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ABSTRACT: The successful growth of colloidal lead halide
perovskite quantum dots (PQDs) has generated tremendous interest
in the community, due to the unique properties and the promise
PQDs offer for use in applications involving light-emitting devices
and solar cell technology. However, tangible progress in probing
their fundamental properties and/or their integration into
optoelectronic devices has been hampered by issues of colloidal
and photophysical instability. Here, we introduce a promising
surface coating strategy relying on a polyzwitterion polymer, where
high-affinity binding onto the QDs is driven by multicoordinating
electrostatic interactions with the ion-rich surfaces of CsPbBry
PQDs. The polymer ligands were synthesized by installing a
stoichiometric mixture of amine-modified sulfobetaine anchors and
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solubilizing motifs on poly(isobutylene-alt-maleic anhydride),

PIMA, via nucleophilic addition reaction. We find that this coating approach imparts enhanced colloidal and photophysical stability
to the nanocrystals over a broad range of solvent conditions and in powder form. This approach also allows easy phase transfer of the
PQDs from nonpolar media to an array of solutions with varying polarities and properties. Additionally, the stabilization strategy
preserves the photophysical and structural characteristics of the nanocrystals over a period extending to 1.5 years under certain

conditions.

B INTRODUCTION

Interest in metal halide perovskite materials has remarkably
grown over the past few years.' > Such interest has been
motivated by the recent reported benefits of integrating these
materials in applications that include solar cells and light-
emitting devices."™'" The ability to prepare colloidal Cs-
based perovskite nanocrystals (PQDs), using bottom up
solution-phase growth routes, as first reported by Kovalenko
and co-workers, has expanded that interest and generated
much added activity.'"' The motivation to investigate and
optimize the colloidal nanocrystal version of those materials is
rooted in the great success made over the last three decades in
developing “more conventional” colloidal quantum dots, such
as core only and core—shell structures (e.g,, CdSe, PbSe, CdSe-
ZnS, and PbSe-ZnS).">"* Perovskite QDs exhibit a few unique
and intriguing properties. Just like their oxide perovskite
ancestors (e.g., CaTiO;), PQDs are made of three-dimensional
corner-sharing [PbX,]*” octahedral structure.’ In this
structure, one or a mixture of large cations, namely, Cs®,
methylammonium (CH;NH;*), or formamidinium (CH-
(NH,),*), occupy the large cavity between the octahedra
(i.e., the A-site), which yields an overall composition of APbX;.
Only 3D polymorphs of the perovskite structure, either cubic
or partially distorted variants, are semiconducting and offer the

© 2020 American Chemical Society
12669

\ 4 ACS Publications

associated unique photophysical properties.'* PQDs also
exhibit narrow emission bands with broad color tunability,
high charge-carrier mobility and long carrier lifetimes. The
stoichiometry, size, and morphology of colloidal PQDs can be
controlled by varying the type of precursor mix, ligand
molecules, and the growth conditions used (e.g,, temperature
and solvent)."""> Additionally, CsPbX; nanocrystals exhibit
high tolerance to structure defects, a very attractive property, as
it endows these materials with high fluorescence properties
without requiring electronic passivation of their surfaces.”'®
Cumulatively, these properties have made CsPbX; PQDs very
promising materials for use in optoelectronic devices, and for
investigating photophysical processes involving energy and
charge transfer interactions.'”°

However, a major hurdle that has inhibited in depth
characterization of these materials and slowed potential
technological developments has been attributed to their very
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Figure 1. (A) Schematic representation of the one-step nucleophilic addition reaction used to prepare the multidentate zwitterion modified
polymers starting with PIMA precursor. (B) Structures of two representative ligands are shown: ZW-PIMA-OCA and ZW-PIMA-PEG. (C)
Schematic representation of the ligand exchange process. (D) Fluorescent images (collected using a hand-held UV lamp, with 4., = 365 nm) of
PQDs during the ligand exchange steps with ZW-PIMA-OCA (top) or ZW-PIMA-PEG (bottom).

limited stability. Indeed, PQDs tend to degrade during storage,
processing, or testing. They also lose their colloidal nature as
well as absorption and emission features following exposure to
polar media, such as alcohols and water."**'~** Tt is believed
that the ionic nature of the cores combined with a rather weak
coordination of the native capping molecules (e.g., oleylamine
(OLA) and oleic acid (OA), used during nanocrystal growth)
and a high on/off rate of desorption contribute to their very
limited stability.”* This has led to much research in the field to
develop alternative ligand chemistries that can enhance the
colloidal stability of these materials. Ideas explored include the
following: (1) introducing additional ligand species such as
alkyl-zwitterion molecules or octylphosphonic acid during
growth; (2) ligand exchange with small molecules such as
didodecyl dimethylammonium bromide (DDAB) or with
bidentate 2,2'-iminodibenzoic acid (IDA); and (3) embedding
PQDs within a protective macroscale coating such as
polystyrene matrix, or developing a protective polyhedral
oligomeric silsesquioxane (POSS) cage around the
QDs. 22225730

Our group has recently developed a series of high-affinity
metal-coordinating polymers as ligands to enhance the
colloidal and photophysical stability of various inorganic
nanocrystals.® ~*® Our design exploits the effectiveness of the
nucleophilic addition reaction between poly(isobutylene-alt-
maleic anhydride) (PIMA) copolymer and functional
nucleophiles, to yield a series of multifunctional polymers
that present several metal-coordinating groups (e.g., imidazole,
thiol, or phosphonate), along with poly(ethylene glycol)
(PEG) blocks or zwitterion motifs for promoting hydro-
philicity of the polymer-coated nanomaterials. Using this
design, a variety of colloidal QDs, plasmonic nanomaterials,
and magnetic nanoparticles with excellent photophysical
properties and remarkable stability have been prepared and
tested.”' 3

We thus reasoned that this route would allow the design of
high-affinity ligands that are optimally adapted to provide
much stability to the perovskite quantum dots. However, to be
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effective this chemical approach has to consider the salt nature
of the perovskite cores, where strong coordination toward ion-
rich surfaces is required. Additionally, we explored ligands that
would potentially be useful for integrating the PQDs into
electronic and light-emitting devices. Such ligands should
present solubilizing motifs that can facilitate thin film
processing and the transport of charge carriers.

In this report, we introduce a new set of coordinating
polymer ligands that simultaneously present alkyl chains and
zwitterion groups laterally arrayed along the backbone and use
them as high-affinity coatings for the stabilization of CsPbBr;
PQDs in a variety of polar solvents and for extended periods of
time. The polymer synthesis relies on the highly effective
nucleophilic addition reaction, to install several sulfobetaine
zwitterion (SB-ZW) groups as anchors, along with multiple
alkyl chains as solubilizing blocks. Since zwitterions combine
Lewis acid and Lewis base moieties in their motifs, they can
simultaneously interact with anions and cations on the PQDs.
Furthermore, they can benefit from the chelating effects of
having multiple SB groups per ligand, which achieves high-
affinity coordination onto the PQDs.””*®*” A polymer
presenting a mixture of SB-ZW and short PEG solubilizing
blocks was also prepared and tested to provide a reference.
Ligands with varying stoichiometry were prepared, wherein the
fraction of zwitterion groups with respect to the alkyl chains
per macromolecule could be varied. These ligands were tested
for the stabilization of CsPbBr; PQDs grown using high
temperature route. Our results have shown remarkable promise
in promoting the colloidal stability of these materials under a
wide range of conditions, allowing multiple washes and transfer
between nonpolar and polar media. This could be achieved
while preserving the nanocrystal integrity as well as the
photophysical properties of these materials.

B RESULTS AND DISCUSSION

Figure 1A,B schematically summarizes the ring-opening
reaction and conditions used, along with the chemical
structures of two sets of SB zwitterion-modified polymers:

https://dx.doi.org/10.1021/jacs.0c03682
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one presents lateral alky chains as solubilizing functions, while
the other is made of PEG-ylated solubilizing moieties. Both
sets of ligands are prepared by reacting the PIMA precursor
with either a mixture of NH,-ZW and octylamine (ZW-PIMA-
OCA) or a mixture of NH,-ZW and NH,-PEG (ZW-PIMA-
PEG) nucleophiles. The ring-opening reaction was carried out
overnight under gentle heating conditions. With the precursor
stoichiometry utilized, the two sets of polymers are expected to
present ~8 or 4 SB-ZW groups and ~31 alky chains (for ZW-
PIMA-OCA), and ~8 SB-ZW and 31 PEG, (for ZW-PIMA-
PEG). Additionally, this reaction yields ~40 carboxylic acid
groups per chain.**** The stoichiometry of both sets of ligands
was quantified using solution-phase '"H NMR spectroscopy
(representative spectra are provided in the Figure SI).
Excellent agreement between the nominal values and those
extracted from NMR data is found (see Table 1). This

Table 1. List of Polymer Ligands Prepared and Tested for
the Stabilization of CsPbBr; QDs”

molar fractions number of SB number of SB

of SB versus and R groups  and R groups per

solubilizing R per chain; chain; measured
ligand groups used nominal value” value®
PIMA-OCA 0:80 SB-ZW =0, SB-ZW =0,
OCA =31 OCA ~ 32
ZW-PIMA-OCA 10:80 SB-ZW = 4, SB-ZW ~ 4,
OCA =31 OCA ~ 31
ZW-PIMA-OCA 20:80 SB-ZW =8, SB-ZW ~ 8,
OCA =31 OCA ~ 32
ZW-PIMA-PEG 20:80 SB-ZW =8, SB-ZW ~ 7,
PEG = 31 PEG ~ 32

“The relative molar fractions of the starting nucleophiles are shown
with respect to the PIMA polymer, compared side-by-side with the
measured values using NMR spectroscopy. bThe reported values were
obtained from the molar concentration of the amine-modified
precursors, compared to that of the monomers in the PIMA. “The
values were obtained by comparing the '"H NMR peak integration of
ZW (8 ~2.0 ppm), OCA (5 ~1.44 ppm) and PEG methoxy protons
(6 ~3.31 ppm) to the methyl groups in the polymer backbone (~234
H, § ~0.97 ppm).

supports prior results from our group on other ligand systems
and ultimately proves the efficiency of the nucleophilic
addition reaction used.””*> Details about the synthesis,
purification of the polymer compounds are provided in the
Experimental Section.

The effectiveness of the polymer ligands was tested using a
set of CsPbBr; PQDs grown following the reaction steps
reported by Kovalenko’s group, but with a few minor changes
(see the Experimental Section).'' The obtained nanocrystals,
denoted as OA/OLA—PQDs, are stored as stock dispersions in
hexane with concentration of ~5 M. The latter was calculated
using a molar absorption coefficient, &35, of ~0.042 d* uM™
cm™,*® where d is the cube edge length (in nm) determined
from high-angle-annular-dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) data.

Ligand exchange with the polymers was carried out using
one phase route and involved a few steps (as summarized in
Figure 1C,D and Table 2). As a representative example, we
describe ligand exchange with ZW-PIMA-OCA. First, PQDs
dispersed in hexane and ZW-modified polymers dissolved in
THEF were mixed, yielding a clear solution, which was further
stirred for ~5 min. Excess hexane (~2 mL) was then added,
which turned the content turbid, indicating a loss of solubility

12671

Table 2. Summary of the Minimum Amount of Ligands
Required to Promote Ligand Exchange and Phase Transfer
to Polar Media®

amounts of ligands

ligand required for phase transfer phase transfer; stability
PIMA-OCA ~25 mg only partial phase transfer; no
extended stability
ZW-PIMA- ~10 mg full; stability >4 months
OCA (10%)
ZW-PIMA- ~5 mg full; stability >8 months to
OCA (20%) 1.5 years
ZW-PIMA- ~15 mg full; stability ~2 months

PEG (20%)

“Also shown is the range of stability achieved for the resulting PQDs
in polar solvents. An aliquot of the native PQD dispersion (200 uL, S
uM) was used.

of the PQDs. Such a macroscopically visible change in the
nanocrystal solubility provides the first proof of a successful
competitive displacement of the native OA and OLA ligands
and coordination of the ZW-containing polymers onto the
PQDs. Following one round of centrifugation at 3500 rpm for
S min, a fluorescent pellet was formed at the bottom of the vial,
leaving a completely clear supernatant phase (see Figure 1D).
The supernatant was discarded, and the PQD pellet was
redispersed in THF and precipitated with excess hexane,
followed by centrifugation. The procedure was repeated one or
two more times as needed. The resulting fluorescent pellet was
dried under vacuum, dispersed in the desired organic solvent,
and used for further investigation. The above rounds of
precipitation and centrifugation steps should guarantee a
removal of the native OA and OLA capping species. Additional
details on the ligand exchange are provided in the
Experimental Section.

We would like to stress that excess free OA and OLA ligands
were not removed from the PQD dispersion by washing with
polar solvent and centrifugation prior to performing the ligand-
exchange steps, as often done for conventional QDs and other
colloids.****" Including this step tends to negatively affect the
integrity of the starting nanocrystals, making the ligand
exchange with the new polymer less effective.

To be effective a ligand exchange with the new polymer
requires a threshold ligand excess. For example, at least
~1000X molar excess of ligand, with respect to nanocrystals,
for a polymer presenting ~4 SB-ZW group per chain; that
amount can be reduced to ~500X molar excess for a polymer
presenting ~8 SB-ZW groups per ligand (see Table 2).
Additionally, ligand exchange with our polymer is rapid,
requiring ~5 min (or less) mixing, to provide polymer-
stabilized PQDs; overall, we see no improvement in the final
product when longer incubation time (up to 24 h while
stirring) are used. This contrasts with the need for longer
mixing time before sample processing for conventional
nanocrystals (e.g, CdSe-ZnS QDs require a few hours using
dihydrolipoic acid and ~25—30 min using photoligation with
lipoic acid ligands).*"** The relatively rapid ligand exchange
process can be attributed to the rather labile binding of OLA
and OA, compared to the higher affinity exhibited by the
polyzwitterion ligands. We carried out a control experiment
where ligand exchange was performed using PIMA-OCA (no
SB, Table 2, row 1), in order to verify whether or not the
carboxyl groups along the backbone can promote coordination
onto, or encapsulation of the nanocrystals. We found that

https://dx.doi.org/10.1021/jacs.0c03682
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PIMA-OCA could not fully promote ligand exchange even
when a larger molar excess was used (e.g., ~5 times larger than
ZW-PIMA-OCA). Furthermore, the resulting sample turned
yellowish and progressively aggregated when dispersed in
ethanol, along with a complete PL loss after 2—4 days.

Following these steps, the ZW-PIMA-OCA/PEG-capped
PQDs were dispersed in several organic solvents including
THE, chloroform, acetone, ethanol, 1-propanol, and 1-butanol
and characterized using absorption and fluorescence spectros-
copy, X-ray diffraction (XRD), and TEM. Characterization
also probed the nature and structure of the coating using FT-
IR and 'H NMR measurements. Additionally, long-term
colloidal stability tests spanning a period extending up to 1.5
years were carried out.

The photophysical properties of the polymer-coated PQDs
were characterized and compared side-by-side to those
collected from the starting OA/OLA-capped nanocrystals in
hexane. Characterization centered on probing changes in the
UV—vis absorption, as well as steady-state and time-resolved
fluorescence spectra. Figure 2A shows the absorption profiles
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Figure 2. (A) Absorbance and photoluminescence spectra collected
from dispersions of CsPbBr; QDs coated with the native ligands in
hexane along with the nanocrystals coated with the two sets of ZW-
PIMA-OCA and ZW-PIMA-PEG polymers in ethanol. The full width
at half-maximum (fwhm) values are ~25 nm (OLA/OA), ~21 nm
(ZW-PIMA-OCA), and ~23 nm (ZW-PIMA-PEG). (B) PL lifetime
decay profiles collected from dispersions of PQDs coated with OLA/
OA, ZW-PIMA-OCA, and ZW-PIMA-PEG.

and photoluminescence spectra collected from three sets of
CsPbBr; nanocrystals, namely, the native OA/OLA-capped
PQDs in hexane as well as ZW-PIMA-OCA—PQDs and ZW-
PIMA-PEG—PQDs in ethanol. Essentially identical spectra
have been collected for the three samples, with clearly defined
absorption edge at ~500 nm and a narrow symmetric PL
profile centered at ~510 nm. Notably, there is a ~1—2 nm shift
in PL peak position after ligand exchange, a result similar to
those reported in the literature when the native PQDs were
exposed to thiocyanate salt or quaternary ammonium
11gelnds.43’44 Only a small change (~2 ns) in the PL lifetime
is measured for the ZW-PIMA-PEG—PQDs dispersed in
ethanol (see Figure 2B and Table 3). Additional optical spectra

Table 3. Summary of the PL Lifetime and PL Quantum
Yield Data“

ligand—PQDs g (nS) PL QY
OA/OLA-PQDs 7.0 0.55—0.60
ZW-PIMA-OCA—-PQDs 7.6 0.65—-0.75
ZW-PIMA-PEG—-PQDs 9.2 0.70—0.80

“Data collected from OLA/OA—PQDs in hexane and ZW-PIMA-
OCA/PEG coated PQDs in ethanol.

collected from dispersions in other polar solvents are provided
in the Figure S2. The near-identical match between the
absorption and emission spectra collected for the native
nanocrystals and those ligated with the polymers implies that
the electronic integrity of PQDs has been preserved after
ligand exchange.

Next, we characterized the crystal structure and morphology
of the PQDs before and after phase transfer. The powder XRD
(PXRD) patterns collected from both as-prepared nanocrystals
and after ligand exchange with the polymers are identical,
proving that there are no signs of any phase transformation
induced by the new ligand coating (see Figure 3A). These
patterns correspond to a well-indexed standard cubic phase
(Inorganic Crystal Structure Database (ICSD) card no.
29073).'*5%¢ Furthermore, our data show that no change in
the diffraction pattern collected from the ZW-PIMA-OCA—
PQD sample occurred during storage over the course of 1.5
years. This clearly confirms the high stability promoted by the
polyzwitterion coating. We would like to stress that XRD
patterns acquired from CsPbBr; nanocrystals have been fitted
using cubic as well as orthorhombic crystal structures by
different groups.'"**~* However, recent works by Brutchey
and co-workers and Guagliardi and co-workers have suggested
that data collected using synchrotron X-ray sources are better
fitted using orthorhombic crystal structure.*’ ™' In particular,
they concluded that the ability to fit patterns measured by
various groups using in-house (or benchtop) X-ray diffrac-
tometers, instead of synchrotron X-ray sources, can be
attributed to size-broadening, a common property of colloidal
nanocrystals, combined with modest signal-to-noise ratios for
data acquired with in-lab experimental setups; these instru-
ments tend to use much weaker X-ray beam sources. These
factors have made data fitting to a simple cubic structure more
suitable.

The XRD patterns collected from samples of ZW-PIMA-
PEG-capped nanocrystals show a different progression with
time (see Figure S3). Even though the pattern measured for
the freshly prepared sample clearly exhibits characteristics of
the cubic crystal phase, that pattern has changed with storage

https://dx.doi.org/10.1021/jacs.0c03682
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Figure 3. (A) Powder XRD patterns of OLA/OA—PQDs and ZW-PIMA-OCA—PQDs (freshly prepared or aged samples). The standard cubic
phase is shown by ICSD card no. 29073. (B) STEM image and (C) size distribution histogram of OLA/OA—PQDs. (D) STEM image, and (E)
size distribution histogram acquired from ZW-PIMA-OCA—PQDs. The insets in panels B and D show the HRSTEM image of PQDs with the

spacing corresponding to the (100) crystal planes.

time. In particular, a new weak peak has emerged at 20 ~ 12°,
and the initial crystalline phase has essentially disappeared after
1 month, coupled with a complete loss of fluorescence. The
ZW-PIMA-PEG—PQD dispersions in polar solvents also
exhibit limited long-term stability compared to samples of
ZW-PIMA-OCA-PQDs (see Figure S3). We attribute the
inability of this polymer coating to impart long-term structural
and photophysical stability onto PQDs to the nature of the
PEG moieties. PEG blocks are polar in nature and can interact
with the inorganic CsPbBr; cores, potentially affecting their
integrity and photoemission properties.”> To confirm this, we
carried out a control experiment by mixing CsPbBr; NCs with
a similar amount of PEG,;,-OCHj, blocks. A similar loss of
structural order and fluorescence was measured within 1
month of storage (See Figure S4). This can be attributed to the
fact that PEGylated polymers are hygroscopic and could
absorb air moisture, resulting in progressive degradation of the
perovskite nanostructures.””>” In contrast, ligands presenting
alky chains are hydrophobic and thus provide better protection
for the inorganic cores. Given this result, we limit the TEM
characterization and stability experiments to ZW-PIMA-
OCA-PQDs.

STEM data were used to probe the structural and
morphological integrity of the PQDs after phase transfer.
The TEM image in Figure 3B,C shows that the OLA/OA—
PQDs have a cubic shape with an average edge length of ~6.2
+ 1.2 nm. Furthermore, the cubes tend to self-assemble during
drying on a TEM grid. The STEM image acquired from the
ZW-PIMA-OCA—-PQDs also show cubic morphology, with an
average edge size of ~6.6 + 1.9 nm (Figure 3D,E). The high-
resolution STEM (HRSTEM) images in the insets show
resolved spacing between individual (100) crystal planes, with
a lattice constant of 0.58 nm for both cases, which confirms
that there is no loss in the core atom arrangements after ligand
exchange, in agreement with the XRD data above and with
literature results for OLA/OA—PQDs.>"" The slightly wider
size distribution measured for the polymer-stabilized materials

may be attributed to a mild rearrangement of the surface atoms
induced by the drastic change in the nature, size, and affinity of
the ligand during substitution. It is likely that a fraction of the
surface atoms may have been briefly exposed (ie, not
passivated), which could induce small rearrangements of the
outermost atomic layers, resulting in a broader size range for
the polymer-coated materials. We also note that the image
collected from the ZW-PIMA-OCA—PQDs shows no ordering
(or self-assembly) of the NCs, in contrast to what was
observed for the OLA/OA—PQD sample. This may also be
attributed to the nature of the polymer coating, which is
inherently polydisperse. It allows interpenetration between
solubilizing moieties in adjacent QD coatings and eventually
prevents self-assembly of the nanocrystals.

We now focus on the characterization of the coating
molecules before and after ligand exchange and phase transfer
(schematically represented in Figure 4A) and start with
Fourier Transform infrared spectroscopy (FT-IR) measure-
ments. The FT-IR spectra in Figure 4B show peaks centered at
2926, 2852, and 1465 cm™" which are assigned to the C—H
symmetric and asymmetric stretching and bending modes;
these signatures are measured for both the native OLA/OA-
coated and polyzwitterion-stabilized PQD samples.”* Addi-
tionally, the peak around 1708 cm™', observed for both sets of
samples, can be assigned to the carboxyl C=0 stretching.*>>*
However, the broad bands centered at 3256 and 1567 cm ™},
respectively ascribed to the stretching and bending modes for
O—H in the carboxyl group and N—H in the amide, are only
present in the pure polymer and polymer-coated nanocrystals.
Similarly, the strong peaks at 1171 and 1130 cm ™" assigned to
S=O0 in the SB group are also only measured for the polymer-
ligated sample.” Finally, the bands at 1642 and 991 cm™,
which correspond to the C=C stretching and bending
vibration modes, are absent from the polymer—PQD sample,
indicating the successful substitution of the unsaturated alkene
ligands with the new polymers.*®
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Figure 4. (A) Schematics representation of the capping molecules before and after ligand exchange. (B) FT-IR spectra collected from OLA/OA—
PQDs and ZW-PIMA-OCA-coated PQDs and from the polymer ligand alone. (C) NMR spectra of PQDs before and after ligand exchange with
ZW-PIMA-OCA subjected to different rounds of washing; insets show white-light images of the NMR tubes containing dispersions of ZW-PIMA-
OCA—PQDs after each wash. (D) Expanded region of the NMR spectra focusing on the S—6 ppm range is shown.

To further understand the progression of the ligand
exchange, we utilized '"H NMR spectroscopy to monitor
changes in the composition of the coating shell, in a dispersion
of polymer-coated PQDs in CDCl;, through a few precip-
itation and redispersion cycles. The absence of any alkene
resonances from the NMR spectrum of ZW-PIMA-OCA,
allows us to exploit the 4—6 ppm region and track the removal
of alkene-containing native cap during the ligand exchange and
processing steps. Inspecting the spectra in Figure 4C,D allows
us to identify the presence of both OLA/OA and ZW-PIMA-
OCA ligands in the sample after ligand exchange and a few
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intermediate rounds of washing. Specifically, we assign the
peaks at 5.37 ppm to the alkene resonance and the peak at 2
ppm to the CH, adjacent to the alkene double bond in OLA
and OA, while the broad peak at 2.6—3.5 ppm emanates from
the polymer ligand. We found that after three rounds of hexane
washing, the remaining signatures in the ZW-PIMA-OCA-
PQD NMR spectrum mainly emanate from the ligand, with
essentially negligible signatures ascribed to the native
molecules. After five washing cycles, the signal from the
alkene resonance was reduced to below 3%, compared to that
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Figure S. (A) Fluorescence images of ZW-PIMA-OCA—PQD dispersions in different polar solvents, UV illuminated using a hand-held UV lamp
(excitation at 365 nm) and collected every month for a total period of 8 months; images from the same dispersions after 1.5 years of storage are
also shown. (B) Plot of the PL intensity of ZW-PIMA-OCA—PQD dispersions in acetone and ethanol over the same 8 month period. (C)
Histogram of the intensity vs hydrodynamic size distribution of OLA/OA—PQDs in hexane and ZW-PIMA-OCA—PQDs in acetone, ethanol, 1-
propoanol, and 1-butanol. (D) Fluorescence image of a powder sample of ZW-PIMA-OCA—PQDs stored under atmospheric conditions for 12
months. (E) Fluorescence image of ZW-PIMA-OCA—PQD powder mixed with water (heterogeneous dispersion), freshly prepared and after 1 and
2 weeks. The fluorescence images shown in panels A, D, and E were collected using a Nikon D3300 camera, with the settings, an f/5.6 aperture and

1/20 s shutter speed.

of the starting sample, essentially confirming complete ligand
exchange.

Having demonstrated that ligation of the polymer on the
PQDs is rapid and promotes easy transfer to an array of polar
solvents (or antisolvents), we now proceed to test the stability
of ZW-PIMA-OCA—-PQDs. Figure SA shows a set of
fluorescent images collected from dispersions of CsPbBr;
nanocrystals (~1 uM) in acetone, ethanol, 1-propanol, and
1-butanol, either freshly prepared or during storage under
ambient conditions, for a period of 8 months. The images
show that the dispersions stay homogeneous and highly
fluorescent throughout the test period. We stress that the
dispersions in acetone and 1-butanol exhibit longer stability, as
images collected after 1.5 years show bright and homogeneous
samples. Emission is nonetheless essentially lost after 1.5 years
from the two dispersions in ethanol and 1-propanol. Figure 5B
shows a plot of the normalized PL intensity collected from
dispersions in acetone and in ethanol over the 8 month period;
less than 15% drop in the PL was measured. We should
contrast this with the fact that dispersions of OLA/OA—PQDs
in nonpolar solvents such as toluene or hexane progressively
aggregate and lose most of their emission after ~1 month of
storage. Dynamic light scattering (DLS) measurements have
also been used to gain additional information on the
hydrodynamic size of the coated PQDs, and to assess whether
microscopic aggregation at any level has taken place during the
ligand exchange steps. DLS measurements were applied to
both OLA/OA— and ZW-PIMA-OCA-PQD dispersions.
Figure SC shows representative profiles of the intensity
distribution of hydrodynamic size (Ry), extracted from the
Laplace Transform of the autocorrelation function, g(l). Plots
of g(l) versus log(7), collected from dispersions of OLA/OA—
PQDs in hexane and ZW-PIMA-OCA—PQDs in various polar
solvents are provided in the Figure SS. Data show that the
dispersions are indeed homogeneous, made of a single narrow
population of nanocrystals with an average Ry of ~8.6 nm for
OLA/OA—PQDs in hexane and ~11.9 nm for ZW-PIMA-
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OCA—PQDs in ethanol (see Table S1). The small increase in
the measured Ry after ligand exchange (~3.3 nm) is attributed
to the polymeric nature of the coating compared to molecular
scale OLA/OA; they yield different hydrodynamic contribu-
tions to the Brownian diffusion of the materials.”” The ZW-
PIMA-OCA-stabilized nanocrystals can be dried and processed
into a fine dry powder, where they maintain strong
fluorescence after 1 year of storage under atmospheric
conditions (see Figure SD). We also tested the resistance of
a powder sample of the polymer-coated PQDs exposed to a
solution of DI water (see Figure SE). The sample forms a
heterogeneous suspension (as expected given the hydro-
phobicity of the polymer), which emits strong green
fluorescence after 2 weeks of storage. Comparable results can
be achieved only when embedding OA/OLA—PQDs within a
protective polymer matrix.””** Cumulatively, the high stability
of the ZW-PIMA-OCA—PQDs under various conditions, both
dispersed in polar media or in powder form, along with the
resistance to water are attributed to the high affinity of the
ligands to the PQD surfaces as well as the effective steric
repulsions afforded by the polymer coating.

We now would like to discuss our findings and provide some
perspective in comparison to prior works aimed at the
stabilization of colloidal PQDs through ligand engineering.
However preliminary these results may be, our coordinating
polymer based on the SB-ZW anchoring motif provides
remarkable improvements in the colloidal properties of
CsPbBr; QDs in a wide range of solution conditions, while
preserving or even enhancing their photophysical properties
(see Figure 2 and Table 3). This result can be attributed to the
better passivation afforded by the use of anchors simulta-
neously presenting Lewis acid (quaternary ammonium) and
Lewis base (sulfonate), combined with higher ligand-to-
nanocrystal affinity and reduced rate of desorption. The steric
hindrance imparted by the alkyl-rich polymer coating can
better protect the NCs and reduce the surface trap density.
Additionally, because the sulfonate anion (—SO;7) is a soft
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Lewis base compared to the carboxylate (in OA7), its
coordination provides more effective passivation of the surface
Pb** (soft Lewis acid) on the PQDs.>®

Our coating strategy shares some aspects discussed in recent
publications by Kovalenko’s group who used molecular
zwitterion, namely sulfobetaine and phosphocholine contain-
ing ligands.”””® They showed that introducing those
compounds during the growth reaction yields improvement
in the colloidal stability against washing with antisolvents and
under high dilution, for example. A coordinating polymer
based on SB and phosphocholine zwitterions, prepared via
RAFT polymerization was recently used to impart stability of
CsPbBr; NCs in nanocomposite films by Emrick and co-
workers, with additional good resistance to water.”’ Earlier
work by Kanaras and co-workers tested the effectiveness of
incorporating poly(maleic anhydride alt-1-octadecene)
(PMAO) during growth of OLA/OA—PQDs, to improve
their stability, via entanglement with the OLA/OA molecules
and reduction of the binding dynamics on the PQDs surface.*’
In a recent work, Manna and co-workers mixed PMAO with
Cs,PbBrg nanocrystals and allowed the ring-opening reaction
between the succinic anhydride rings in the polymer chain and
oleylamine species in the nanocrystal native coating. This
reaction produces polysuccinamic acid coating, which triggers
the conversion of those starting nanocrystals to polymer-
protected CsPbBr; QDs and yields better colloidal stability.®!
These results indicate that the carboxyl groups, or derivatives
of those, can interact with the CsPbBr; NCs. This finding is in
good overall agreement with our present results, where we
found that coordination of PIMA-OCA ligands onto the
nanocrystals occurs. Nonetheless, binding is rather weak and
cannot impart onto the NCs colloidal stability under polar
conditions.

Finally, we would like to note that the present polymer
design cannot allow the installation of larger fractions of SB
groups than 8—10 groups per polymer ligand, due to the
stringent solubility requirements imposed by these groups.
Application of this ligand design to the red-emitting, iodide-
based PQDs is less effective. We are exploring the use of
polysalt structures, with control over the nature of the Lewis
acid and Lewis base groups. We hope to elaborate on those
results in future reports.

B CONCLUSION

In summary, we have designed a set of polymers modified with
several sulfobetaine groups and used them as high-affinity
ligands that can competitively displace the native capping on
CsPbBr; QD surfaces. The successful ligand exchange with
these compounds ensures the rapid phase transfer of PQDs to
several organic solvents, including those with high polarity,
while preserving the structural, morphological, and photo-
physical integrity of the NCs. Furthermore, the polymer-
stabilized PQDs exhibit great colloidal stability over a period
extending to 1 year. Evidence for a strong interactions and
binding of the polyzwitterion ligands onto the nanocrystals was
confirmed using surface characterization measurements relying
on FT-IR and NMR spectroscopy, which showed that a near-
total removal of the native ligands was achieved. We attribute
these highly promising findings to the architecture of the
polymer platform, which presents multiple zwitterion groups.
These guarantee the simultaneous presence of permanent
cations and anions in a single polymer chain and promote
electrostatic binding with both anions and cations on the PQD

surfaces via Lewis acid—base type interactions. More precisely,
CsPbBr; PQD surfaces are terminated with an outer shell of
AX (with A being Cs* or OLA" and X being Br~ or OA™) and
an inner shell of PbBr, (made of Pb*" and Br~ ions). We
surmise that the quaternary ammonium and sulfonate groups
along the polymer ligand can strongly coordinate onto the
surface ions, displacing OLA" and OA™ and imparting
enhanced stability to the PQDs.****®® Our results shed light
on the subtle nature of the interactions of stabilizing ligands
with the ion-rich surfaces of colloidal perovskite nanocrystals
and bode well for potentially expanding the application of this
design to PQDs with other core compositions. Our data can
also facilitate the integration of these materials in practical
applications involving, for example, display and energy
conversion devices.

B EXPERIMENTAL SECTION

Growth and Purification of CsPbBr; PQDs. Growth of CsPbBr;
PQDs. Growth of the PQDs was carried out in our laboratory
following literature protocols," with minor adjustments. In a typical
preparation, Cs-oleate precursor was first prepared by mixing Cs,CO;
(0.163 g, 0.5 mmol), 1.2 mL of oleic acid (OA), and 1S mL of
octadecene (ODE) in a 50 mL three-necked round-bottomed flask.
After degassing the mixture under vacuum at 120 °C for 1 h, the
solution was heated to 150 °C under nitrogen atmosphere, yielding a
clear solution of Cs-oleate, which can be stored under nitrogen
atmosphere until further use. Separately, 0.138 g (0.376 mmol) of
PbBr,, 10 mL of ODE, 2 mL of OA, and 2 mL of OLA were loaded
into a 50 mL three-necked round-bottomed flask, and the mixture was
degassed at 120 °C for 1 h. Once dissolution of the PbBr, was
complete (usually manifesting in the solution becoming clear), the
mixture was switched to nitrogen atmosphere and further heated to
170 °C. Then, 0.6 mL of the above Cs-oleate stock solution preheated
to ~100 °C was rapidly injected via a syringe into the solution to
initiate the growth of CsPbBr; QDs. After letting the mixture react for
~5 s, the flask was immersed into an ice bath to quench the growth.
During quenching, the solution color turned from light yellow to light
green. We should note that maintaining the Cs-oleate precursor
solution in ODE at ~100 °C before injection is necessary, in order to
avoid precipitation of Cs-oleate which occurs under room temper-
ature conditions.

Purification of CsPbBr; PQDs. The crude solution of CsPbBrj
PQDs was first centrifuged at 3600 rpm for 5 min. The precipitate was
then dispersed in 2 mL of hexane under sonication and subjected to
another round of centrifugation at 3600 rpm for 5 min. The clear
supernatant was collected and diluted with the appropriate volume of
hexane to yield a stock dispersion with concentration ~5 M. Those
nanoparticles denoted as OLA/OA—PQDs were then used to carry
out further characterization and studies.

Ligand Synthesis. The amine-modified nucleophile precursors
required for the synthesis of the polymer were prepared in our
laboratory following protocols described in previous reports. Synthesis
of the amine-modified sulfobetaine zwitterion (NH,-ZW) was carried
out following reported literature protocols with minor modifica-
tions.*>®* First, the primary amine group of the N,N-dimethylamino
propylamine was protected by using ditert-butyl decarbonate (Boc),
then the tertiary amine at the other end of the intermediate was
coupled to 1,3-propane sultone. Last, the protecting Boc group was
removed by acid (HCI) treatment to free the primary amine. We
should note that an excess of HCI was added in the de-Boc process,
which can protonate the resulting amine group. This could further
reduce the effectiveness of the polymer addition reaction and
introduce a minimum amount of CI” to the synthesized
polyzwitterion ligand. The presence of CI” anions in the polymer
ligand can cause a blueshift in the CsPbBr; PQD emission by
promoting anion exchange with the nanocrystals during the ligand
exchange process. To address this problem, we used triethylamine to
remove the HCI from the NH,-ZW. The formed triethylamine-HCl
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salt byproduct was discarded along with the supernatant during
purification by using chloroform (as antisolvent) to wash the NH,-
ZW product. The amine-terminated poly(ethylene glycol) methyl
ether (NH,-PEG,5-OCH;) was synthesized through azide mod-
ification of PEG methyl ether followed by amine transformation, as
described in refs 42 and 65—67. The hydrophobic octylamine
nucleophile was used as purchased. These nucleophiles were used in
the synthesis of the polymer ligands via the nucleophilic addition
reaction, as described below.

Synthesis of ZW-PIMA-OCA (20, 10, and 0%). The percentage
refers to the fraction of monomers modified with sulfobetaine (SB)
zwitterion groups along the PIMA backbone. We describe the
preparation of the ligand presenting 20% SB-ZW moieties. In a 50 mL
round-bottomed flask equipped with a magnetic stir bar, 0.5 g of
PIMA (3.33 mmol of monomer units) was dissolved in S mL of
DMSO and heated to 60 °C. A solution of NH,-ZW (0.1S g, 0.67
mmol) in 2 mL of DMSO was added slowly to the PIMA. After
stirring for 20 min, 2 mL of DMSO solution containing octylamine
(0.44 mL, 2.66 mmol) was added, and the reaction mixture was left to
stir at 60 °C overnight. The solvent was evaporated under vacuum,
and the residual compound (as a white crystal) was dissolved in
chloroform (4 mL). This concentrated ligand solution was then added
dropwise to a flask containing 100 mL of hexane (a large excess)
under vigorous stirring. This induced precipitation of the ligand as a
white sticky solid. The supernatant was decanted, and the obtained
white solid (product) was subjected to another round of dissolution
in chloroform and precipitation using excess hexane. The final
product was dried under vacuum at 40 °C (using a vacuum oven) for
S h, yielding a white powder with reaction yield of ~75%. Synthesis of
ZW-PIMA-OCA (10%) or PIMA-OCA was carried out following the
above protocol; only the amount of added NH,-ZW was reduced
from 0.67 to 0.34 mmol for ZW-PIMA-OCA (10% SB) or 0 mmol for
PIMA-OCA. We should note that applying 2—3 rounds of dissolution
of the ZW-PIMA-OCA polymer in acetone then precipitation with
water would help removing traces of CI” ions from the compound,
which eliminates potential complications caused by interaction of
these ions with the PQDs during ligand substitution.

Synthesis of ZW-PIMA-PEG (20%). PIMA (0.5 g, 3.33 mmol of
monomers) was dissolved in S mL of DMSO using a 50 mL round-
bottomed flask equipped with a magnetic stir bar. To the stirring
solution, 2 mL of DMSO containing NH,-ZW (0.15 g, 0.67 mmol)
was added dropwise. After 20 min of additional stirring, a solution of
NH,-PEG (1.98 g, ~2.66 mmol) in 4 mL of DMSO was added, and
the reaction mixture was left stirring at 60 °C overnight. The solvent
was removed under vacuum, and chloroform (2 mL) was added to
dissolve the crude product. The solution was then loaded onto a silica
column, and the compound was purified with a mixture of
chloroform/MeOH (9:1) as the eluent. The eluted aliquots were
combined and dried under vacuum, yielding the final product (as a
transparent gel); the overall yield was ~80%.

Ligand Exchange and Phase Transfer. A stock dispersion of
PQDs in hexane (200 uL, ~5 uM) was loaded onto a 10 mL
scintillation vial. Separately, S mg of ZW-PIMA-OCA (20%) or 15 mg
of ZW-PIMA-PEG (20%) were dissolved in 200 or 400 uL of THF,
respectively. The ligand solution was added to the vial containing the
PQD dispersion, and the mixture was left stirring at room temperature
for S min. The PQDs were then precipitated by the addition of 2 mL
of hexane (an excess). Following sonication for ~1 min, the solution
was centrifuged at 3700 rpm for ~S min, yielding a green pellet. The
clear supernatant was discarded, and the pellet was redispersed in 200
uL of THEF, followed by another round of precipitation using excess
hexane. The final precipitate was dried under vacuum for ~10 min to
yield either a green-yellowish powder (for PQDs ligated with ZW-
PIMA-OCA) or a gel-like pellet (for PQDs ligated with ZW-PIMA-
PEG). The isolated materials were then dispersed in 200 uL of
different organic solvents including acetone, ethanol, 1-propanol, and
1-butanol for further use and characterization. We note that the ligand
exchange procedure can be scaled up 10-fold without affecting the
quality of the final materials.
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Colloidal Stability Tests. The samples used for stability tests
were prepared as follows. First, 100 uL aliquots of the polymer-
modified PQD colloids were retrieved from the stock dispersions (in
different polar solvents) and loaded onto 2 mL glass vials. Then, 400
uL of the corresponding solvent was added to adjust the nanocrystal
concentration to ~1 uM. All the samples were sealed and stored
under room temperature conditions. Fluorescence images of the vials
under UV illumination (using a hand-held UV lamp, excitation at 365
nm) were regularly taken. Similarly, to collect the absorption and
photoluminescence spectra of the PQD dispersions in acetone and
ethanol, a small volume of the stock dispersion was diluted in a
Spectrocell with a S mm optical path to yield an optical density (OD)
of ~0.1 at 400 nm for all samples (i.e., the same PQD concentration).
The ZW-PIMA-OCA—PQD powder sample was prepared using the
same protocol described above, but the pellet was dried and “crushed”
into a fine powder. For the water-resistance experiments, 5 mg of ZW-
PIMA-OCA—-PQD powder was added to 3 mL of DI water to form a
heterogeneous suspension and fluorescence images were acquired
over a 2-week period.

NMR Sample Preparation. Briefly, for the native nanocrystals, a
500 uL aliquot of OLA/OA—PQDs were retrieved from the stock
dispersion and precipitated using ethyl acetate one time, then dried
under vacuum. The sample was dispersed in 500 L of CDCl,, loaded
onto an NMR tube, and the spectra were collected. For the ZW-
PIMA-OCA—-PQDs, an aliquot of OLA/OA—PQDs stock solution
(500 pL) was ligand-exchanged with the ZW-PIMA-OCA polymer
following the protocol described above. The dried PQDs pellet was
dispersed in 500 L of CDClI; after one round of precipitation using
excess hexane, yielding sample ZW-PQD-1. The NMR samples ZW-
PQD-3 and ZW-PQD-S designate dispersions that have been
subjected to three and five rounds of purification, using the steps
described above, before redispersion in CDCl;. These dispersions
were used to collect the spectra shown in Figure SC. All the ZW-
PQD-n samples have similar concentrations. '"H NMR spectra were
collected using an average over 128 scans.
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