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ABSTRACT: Ion-exchange transformations allow access
to nanocrystalline materials with compositions that are
inaccessible via direct synthetic routes. However, addi-
tional mechanistic insight into the processes that govern
these reactions is needed. We present evidence for the
presence of two distinct mechanisms of exchange during
anion exchange in CsPbX3 nanocrystals (NCs), ranging in
size from 6.5 to 11.5 nm, for transformations from
CsPbBr3 to CsPbCl3 or CsPbI3. These NCs exhibit bright
luminescence throughout the exchange, allowing their
optical properties to be observed in real time, in situ. The
iodine exchange presents surface-reaction-limited ex-
changes allowing all anionic sites within the NC to appear
chemically identical, whereas the chlorine exchange
presents diffusion-limited exchanges proceeding through
a more complicated exchange mechanism. Our results
represent the first steps toward developing a microkinetic
description of the anion exchange, with implications not
only for understanding the lead halide perovskites but also
for nanoscale ion exchange in general.

Nanocrystals (NCs) exhibit facile and unique kinetics for a
variety of solid-state chemical transformations such as

galvanic replacement,1a,b the nanoscale Kirkendall effect,1c,d and
ion exchange.1e,f A new class of materials on which novel
chemical transformations can be performed are lead halide
perovskites. These materials have recently received much
attention for their excellent optical properties with high
photoluminescence quantum yields (PLQY) and sharp emission
line widths that can span the visible spectrum. Synthetic
protocols for lead halide perovskite NCs have recently been
reported for both organic−inorganic hybrid perovskites,2a−c

CH3NH3PbX3 (X = Cl, Br, I), and all-inorganic perovskites,2d

CsPbX3. The CsPbX3 NCs exhibit bandgap energies that present
weak quantum size effects, but are readily tunable by adjusting
the halide composition such that emissions can be precisely
tuned over the entire visible spectrum. The ability to finely tune
band gap energy for these highly luminescent materials is
potentially useful for many applications, such as displays and
LEDs.3a,b Furthermore, it was recently reported that post-

synthetic modification of CsPbX3 composition via a fast facile
halide exchange preserves both NC shape and size.4a−d

Selective ion exchanges have been observed in other
nanocrystalline materials, but have predominately focused on
cation exchange. Notable examples include CdSe to Ag2Se,

1e,5f

Cd3P2 to InP,
5a CdS to PbS nanorods,5b PbE (E = S, Se, Te) to

core−shell PbE/CdE,5c Cu2‑xS to CuInS2,5d and Cu3‑xP to InP.5e
In these cation exchanges the anionic sublattice is maintained
allowing for facile ion exchange,1e,f,6a−c whereas the analogous
anion exchange has far fewer examples in the literature and is
more commonly associated with drastic morphological changes
to the NC.1c,5g,h If a sublattice is structurally maintained during
the exchange, ion exchange affords a versatile technique to
separate the control of NC composition from crystallite shape,
granting an ability to synthesize previously inaccessible materials.
In contrast with previous work on cation exchange, anion

exchange in CsPbX3 NCs
4a−d presents sufficiently luminescent

starting, intermediate, and ending NCs to enable continuous in
situ monitoring of the exchange via photoluminescence (PL)
measurements. While the phenomenological process was shown
to occur and potentially useful for a number of application-
s,2a−d,3a,b,4a−d kinetic studies of the exchange mechanism have
not been conducted. The high luminescence at all compositions
and good synthetic control with high quality NCs positions the
CsPbX3 material system favorably for fundamental investigations
of the anion-exchange process. Monitoring the optical properties
during the exchange affords us a convenient method for gaining
insight into the dynamics of the exchange process. Herein, we
have specifically focused on the dynamics of the transformation
from CsPbBr3 to both CsPbCl3 and CsPbI3 (Figure 1A). During
the exchange to CsPbI3, we observe a red-shifting bandgap with
time that is well described by a single exponential. Exchanging
instead to CsPbCl3 results in a monotonic blue-shifting bandgap;
however, the time evolution is quite complex and potentially
deeply informative. There are distinct time intervals of nearly
constant bandgap change, each slower than the previous,
suggesting that there is a variation of the exchange barrier with
degree of exchange. The exchange to CsPbI3 optically presents a
rapidly alloying exchange, while exchange to CsPbCl3 does not.
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The origin of the discrepancy between the two reactions
probably stems from the disparate anion sizes and ionic
mobilities. Understanding the fundamental mechanisms that
govern these exchanges would not only inform the development
of new routes toward achieving desired products, but also
generate a model system for studying the mechanism of
nanoscale ion exchange.
To closely monitor the ion-exchange reactions, reagents must

be mixed rapidly and reproducibly to ensure that the ensemble of
NCs experiences a homogeneous environment during the
exchange. This can be accomplished by using a stopped-flow
injector, in which there is a submillisecond initial mixing, much
faster than the many seconds required for complete ion
exchange. The CsPbBr3 NCs were synthesized following
Protesescu et al.,2d with minor modifications, and present typical
size dispersions of ±10% (in edge length), with PLQY typically
85−95% (Supporting Information (SI)). In our experiment, the

CsPbBr3 NCs and oleylammonium halide solution, both in dry
hexanes, were mixed in a stopped-flow injector while real-time in
situ PL spectra were obtained. The combination of submilli-
second mixing time, millisecond spectral acquisition time, and
good signal-to-noise (S/N > 50 at PL peak), allows for facile
resolution of the exchange. A temperature controlled water bath
is used to stabilize the temperature between 15 and 40 °C. A
representative data set of evolving PL spectra for both exchanges
is shown in Figure 1B. The observed PL spectra for
homogeneous alloys (solid lines in Figure 1C), provide a direct
measure of the average halide composition within the NCs, a
correlation well described by Vegard’s Law. When considering
the kinetic intermediate mixed-halide particles, it is apparent that
the ensemble PL spectra are broadened compared to the narrow
line widths of the steady-state homogeneous alloys (Figure 1C).
This broadening is the result of a distribution of NC sizes, which
have size-dependent exchange rates. Amodel for this is described
later in the text that accounts qualitatively for the observed
broadening.
Sizes of CsPbBr3 NC cubes ranging from 6.5 to 11.5 nm in

edge length were studied. Monitoring the average bandgap of the
distribution reveals how the average sized particle evolves with
time, distinguishing the average particle from the distribution of
particle sizes. The PL peak energy during exchange for a 9.0 nm
sample is shown in Figure 2A,B. While the iodine exchange
exhibits a single exponential trend, the chlorine exchange
presents systematic deviations from exponential behavior, subtle
for smaller particles than for larger ones (SI). One distinct
difference in the two exchanges is seen in the changing line width
throughout the exchange (Figure 2C,D), presenting consistent
features irrespective of temperature. The iodine exchange
displays a single prominent broadening, whereas the chlorine
exchange has several distinct features, suggesting the different
target anions undergo different exchange mechanisms.
Furthermore, samples from the same NC batch were

monitored at a series of temperatures ranging between 15 and
40 °C. The exchange presents the same features irrespective of
temperature, suggesting the exchange proceeds via the same
mechanism, although the initial rate of bandgap change does
increase by a factor of 5 going from 15 to 40 °C (Figure 2E),
described by an Arrhenius relation. Both exchanges present a
positive activation energy, 32(±1) kJ/mol for chlorine and

Figure 1. (A) Schematic representation of the anion-exchange reaction.
(B) Representative data from the stopped-flow spectrometer showing
the change in the PL spectrum over time during the exchange, CsPbBr3
to CsPbCl3 is on the left and CsPbBr3 to CsPbI3 on the right. (C) PL
spectra for the starting CsPbBr3 NCs (green) and ending CsPbCl3 (dark
blue) or CsPbI3 (red) along with spectra for mixed halide compositions
(CsPbBr3‑yXy) in the both the kinetic (solid) and equilibrium (dashed)
regime for each bandgap shown.

Figure 2. Temperature-dependent time progression of bandgap change for (A) CsPbBr3 to CsPbI3 and (B) CsPbBr3 to CsPbCl3, temperature ranges
from 15 to 40 °C, shown for a 9.0 nm NC sample. Temperature-dependent fwhm for the (C) CsPbBr3 to CsPbI3 and (D) CsPbBr3 to CsPbCl3
exchanges. (E) Arrhenius plot fit for the temperature-dependent rate of exchange over the 15−40 °C temperature range for both exchanges. (F)
Equilibrium halide composition fraction of the new halide within the NC as a function of concentration of new halide added.
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74(±1) kJ/mol for iodine, although the interpretation of
complex reaction activation energies is not straightforward
without a detailed kinetic model of the many atom, multistep
exchange process. However, the positive activation energy
suggests the mechanism of exchange does not involve activated
complexes or surface adsorption equilibria, both presenting
negative apparent activation energies.6d We find for the material
there is no thermodynamic equilibrium difference of halide ions
within the material, compared to pure mixing (Figure 2F). For
example, adding one halide ion for every bromine results in a 1:1
ratio in the NC, the expected ratio if there is not a
thermodynamic preference for anions in the lattice. This
means that any discrepancies from the equilibrium alloys are
the result of kinetic processes not thermodynamic processes.
Focusing on the rate of bandgap change and the derivative of

bandgap change (Figure 3A,B), we once again notice two
disparate behaviors for the chlorine and iodine exchange. The
iodine-exchange derivative is another exponential, whereas the
chlorine-exchange derivative is something more complicated
presenting discrete regions with differing constant rates of
bandgap change. In fact, the chlorine exchange has regions of
constant slope punctuated by sharp transitions. For the chlorine
exchange there is a consistent correlation between the limits of
the constant slope regions in the bandgap change and the
maxima of the line width over time (SI). Particularly notable is
the rate scaling of the bandgap change between the different
constant rate regimes. The rate of bandgap change within a
constant regime is one-half the rate of the preceding regime,
independent of size (SI). We find that the exchanges undergo
some consistent steps, but disparate mechanisms, for both
exchanges. Independent structural determination of the
distribution of the nanoparticles’ anions is required to provide
a definitive assignment of the origin of these different rates.
However, it is notable that the rate slows in an orderly way,
suggestive of systematic differences in binding energies of
different sites within the NCs, such as would be expected for

successive layers within a nanoparticle, or for the differences
between corners, edges, and surfaces of these materials.
Due to small thermodynamic differences and low barrier to

solid-state diffusion, we are unable to observe structurally the
exchange using conventional structural characterization techni-
ques. However, alloying is a solid-state diffusion process, by
initiating the exchange and rapidly quenching to cryogenic
temperatures (80 K) we can trap the structures by halting
diffusion, and we are able to look for optical signatures of the
kinetic structures. At cryogenic temperatures, the PL lifetimes for
a series of kinetically trapped NCs and steady-state alloys were
collected (Figure 3C). To ensure the measured PL lifetime is
representative of the electron−hole overlap and not differences
in nonradiative pathways, we also determined that the PLQY at
80 K is indistinguishable from unity (SI). From our study, there is
no difference in the PL lifetime between kinetically trapped
particles and the steady-state alloys for the iodine exchange, even
though the particles are actively exchanging anions, suggesting
that each particle is able to rapidly alloy. In contrast we find a
noticeable deviation for the chlorine exchange, the PL lifetime for
the kinetically trapped particles are not the same as the steady-
state alloys, strongly suggesting the transient structures are not
homogeneous alloys, but likely a more complicated, as yet
undetermined, kinetic structure. During the chlorine exchange,
the PL lifetime changes by 20% before the bandgap changes at all.
Although our measured rates are of bandgap change, for the

iodine-exchange kinetic regime a linear Vegard’s law approx-
imation is valid, creating a direct correlation to the actual reaction
rate, whereas a more complicated, nonlinear, dependence exists
for the chlorine exchange. If all sites in the NC were chemically
identical with a single rate-limiting step, then we would expect a
monoexponential exchange. An example would be an ion
exchange that is surface-limited allowing for rapid alloying,
analogous to the iodine exchange. However, the presence of
discrete constant bandgap change regions suggests the presence
of distinct steps in the exchange. An example would be an ion
exchange that is diffusion-limited resulting in the formation of

Figure 3. Time progression of bandgap change of a representative exchange reaction (blue) for (A) CsPbBr3 to CsPbI3 and (B) CsPbBr3 to CsPbCl3
with the derivative of each exchange overlaid (red). (C) Composition-dependent lifetime under pulsed 407.1 nm excitation at cryogenic temperatures
(∼80 K) for both steady-state alloys and kinetically trapped CsPbX3NCs. Uncertainties in the lifetimes are too small to show in the figure; all uncertainty
values for the lifetimes are <1.5%.

Figure 4. (A) Size-dependent initial rate of bandgap change for both exchange reactions. Model result depicting single NC exchange trajectories, where
the initial bandgap is specified by color, more blue lines represent higher energy initial bandgaps, for the (B) CsPbBr3 to CsPbI3 and (C) CsPbBr3 to
CsPbCl3 exchange reactions. Insets in (B) and (C) depict experimental line width change versus the exchange model.
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zones of exchange, possibly the underlying chlorine-exchange
mechanism. The mechanistic discrepancy could be rationalized
by considering the relative lead halide bond strengths, chlorine
forms a stronger bond than iodine, resulting in slowed anion
migration.7 This exchange scheme would not be unprecedented,
but analogous to the previously described extended surface
reactions.6a−c

Finally, we investigated the kinetic regime line width changes
(Figure 2C,D) to see if there is a simple explanation for their
change throughout the exchange. The PL line width of an
equilibrium NC ensemble is the result of the ensemble size
distribution, each differently sized NC emitting at different
energies. Additionally, the exchanging ensemble line width will
be broader due to the size-dependent exchange rates (Figure 4A)
in which small NCs, with larger bandgap, exchange faster than
the larger, smaller bandgap ones for both exchanges. Additionally
the chlorine exchange presents an additional consideration,
namely the size-dependent transition between kinetic regimes
(SI). We are able to construct a model of the exchanges by
allowing a normal distribution of particle sizes, consistent with
the observed size distributions, with each particle assigned its
size-dependent properties including single-particle PL line
widths,8a,b and simulate an ensemble of single-particle exchange
trajectories (Figure 4B,C). With our model, we obtain a
qualitative match to the observed changes in the PL line width
for both exchanges (insets of Figure 4B,C). The model is able to
reproduce a rather complicated exchange curve without the need
for a complex model, supporting the claim that the line width
change during the exchange is a convolution of the size
dispersion and the underlying exchange kinetics, and not more
complicated explanations such as the formation of defective
particles during the exchange.
In conclusion, we have shown that, due to the excellent optical

properties of CsPbX3 material throughout the exchange, the
anion exchange can be monitored in situ by optical methods. By
carefully monitoring the optical properties during the exchange,
we gain insights into the mechanism of anion exchange. Our
results show that the underlying mechanism is different for the
iodine and chlorine exchange. In the iodine exchange, NCs
rapidly alloy and the reaction is likely surface-limited, whereas the
chlorine exchange is likely diffusion-limited, producing zones of
exchange. These materials show no thermodynamic preference
for the different anions, so we are observing a kinetic process; as a
result, at cryogenic temperatures (80 K), we are able to trap the
transient structures by halting solid-state diffusion. The unique
nature of the anion exchange in CsPbX3 NCs places the material
in a favorable position for mechanistic studies, both for
understanding the lead halide perovskite materials and as a
model system for fundamentally probing the general mechanism
of nanoscale ion exchange.
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