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ABSTRACT: The choice of ligand is an important parameter in the synthesis of metal
halide perovskites such as methylammonium lead bromide (MAPbBr;) perovskite
nanocrystals (PNCs). In this work, phenylalanine (Phe) was demonstrated, for the first
time, as a highly effective capping ligand for synthesizing MAPbBr; PNCs when used in
conjunction with (3-aminopropyl) triethoxysilane (APTES) and oleic acid (OA) or
methylphosphoric acid (MPA). Ultraviolet—visible absorption and photoluminescence
(PL) emission spectroscopy, powder X-ray diffraction, and Fourier transform infrared
spectroscopy were used to investigate the optoelectronic, structural, and surface
properties of the PNCs. The combined use of Phe, APTES, and OA or MPA is
demonstrated to be highly successful in passivating PNCs for achieving both improved
PL and enhanced stability. The enhanced passivation by Phe is attributed to the three
functional groups in Phe that can stabilize surface defects related to Pb**, CH;NH,", and
Br~ by mediating pH and hydrophobicity. Based on all the experimental results, a model
is proposed to explain the passivation mechanism involving Phe in conjunction with

other amine and acid ligands. This study demonstrates the effectiveness of multiligand passivation of perovskites involving amino

acid as the capping ligand.

Bl INTRODUCTION

Organo-metal halide perovskites, such as methylammonium
lead halide (MAPbX,, with MA = CH,NH,"* and X = CI~, Br",
I7), have attracted significant attention due to their intriguing
optoelectronic properties."” Perovskite nanocrystals (PNCs)
or quantum dots afford the additional advantage of size-
tunable optical properties desired for many applications.”>
However, surface defects of PNCs due to dangling bonds make
them susceptible to degradation and long-term instability,
which is a major impediment toward their processability and
applications.”” Many efforts have been devoted to developing
synthesis strategies to produce high-quality PNCs with good
stability and desired optical properties.”® "> One major culprit
for the fast degradation of PNCs is the labile surface
capping.'"'>'* Appropriate capping ligands on the surface of
PNCs not only reduce surface defects and related trap states
but can also prevent molecules such as water and oxygen from
reaching the PNC surface to cause degradation.">™"*

To date, organic acids and organic bases such as amines have
been commonly used as ligands in the synthesis of PNCs.'”~**
The carboxylates presumably chelate with surface lead atoms,
while alkylammonium interacts with the surface via hydrogen
bonding (X™-*H—N) or ionic bonding (X_"-NH;).B
However, the prepared PNCs could lose surface ligands during
purification.”**> Compared to ligands with a straight chain,
branched capping ligands improve the stability of PNCs due to
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strong steric effects. For example, Luo et al. produced size-
tunable MAPbBr; PNCs, with much better stability against a
protonic solvent, by employing (3-aminopropyl) triethoxysi-
lane (APTES) and polyhedral oligomeric silsesquioxane
(POSS) PSS-[3-(2-aminoethyl) amino] propylheptaisobutyl-
substituted (NH,-POSS).? In this case, APTES was chosen as
both a capping ligand and precursor for a thin layer of silica on
the PNC surface that further protects the PNCs from species
such as water, oxygen, or other protonic solvent molecules.
Different passivation strategies have been developed to
improve the stability of PNCs via ligand engineering, taking
advantage of different interactions between the ligand and
surface defects including hydrogen-bonding and electrostatic
interactions.'””’7** A combination of organic amines and
acids has been found to be particularly powerful for passivating
PNCs as proton transfer between the amines and acids results
in ammonium and carboxylate ions that are effective or
stabilizing charged surface defects.*> Amino acids and peptide-
like molecules with both amine and acid functional groups
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afford some unique features as multidentate ligands for
passivating PNCs, targeting defects such as CH;NH;*, Pb*,
and X~.**7° For example, bidentate peptide-like ligands, such
as 12-aminododecanoic acid, were found to be effective in
passivating MAPbBr; PNCs.”” Likewise, proteinogenic essen-
tial amino acids, -Lysine (LYS) and L-Arginine (ARG), have
been used for surface passivation of MAPbBr, PNCs.*®
Similarly, leucine was used in the synthesis of MAPbBr;
PNCs,” L-alanine (LA) was found to enhance charge transfer
between perovskite and TiO,* and L-cysteine (L-cys) was
used in controllable synthesis of MAPbBr, PNCs.*' These
studies show that amino acids are promising ligands for
passivating PNCs to improve their properties for emerging
applications.”*~**

Recently, a “cocktail” approach involving the use of a
combination of ligands has been sug3gested for effective
passivation of different surface defects.”” For metal halide
perovskites, the multiple and varied defects expected require
several different ligands for optimal passivation. Theoretical
simulations also reveal that there are different types of defects
on the surface of perovskites, which require the corresponding
ligands to passivate.*’

In this work, we introduce proteinogenic essential amino
acid phenylalanine (Phe) with APTES and oleic acid (OA) or
methylphosphoric acid (MPA) as multicapping ligands for
PNC synthesis. Phe was found to enhance photoluminescence
(PL) quantum yield (QY) and improve the stability of the
PNCs. Fourier transform infrared (FTIR) study reveals that
the charged ammonium and carboxylate or phosphate groups
are effective in synergistically passivating Br~, Pb**, and
CH;NH,;" defects on the surface of PNCs. We also found
that the use of different acid ligands affects the way Phe exists
and how it is involved in the passivation of surface defects. A
model is proposed to explain the passivation mechanism based
on specific pair-wise interactions between ligands and defects.

B METHODS

Materials. Methylammonium bromide (CH;NH,Br,
99.9%, Greatcell Solar), lead bromide (PbBr,, 99.999%, Alfa
Aesar), oleic acid (OA, 90%, Sigma Aldrich), methylphos-
phoric acid (MPA, 98%, Fluka), N,N-dimethylformamide
(DMF, 99.9%, Fisher Scientific), (3-aminopropyl) triethox-
ysilane (APTES, 99%, Sigma-Aldrich), toluene (99.9%, Fisher
Scientific), aspartic acid (Asp), L-asparagine (Asn), phenyl-
alanine (Phe), and isopropanol (99.999%, Alfa Aesar) were
commercially available. All chemicals were used as received
without any further purification.

Synthesis of OA-APTES-Phe-MAPbBr; PNCs. The
precursor solution of OA-APTES-Phe-MAPbBr; was prepared
by dissolving 0.080 mmol CH;NH;Br, 0.20 mmol PbBr,, 0.32
mmol OA, 0.085 mmol APTES, and 0.050 mmol Phe in 0.40
mL of DMF solvent, and then, the solution was sonicated for
30 min and heated at 70 °C until it became transparent. The
precursor solution was then quickly injected into 5.0 mL of
toluene. The precipitate was washed with toluene three times
and collected by centrifugation and then dried in a vacuum
overnight. The molar ratio between PbBr, and CH;NH;Br is
known to affect the generated PNCs, with a ratio of higher
than 1 producing PNCs with a higher PL QY,”***"*” possibly
due to excess Pb** ions leading to better surface passivation.
Therefore, we used a fixed CH;NH;Br (0.080 mmol) and
PbBr, (0.20 mmol) to prepare the PNCs.
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Synthesis of MPA-APTES-Phe-MAPbBr; PNCs. The
precursor solution of MPA-APTES-Phe-MAPbBr; was pre-
pared by dissolving 0.080 mmol CH;NH;Br, 0.20 mmol PbBr,,
0.050 mmol MPA, 0.085 mmol APTES, and 0.050 mmol Phe
in 040 mL of DMF solvent, and then, the solution was
sonicated for 30 min and heated at 70 °C until it became
transparent. The precursor solution was then quickly injected
into 5.0 mL of toluene, resulting in PNCs as a precipitate. The
precipitate was washed with toluene three times, collected by
centrifugation, and then dried in a vacuum overnight. Other
syntheses reported in this study were carried out using similar
reactions as above at a fixed precursor concentration and
different types of amino acids.

Stability Test of MAPbBr; PNCs. A total of 0.50 mg/mL
of MAPbBr; PNC precipitate was dispersed in isopropanol and
sonicated for 10 min. The PL intensity of the samples was
tested every half hour. The stability study also carried out in
isopropanol under UV continuous excitation for 1 hour.

PL QY Measurement. The PL QY of MAPbBr; PNCs was
calculated by utilizing the following equation.

P;t Ax
PLQY = PLQY,—*—*

X st

where the subscript x and st represent the sample and standard,
respectively. Rhodamine 6G (95% PL QY) is used as the
standard. F is the integrated PL intensity, and A is the
absorbance.

Characterizations. Ultraviolet—visible (UV—vis) absorp-
tion spectra were measured with an Agilent Technologies Cary
60 UV—vis spectrophotometer, and the PL spectra were
measured using a HORIBA Jobin Yvon Fluoromax-3
spectrofluorometer using a quartz cuvette (1.0 cm X 1.0 cm)
at room temperature. Transmission electron microscopy
(TEM) was performed using an FEI UT Tecnai microscope
operated at 200 kV acceleration voltage at the National Center
for Electron Microscopy in Lawrence Berkeley National
Laboratory. X-ray diffraction (XRD) data were acquired
using a Rigaku American Miniflex Plus power diffractometer
at a voltage of 40 kV and current of 30 mA, with a scanning
angle of 10—70 (26) and rate of 3° min~". FTIR spectra were
obtained with a PerkinElmer FTIR spectrometer (Spectrum
One, spectral resolution 4 cm™'), where the samples were
prepared by dropping the MAPbBr; PNC solution onto a KBr
pellet.

B RESULTS AND DISCUSSION

Optical Properties of MAPbBr; PNCs. Different amino
acids, such as Phe, Asp, and Asn, were used to synthesize
MAPDbBr; PNCs in order to gain insight into how they may
affect the properties of the resulting PNCs. The chemical
structures of the three amino acids are showed in Figure 1A.
The UV—vis absorption and PL spectra of OA-APTES-
MAPbBr; PNCs (labeled as OAA-PNCs) are shown in Figure
1B,C. Interestingly, although the solubility of Asn and Asp is
less than that of Phe in DMF used as the solvent for the
synthesis, they all show enhanced PL. Meanwhile, with the
introduction of Phe (labeled as OAA-Phe-PNCs), Asp (labeled
as OAA-Asp-PNCs), and Asn (labeled as OAA-Asn-PNCs),
both the excitonic absorption peak and PL peak show a slight
red-shift, likely due to a small increase in the size of the PNCs.
The OAA-Phe-PNCs have the highest PL intensity, indicating
that Phe provided the best surface passivation. This may be
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Figure 1. (A) Molecular structures of APTES, Phe, Asp, Asn, OA, and
MPA; (B) UV—vis absorption and (C) PL spectra of OAA-PNCs,
OAA-Phe-PNCs, OAA-Asn-PNCs, and OAA-Asp-PNCs.

related to the unique molecular structure of Phe compared
with Asp and Asn in which the presence of the benzene ring
may help passivation, as explained in more detail later.>*>*’

In order to better understand the role of Phe, a series of
control experiments have been conducted on APTES-Phe-
MAPDbBr; PNCs, OAA-PNCs, and OAA-Phe-PNCs. The UV—
vis absorption and PL spectra are shown in Figure 2. APTES-
Phe-MAPDbBr; PNCs have an absorption band centered at 496
nm and PL peak at 515 nm with a full width half maximum
(FWHM) of ~55 nm, while OAA-PNCs have an absorption
peak at 493 nm and PL peak at 513 nm with a FWHM of ~32
nm. The electronic absorption spectra of APTES-Phe-
MAPDbBr; PNCs and OAA-PNCs have some “tail” absorption
at wavelength longer than that of the excitonic absorption
peak, which may be due to some aggregates in solution that
scatter light. For APTES-Phe-MAPbBr; PNCs, the broad
FWHM is likely related to broader size distribution of the
PNCs. The PL QY values were calculated to be 56 and 44% for
APTES-Phe-MAPDbBr; and OAA-PNCs, respectively. Mean-
while, OAA-Phe-PNCs exhibited a strong absorption peak at
501 nm and PL peak at 517 nm. The emission peak becomes
narrower with the FWHM decreased to ~27 nm, and the PL
QY value was up to 78%. Complete optical data are
summarized in Supporting Information Table S1. We suggest
that the difference in PL QY is due to the density of trap states
of the PNCs that strongly depends on the effectiveness of
passivation by the ligands. The observed red-shift in absorption
and PL is likely due to an increase in PNC size. Well-passivated
PNCs with the highest PL QY were obtained when OA,
APTES, and Phe were used, indicating the synergistic effect
among the three capping ligands.

Similar PL enhancement was also observed in MPA-APTES-
MAPbBr; PNCs (labeled as MPAA-PNCs) as shown in Figure
3A. After the introduction of Phe (labeled as MPAA-Phe-
PNCs), Asp (labeled as MPAA-Asp-PNCs), and Asn (labeled
as MPAA-Asn-PNCs), the PL intensity of the PNCs increased,
and the PL peak was slightly red-shifted. The PL QY of
MPAA-Phe-PNCs and MPAA-PNCs was measured to better
understand the increased passivation efficiency. As shown in
Table S1, the PL QY of the prepared PNCs increased from 77
to 87% with the introduction of Phe. The FWHM of the
ensemble spectra of MPAA-Phe-PNCs is typically ~5 nm
narrower than that of MPAA-PNCs (Figure 3B,C), which
indicates a narrow size distribution of MPAA-Phe-PNCs.

Structural Characterization of MAPbBr; PNCs. The
morphology of OAA-Phe-PNCs was analyzed by TEM. As
shown in Figure S1 in the Supporting Information, the average
diameter of the OAA-Phe-PNCs is 102 + 1.7 nm. The
particles tend to aggregate, similar to what was reported in
previous work.”****” When APTES is used as the capping
ligand in the synthesis of PNCs, its hydrolysis with a small
amount of water in air leads to the formation of a very thin
SiO, layer on the surface of the PNCs. The presence of SiO,
seems to cause some aggregation even in solution. In addition,
the toluene solvent evaporated to produce a supersaturated
solution when making TEM grids, and this also caused the
PNCs to aggregate during the drying process.>’

Figure 4 shows the XRD patterns of the MAPbBr; PNCs
with Phe, Asp, and Asn as additional passivating ligands (in
addition to OA or MPA and APTES) and the XRD patterns of
PNCs without the amino acids shown for comparison. Peaks at
14.85, 21.11, 30.06, 33.6S, 37.04, 43.07, and 45.81° correspond
to the reflections (001), (011), (002), (021), (211), (220),
and (300) of MAPbBr;, respectively, indicating the cubic
structure.”**°"3% The same peaks were observed for the
amino acid-based PNCs, indicating that the amino acids do not
affect the crystal structure of the perovskite core.

Figure S shows the FTIR spectra of OAA-PNCs, OAA-Phe-
PNCs, OAA-Asn-PNCs, and OAA-Asp-PNCs. For all the
samples, the characteristic bands at 2850 and 2920 cm™" are
assigned to the symmetric and asymmetric C—H stretch
mode.”*” The bands at 1466 and 1568 cm™ correspond to
the symmetric and asymmetric stretch vibrations of the
—COO~ group,”” and the band at 1710 cm™" is assigned to
the stretch vibration of C=0,””** confirming the presence of
OA as the capping ligand on the PNC surface. The band at 910
cm!is assigned to the Si—OH stretch vibration, the band at
1020 cm™ originated from the stretch vibration of Si—O—C,
and the band at 1110 cm™ can be ascribed to the stretch
vibration of Si—O—Si.>' The band at 1213 cm™' can be
assigned to the stretch vibration of C—N. The characteristic
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Figure 2. UV—vis absorption and PL spectra of (A) OAA-Phe-PNCs, (B) APTES-Phe-MAPbBr; PNCs, and (C) OAA-PNCs. Insets show digital
photographs of the respective PNC solution under natural light and irradiation with UV light.
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band of Si—OH demonstrates that the hydrolysis condensation
of APTES occurred, while the band of Si—O-Si confirmed
that a wrapped silica layer was formed on the PNC surface.*®
For OAA-Asn-PNCs, there are two peaks at 1645 and 3586
cm™" corresponding to the stretch vibration of C=0 and N—
H for primary amide, indicating the existence of Asn. For
OAA-Phe-PNCs, there is a weak peak at around 2000 cm™
corresponding to the bending mode of CH, of the aromatic
compound, indicating the existence of Phe.

FTIR for MPAA-Phe-PNCs was also performed. As shown
in Figure S, there are two sharp peaks at 697 and 750 cm™
corresponding to the vibration frequencies of the external
plane of the —CH, aromatic ring.”>* The peaks in the range of
1087 to 1335 cm™' attributed to the three differently
protonated states of methylphosphonic acid, in conjunction
with literature data on frequency values for —CH; and P—C
groups.”” The bands at 1482 and 1580 cm™" correspond to the
symmetric and asymmetric deformation vibrations of the
—NH;" group.’® The band around the 1400 cm ™' wavenumber
region is assigned to the in-plane bending mode of C—O—H.*
The band assignments are summarized in Table S2. The FTIR
results indicate that OA molecules are bound to the surface of
PNCs by the —COO™ group, while MPA molecules are bound
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by the —PO;>~ and —PO;H~ groups. The results also indicate
a silica layer on the surface of PNCs due to hydrolyzed APTES
as well as the presence of amino acids.

Improvement of the Chemical Stability of MAPbBr;
PNCs. The stability of the PNCs was studied at room
temperature by measuring relative PL intensity for 2.0 h in
ambient air and isopropanol solvent. As shown in Figure 6A,
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Figure 6. (A) Relative PL intensity of 0.50 mg/mL for OAA-PNCs
and OAA-Phe-PNCs in toluene and isopropanol in the dark for
different times; (B) normalized PL intensity of OAA-PNC and OAA-
Phe-PNC solution as a function of the illumination time; (C)
normalized PL intensity of MPAA-PNCs and MPAA-Phe-PNCs in
toluene solution as a function of the illumination time; (D) relative
PL intensity of 0.50 mg/mL of MPAA-PNCs and MPAA-Phe-PNCs
in isopropanol in the dark for different times. The sample was
continuously irradiated using a fluorimeter excitation lamp (4., = 365
nm).

when the PNCs were dispersed in toluene in ambient air and
in the dark, the relative PL intensity of OAA-PNCs and OAA-
Phe-PNCs was 95 and 98% after 2.0 h, respectively. While the
relative PL intensity of the OAA-Phe-PNC precipitate in
isopropanol remained almost 76%, only 56% remained for
OAA-PNCs. A stability test was also carried out by measuring
PL intensity for 1.0 h in ambient air and under continuous
irradiation with a fluorimeter excitation lamp (¢, = 365 nm).
The normalized PL intensity of OAA-Phe-PNCs and OAA-
PNCs in toluene remained more than 30% after 1.0 h, whereas
that of PNCs in isopropanol decreased less than 20% (Figure
6B). Detailed stability data are summarized in Table S3. The

https://dx.doi.org/10.1021/acs.jpcc.0c11095
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degradation in the dark is mainly attributed to the reaction
with oxygen molecules in air or protonic solvent molecules,
while with light, the degradation is likely caused by superoxide
produced by light and oxygen.””® The improved stability by
Phe could partly be due to the hydrophobic benzene ring that
can prevent water or oxygen molecules from reaching the
perovskite core.

The stability of MPAA-PNCs and MPAA-Phe-PNCs was
also evaluated by measuring normalized PL intensity for 1 h
under 365 nm UV continuous illumination in toluene. As
shown in Figure 6C, the normalized PL intensity for MPAA-
PNCs and MPAA-Phe-PNCs decreased to 33 and 35%,
respectively. The relative PL intensity of MPAA-PNCs and
MPAA-Phe-PNCs in the isopropanol solvent remained 79 and
95% after 2.0 h, respectively (Figure 6D). Detailed stability
data are summarized in Table S3. The degradation
mechanisms should be similar to those of OAA-based PNCs.

While APTES and OA or MPA stabilized MAPbBr; PNCs
are stable in toluene, they are not stable under continuous
illumination in ambient air, especially when immersed in polar
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solvent such as isopropanol. The introduction of Phe enhanced
the stability of PNCs in polar solvent. If Phe is used in
conjunction with APTES and OA (or MPA), the resulting
PNCs have higher PL stability than those without Phe. This is
possibly because Phe helps to prevent oxygen or protonic
solvent molecules from reaching the PNC core, especially
through the hydrophobic benzene ring.

Mechanism of Surface Passivation. The ionic character
and ternary nature of metal halide perovskites are expected to
lead to multiple ionic defects in MAPbBr; PNCs that are
related to CH;NH;*, Pb**, and Br™. Passivation of the surface
defects with ligands is critical to their properties and
functionality including stability. FTIR analyses suggest the
presence of C=0, —COO~, —P0,*>~, —PO,H", —Si—0, and
—C¢H; on the surface of the PNCs studied, which indicate
successful passivation of the PNCs by OA or MPA, APTES,
and Phe ligands.

In the OAA-PNC system, OA and APTES are used in
conjunction, and the reaction between OA and APTES can be
described using the corresponding acid dissociation constants

https://dx.doi.org/10.1021/acs.jpcc.0c11095
J. Phys. Chem. C 2021, 125, 2793-2801
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K, and base dissociation constant K, (see the Supporting
Information). OA could react with APTES to generate
octylammonium and oleate via proton transfer, and the oleate
can use its carboxylate group to chelate with the surface
CH,NH,* and Pb**, while the ammonium group in
octylammonium can bind to surface Br™. Additionally, during
the synthesis process, the system was exposed to air and a trace
amount of water can react with APTES via hydrolysis to form
silica, which also helps to passivate the PNCs.>**"*

The form of existence of amino acids depends on the pH of
the solution. When the pH of the solution is greater than the
isoelectric point of the amino acid, the amino acid is
electronegative; otherwise, the amino acid is electropositive.
Using the K,, K;, and K, values and the initial reactant
concentrations of OA and APTES, we can calculate the
concentration of H* produced from their reaction (see the
Supporting Information). The concentration of H* is 0.60
mM, and the corresponding pH of the solution is 3.22. When
Phe is used in combination with OA and APTES, it mainly
exists in the form of H,N—CygH;—COO~, which helps to
passivate the PNCs by binding with CH;NH;" and Pb**
through ionic bonding. Since there are lone pair electrons on
the N atom in the —NH, group, Phe can also passivate the
PNC surface defects by coordinating with Pb** or CH;NH;".
According to a previous study, the delocalized 7 bonding
system makes the benzene ring a possible electron donor,
which could interact with electron acceptors.” Thus, it is
possible that the benzene ring on Phe could also interact with
the uncoordinated Pb** through 7 electrons. Therefore, the
combined use of Phe, OA, and APTES enables the passivation
of the perovskite surface defects more effectively.

In the MPAA-PNC system, based on the proton transfer
reaction between MPA and APTES (see the Supporting
Information), passivation is achieved mainly through the
strong interactions between deprotonated MPA (—PO,*~ and
—PO;H™) and CH;NH;" or Pb>* defects or between
protonated APTES (—NH,*) and Br~ defects.”” The pH of
the solution can also be calculated using the acid dissociation
constants, base dissociation constant, and the initial reactant
concentrations of MPA and APTES (see the Supporting
Information).”" The corresponding pH is calculated to be 1.80.
When Phe is employed, the dissolved Phe mainly exists in the
form of "H;N—CgHg—COOH, suggesting that Phe can
passivate the surface Br~ by the ammonium end group
through ionic bonding. Due to the lone pair electrons on the O
atom in the —COOH group, Phe can also passivate the PNC
surface defects by coordinating with Pb** or CH;NH;", but
this effect may be relatively less important.

The ligand binding modes of ligands on the surface of PNCs
are summarized in Figure 7 to illustrate the passivation
mechanisms. In comparison, the multiligand approach with
OA (or MPA), APTES, and Phe leads to the best passivation
results in terms of both stability and PL QY. This is attributed
to the multiple ions and functional groups from the multiple
ligands that can most effectively passivate the various defects
on the surface of the PNCs resulting from the constituent ions.

Specifically, for OAA-Phe-PNCs, the passivation is achieved
mainly through three possible mechanisms. The first is ionic
bonding or interaction between —COO™ anions from OA or
Phe and cationic defects (CH;NH," or Pb**), as well as
between —NH;* from APTES and anionic defects (Br™). The
second is coordination between long pair electrons on N in the
—NH, groups in the Phe ligand and cationic defects (Pb** or

CH;NH;*). The third is electrostatic interaction between the
benzene ring and the uncoordinated Pb**, which is likely a
minor contribution.

In the case of MPAA-Phe-PNCs, the passivation is also
achieved mainly through three possible mechanisms. The first
is ionic bonding between anionic ligand groups such as
—PO,> and —PO,;H™ from MPA and cationic defects
(CH;NH;" or Pb*") as well as between cationic ligand groups
(=NH;* due to Phe or APTES) and anionic defects (Br™).
The second is coordination between Pb** or CH;NH;" and
lone pair electrons on the O atom in the —COOH group of
Phe. The third is electrostatic interaction between the benzene
ring and the uncoordinated Pb*".

B CONCLUSIONS

In summary, we have demonstrated a multiligand approach
involving Phe, APTES, and OA or MPA to passivate MAPbBr;
PNCs for improved stability and optical properties. The
different acid ligands, OA vs MPA, affect the way Phe exists
and thereby its nature and effectiveness of passivation. The
multiple defects of PNCs require a combination of different
ligands with multiple functional groups for effective passiva-
tion. Importantly, Phe with aromatic and hydrophobic benzene
ring as well as both amine and carboxylic acid functional
groups can uniquely mediate the pH of the solution and
hydrophobicity of the PNC surface, both of which are
important for effective passivation of the PNCs. The approach
developed is general and can be extended to other combination
of ligands, with the key requirement that a careful balance of
acid—base equilibrium is established to endow ligands with
appropriate functional groups containing electron lone pairs or
positive or negative charges for passivating charged surface
defects.
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