) of a) PNCe, and

b) PNCppres0 samples. c) Precipitation quantities influenced by OA and APTES ligand capping
effects. The PL spectrum of PNCypres supernatant is magnified by 1000. The peak at 410 nm is likely
to be a Raman signal from the solvent (Supporting Information, Figure S8).

owing to the presence of some PNSs.”*® Compared to the low
PL QY of PNCy, precipitate (ca. 10%), the PNCg, super-
natant presented a broad emission band with a peak at
approximately 488 nm with a high PL QY (ca. 60%),
resulting from the various NCs with layer-dependent optical
properties.”**31 Although the PNC,, solution (QY: ca.
63%) also exhibited a single emission band centered at
approximately 515 nm, the broad peak in the PL spectrum of
PNCy, solution suggests a non-uniform particle size. Note
that the PL QY of PNCy, solution is a little higher than that
of PNCpprgs and PNCypsposs because of the improved
passivation of straight ligands, which results from weaker
steric hindrance and repulsion of straight-chain ligands
(Supporting Information, Figure S6).

The absorption and emission spectra collected for
PNCypresao showed a very different pattern (Figure 4b).
Significantly, the emission spectra of PNCyprgs.g precipitate,
supernatant, and solution all exhibit the PNC characteristic
emission band with a peak at approximately 485 nm, showing
that the size of the PNCs in these three systems is highly
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uniform. The low absorption/emission intensity of
PNC,presao supernatant is attributed to the low concentration
of PNCs. This indicates that the as-formed PNCs can be easily
collected by centrifugation (Supporting Information,
Figure S5b), which is desirable for cleaning and post-
processing in various applications.

To explain the different capping effects of OA and
APTES, we propose the following mechanism based on
a dissolution—precipitation model (Figure 4c). The dissolved
precursors precipitate as PNCs at the DMF-toluene interface
when the DMF precursor solution is injected into toluene.
With OA as the capping ligand, the OA molecules adsorbed
on the surface of the formed PNCs and PNSs diffuse from
DMEF to toluene, along with the products. However, the chain
configuration of OA molecules cannot effectively prevent the
products from dissolving back into DMF across the DMF-
toluene interface and some OA ligands remain in the toluene
phase because of their non-polar nature. The loss of OA
ligands will result in a lack of ligands in the DMF phase,
leading to the formation of large particles in the next round of
precipitation. This effect becomes more pronounced when the
concentrations of the precursors is high. On the contrary, the
strong steric hindrance of APTES and the formation of silica
can prohibit the dissolution of the as-formed PNCs back into
DMF, which helps to maintain the original structural and
optical properties of PNCs. Nevertheless, the PNC,prgga
sample began to flocculate after standing for a few minutes
(Supporting Information, Figure S7) because of hydrolysis of
Si-O-C,H; groups attached to the PNC,pgg surface, which
generate hydroxy (-OH) groups (as indicated by FTIR
spectra), resulting in a change in polarity and hydrogen
bonding of the ligands.

Water-induced degradation is a major problem for organic
metal halide perovskites because protons are captured by
methylammonium.®! Similarly, they are also unstable towards
other protic solvents such as alcohols.

We hypothesized that PNC,prps may exhibit better
stability because of the strong steric hindrance and hydrolysis
properties of APTES, which reduces the access of protic
solvent molecules to the PNCs surface. To test the stability of
PNC,prgs in protic solvents, 0.5 mgmL~' of PNC precipitate
capped by different ligands was dispersed in ethanol
(Supporting Information, Figure S9a and b). No emission
was observed by the naked eye for PNCy, and PNCgyyp,
dispersed in ethanol, and all XRD peaks (Supporting
Information, Figure S9c) of the decomposed products
belong to rhombic PbBr, (JCPDS#31-0679). However, the
PNC,pres precipitate showed high fluorescence intensity after
sonication in ethanol, indicating better stability of PNC,prgs
in protic solvents.

Long term stability tests were also conducted in different
protic and polar solvents. As shown in Figure 5a, the relative
PL intensity of the PNC,prgs.6 precipitate in isopropanol
remained almost 70% after 2.5 h. However, PNCuprgs.is
precipitate showed poorer stability when dispersed in
methanol and ethanol, which could be due to the smaller
size of solvent molecules, which would allow easier passage
through the ligand layer to the PNC surface. This was also
true for the PNCapres4 and PNC,pres g precipitates of larger
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Figure 5. a) The relative fluorescence intensity of 0.5 mgmL™"
PNCppresi6 precipitate as a function of time in different protic solvents.
b) The relative fluorescence intensity of PNC,pres precipitate as a
function of time in isopropanol.

particle size (Supporting Information, Figure S10). The
stability of varying sizes of PNC,pgs precipitates in iso-
propanol was also studied. As shown in Figure 5b, stability
improved for particles larger than PNCjypres.i6, but declined
for smaller particles, possibly because of poorer surface
passivation and an increase in surface defects.

In conclusion, branched capping ligands (APTES and
NH,-POSS) were successfully applied to the synthesis of
PNGs, resulting in materials with improved stability. By
controlling the amount of ligand present, uniform PNCs with
tunable size (ca. 2.5-100 nm) and high PL QY (ca. 15-55%)
were obtained. Compared to straight-chain ligands, OA and
OABr, APTES and NH,-POSS offer greater control over
particle size and uniformity, which is attributed to their strong
steric hindrance and the extent to which they protect PNCs
from dissolution by DMF. A possible mechanism based on
dissolution—precipitation processes was proposed to explain
the role of different capping effects in controlling the
uniformity of PNC size. Importantly, PNC,prgs shows
improved stability in protic solvents compared to PNCs
capped by straight OA or OABT ligands, which is attributed to
strong steric hindrance and hydrolysis properties of APTES.
The results demonstrate that the stability of PNCs can be
substantially improved using branch-structured capping
ligands, which is important for many emerging applications
that utilize PNCs.
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