&
4

Nanoscale

Nanoscale

Polysalt Ligands Achieve Higher Quantum Yield and
Improved Colloidal Stability for CsPbBr3 Quantum Dots

Journal:

Nanoscale

Manuscript ID

NR-ART-07-2021-004753.R1

Article Type:

Paper

Date Submitted by the
Author:

05-Sep-2021

Complete List of Authors:

Wang, Sisi; Florida State University, Department of Chemistry and
Biochemistry and Integrative Nanoscience Institute

Du, Liang; Florida State University, Department of Chemistry and
Biochemistry

Donmez, Selin; Florida State University, Department of Chemistry and
Biochemistry

Xin, Yan; Florida State University, NHMFL

Mattoussi, Hedi; Florida State University, Department of Chemistry and
Biochemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 27 Nanoscale

Polysalt Ligands Achieve Higher Quantum Yield and Improved Colloidal
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Abstract:

Colloidal lead halide perovskite quantum dots (PQDs) are relatively new semiconductor
nanocrystals with great potential for use in optoelectronic applications. They also present a set of
new scientifically challenging fundamental problems to investigate and understand. One of them
is to address the rather poor colloidal and structural stability of these materials under solution phase
processing and/or transfer between solvents. In this contribution, we detail the synthesis of a new
family of multi-coordinating, bromide-based polysalt ligands and test their ability to stabilize
CsPbBr; nanocrystals in polar solutions. The ligands present multiple salt groups involving
quaternary cations, namely ammonium and imidazolium as anchors for coordination onto PQD
surfaces, along with several alkyl chains with varying chain length to promote solubilization in
various conditions. The ligands provide a few key benefits including the ability to repair damaged
surface sites, allow rapid ligand exchange and phase transfer, and preserve the crystalline structure
and morphology of the nanocrystals. The polysalt-coated PQDs exhibit near unity PLQY and
significantly enhanced colloidal stability in ethanol and methanol.

Keywords: Perovskite nanocrystals, surface stabilization, polymer ligands, quaternary ammonium,
imidazolium anchors, PL quantum yield, colloidal stability
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INTRODUCTION

Colloidal all-inorganic lead halide CsPbX; (X = Cl, Br, I) perovskite quantum dots, PQDs, have
generated enormous interest in recent years.!** Those interests are motivated by some of their
unique photophysical properties, such as tunable bandgap, high photoluminescence quantum yield
(PLQY) and narrow emission profiles, all combined with easy to implement solution phase
synthesis and processing.’® These materials are very promising for use in optoelectronic
applications, including solar cell technology,”!° light-emitting diodes (LED),!'!3 liquid crystal
display (LCD),!# photodetectors'> and scintillators.!® In addition, PQDs exhibit high tolerance to
structural defects, as rather shallow energy traps characterize these materials, a property traced to
the orbital composition of the energy bands calculated for lead halide perovskites.> 7 However, a
major hurdle that has inhibited implementation of those promising applications and slowed the in-
depth characterization of these materials (structure, optical and electronic properties) has been their
rather limited colloidal and structural stability, compared to the more “conventional” colloidal
quantum dots made of metal chalcogenide cores. Some of these problems emanate from the ionic
nature of the core crystals, which yield low internal lattice energy, a highly dynamic ligand binding
onto the nanocrystal surfaces and limited structural stability in polar solutions.!3-1?

In a typical growth reaction of colloidal perovskite nanocrystals, a combination of alkyl
acid (oleic acid, OA) and alkyl base (oleylamine, OLA) are used to form the metal-organic
precursors and eventually surface stabilize the as-grown NCs in non-polar media.’ Those ligands
interact with the nanocrystals in the form of primary ammonium (OLA", hard Lewis acid) and
carboxylate (OA-, hard Lewis base) ion pairs, and they exhibit rather weak affinity to the NC
surfaces, which result in high rate of ligand desorption and reduced colloidal stability."
Additionally, it has been suggested that proton transfer between oleate and oleylammonium ions
(in solution) can neutralize the surface-bound oleylammonium species, further weakening ligand
affinity to the PQD surfaces.!3-2 These factors make solution phase grown PQDs very sensitive to
solvent polarity. For example, a few rounds of precipitation using a non-solvent can induce loss of
structural integrity, colloidal instability, coupled with a drop of fluorescence.?!-??> This indicates
that solution processing would increase the density of structural defects (mostly surface-located),
often associated with large surface-to-volume ratio of the nanocrystals and rather poor electronic
passivation provided by weakly binding native ligands.?!-2* Consequently, the nature of the surface

coating chemistry applied to stabilize these materials plays an important role in every aspect of
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their behavior, including colloidal stability, photophysical characteristics, carrier transport
properties and the ability to carry out solution processing of the nanocrystals into thin film
devices.?+?

Several studies have attempted to address the above limitations by identifying novel
coatings that exhibit higher binding affinity to the PQD surfaces and better electronic passivation
of defect states. Kovalenko and co-workers introduced zwitterionic-containing molecules such as
alkyl sulfobetaine or phosphocholine derivatives during the growth reaction, to alter the
composition of the final nanocrystal coating.?*-?’ They reported that this strategy yielded QDs with
better colloidal and structural stability under high dilution conditions and anti-solvent washes.
Other groups including Manna and co-workers, Sun and co-workers, and Zeng and co-workers
have substituted OLA/OA with alky phosphonic acid or benzenesulfonic acid as surfactants during
synthesis, and reported the growth of PQDs with enhanced PLQY and better stability under few
rounds of purification or under diluted conditions.?®3! This improvement was attributed to the
higher affinity of phosphonate groups to Pb?* surface ions. As an alternative strategy to introducing
new surfactants during growth, Alivisatos’ group and Samanta’s group implemented post growth
treatment of the PQDs as a means of improving PLQY and colloidal stability. Post-treatment of
PQDs with inorganic salts, such as thiocyanate and tetrafluoroborate, or alkyl phosphonate, were
used to passivate under-coordinated surface Pb?" sites, resulting in better fluorescence
properties.??-34 Another actively explored idea involves the use of didodecyl ammonium bromide
(DDAB) as surface passivating ligands, which were either introduced during preparation or applied
post-growth to the PQDs.!3 22 35-46 Despite these successes, rather modest progress has been
realized using these various small molecule ligands, due to both lingering weak binding and
modest steric stabilization of the PQDs.

In this report, we probe the capacity of a set of multidentate polysalt polymers based on
the quaternary ammonium or imidazolium motifs to provide stable coating and simultaneously
improve the PL emission of colloidal perovskite quantum dots. The ligand design exploits the
highly efficient nucleophilic addition reaction between amine-bearing blocks (as nucleophiles) and
succinic anhydride rings in a low molecular weight poly(isobutylene-alt-maleic anhydride), PIMA,
copolymer.#’-% The resulting compounds present several copies of either alkyl ammonium or
imidazolium (as bromide salt groups) for electrostatic coordination onto the PQDs, along with

multiple alkyl chains with varying length (Cg or C;s) to ensure expanded affinity of the polysalt-
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ligated nanocrystals to organic solvents with varying properties. Ligand substitution of OLA/OA-
capped CsPbBr; PQDs with these polysalts yielded NCs with significant enhancement in the
PLQY, preserved absorption profiles and much better colloidal stability in polar media. X-ray
powder diffraction (PXRD) combined with transmission electron microscopy (TEM) data
confirmed that the integrity of the crystal structure and nanocrystal shape were essentially
unaffected by the ligand substitution. Furthermore, we utilized nuclear magnetic resonance (NMR)
to track changes in the surface coatings, proving that a complete ligand exchange is achieved.
Dynamic light scattering (DLS) measurements showed that homogenous dispersions that are free
of aggregates characterize the PQD colloids. Last, the stability of the nanocrystals was evaluated
using anti-solvent solution processing, probing resistance of the PQDs to water and easy phase
transfer to polar solvents, including ethanol and methanol, without altering the nanocrystal

integrity or optical properties of the materials even after extended storage.

RESULTS AND DISCUSSION

Rationale

There is a consensus in the community that the documented rapid degradation of the as-grown
lead-halide-based PQDs is initiated by etching of the nanocrystal surfaces during incubation and
processing. This etching is facilitated by the ionic nature of the QD cores, and it tends to alter the
surface structure as well as the integrity of the nanocrystals. We thus reasoned that designing a
high affinity protective coating that presents several halide salt groups per ligand would
competitively displace the native labile cap of the nanocrystals and progressively repair damaged
sites, by sharing the halide ions with the QD surfaces. This would also improve the fluorescence
quantum yields of the compounds.’3 Synthesis of the polysalts exploits the efficiency of the
nucleophilic addition reaction between distinct amine-R nucleophiles and poly(isobutylene-alt-
maleic anhydride) block copolymer, to design several high affinity coordinating ligands that are
ideally adapted for stabilizing luminescent chalcogenide quantum dots and other transition metal
nanoparticles.*”-#%-31-52 Here, we use quaternary ammonium bromide or imidazolium bromide salts
as coordinating groups onto PQD surfaces and alkyl chains to promote solubility in various organic
and polar media. Figure 1A summarizes the general synthetic strategy for preparing our polysalts,
where two steps are involved. Two distinct nucleophile precursors are combined for each set of

ligands, namely N,N-dimethylaminopropylamine (AM) or 1-(3-Aminopropyl)imidazole (IM) is
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Figure 1: (A) Schematic representation of the nucleophilic addition reaction used to prepare the polysalt
ligands. (B) Structures and nomenclature of the ligands prepared and tested in this study. (C) 'H NMR
spectra collected from imidazole-PIMA-OCA (intermediate, top) and the corresponding imidazolium-
PIMA-OCA polysalt L5 (bottom). Both compounds were dissolved in DMSO-dg.

used as salt source, while octylamine (OCA) or octadecylamine (ODA) provides the solubilizing
alkyl chains. In a typical reaction, AM or IM is mixed with a PIMA solution in DMF. Then, OCA
in DMF or ODA pre-dissolved in CHCI; is added to the mixture, which was heated to ~60 °C, and
left to react overnight while stirring. Then, the tertiary amine or imidazole groups are transformed
into quaternary ammonium (AMB) or imidazolium (IMB) salts by reaction with bromoethane. The
final products display several salt groups installed randomly along the polymer backbone (as
schematically depicted in Figure 1). Taking advantage of the versatility of this strategy, we
synthesized six sets of polysalts with well-defined stoichiometry. Three ligands present AMB
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groups: L1 (AMB:ODA =20:80); L2: (AMB:OCA =20:80); L3: (AMB:OCA =40:60); and three
present IMB groups: L4 (IMB:ODA = 20:80); L5 (IMB:OCA = 20:80); L6 (IMB:OCA = 40:60),
see Table 1 and Figure 1. Here, x and y designate the molar fraction of anchoring groups and
solubilizing chains estimated with respect to the monomer concentration of the PIMA (there are
~40 monomers per chain). As an example, synthesis of L1 was carried out by reacting PIMA with
a mixture of N, N-dimethylaminopropylamine and octadecylamine at 20:80 molar ratio, then
followed by quaternization reaction alkylating the tertiary amine into alkyl ammonium bromide
(AMB). Conversely, synthesis of ligand L6 was carried out by reacting PIMA with 1-(3-
aminopropyl)imidazole and octylamine at a molar ratio 40:60, and then transforming the imidazole
into imidazolium bromide (IMB) in the presence of bromoethane. Further details about the
synthetic steps are provided in the ESI. The 'H NMR data shown in Figure 1 and ESI (Figures
S1-S3) confirm the successful preparation of the various ligands with the desired structures. For
instance, the spectra acquired for IMB-PIMA-OCA show peaks at ~9.2 ppm and ~7.9 ppm
characteristic of the imidazolium protons, while the peaks at ~0.85 ppm and ~1.24 ppm are
respectively ascribed to the terminal -CH;3 and -CH, groups of octylamine. In addition, a broad
peak centered at ~0.95 ppm ascribed to the methyl protons along the polymer backbone was also
measured. The degree of grafting was estimated by comparing the integration values of the 'H
NMR peaks of different moieties; details are listed in Table 1. It should be noted that the salt-to-
ODA molar ratio could not be determined with good accuracy, due to broadening of the peaks and
a pronounced overlap between the signatures of the ODA and PIMA methyl protons in the NMR
spectrum. Nevertheless, quantification of the number of anchors and OCA chains in the other
polysalts is indicative of good agreement between the nominal and measured stoichiometry values
for the synthesized compounds (see Table 1). This agrees with prior studies, which have shown
that the addition reaction yields polymers with stoichiometry that is very close to that anticipated

from the nominal values based on the molar concentrations of the nucleophile precursors.*%- 52

Ligand Exchange and Phase Transfer

CsPbBr; nanocrystals, grown via the hot injection method using oleic acid and oleylamine ligands
(OLA/OA-PQDs), were used for testing the ability of the polysalt ligands to achieve high binding
affinity, repair defect sites and provide electronic passivation.’ Considering the different solubility

characteristics of the various polymer compounds, ligand exchange with ODA or OCA containing
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polymers was carried out following slightly different protocols. For AMB-PIMA-ODA (L1) and
IMB-PIMA-ODA (L4), the ligands are not soluble in polar media such as ethanol and methanol;
the PQD stock dispersions in hexane were thus mixed with the polymer pre-dissolved in toluene
yielding a clear mixture, then sonicated for ~5 minutes. The nanocrystals were washed with excess
ethanol, precipitated, then re-dispersed in toluene and stored until further use. Conversely, the
polymers containing short alkyl chains, AMB-PIMA-OCA (L2, L3) and IMB-PIMA-OCA (L5,
LL6) exhibit good solubility in ethanol and methanol. Ligand exchange and phase transfer was thus
carried out using either a homogeneous one phase reaction (route 1), or a heterogeneous two-phase
reaction (route 2), see Figure 2A. (1) In the one phase reaction, hydrophobic PQDs dispersed in
hexane were mixed with a clear THF solution of the ligands L.2 and L5 (containing 8 salt groups
each) and sonicated for 3-5 minutes. The ligands containing 16 salt groups (i.e., L3 and L6) were
however not completely soluble in THF, but addition of EtOH (at ~EtOH:THF ~ 1:2) yielded a
clear solution of those polymers. Mixing the OLA/OA-PQDs with either set of polysalts under
these conditions allowed rapid ligand substitution, manifesting in a change in the nanocrystal
solubility. This can be easily tested by adding excess hexane, which readily precipitates the PQDs,
yielding a green pellet and a clear supernatant free of QD materials after centrifugation. After
discarding the supernatant, the pellet was subjected to one or two more rounds of washing with
ethyl acetate, then readily dispersed in EtOH or MeOH. (2) In the two-phase reaction (route 2),
the nonpolar phase (hexane) containing OLA/OA—-PQDs was mixed with a solution of the polysalt
in methanol, yielding a top layer of hexane containing the PQDs and a bottom layer of the polymer
solution in methanol. Sonication of the vial for 3-5 minutes readily promoted the transfer of the
QDs to the methanol phase, as shown in Figure 2A (R2). Decanting the hexane layer yielded a
clear dispersion of the polymer-stabilized PQDs in methanol. While both methods effectively
allow the phase transfer of the nanocrystals to polar solvents, each route offers a few advantages.
For instance, route 1 minimizes exposure of the nanocrystals to polar conditions prior to complete
ligand substitution with the polymer, and thus yields slightly more homogenous PQDs.
Conversely, the bi-phasic reaction allows visual tracking of the phase transfer, but tends to produce
traces of aggregated materials which result from transient exposure of the native QDs to methanol
prior to a complete ligand substitution. Nonetheless, the small fraction of formed aggregates can
be easily removed by centrifugation for 3-4 minutes, leaving a homogeneous dispersion of PQDs

in methanol (see Figure 2A).
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Figure 2: (A) Fluorescent images (generated using a hand-held UV lamp, A =
during the ligand exchange steps with the polysalt ligands. One phase and two-phase routes are shown. (B)
'"H NMR spectra of PQDs coated with OLA/OA, IMB-PIMA-ODA (L4) and IMB-PIMA-OCA (L5)
ligands; the PQDs were dispersed in CDCl;. (C) Semi-logarithmic plot of the normalized intensity
autocorrelation function (g®) vs 1 recorded for PQD dispersions before, right after mixing with AMB-
PIMA-ODA (L1) and after one time and two times washing with EtOH. (D) Histogram of hydrodynamic
size distribution extracted from the Laplace transform of the autocorrelation functions built using the
scattering data generated from the various PQD dispersions.
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Characterization of the Ligand Substitution Using NMR Spectroscopy and Dynamic Light
Scattering

Effectiveness of the surface stabilization strategy is paramount to both extracting accurate data on
how the new ligands affect the photophysical characteristics of the materials and for their potential
integration into various devices. We characterized the completeness of the ligand substitution by
tracking changes in the "H NMR spectra collected from PQD dispersions after coating with the
polysalts, compared to a typical spectrum collected from a dispersion of as-grown nanocrystals.
Figure 2B shows a representative side-by-side comparison between the 'H NMR spectrum
collected from OLA/OA-PQDs (top spectrum) and those measured from dispersions of
nanocrystals stabilized with two IMB-based polysalt ligands, L4(IMB-PIMA-ODA)-PQDs and
L5(IMB-PIMA-OCA)-PQDs, see middle and bottom spectra. The polymer-coated samples have
been subjected to two rounds of purification then dispersed in CDCI;, while the dispersions of
native PQDs have been subjected to only one cycle. The spectrum of the native PQDs shows
signatures ascribed to oleate and oleylammonium protons in the 3-6 ppm range, in particular the
alkene peak at 5.37 ppm, which is in good agreement with previous reports.'?2% 30 After ligand
exchange with L4 and LS5, the spectra show several peaks spanning the range of 0-2 ppm, which
are ascribed to the lateral alkyl chains and dimethyl protons along the PIMA backbone.
Additionally, these spectra show broad peaks at ~4.3 ppm, which can be ascribed to the two
ethylene -CH,- directly attached to the imidazolium ring (N; position). Moreover, the
characteristic downfield peaks of the imidazolium ring protons are not clearly discernable in both
spectra, presumably due to signal reduction and peak broadening, which can be attributed to two
factors: a drastically reduced segmental mobility of the surface-coordinated imidazolium groups
and a rather poor ligand solvation in CDCl;.53-3* Despite the ambiguity caused by the pronounced
signal overlap in the upfield region (where the alkyl signatures are), the absence of signatures in
the 5-6 ppm provides a solid proof for the complete removal of the native ligands from the polysalt-

stabilized PQD samples (compare top spectrum to the middle and bottom spectra).°

Another test focused on verifying that the polysalt coating provides ample steric
stabilization to the PQD nanocolloids, in addition to enhancing PL. We applied dynamic light
scattering (DLS) measurements to extract estimate of the hydrodynamic size and verify the

homogeneity of the PQD colloidal dispersions. A plot of the autocorrelation function of the
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scattered intensity, g?(0,t) vs t (in semi-logarithmic scale) acquired from a dispersion of
OLA/OA-PQDs shortly after mixing with excess IMB-PIMA-ODA (L4) shows that a slightly
slower decay profile was acquired from the DLS data (see Figure 2C). This accounts for a slight
reduction in the Brownian diffusion of the nanocolloids compared to OLA/OA—PQDs, and reflects
that a rapid adsorption of the polymer ligands onto the NCs has taken place. Applying one or two
rounds of washing with ethanol further reduced the decay slope of the nanocolloids, resulting from
the complete removal of the native ligands and their substitution with the polysalt, until
equilibrium conditions are reached. Figure 2D shows a set of intensity vs hydrodynamic size
histograms measured for dispersions of OLA/OA— and AMB/IMB-PIMA-ODA-PQDs in toluene
and AMB/IMB-PIMA-OCA-PQDs in EtOH; these were extracted from the Laplace Transform of
g®@ vs 1 profiles.>> A single population is measured for all the samples, indicating that the PQD
dispersions, before and after ligand substitution, are homogeneous and free of aggregates. Data
also indicate that the smallest size was measured for the native coating, Ry ~8.7 nm, then the size
slightly increased to Ry(L1- and L4-PQDs in toluene) ~ 13-14 nm and Ry(L2— and L5-PQDs in
EtOH) ~ 20-22 nm. These slight variations reflect differences in the hydrodynamic contributions
of the coating to the Brownian diffusion of PQDs. More precisely, the larger size of the polysalts
compared to the native OLA/OA yields higher contribution of the hydrodynamic interactions to

the measured Ry compared to that measured for the as-grown materials.

Optical Characterization

Having established the ability of the polysalts to rapidly promote ligand exchange and phase
transfer of the PQDs, we proceeded to characterize the optical properties of the resulting materials.
More precisely, we first compared side-by-side the absorption and photoluminescence spectra
collected from the PQDs coated with the various AMB- and IMB-PIMA-OCA ligands (e.g., L2
and L5) dispersed in EtOH to those measured for OLA/OA—-PQDs in hexane, see Figure 3A.
There is a close match between the absorption profiles of both sets of materials, clearly indicating
a retention of the nanocrystal integrity after ligand substitution. The PL intensity of the polysalt-
capped samples was enhanced by 1.5 times, compared to the starting PQDs. The corresponding
average PL lifetimes, extracted for the time-resolved decay profiles shown in Figure 3B, are also
longer than those measured for the as-grown materials, indicating reduction in the number of

nonradiative channels (i.e. surface trap states) by the polysalt coating. Indeed, near-unity absolute
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PLQY (= 95%) was measured for both AMB-PIMA-OCA (L2, L3)- and IMB-PIMA-OCA (LS5,
L6)-coated samples, compared to PLQY of ~65% for OLA/OA—-PQDs. Similar effects were also
measured for the PQDs ligand substituted with AMB-PIMA-ODA and IMB-PIMA-ODA (L1 and
L4) and dispersed in toluene, namely fully preserved optical absorption and emission profiles and
near unity PLQY were measured, see Figure 3C-D. The consistency of the results obtained for
all polysalt (L1 - L6)-stabilized CsPbBr; nanocrystals proves the importance of the salt groups for
providing higher degree of surface passivation than OLA/OA and rules out potential additional
effects of size or number of the solubilizing alkyl chains used. The lifetime data were compared to

the changes in the ensemble fluorescence intensity using the relation for the PLQY:%¢

kr
PLQY = (1)

where k, and k,, respectively designate the radiative and nonradiative decay rates. Assuming that
only k,, is altered by electronic passivation of the surface traps, we compared the changes in the

PLQY extracted from the ensemble PL to those extracted from changes in the lifetime data:

PLpolysalt PLQYpolysalt kr —native + knr — native Tpolysalt (2)

PLQYnative - kr—polysalt + knr—palysalt Tnative

PLnative

where we replaced with the PL lifetime, 1, extracted from the experimental data. From the

T nr

steady-state and time-resolved data, estimates of the changes in the PLQY were compared to
changes in the lifetime (see Table 1). Data show that the PLQY and lifetime before after ligand
substitution are consistently higher than 1 for both sets of polysalts, implying that the ligands
improve the fluorescence properties of the nanocrystals. Nonetheless, the ratios extracted for the
PL were slightly higher than those deduced for the lifetime data. For example, for the IMB-
presenting polysalt, we found:

PLpolysait — 1MB Tpolysalt — IMB

~1.62,0r 1.55 and

PLnative native

~ 1.27 or 1.34 (for ODA and OCA).

11
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Figure 3: (A) Absorption and fluorescence spectra of OLA/OA—-PQDs in hexane along with AMB-PIMA-
ODA (L2)-PQDs and IMB-PIMA-ODA (L5)-PQDs dispersed in EtOH. (B) The time-resolved PL decay
profiles of the three sets of PQDs shown in A. (C) Absorption and fluorescence spectra collected from
dispersions of OLA/OA—-PQDs in hexane, L1-PQDs and L4—-PQDs dispersed in toluene. (D) The time-
resolved PL decay profiles of the three sets of PQDs shown in C.

Characterization of the Crystal Structure and Morphology of the PQD Colloids

We first carried out powder X-ray diffraction (PXRD) experiments to identify the crystalline
structure of the PQDs before and after stabilization with the different polysalt coatings. Figure
4A shows the PXRD patterns acquired from the native OLA/OA—-PQDs along with those ligand-
exchanged with the set of polysalt ligands (L1, L2, L4, L5). Close inspection of the patterns
reveals highly crystallized orthorhombic (Pnma) perovskite phase for all samples, confirmed by

the close matching with the pattern measured for the bulk perovskite standard (ICSD number

243735).57-% We note that in our previous report,>® we fitted the PXRD patterns to a cubic structure.

However, given the close patterns measured for the cubic and orthorhombic phases and recent

12

Page 12 of 27



Page 13 of 27

Nanoscale

progress in the literature, we have now compared our XRD data to orthorhombic crystal
structure.’® The above result combined with absence of any “impurity peaks” from those spectra
clearly indicate preserved crystal structure of the PQDs after ligand substitution with the polysalts.
We then used high-angle-annular-dark-field scanning transmission electron microscopy (HAADF-
STEM) to gain information about the spacing between the crystal planes, morphology and size
distribution of the polysalt-stabilized PQDs, compared to the native OLA/OA-capped NCs. We
focused on the TEM images acquired from nanocrystals ligated with L2 (AMB20%-PIMA-OCA)

—-/\_,A../»A./\Mvipili/\
A “ Ao L2-pQDs
L4-PQDs
2 _J\M/\Mw
b~
(7]
c
_.d_)‘ L1-PQDs
£
A J \ ’ \ A OLA/OA-PQDs
101 200 202
010 I ICSD 243735
| a4l
T T T T T T T T

20 (degree)

Figure 4: (A) Powder XRD patterns of the native PQDs along with nanocrystals ligand exchanged with
various polysalts. (B,C) HAADF-STEM images of OLA/OA-PQDs and AMB20%-PIMA-OCA-PQDs
(L2). (D) Representative high resolution TEM images of single perovskite nanocrystals acquired from:
OLA/OA-PQDs (top left); L2(AMB20%-PIMA-OCA)-PQDs (top right); L5(IMB20%-PIMA-
OCA)-PQDs (bottom left and bottom right). (E,F) Lower magnification HAADF-STEM images of
L5(IMB20%-PIMA-OCA)-PQDs. All polysalt-coated PQDs have been aged in EtOH for ~3 months prior
to TEM measurements.
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and L5 (IMB20%-PIMA-OCA) which allow phase transfer of PQDs to polar media, providing a
more convincing proof that those polymers preserve the integrity of the nanocrystal characteristic
features under polar solution conditions (namely, size, shape and crystal structure). In order to
examine whether or not possible changes in the core shape and size can take place during long-
term storage, L2— and L5-stabilized PQDs dispersed in EtOH were first aged for ~3 months, then
HAADF-STEM images were acquired. Freshly prepared OLA/OA—-PQDs with cuboidal shape,
sharp edges, and an average cube side length of ~7.2 nm were used as a reference, see Figure 4,
panel B. The image shown in Figure 4, panel C indicates that L.2-stablized PQDs prepared from
dispersion in EtOH maintained their cubic shape with an average side length of ~7.4 nm. This
proves that following ligand substitution the NPs preserve their overall size, shape, and stay
homogenous and free of aggregates, albeit with a slightly broader size distribution (compare
Figures 4B and 4C). Nonetheless, PQDs ligand exchanged with L5 (IMB20%-PIMA-OCA)
exhibited more pronounced changes in size and morphology. Though a cuboidal shape for the
L5-PQDs can still be identified in the TEM image, a loss of corner sharpness and occasional
etching of the nanocrystals can be observed at higher magnification of individual nanocrystals (see
Figure 4D, bottom images). An average side ~7.5 nm was measured for these nanocrystals.
Additional histograms on the PQD size distribution for the characterized samples are provided in
the ESI, Figure S4. Cumulatively, the data show that essentially small to negligible changes in
the core size are noted for the polymer-coated PQDs, indicating that minimal morphological
transformation of the nanocrystals has taken place. The TEM images acquired from all three sets
of samples show high core crystallinity with well-resolved atomic arrangements, where the spacing
between the (101) crystal planes is ~0.58 nm and that between the (200) planes is ~0.41 nm (see
panel 4A). Additionally, the images of L2—PQDs show that the nanocrystals have preserved their
cubic morphology in agreement with the starting OLA/OA—-PQDs, but showed partial loss in the
definition of the cube edges/corners. Conversely, the TEM images of L5—PQDs showed more
visible corner etching, which can be identified under crystal orientation (see Figure 4D, bottom
images).5%-6! Interestingly, the PLQY measured for dispersion of all PQD samples after ligand
substitution remained high. These findings indicate that the etching observed for some of the
nanocrystal surfaces do not negatively affect the fluorescence properties of the materials. We

attribute this to a more effective passivation of the surface defects brought by the multi-
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coordination of the nanocrystals after ligand substitution. This reduced the overall rate of non-
radiative exciton recombination for these dispersions.

Finally, we would like to note that even though the TEM images show rather
homogenously distributed nanocrystals on the grid for OLA/OA—-PQDs and L2—-PQDs, the images
collected from the L5-PQDs indicate that some degree of nanocrystal clustering, within discrete
regions, builds up during the drying process, see low magnification images in Figure 4E&F and
Figure S5. We attribute this to inhomogeneous drying of the polymer-ligated PQDs on the TEM
grid, a process likely due to the nature of the IMB-PIMA-OCA ligand and its affinity to EtOH.

Stability Tests

Having demonstrated that ligand exchange of the nanocrystals with the different polysalts is rapid
and efficient, we proceeded to evaluate the colloidal stability of the surface-modified PQDs under

a few relevant test conditions.

1- We first implemented the ubiquitous polar solvent wash test (e.g., ethanol or ethyl acetate). This
method has been widely used for testing the new ligand affinity to the PQDs.?! 253 Additionally,
washing with a polar solvent is a common technique for removing free OLA/OA ligands from the
medium, which is critical for integration into optoelectronic devices and improving the device
efficiency.’> 38 Here, we compared the behaviors of OLA/OA-PQDs and polysalt-PQDs subjected
to such treatment. We found that one wash of OLA/OA-PQDs with ethanol promoted a rapid
formation of a yellowish macroscopic aggregate and pronounced loss of emission, as shown in
Figure SA. In contrast, dispersions of PQDs stabilized with L1(AMB-PIMA-ODA) or with
L4(IMB-PIMA-ODA) preserved their colloidal integrity and strong emission properties, even
when subjected to as many as five rounds of washing with ethanol, as reflected by the clear green
fluorescent dispersions shown in Figure SA. Interestingly, the graph shown in Figure 5B indicates
that the effects of implementing the ligand substitution on the PL changes are subtle. Following a
simple mixing of a dispersion of OLA/LOA-PQDs with the polysalt yielded a modest increase in
the PL intensity (~30%). However, applying one round of washing with ethanol produced a large
PL increase (~ 80%); further washing with ethanol did not affect the PL increase. We attribute
this result to the removal of the native OLA/OA ligands and the ability of the polysalts to repair

defects sites, passivate energy traps and improve the materials colloidal stability.
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Figure 5: (A) White light and fluorescence images acquired from dispersions of the native PQDs (1) before
and after one EtOH wash, along with dispersions of L1-PQDs (2) and L4-PQDs (3), before and after 5
rounds of EtOH wash. (B) Plot of the relative PL intensity measured for pristine OLA/OA—-PQDs, or
L1-PQDs and L4-PQDs subjected to different EtOH wash cycles. (C) White light and fluorescence images
acquired from OLA/OA—, L1- and L4-PQDs taken during the water resistance test; top layer is toluene
and bottom layer is DI water. (D) Fluorescence images of AAB-PIMA-OCA (L2 and L3)— and IAB-PIMA-
OCA (L5 and L6)-PQDs dispersions in EtOH and MeOH tracked during storage for 8-months.

Relative PL Intensity

2- We then evaluated the resistance of PQDs to water-induced degradation for the three sets of
samples, OLA/OA-PQDs, L1- and L4-stablized PQDs, using a two-phase (organic/water)
configuration.®> As shown in Figure 5C, two separate phases are formed after mixing the
dispersions with water, with the top toluene phase containing the PQDs and DI water in the bottom
phase, due to the immiscible nature of the two liquids. Nonetheless, interaction between the PQDs
and water can still take place through the interfacial interactions at the meniscus, in part due to
local mixing and non-negligible water dissolution in toluene; water solubility in toluene at ambient
conditions is at ~0.027 M. This caused turbidity buildup in the OLA/OA—PQDs layer combined
with loss of fluorescence emission after one day, as shown in the white light and fluorescence
images collected from these nanocrystal dispersions. In contrast, L1- and L4-stablized PQDs

stayed dispersed and strongly fluorescent over the 3-day test period.
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3- We carried out long-term colloidal stability tests, which is a highly relevant criterion for
evaluating the effectiveness of the polysalt ligands to coordinate and stabilize the nanocrystals in
solution. We probed the homogeneity and PL stability of PQDs ligand substituted with L2 and L5,
or L.3 and L6, and dispersed in two polar protic alcohols (EtOH and MeOH). Figure 5D, left panel
shows the fluorescence images of PQDs dispersions freshly prepared and after several months of
storage under room light and temperature conditions. The PQDs coated with L2 or L5 (presenting
8 AMB or 8 IMB groups per ligand) exhibit rather limited stability in MeOH, where aggregation
and PL quenching occurred after 1 month of storage. Better stability is shown in ethanol where
homogeneity of the dispersion and high fluorescence emission are preserved for at least 4 months.
In comparison, the colloidal and photophysical stability are much improved for PQDs that have
been coated with ligands that present ~16 salt groups per chain (i.e., L3 and L6). As shown in
Figure 5D, panel 2, the 4 PQD samples stayed homogenous and highly fluorescent after 8 months
of storage, a result that can be attributed to the stronger ligand affinity to the PQDs. Additionally,
the absolute PLQY measured for the PQD dispersions in EtOH stayed above 90% for at least three
months (Figure S6). These findings agree with the reported benefits of using multi-coordinating
ligands to impart long term structural and photophysical stability onto plasmonic and conventional
luminescent nanocolloid materials.®*% Nonetheless, there are some subtle differences between
ligands appended with ammonium and imidazolium salt groups. In general, we found that AMB-
based polymers (e.g., 1.2 and L3) impart better stability to NCs, which may likely be due to the
smaller alkyl ammonium anchors compared to imidazolium rings. Figure 5D and Figure S7 show
that L2—PQDs in ethanol maintain colloidal homogeneity and high PL for up to 6 months, while
L3-PQDs stay stable for over one year of storage. This can be contrasted with IMB-PIMA-
OCA-PQDs, which lose their colloidal stability and/or emission properties after ~4 months for LS
and after ~8 months for L6.

We now discuss our findings in comparison to previous literature data and provide a few
insights into how the polysalts combine strong coordination interactions and electronic passivation
of the PQD surfaces. In particular, our comparison will focus on data collected from either treating
the as grown CsPbBr; QDs with the molecular scale quaternary ammonium bromide, DDAB, or
ligand substitution of the nanocrystals with these and other coordinating molecules. Those studies

have overall reported that DDAB and other bromide salts can improve the photoemission
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properties of PQDs.!322.25  Nonetheless, monomer ligands applied to any colloidal nanocrystals

tend to exhibit rather high rates of desorption due to the nature of coordination interactions.®

Ligand substitution

Removal of vacancies
plus electronic passivation

. - SN, F
® Cs* Br OLA Polysalt ligand

(> Cs*vacancy o Brvacancy s DA

Figure 6: Schematic representation of the benefits combining bromide vacancy filling and electrostatic
passivation of the Cs™ sites provided by the multidentate polysalt ligand coating, yielding enhanced PL and
long-term colloidal stabilization of the PQDs.

Our ligand design strategy to install several quaternary ammonium or imidazolium groups
along a polymer backbone has promoted a substantial reduction in the rate of desorption, resulting
in strengthened ligand interactions with the PQDs. This enabled a more efficient elimination of
bromide vacancies (Vp,), better passivation of the Pb?* sites, and filling the Cs* vacancies, thus
restoring damaged lead-bromide octahedra near the NC surface (see Figure 6). This has also
improved the rate of exciton radiative recombination, ultimately increasing the measured PLQY
to near unity, which is in agreement with data collected using monomeric DDAB.?%¢7 Furthermore,
multi-coordinating polymer ligands containing either ammonium or imidazolium cations would
have more stable binding to the surface bromide ions, while promoting steric repulsions between
individual PQDs brought by the multi-alkyl chains, compared to the monodentate DDAB ligands.
This ultimately resulted in enhanced colloidal stability. We should also note that though some
degree of surface etching of the NCs has been observed when using imidazolium-presenting
polysalts, the absorption and PL spectra measured for those PQDs were unaffected. This indicates
that slight damage of the nanocrystal surface does not significantly affect the photophysics of these
materials, given their reported high tolerance to defects.?!7 Finally, we would like to compare the

present coating strategy results to those using polyzwitterionic ligands, described in references.>"
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68-69 The two sets of ligands (polyzwitterion and polysalt) interact differently with the NC surfaces.
While the polysalts can restore surface vacancies and removal of energy traps, their binding
interaction are weaker than those afforded by the zwitterion-rich ligands. Polymer ligands based
on the zwitterion motif(s) present two complementary coordinating groups (Lewis base and Lewis
acid) which allow interactions with anionic and cationic sites on the PQDs, while a polysalt has
only one set. This explains the better long term colloidal stability afforded by sulfobetaine-rich

polymers such as those investigated in reference.>
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Conclusion

We have designed and tested a set of polysalt compounds that combine several quaternary
ammonium- or imidazolium salt groups with multiple alkyl chains as high affinity coordinating
ligands that promote colloidal stabilization while increasing the photoluminescence quantum yield
of CsPbBr; PQDs. The salt groups and solubilizing alkyl chains were installed along a low
molecular weight anhydride-rich copolymer using the nucleophilic addition reaction. We found
that these polysalts provide rapid ligand substitution of the native coating, enhance the colloidal
stability under various conditions (including extended storage in polar solutions, repeated washes
with anti-solvents and exposure to water) and increase the PLQY to near unity, all without altering
the crystalline structure or morphology of the nanocrystals. Complete removal of the native coating
was confirmed using NMR spectroscopy.

We attribute the effectiveness of these ligands to the strong coordination interactions of the
polysalts with the QD surfaces, and the ability of the ammonium or imidazolium bromide salt
groups to provide two important features: 1) repairing of surface defect sites, by sharing the
bromide anions with the nanocrystal surfaces; 2) filling the empty Cs* site with quaternary
ammonium or imidazolium cations. These provide efficient electronic passivation of the surface
energy traps, and in turn increase the exciton radiative recombination rate and enhance the PLQY
of the dispersions to near unity. These results confirm the importance of combining high
coordination with the specific salt structure for achieving increased ligand affinity to the
nanocrystals while drastically reducing the rates of ligand desorption. This design could be used
to develop other polysalt compounds that can be used with other perovskite core stoichiometry.
We are presently investigating the ability of these ligands to surface passivate and stabilize
anisotropic CsPbBr; 2D nanoplates, where we measured improved PLQY and stability. We hope
to report on these findings in the future. Other potential use of these rationales could involve the
synthesis of other halide (chloride or iodide) polysalts to promote better passivation of other core
perovskite materials. Indeed, electronic passivation and structural stabilization of such materials

is critical for further integration of these materials in variety of optoelectronic applications.”®
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Table 1: Summary of the various polysalt ligands synthesized and used for stabilizing the CsPbBr; PQDs.
The relative molar fractions of the starting nucleophiles with respect to the PIMA monomers are
compared side-by-side to the experimental values estimated from the '"H NMR data.

Ligand Molar ratio Nominal number per | Experimental number
chain?® per chain from NMR?
L1: AMB-PIMA-ODA® x:y =20:80 AMB: 8; ODA: 32 -
L2: AMB-PIMA-OCA x:y =20:80 AMB: 8; OCA: 32 AMB: ~8 OCA: ~31
L3: AMB-PIMA-OCA x:y = 40:60 IMB: 16; OCA: 24 AMB: ~16 OCA: ~24
L4: IMB-PIMA-ODA® x:y =20:80 IMB: §; ODA: 32 -
IMB:ODA ~ 1:4
LS: IMB-PIMA-OCA x:y =20:80 IMB: 8; OCA: 32 IMB: ~9 OCA: ~ 31
L6: IAB-PIMA-OCA x:y =40:60 IMB: 16; OCA: 24 IMB: ~14 OCA: ~26

2 The reported values were obtained from the molar concentration of the amine-modified precursors, compared to
that of the monomers in PIMA.

The values were obtained by comparing the "H NMR peak integration of ammonium dimethyl (5 ~ 3 ppm),

imidazolium (8 ~ 9.2 ppm) and OCA (3 ~ 0.85 ppm) to the two methyl groups in the polymer backbone (~234 H,
0~ 0.97 ppm). Spectral deconvolution was applied to resolve the overlapping peaks in the range of 0.8-1 ppm and
extract the integration values.

¢ Note that we have not attempted to extract accurate stoichiometry data for L1: AMB-PIMA-ODA and L4: IMB-
PIMA-ODA, due to the strong overlap between the signatures of the alkyl chains and the dimethyl groups in

PIMA.

Table 2. PL lifetime and PLQY acquired from dispersions of PQDs with different coatings. The lifetime

values are reported together with the lifetime ratios measured for the polysalt— and OLA/OA—-PQDs.

PQDs Lifetime, T Lifetime ratio PLQY PL,ormalized
OLA/OA-PQDs 7.9 ns 1 ~65% 1
L1-PQDs 8.8 ns 1.11 ~90% 1.55
L4-PQDs 10.0 ns 1.27 ~95% 1.62
L2-PQDs 10.4 ns 1.32 ~94% 1.51
L5-PQDs 10.6 ns 1.34 ~98% 1.55

27



