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ABSTRACT: The soft lattice of lead-halide perovskite nanocrystals
(NCs) allows tuning their optoelectronic characteristics via anion

exchange by introducing halide salts to a solution of perovskite NCs. o~ .
Similarly, cross-anion exchange can occur upon mixing NCs of 555’ :": &3
different perovskite halides. This process, though, is detrimental for N e
applications requiring perovskite NCs with different halides in close E.: e
proximity. We study the effects of various stabilizing surface ligands on — {g‘é‘f~ S\
the kinetics of the cross-anion exchange reaction, comparing . :‘:

zwitterionic and ionic ligands. The kinetic analysis, inspired by the
“cage effect” for solution reactions, showcases a mechanism where the
surface capping ligands act as anion carriers that diffuse to the NC
surface, forming an encounter pair enclosed by the surrounding ligands
that initiates the anion exchange process. The zwitterionic ligands
considerably slow down the cross-anion exchange process, and while
they do not fully inhibit it, they confer improved stability alongside enhanced solubility relevant for various applications.
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norganic cesium lead-halide perovskite nanocrystals manifests an exponential time dependence of the change in

(CsPbX; NCs, X = Cl, Br, I) manifest exceptional emission energy and hence composition.19 A decrease in the
optoelectronic properties, in particular, strong emission with rate of the reaction upon addition of excess ligands to the
a narrow bandwidth.' ™ This, alongside their facile synthesis solution was reported.”’ Only a few studies focused on the
and high defect tolerance, has already led to the demonstration kinetics of cross-anion exchange in NCs,”* and a complete
of highly efficient light-emitting diodes,4_6 displays,5 photo- mechanism has yet to be derived.
detectors,”® and solar cells.””~"" Their low lattice energy and Upon utilizing several types of perovskite NCs with different
the high concentration of vacancies result in a labile lattice halide compositions, such variations will affect the photo-
structure, manifested by high halide mobility, which enables luminescence (PL) spectrum and quantum yield (QY),
anion exchange while maintaining the original NC shape.12 possibly jeopardizing the device optoelectronic character-

istics.”” Surface passivation aimed at stabilizing the NCs and
suppressing anion exchange has been reported.”*** Recently,
zwitterionic molecules were implemented as surface ligands of
perovskite NCs, introducing several improvements to the
properties and handling of the NCs. They bind tightly to the
surface of the NCs and enhance their structural and colloidal
stability as a result of the chelate effect.”® This increases the
yield of the synthesis and the purity of the NCs dispersion, as
NCs capped in zwitterionic ligands are more durable to

Hence, bandgap engineering of the NCs can be achieved by
altering the halide composition in the lattice."> Halide mobility
was also observed between NCs with different halides,
demonstrating the feasibility of cross-anion exchange, without
an external halide source.'®'® Cross-anion exchange occurs
spontaneously in solution until compositional equilibrium of
the NCs is reached.

Halide migration and diffusion processes were investigated
in perovskite nanoplates'® and nanowires'”'® as well as for
anion exchange between colloidal NCs and halide salts in

solution.”™*" Previous work on micrometer long nanowires Received: February 14, 2022
established that anion exchange is facilitated by the diffusion of Revised: ~ May 5, 2022
the halides through the lattice via a vacancy-mediated Published: May 23, 2022

transport, leading to their homogenization.'® In NCs, the
surface-to-volume ratio increases dramatically, accentuating
surface effects. Anion exchange between NCs and halide salts

© 2022 American Chemical Society https://doi.org/10.1021/acs.nanolett.2c00611
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Figure 1. (a) Photoluminescence spectra of the cross-anion exchange reaction kinetics (18 s intervals), of C3-ASC18 capped perovskite NCs. (b)
Scheme of the cross-anion exchange reaction. (c) Scheme of the capping ligands. (d) Plot of the energy difference for the PL peak associated with
chloride enriched NCs population (high energy peak) at time t relative to its value at long t, for the three different capping ligands (blue squares,
lecithin; red squares, C3-ASC18; green squares, OA/OLA), at 25 °C. Solid lines represent the corresponding exponential fittings. (e) Similarly, for
the PL peak associated with bromide enriched NCs population (low energy peak).

cleaning procedures.”” The tight binding of the ligands to the
surface enables higher colloidal stability of the NCs, which can
accommodate colloidal NCs in a higher concentration than the
conventional monoionic ligeinds.26’28

Herein, we study the kinetics of the cross-anion exchange
process in perovskite NCs and explore whether zwitterionic
ligands will also have a stabilizing effect on the halide lability.
We find that the reaction mechanism bears analogy to the
classical “cage effect”, in which the anion-ligand complex
diffuses to the surface of the NC and exchanges the complexed
anion with a surface anion. Zwitterionic ligands are found to
slow down the cross-anion exchange kinetics significantly but
do not fully hinder the process. The work thus outlines
guidelines and challenges for engineering perovskite NC
surfaces with improved stability.

To address these open questions, we studied the cross-anion
exchange reaction between pure CsPbCl; and CsPbBr; NCs,
comparing the effects of different ligands. Two perovskite NCs
systems, each capped with a different type of zwitterionic
surface ligands, natural soy lecithin, and 3-(IN,N-dimethyl-
(octadecyl)ammonio)propane-1-sulfonate (C3-ASC18), were
compared with NCs capped with the most commonly used
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monoionic ligands, oleic acid/oleylammonium (OA/OLA). By
continuously monitoring the PL spectrum upon the cross-
anion exchange progression, we analyzed the reaction kinetics,
and derived its mechanism. The influence of the surface
coating was also derived. A model, based on the well-known
“cage effect” mechanism in solutions, is suggested to explain
our findings. The improved understanding of the cross-anion
exchange mechanism can lead to better design and fabrication
of perovskite-based devices in various fields, ranging from
optical to electronic and photovoltaic applications.

For the cross-anion exchange reactions, CsPbCl; and
CsPbBr; NCs with three different surface coatings were
synthesized (ranging from 6 to 10 nm in size, see Supporting
Information for details, Figure S1 for optical and electron
microscopy characterization). Figure la presents spectra
recorded during a typical cross-exchange reaction (scheme in
Figure 1b, details in SI sections S and 6) between CsPbCl; and
CsPbBr; NCs with an 8.5(£0.5):1 halide ratio respectively,
coated by C3-ASC18 zwitterionic ligands (SI sections 2—4 for
calculations of NC concentrations). The halide ratio was
chosen under the consideration that the PL QY of CsPbBrj is
higher than that of CsPbCl;, and therefore excess of the latter
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is required for suitable detection and analysis of the PL peaks.
At time t = 0, two distinct peaks appear in the PL spectrum at
409 and 510 nm, assigned to the chloride- and bromide-
composed NCs, respectively. As the reaction progresses, both
PL peaks shift toward each other until merging to a single peak
at equilibrium (424 nm). Transmission electron microscopy
(TEM) images and powder X-ray diffraction (XRD) show that
the exchange process maintains the NCs structure (Figures S3
and S4). The PL behavior is thus attributed to the
interchanging halide anion content, in agreement with prior
studies.'®> At the end point, all NCs possess the same
homogeneous halide composition. The PL peak position is
consistent with a Cl:Br ratio of 8.5:1. This is consistent with
the extracted peak shift in the powder XRD data using
Vegard’s law and with the elemental ratio measured on the
final product NCs using scanning electron microscopy—energy
dispersive X-ray spectroscopy (SEM-EDS, SI section 2, Figure
S3).

The spectra were fit to a sum of two Gaussians (Figure S5).
The shift in the peak position of each, relative to the
equilibrium position at long time, was plotted versus the
reaction time. Figure 1d compares the shift of the emission
peak versus time of the chloride enriched NCs population
(high energy peak) in three systems: the lecithin and C3-
ASC18 capped NCs (both are zwitterionic ligands, lecithin is a
mixture of molecules with varying R groups),”® and the
monoionic OA/OLA capped NCs. The corresponding energy
difference plot of the bromide enriched NCs population (low
energy peak) is presented in Figure le. An exponential
behavior is seen, consistent with previous reports for the OA/
OLA system, in-line with first- or pseudo-first-order reaction
kinetics.”* The rate constant of the cross-anion exchange
reaction was found to be independent of the halide ratio, also
consistent with the pseudo-first-order kinetics (SI, section 2).
To further establish the kinetic analysis and to solidify the
determination of the reaction order of the newly studied
zwitterionic coated NCs, the initial-rates method was
implemented by studying the reaction kinetics at a range of
different initial NCs concentrations. This yielded reaction
orders of 1.1 + 0.3 and 1.3 + 0.1 for lecithin and C3-ASC18,
respectively (S, section 9, Figure $6).”” Thus, continuing with
the first-order reaction kinetic analysis, similar rate constants
were extracted for both the high and low energy peaks (Table
S1), indicating that both reactions proceeded in parallel. To
avoid duplicity, we will focus our analysis to the changes in the
high energy peak.

The quantitative analysis for the three capping ligands shows
that the fastest rate constant for cross-anion exchange is
associated with the OA/OLA capped NCs system (0.032 =+
0.001 s™" for the high energy peak, or 0.023 + 0.005 s™" for 9
nm NCs, see Figure S12), in agreement with previous reports
(~0.035 s7')."” This is slowed down significantly for the
zwitterionic ligands, decreasing in the case of the C3-ASC18
ligand (0.016 + 0.001 s™'), and falling roughly by an order of
magnitude for lecithin (0.003 + 0.001 s™'). The observed
results are affected by the size of the NCs, yet the capping
ligand is the dominant contributor to the trend (Figure S12).
This showcases the capacity of the zwitterionic ligands,
especially lecithin, to stabilize the NCs and to maintain their
compositional integrity.””

To establish the full rate equation and a reaction model,
focusing on the better stabilizing zwitterionic ligands, we
further determine the ligand’s role. The working hypothesis for
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the reaction mechanism is that the NC surface ligands shuttle
the anions in the cross-exchange reaction. While earlier reports
already suggested this,"*" a clear experimental proof is
warranted to rule out the possibility of a reaction through a
direct collision between the NCs.

To this end, the cross-anion exchange reaction was
conducted in a setup comprising a semipermeable membrane
allowing for the transfer of ligands but not of the NCs (scheme
in Figure 2a, experimental details in S, section 10). Figure 2b
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Figure 2. (a) Schematic of the cross-anion exchange reaction through
a diffusive membrane (1000 kDa pore size). (b) PL spectra of the
CsPbCl, (purple) and CsPbBr; (green) NCs from inside/outside the
dialysis bag at time t = 0 (solid lines), and at time t = 7 h (dashed
lines) after the NCs were left to react through the membrane. The
blue peak at 425 nm corresponds with a fully equilibrated solution of
CsPb(Cly4Bry); NCs, achieved under a no-membrane setup.

presents the PL spectra from inside and outside the dialysis bag
at t = 0 and at the conclusion of the measurement, after 7 h. At
t = 0 (solid lines) the PL inside/outside correspond to the
pure CsPbCl;/CsPbBr; NCs peaked at 405/507 nm,
respectively. At t = 7 h (dashed lines) the PL inside the bag
red-shifted to 410 nm, while outside the PL blue-shifted to 459
nm. This showcases that a cross-anion exchange reaction
occurred through the membrane, which proves the role of the
ligands as halide carriers in this reaction. Compared to the fully
equilibrated cross-anion exchange reaction without the
presence of the membrane (blue shaded PL peak after 20
min), even after 7 h, equilibrium was not reached in this case,
in line with the diffusion barrier imposed by the membrane.
Further proof to the direct involvement of ligands in the
reaction can be achieved by exchanging NCs with different
ligands. The anion-exchange between lecithin capped CsPbCl,
and C3-ASC18 capped CsPbBr; yielded a rate constant in the
range between those for pure lecithin and pure C3-ASC18
(0.012 + 0.001 s7}, Figure S10a). The same cross-anion
exchange reaction with different ligands was performed in a
dialysis bag as well. The PL peaks shifted both inside and
outside of the dialysis bag, showing that anion-exchange occurs
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through the membrane also when two types of ligands are
involved (Figure S10b). Measuring the Fourier-transform
infrared (FTIR) spectrum of the C3-ASC18 capped CsPbBr;,
outside the dialysis bag after 7 h revealed a C=0O stretching
peak at 1735 cm™, which is characteristic of lecithin that
diffused through the membrane (Figure S10c). We thus
directly substantiate the role of ligands in shuttling of the
halides in the cross-anion exchange process.

Continuing the kinetic study, the temperature dependence
was studied revealing an Arrhenius dependence (Figure 3,

-2f # lecithin
C3-ASC18
3 E( =61+6 kJ/mol % OA/OLA

E, =56%2 kJ/mol

In(k)

E, =57%4 kJ/mol

-3.1 3.15 3.2 3.25 3.3 3.35 3.4 345 3.5 3.553
1/T (1/K) x10

Figure 3. Arrhenius plot for the reaction in the temperature range of
10—50 °C for lecithin (blue), C3-ASC18 (red), and OA/OLA
(green) capped NCs.

Figure S11). The activation energies of the three systems are
nearly identical within error, 57 + 4, 56 + 2, and 61 + 6 kJ/
mol for the lecithin, C3-ASC18, and OA/OLA capped NCs,
respectively, suggesting a similar mechanism and rate-limiting
step for all ligands. Comparing two sizes of OA/OLA coated
NCs revealed that the activation energy does not depend
strongly on the NCs size (Figure S12). All three ligands bind
to the surface halides through an ammonium group.’!
Accordingly, and in line with the establishment of the ligands
as halide carriers, we associate the activation energy to the
dissociation of the halide-ligand complexes from the NC
surface. Nevertheless, the activation energy of anion exchange
in OA/OLA capped NCs is slightly higher, consistent with the
higher surface coverage of OA/OLA relative to the zwitterionic
ligands, as was reported previously.”® A denser surface can
increase the required energy for ligand desorption due to
ligand—ligand interactions.”> We note that a previous study for
anion exchange between OA/OLA capped CsPbBr; NCs and
oleylammonium chloride reported an activation energy of 32 +
1 kJ/mol."” This result is approximately half of the activation
energy for the cross-anion exchange reaction between OA/
OLA capped NCs. This demonstrates a difference between the
cross-anion exchange reaction and anion exchange with a
halide salt. In the case of a cross-anion exchange, mutual ligand
dissociation, from the source NC and the target NC, has to
occur for a fruitful halide exchange, whereas in the case of
anion exchange with halide salt, only one dissociation event is
required.

We next devise a mechanism for the cross-anion exchange
reaction. It should reflect a first-order behavior with respect to
the halide concentration. However, the influence of the ligand
type on the rate, as well as its apparent involvement in the
reaction’s mechanism, does not follow an elementary first-
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order reaction. Instead, a pseudo-first-order rate must be
considered. To account for these requirements, we suggest a
mechanism that involves the encounter between a halide site
on the NC surface and a halide-carrying ligand (SI, section
13). The mechanism is inspired by the “cage effect” for
bimolecular reactions in solution,*** in which two molecules
in solution diffuse into a cage of solvent molecules, where they
experience multiple encounters and can react with one another
or escape out of the cage.

Formulating the mechanism, the net reaction of a cross-
anion exchange between CsPbCl; and CsPbBr; NCs with an
8.5:1 ratio of chloride and bromide ions is as follows

0.9CsPbCl, + 0.1CsPbBr; — CsPb(Cl,¢Bry,)s (R1)

The surface ligands attach and detach from the surface
according to their equilibrium constant.”® Therefore, a surface
site can be either with or without a bound ligand

NCq-L & NC¢ + L—Cl (R2.1)

NCgy—L = NCy, + L—Br (R22)

Where NCy is the relevant halide site on the surface of the NC,
and L is the ligand.

Upon mixing of CsPbCl; with CsPbBry; NCs, cross-anion
exchange occurs, with the ligands as halide carriers. The
exchange takes place when a halide-carrying ligand reaches the
surface of the target NC. The ligand can either attach to an
under-coordinated Pb site on the surface of the NC directly
through the halide or exchange its halide with a bound surface
halide.” The PL changes arising from either case are
indistinguishable, and we treat both cases as one. After the
ligands shuttle the anions to the surface of the NCs, rapid
vacancies-mediated diffusion homogenizes the NC composi-
tion."™*® Considering that the diffusion length is only a few
nanometers, this is not the rate-limiting step in the solution
cross-anion exchange reaction. The cross-anion exchange
reaction occurs simultaneously on CsPbCl; and CsPbBr;
NCs until compositional equilibrium is reached, as the NCs
themselves are the halide source for the exchange. According
to the results, during the reaction both the high and low energy
peaks shift with the same rate constant. Consequently, the
mechanism of exchange of pure CsPbCl; and CsPbBr; NCs are
similar within the available time resolution. Hence, below, we
chose to derive the mechanism of the reaction to start with
pure CsPbCl; NCs and to end with mixed halide NCs. This
mechanism can be applied to the opposite reaction as well

k k,
NC-Cl + L-Br &2 NC—-Cl - Br—L - NC—Br + L—CI
k_y

(R3)

Where NC—X is a halide site that can be either bound or
unbound to a ligand. NC—Cl---Br—L is an intermediate
metastable complex of the reactants within a cage of solvent
molecules.

The reaction thus follows the well-established “cage effect”
mechanism. The reactants are a chloride site on the surface of
the NC and a bromide-carrying ligand. According to the “cage
effect”, the molecules diffuse in solution and encounter one
another within a cage of solvent molecules. The diffusion into
the cage is described by the reaction with rate constant k.
After reaching the solvent cage, the molecules can react by
exchanging their anions (rate constant of k,), or they can
escape the cage (rate constant of k_;). To simplify the rate
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equation, a steady-state approximation for the intermediate
caged species can be applied, yielding

k
kR Ne—cer
k_, + k,

v =
(1)
The rate expression describes a second-order reaction with
respect to the chloride sites and the bromide carrying ligands.
It becomes a pseudo-first-order reaction in this case because
the reaction involves the exchange of anions in different sites,
while maintaining a constant concentration of bromide (and
chloride) ions. Additionally, the concentration of the ligands in
the system is constant. Considering this, the concentration of
the ligands that carry bromide ions is effectively constant
throughout the entire experiment. Thus, the fixed concen-
tration of ligands with bromide ions can be considered as part
of an effective rate constant, kg yielding a pseudo-first-order
rate equation

klkZ
k,+k,

v=kgINC—CIl; kg [L—Br]

(2)

To confirm the mechanism, we monitored the reaction rate
in the limits of the “cage-effect” mechanism. The kinetics was
measured for solutions with varying viscosities (differing in
ratios of toluene and octadecene), to test the diffusion
dependency (Table S2, Figure S13). Figure 4a presents the
ratio between the rate constant in increasing viscosities and the
rate constant in toluene alone. The rate of the anion-exchange
for both lecithin and C3-ASC18 covered NCs decreased
similarly in higher viscosities; however, the absolute rate
constants of anion-exchange in lecithin capped NCs are lower
than those for C3-ASC18 capped NCs (Figure 4a inset). The
lower anion-exchange rate between lecithin capped NCs can
be explained by the bulkier structure of lecithin that slows its
diffusion. In 90% ODE for the lecithin-capped NCs, the
reaction was still not completed even after 24 h, hence we
could not approach the limit of full diffusion control. At highly
viscous media, the diffusion in and out of the cage is the rate-
determining step. The rate constant k_, is negligible relative to
k,, and the effective rate of the reaction depends on k, alone,
agreeing with full diffusion control.

v = ky[L — Br] [NC — CI]
keffy

3)

The anion exchange reaction is driven thermodynamically by
the entropic gain from mixing of the anions in the lattice,
which is a strong factor dictating compositional homogeneity
in the NCs. The use of zwitterioinc surface ligands to gain
compositional stability indeed effectively slows down the
reaction, especially for lecithin. However, according to the
proposed mechanism, the reaction rate may be affected by
ligands concentration in different ways. On one hand,
increasing the ligands concentration may hasten the exchange
by providing further means for the cross-anion shuttling. On
the other hand, excess ligands can increase the density of the
ligand packing, providing increased stability by its passivating
effect, hindering the arrival and departure of the ligand-anion
complexes to and from the NC surface.

To study these counteracting effects, we examined the
dependence of the reaction’s kinetics on excess ligands
concentration. These experiments were only feasible with
additional lecithin, due to the low solubility of C3-ASC18 in
toluene. The initial lecithin surface coverage was determined
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Figure 4. Testing the limits of the “cage effect” mechanism. (a)
Viscosity effect on the rate of the cross-anion exchange reaction for
lecithin (blue) and C3-ASC18 (red) capped NCs. The varying
viscosities are achieved by different ratios of toluene to the more
viscous octadecene (ODE). (b) Excess ligand effect on the rate of the
anion-exchange reaction in the lecithin capped NCs system. The
guidelines emphasize two different trends.

by thermogravimetric analysis to be 40% relative to the Cs
surface sites for both the CsPbCl; and the CsPbBry NCs
(Figure S14a). Cs surface sites were considered because the
ammonium group of the bound ligands substitutes Cs atom on
the surface of the NCs.>">® Excess ligands at varying
concentrations relative to the overall Cs surface sites were
added (S, section 15b). The anion exchange kinetics were
studied and analyzed (Figure S14b).

Figure 4b presents the dependence of the rate constant on
the ratio of lecithin to Cs surface sites. Increasing the ligand
concentration slows down the exchange reaction considerably.
The presence of excess ligands enhances the ligand binding
and stabilizes the NCs while driving reactions R2.1, R2.2 to
shift backward, toward higher surface coverage. We observe
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two regimes. Up to a ligand:Cs surface sites ratio of ~0.55, a
sharp decrease in the anion exchange rate is observed. Upon
ligand addition for a ligand:Cs surface sites ratio higher than
0.6, the rate continues to decrease but with a much weaker
dependence on the concentration of the excess ligand, as the
stabilizing effect becomes saturated. At 60% surface coverage
the surface is practically saturated, as a result of steric and
electrostatic effects that prevent 100% surface coverage.
Therefore, excess ligands have a positive stabilizing effect but
only up to an effective complete ligand coverage.

In summary, a kinetic study of cross-anion exchange in
perovskite NCs was presented. The reaction proceeds by the
shuttling of anions transported by a ligand-anion complex as
proven through its occurrence even in the presence of a
membrane barrier impeding the NCs crossing. A “cage effect”
mechanism is established, while the observed pseudo first-
order dependency on the halide sites’ concentration arises
from the presence of an equilibrium concentration of ligand-
anion complexes in solution. A comparison of different ligands
revealed the significance of surface effects on the reaction, as
different surface cappings influenced the stability of the system.
Zwitterionic capping ligands provided enhanced passivation,
resulting in slower rates of anion exchange. NCs with lecithin
as the capping ligand exhibited the highest stability and
inhibition of anion exchange due to the bulky structure of
lecithin. Although lecithin contains a mixture of carbohydrate
tails,”® its bulkiness relative to the other studied ligands is
mostly attributed to its two long chains, rather than just one.
Consequently, lecithin diffuses more slowly in the solution. A
more significant effect is surface-related, as it is more difficult
for the bulky lecithin to penetrate the ligand layer on the
surface. These effects explain the slower rates of cross-anion
exchange in lecithin capped NCs. In the design of applications
based on perovskite NCs, lecithin capping offers enhanced
surface stabilization, and using excess ligands up to a ratio of
complete coverage is beneficial. This study sheds light on the
mechanism of the cross-anion exchange reaction in perovskite
NCs and surface effects. It provides guidelines for slowing
down the spontaneous change due to uncontrolled anion
exchange with the potential to improve their implementation
in various applications.
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