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ABSTRACT: Anion exchange is a powerful method to tune the emission
wavelength of perovskite CsPbX; (X = Cl, Br, or I) nanocrystals across the
visible spectrum. CsPbX; nanocrystals can possess a number of crystal
structures that depend on both their composition and size. Understanding
the role these structural variations play during anion exchange is
important for their future application in optoelectronic devices. In this
work, we used fluorescence microscopy to monitor reaction trajectories of
individual nanocrystals as they undergo anion exchange between CsPbBr;
and CsPbl;. By varying the concentration of substitutional ion used to
induce anion exchange, we quantify differences in reaction times for
exchange in opposite directions. CsPbl; nanocrystals undergo more ‘ )
abrupt shifts in their emission characteristics as they transform to CsPbi, Cs Pb Br
CsPbBr;, while CsPbBr; nanocrystals exhibit a smoother transition during

their transformation to CsPbl;. Simulations of anion exchange using Monte Carlo trajectories are consistent with a larger degree of
structural reorganization when CsPbl; nanocrystals undergo anion exchange. Together, these results reveal that there are structural
differences between CsPbl; nanocrystals synthesized by the hot-injection method and those produced by anion exchange. The
narrower distribution of reaction times when CsPbl; nanocrystals transform to CsPbBr; may produce better compositional
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homogeneity when this reaction is scaled-up to incorporate these materials into optoelectronic devices.

Bl INTRODUCTION

Lead halide perovskite semiconductors with the formula APbX;
(where A = CH;NH;" or Cs* and X = CI~, Br~, or I") are widely
studied for applications in optoelectronic devices, including
solar cells and light-emitting diodes (LEDs).'™ The high
photoluminescence (PL) quantum yields, tunable bandgap, and
facile synthesis of colloidal CsPbX; nanocrystals (NCs) make
them especially attractive for light-emission applications.’”"*
Starting with one initial composition prepared by the hot-
injection method (e.g,, CsPbBr;), the emission wavelength of
CsPbX; NCs can be tuned across the entire visible spectrum via
anion exchange to CsPbBr;_,I, or CsPbBr,_,Cl."*""»"*7% To
maximize color purity for light-emission applications, it is critical
to have high uniformity in structure and composition among the
population of NCs. Early reports on anion exchange indicated
that mixed-halide CsPbBr;_,Cl, and CsPbBr;_,I, NCs form
homogeneous solid solutions at all phase fractions (i.e., all values
of x).°7'” However, recent work has shown that mixed-halide
lead perovskite crystals can possess structural and compositional
heterogeneity,””>* which will be deleterious for their
applications in optoelectronic devices.

The solid-state miscibility between two crystalline com-
pounds reflects the degree of similarity in their structure.
CsPbCl,; and CsPbBrj; are miscible at all phase fractions at room
temperature, while CsPbCl; and CsPbl; are immiscible due to
the large difference in anion size and electronegativity.”>*
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CsPbBr; and CsPbl; possess intermediate miscibility. The
structures of CsPbBr;, CsPbl;, and mixed-halide CsPbBr;_,I,
NCs have been reported to possess either the perovskite cubic a
phase,">~"” the perovskite orthorhombic y phase,'****” or the
nonperovskite orthorhombic & phase (ie., yellow phase)”®
depending on the method used to prepare the NCs (e.g, hot-
injection synthesis with mixed-halide precursors vs postsyn-
thetic anion exchange), the method used to determine the
structure (e.g., conventional powder X-ray diffraction (XRD) vs
synchrotron-based X-ray scattering), and the amount of time
between sample preparation and structure measurement.
Furthermore, recent studies on CsPbX; NCs synthesized by
the hot-injection method have shown that the presence of size-
dependent surface strain® and coherent twin boundaries™ can
lead to variations in the tilting of corner-sharing PbX, octahedra
that make up the perovskite structure. While these investigations
have not yet been extended to CsPbX; NCs prepared by anion
exchange, we anticipate that subtle differences in the structure of
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the parent nanocrystals may lead to different degrees of
structural reorganization as CsPbX; nanocrystals undergo
anion exchange. Thus, it is critical to have an in situ method to
probe how differences in the structure of CsPbX; nanocrystals
affect their chemical reactivity.

Single-particle optical measurements remove ensemble
averaging to reveal differences in chemical and physical behavior
among nanocrystals prepared within the same synthetic
batch."»'**°™* We and others have used single-particle
fluorescence microscopy to monitor chemical transformations
in semiconductor NCs including cation exchange, anion
exchange, and ion intercalation based on changes in the
emission intensity and wavelength of individual NCs as they
transform.”~* These measurements quantify heterogeneity in
the reaction times for a population of NCs undergoing the same
transformation. In every system studied so far, the switching
times, which characterize the rate at which the PL intensity
changes for individual NCs, are much shorter than the time it
takes for the ensemble of NCs to transform. However, each NC
exhibits a different characteristic waiting time before it begins to
transform, which leads to a gradual change in PL intensity for the
ensemble of NCs. The difference in structure between the initial
and final crystals controls the variance in reactivity among the
population of NCs. Immiscible crystal pairs (e.g., CdSe/Ag,Se
and PbBr,/CH;NH;PbBr;) that require a substantial reorgan-
ization of both cations and anions exhibit shorter waiting and
switching times compared to highly miscible systems (e.g.,
CsPbCl;/CsPbBr;) in which a phase transformation does not
occur.”®~** Furthermore, the switching times for miscible
systems show a stronger dependence on the concentration of
the substitutional ion.

In this work, we used single-particle fluorescence microscopy
to image anion exchange in CsPbBr; and CsPbl; nanocrystals.
We observed asymmetric behavior at both the ensemble and
single-particle levels when the interconversion between CsPbBr;
and CsPbl; proceeded in opposite directions. We develop a
simple kinetic model that captures this asymmetric behavior
based on the degree of reorganization of the crystal lattice during
the transformation. CsPbl; NCs undergo a larger change in
structure as they transform to CsPbBr; compared to when
CsPbBr; NCs transform to CsPbl;. The more abrupt change
leads to a narrower distribution of reaction times when as-
synthesized CsPbl; NCs undergo anion exchange to CsPbBr;.
Our study reveals that anion exchange between CsPbBr; and
CsPbl; is not completely reversible. Structural differences
between CsPbX; NCs directly synthesized by the hot-injection
method and those prepared by anion exchange lead to
differences in their chemical reactivity.

B EXPERIMENTAL SECTION

Materials. The following chemicals were used as received:
cesium carbonate (Cs,CO3, 99%, Millipore Sigma Inc.), lead(1I)
iodide (Pbl, 99%, Millipore Sigma Inc.), lead(II) bromide
(PbBr,, >98%, Alfa Aesar), oleic acid (90%, Millipore Sigma
Inc.), oleylamine (70%, Millipore Sigma Inc.), fert-butanol
(anhydrous, >99.5%, Millipore Sigma Inc.), hexane (anhydrous,
95%, Millipore Sigma Inc.), 1-octadecene (ODE, tech. 90%, Alfa
Aesar), toluene (anhydrous, 99.8%, Millipore Sigma Inc.),
tetrabutylammonium bromide (TBAB, >98%, Millipore Sigma
Inc.), and tetrabutylammonium iodide (TBAL, >98%, Millipore
Sigma Inc.).

Synthesis of Cesium Lead Halide Perovskite Nano-
crystals. The hot-injection method reported by Kovalenko and

co-workers was adapted to synthesize colloidal cesium lead
iodide (CsPbl;) and cesium lead bromide (CsPbBr;) nano-
crystals (NCs).” Instead of drying the oleic acid and oleylamine
separately, we mixed these surfactants with the other precursors
(i.e., Cs,CO; or PbX,) and dried them together. In a typical
synthesis, 102 mg of Cs,CO3, 0.32 mL of oleic acid, and $ mL of
ODE were added to a 50 mL, round-bottom flask (labeled as
Flask I). For the synthesis of CsPbl;, 87 mg of Pbl,, 0.7 mL of
oleylamine, 0.7 mL of oleic acid, and 5 mL of ODE were added
into another 50 mL, round-bottom flask (labeled as Flask II).
For the synthesis of CsPbBr;, 69 mg of PbBr,, 1 mL of
oleylamine, 1 mL of oleic acid, and S mL of ODE were added to
Flask II. Both flasks were connected to a Schlenk line. Flask I was
heated at 120 °C under vacuum for 1 h and then heated at 150
°C under an argon atmosphere for another hour. Flask II was
heated at 100 °C under vacuum for 1 h. Then, Flask II was
switched to an argon environment, and the temperature was
elevated to 170 °C. Next, 0.4 mL of the solution from Flask I was
removed using a syringe and quickly injected into Flask II. After
60 s, Flask II was quenched in an ice bath. After cooling, the
mixture in Flask II was centrifuged at 8000 rpm for S min. The
precipitate was collected, dispersed in 10 mL of anhydrous
hexane, and stored in a nitrogen-filled glovebox for future use.

Photoluminescence (PL) Spectroscopy. PL spectra were
measured using a Cary Eclipse fluorescence spectrophotometer.
The scan rate was set to medium, and the step size was 1 nm. The
slit widths for excitation and emission were adjusted between 2.5
and 10 nm to obtain spectra with maximum intensities of around
500 counts. The excitation wavelength was 400 nm.

Anion exchange reactions between CsPbBr; and CsPbI; NCs
in colloidal solution were monitored at the ensemble level by PL
spectroscopy. TBAI was used to transform CsPbBr; NCs into
CsPbl;, and TBAB was used to transform CsPbl; NCs into
CsPbBr;. To prepare each sample, the stock solution of CsPbBr;
or CsPbl; NCs was first diluted by a factor of 100 by adding 50
uL of the stock solution to S mL of hexane. Then, 1.5 mL of the
diluted CsPbXj solution and 1 mL of hexane were added to a
quartz cuvette. First, a PL spectrum of the initial CsPbX; NCs
was measured. Then, aliquots of either the TBAB or TBAI
solution (0.3 mg/mL in tert-butanol) were added sequentially to
the cuvette. The volume of TBAB/TBAI for each addition was
60 and 80 pL, respectively. After each addition, the cuvette was
vigorously shaken for 30 s before measuring the PL spectrum.
Anion exchange was considered complete when further addition
of the TBAB/TBAI solution led to shifts in the PL spectra of less
than 2 nm.

Single-Particle Fluorescence Imaging. Fluorescence
microscopy was performed using a Nikon N-STORM
microscopy system consisting of a Nikon TiE motorized
inverted optical microscope and a Nikon CFI-6-APO TIRF
100X oil-immersion objective lens with a numerical aperture of
1.49 and a working distance of 210 ym. A white-light LED (X-
cite 120 LED) was used as the excitation source. Dilute solutions
of the CsPbX; NCs were spin-coated onto microscope
coverslips and assembled into flow cells. See the Supporting
Information (SI) and our previous work for additional details on
sample preparation.”** Diluting the stock solution of CsPbX;
NCs by a factor of 500 before spin coating provided a sufficient
number of NCs in the microscope field-of-view to gather
statistics of the reaction trajectories while minimizing the
number of clusters of particles. No further preparation was
needed for the majority of NCs to remain fixed to the substrate
while imaging anion exchange. To watch the transformation of
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Figure 1. (a) PL spectra showing the transformation of CsPbBr; NCs to CsPbl; through the addition of increasing amounts of a TBAI solution in tert-
butanol with a concentration of 0.3 mg/mL (0.81 mmol/L). (b) PL spectra showing the transformation of CsPbl; NCs to CsPbBr, through the
addition of increasing amounts of a TBAB solution in tert-butanol with a concentration of 0.3 mg/mL (0.93 mmol/L). (c) Temporal evolution of the
PL spectra over an approximately 8 min period after the addition of two aliquots of the TBAB solution (120 uL total) to a solution of CsPbI; NCs. Each
acquisition took approximately 30 s, and there were 1 min intervals between spectra. All PL spectra were normalized to the same maximum intensity,

and the excitation wavelength was 400 nm for all spectra.

CsPbl; NCs to CsPbBr;, we first used a red filter set (Chroma
#49005-ET-DSRed, excitation window: 530—558 nm, emission
window: 590—649 nm) to focus on emission from the initial
CsPbl; NCs. We then switched to a green filter set (Chroma
#49002-ET-EGFP, excitation window: 450—490 nm, emission
window: S00—540 nm) to image anion exchange. In this case,
the initial field-of-view is dark, and individual NCs become
bright as they undergo anion exchange. A solution of ODE and
tert-butanol (25:1 volume ratio) was first flowed into the flow
cell. Next, a solution of TBAB in ODE and tert-butanol (25:1
volume ratio) was flowed into the cell to trigger anion exchange.
The flow rate was fixed at 20 mL/h by a syringe pump. The
concentrations of TBAB used were 1, 2, 3, 4, 6, and 10 pg/mL
(ie, 3.1, 6.2, 9.3, 12.4, 18.6, and 31.0 umol/L). Fluorescent
videos were recorded at a light intensity of ~29 W/cm? at the
focal plane using the green filter set. An Andor iXon 897
electron-multiplying CCD camera (512 X 512, 16 um pixels,
>90% quantum efficiency) was used to detect fluorescence
signals, and the exposure time was 20 ms.

To watch the transformation of CsPbBr; NCs to CsPbl;, we
first used the green filter set to focus on emission from the initial
CsPbBr; NCs and then switched to the red filter set to watch the
turn-on in emission as NCs underwent anion exchange.
Solutions of TBAI in ODE and tert-butanol (25:1 volume
ratio) were used to trigger anion exchange. The concentrations
of TBAI used were 1,2, 3, 4, 6, and 10 ug/mL (i.e, 2.7, 5.4, 8.1,
10.8, 16.2, and 27.0 umol/L). Fluorescent videos were recorded
at a light intensity of ~ 18 #W/cm? at the focal plane using the
red filter set and an exposure time of 20 ms. For the back
conversion of CsPbBr;_,I; NCs that had already undergone
anion exchange, the green filter set was used to watch the
conversion back to CsPbl;, and the red filter set was used to
watch conversion back to CsPbBry. For each of these
transformations, the initial field-of-view was bright, and the
NCs became dark as they underwent anion exchange.

B RESULTS AND DISCUSSION

Ensemble Fluorescence Spectroscopy. CsPbX; (X = Br
or I) nanocrystals were synthesized using the hot-injection
method developed by Kovalenko and co-workers (see the
Experimental Section for further details).® Different halide
sources have previously been used to induce anion exchange in

CsPbX; NCs including lead halide salts, alkylammonium
halides, and trimethylsilyl halides.'’~">"*~>° We have found
that tetrabutylammonium halides dissolved in a mixture of tert-
butanol and a nonpolar solvent (either hexane or 1-octadecene)
induce anion exchange while minimizing degradation of the
NCs as evidenced by the ensemble and single-particle
fluorescence.*” We first studied the interconversion between
CsPbBr; and CsPbl; NCs at the ensemble level using
photoluminescence (PL) spectroscopy. CsPbBr; NCs were
transformed to CsPbl; by successively adding 80 L aliquots of a
solution of tetrabutylammonium iodide (TBAI 0.3 mg/mL =
0.81 mmol/L in tert-butanol) to a hexane solution of CsPbBr,
NCs. The cuvette was shaken after the addition of each aliquot,
and it took less than 30 s for the emission maximum to stop
shifting after adding the TBAI solution. Therefore, following
each addition, we allowed anion exchange to proceed for 30 s
before acquiring a PL spectrum. PL spectra of the as-synthesized
CsPbBr; NCs and resulting mixed-halide CsPbBr;_,I, NCs are
shown in Figure la. The emission maxima continuously red-
shifted from 502 to 643 nm as five aliquots of the TBAI solution
were added. The full width at half maximum (FWHM) of the PL
spectra was similar for both initial CsPbBry NCs (0.13 eV) and
iodide-rich CsPbBr;_,I, NCs (0.11 eV) following the final
aliquot of TBAI (see Table S1). Assuming a linear change in
bandgap energy with composition,'® the composition of the
product NCs after the total addition of 400 uL of the TBAI
solution (0.32 umol of TBAI) was CsPbBrysl,,. Further
addition of TBAI led to a minimal shift (i.e,, <2 nm) of the
resulting PL spectra.

CsPbl; NCs were transformed to CsPbBr; by successively
adding 60 uL aliquots of a solution of tetrabutylammonium
bromide (TBAB, 0.3 mg/mL = 0.93 mmol/L in tert-butanol) to
a hexane solution of CsPbl; NCs (Figure 1b). After the second
aliquot (i.e,, 120 uL total of the TBAB solution), the resulting
spectrum of the mixed-halide CsPbBr;_, I, NCs changed over
the course of several minutes. The temporal evolution of the PL
spectra after the second aliquot is shown in Figure 1c. The PL
spectrum first splits into two peaks, one centered at 522 nm and
the other at 666 nm (corresponding to CsPbBr,¢l;, and
CsPbBry,1, , respectively). Over a period of several minutes, the
peak centered at 666 nm decreased in intensity, while the peak
originally centered at 522 nm red-shifted in its peak maximum to
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Figure 2. (a) Models of CsPbBr; and CsPbl, crystals with the perovskite orthorhombic y phase (top) and illustrations of the microscope field-of-view
under different excitation conditions (bottom). Emission from CsPbl; NCs is detected using the red filter set, and emission from CsPbBr; NCs is
detected using the green filter set. (b, c) Fluorescence video frames before and after the transformation of CsPbBr; NCs to CsPbl; using TBAL (d, e)
Fluorescence video frames before and after the transformation of CsPbI; NCs to CsPbBr; using TBAB. Only portions of the entire field-of-view are

shown in (b—e).

546 nm (corresponding to CsPbBr,,lg). Similar to the
transformation of CsPbBr; to CsPbl;, subsequent additions of
TBAB required less than 30 seconds for the peak maximum to
stop shifting (Figure 1b). The FWHM of the PL spectra was
similar for both initial CsPbl; NCs (0.11 eV) and bromide-rich
CsPbBr;_,I, NCs (0.11 eV) following the final aliquot of TBAB
(see Table S2). Based on its peak maximum at 519 nm, the
composition of the product NCs after a total of 420 uL of the
TBAB solution (0.39 umol of TBAB) was CsPbBr, (I, ,. When
420 pL of the TBAB solution was added all at once rather than in
60 uL aliquots, the PL spectrum was also observed to first split
into two peaks and then merge into a single peak centered at 518
nm after several minutes (Figure S1).

Thus, two populations of nanocrystals, one iodide-rich and
one bromide-rich, were readily observable during the ensemble
transformation of CsPbl; NCs to CsPbBr; but not during the
transformation of CsPbBr; NCs to CsPbl, (at the time scale that
the steady-state PL spectra were obtained). The continuous red-
shifting of PL spectra with successive TBAI addition during the
transformation of CsPbBry; NCs to CsPbl; closely resembles
systems in which the initial and final crystals possess high solid
solubility, such as anion exchange between CsPbCl; and
CsPbBr; NCs'>*>* or cation exchange between CdTe and
HgTe NCs.** On the other hand, the abrupt shift in PL peak
position during the transformation of CsPbl; NCs to CsPbBr;
with increasing TBAB addition bears similarity to NC
transformations in which the initial and final crystals lack
miscibility, such as the conversion of CdSe to Ag,Se NCs via
cation exchange. In this reaction, optical spectra can be assigned
to linear combinations of purely CdSe and purely Ag,Se NC
spectra with no identifiable intermediates.*”** In the trans-
formation of CsPbl; NCs to CsPbBr;, the two populations of
NCs show partial miscibility based on the shifts in peak maxima
for the bromide-rich and iodide-rich fractions.

Structural Characterization. Characterization of the
CsPbX; NCs before and after anion exchange using bright-
field transmission electron microscopy (TEM) and X-ray
diffraction (XRD) is shown in Figures S2—S5 of the Supporting
Information. Due to slow degradation of the CsPbX; NCs even
when stored in a nitrogen-filled glovebox over the course of
several months and laboratory shutdowns amidst the Covid-19
pandemic, these structural characterizations were performed on

different batches of CsPbBr; and CsPbl; NCs (prepared using
the same reaction conditions) than the ones used for ensemble
and single-particle fluorescence. Ensemble PL spectra of the
different batches of NCs are shown in Figure S6. The PL maxima
and FWHM for both CsPbBr; samples are nearly identical, and
the same is true for both CsPbl; samples. Table S3 in the
Supporting Information matches data shown in each figure with
the sample that was used. The as-synthesized CsPbBr; and
CsPbl; NCs have a platelet shape with average edge lengths of
94 + 1.5 nm and 11.3 £ 2.5 nm (average + 1st standard
deviation), respectively (Figures S2 and S3). Anion exchange
was performed by drop casting a solution of either TBAI onto
CsPbBr; NCs or TBAB onto CsPbl; NCs dispersed on a TEM
grid. Histograms of the edge lengths before and after anion
exchange are provided in Figure S3 and show that the original
size and shape of the NCs are preserved after anion exchange.
The expected change in lateral dimensions after anion exchange
based on the larger lattice volume of CsPbl; compared to
CsPbBr; is within the first standard deviation of the size
distributions for these batches of NCs. Thus, we do not observe
a significant change in the average edge length after anion
exchange, similar to previous work.'”

X-ray diffraction (XRD) patterns of the CsPbX; NCs before
and after anion exchange are shown in Figure S4. The patterns of
all samples matched most closely with simulated patterns for the
respective perovskite orthorhombic y phase of CsPbX;. For
example, the as-synthesized CsPbl; NCs possess peaks that are
present in the orthorhombic y phase of CsPbl; but absent in the
cubic @ phase. Additionally, peaks indicative of the non-
perovskite 6 phase in the initial CsPbl; sample are absent. The
XRD patterns displayed the expected peak shifts to smaller
angles when CsPbBr; NCs were converted to CsPbl; and to
larger angles when CsPbl; NCs were converted to CsPbBr;.
However, similar to the ensemble PL spectra described above,
the XRD patterns indicate that the NCs still contained a residual
amount of the parent anion after exchange, even when an excess
of the substitutional anion was used. At the high concentrations
of NCs needed to prepare samples for XRD (relative to samples
used for ensemble PL and TEM described above), some
aggregation and degradation was observed in the samples after
anion exchange as evidenced by narrower peaks (indicating
larger crystallite size) and the presence of peaks belonging to the
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Figure 3. Fluorescence intensity trajectories for CsPbX; NCs undergoing anion exchange. (a) Intensity trajectory over the entire field-of-view (top)
along with representative trajectories for individual NCs (bottom) during the transformation of CsPbBr; NCs to CsPbl; using TBAI at a concentration
of 1 pg/mL (2.7 pmol/L). The single-particle trajectories have been vertically offset for clarity. (b) Intensity trajectory over the entire field-of-view
(top) along with representative trajectories for individual NCs (bottom) during the transformation of CsPbl; NCs to CsPbBr; using TBAB at a
concentration of 1 yg/mL (3.1 umol/L). The vertical dashed lines in the individual trajectories mark the waiting time for the NC.

nonperovskite J phase as an impurity in CsPbI; NCs produced
by anion exchange (see Figure SS). The potential effects of
particle degradation should be minimal in the fluorescence
microscopy studies described below. The NCs are fixed to a glass
substrate such that aggregation during anion exchange cannot
occur. Furthermore, the nonperovskite 6 phase of CsPbl; is
nonfluorescent and therefore will not be detected during
fluorescence imaging.

Single-Particle Fluorescence Imaging. Further interpre-
tation of the PL spectra shown in Figure 1 is limited as the
observed spectral shifts are averaged over all nanocrystals in the
cuvette, which are undergoing different rates of anion exchange.
Thus, we used single-particle PL microscopy to understand the
origins of the asymmetric behavior observed for anion exchange
between CsPbBr; and CsPbl; NCs. The change in the emission
wavelength and intensity for individual NCs provides a signature
of their transformation.’”~** We prepared samples for single-
particle imaging by spin-coating dilute solutions of CsPbX; NCs
onto microscope coverslips. Each sample was then assembled
into a home-made flow cell used to introduce the substitutional
anion, either TBAI or TBAB dissolved in tert-butanol and 1-
octadecene (additional details on sample preparation are
provided in the Experimental Section and SI). We used two
different filter sets to image the transformation between
CsPbBr; and CsPbly NCs. A red filter set (Chroma #49005-
ET-DSRed, excitation window: 530—558 nm, emission window:
590—649 nm) was used to image the conversion of CsPbBr;,
NCs to CsPbl;. As illustrated in Figure 2a, the red filter blocks
emission from the initial CsPbBr; NCs but transmits emission
from iodide-rich CsPbBr;_,I, NCs (for 2.7 > x > 1.7 assuming a
linear relationship between bandgap and halide composition).
Consequently, the initial field-of-view is dark for this trans-
formation (Figure 2b). After the TBAI is injected into the flow
cell, fluorescent spots begin to appear (Figure 2c and Supporting
Information Movie M1). We also transformed CsPbBr; NCs to
iodide-rich CsPbBr;_,1, prior to imaging (see the SI for details)
and then watched their back conversion to CsPbBr; by
monitoring the turn off in emission of individual NCs with the
same red filter set (Supporting Information Movie M2).
Conversely, a green filter set (Chroma #49002-ET-EGFP,
excitation window: 450—490 nm, emission window: 500—540
nm) was used to block emission from CsPbl; NCs but transmit
emission from bromide-rich CsPbBr;_ I, NCs (for 0 < x <2
assuming a linear relationship between bandgap and halide

composition). We imaged the conversion of CsPbl; NCs to
CsPbBr; using the green filter set in which the turn-on in
emission indicates the transformation of each NC (Figure 2d,e
and Supporting Information Movie M3). We also transformed
CsPbl; NCs to bromide-rich CsPbBr;_,I, prior to imaging and
then watched their back conversion to CsPbI; by monitoring the
turn off in emission of individual NCs (Supporting Information
Movie M4). We note that ensemble PL and XRD indicate the
exchange reaction is not complete even when an excess of
substitutional anions is used, similar to a previous report.”* For
simplicity, we refer to NCs after anion exchange as CsPbBr; or
CsPbl; even though they may contain residual amounts of the
parent anion.

Figure 3 compares the change in fluorescence intensity
integrated over the entire microscope field-of-view during anion
exchange to representative trajectories for individual NCs. For
flow rates between 10 and 25 mL/h used to introduce the TBAI
or TBAB solution, the transformation times were independent
of the flow rate (Figure S7), and a flow rate of 20 mL/h was used
in the experiments described below. Furthermore, the trans-
formation times of individual NCs were independent of their
position within the field-of-view (Figure S8), indicating that the
reaction trajectories are controlled by the solid-state trans-
formation of each NC rather than the diffusion of anions in
solution. The ensemble trajectories shown in the top panels of
Figure 3 include hundreds of single-particle trajectories (only
portions of the field-of-view are shown in Figure 2b—e). As
shown in the bottom panels of Figure 3, individual NCs undergo
relatively sharp transitions relative to the ensemble. A
comparison of ensemble rise times at different concentrations
of substitutional ions to the mean intensity rise for individual
NCs undergoing anion exchange is provided in Figure S9. The
PL intensities of individual NCs start to rise at different times
(marked by the dashed lines in Figure 3). Thus, the ensemble
intensity rise incorporates the intensity rises of individual NCs as
well as different waiting times before each NC starts to react.
Notably, the trajectories of CsPbl; NCs transforming to
CsPbBr; exhibit sharper rises in intensity compared to the
trajectories of CsPbBr; NCs transforming to CsPbl; at both the
ensemble and single-particle levels.

We quantified differences in the trajectories of individual NCs
based on both the waiting time for the emission intensity of each
NC to start increasing and the switching time or steepness of the
intensity rise. To minimize the number of clusters that were
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Figure 4. Experimental mean values of the waiting times (black squares) and switching times (red circles) for anion exchange between CsPbBr; and
CsPbl; NCs. (a) Transformation of CsPbBr; NCs to CsPbl;. (b) Back conversion of iodide-rich CsPbBr;_,I, NCs (prepared by anion exchange of
CsPbBr; prior to imaging) to CsPbBr;. (c) Transformation of CsPbl; NCs to CsPbBr;. (d) Back conversion of bromide-rich CsPbBr;_,I, NCs
(prepared by anion exchange of CsPbl; prior to imaging) to CsPbl;. The error bars for each data point indicate the standard deviation of the waiting/
switching times. The dashed lines in each plot are fits to the concentration dependence of the form y = a/x + b. The fitted values of a and b are

summarized in Table S4.

included in this analysis, we only analyzed trajectories that
exhibited fluorescence intermittency with clear “on” and “off”
states that are typically observed in the intensity trajectories of
single particles (see Figure S10 for examples). %374
Intensity trajectories with multiple on states and without a
clear off state indicate a cluster of particles (i.e., multiple particles
emitting within a diffraction-limited spot size, see Figure S11 for
examples) and were excluded from subsequent analysis. The
waiting time was measured as the time it took for the intensity of
the NC to reach a value of 56 over the mean background
intensity before the reaction (where ¢ is the standard deviation
in background intensity). Because it is difficult to measure the
exact time the TBAI or TBAB solution enters the field-of-view
under the microscope, the first NC to transform was given a
waiting time of 0 s, and the waiting times of subsequent
transformations were measured relative to the first one.
Histograms of the distributions of waiting times for the
conversion of CsPbBr; NCs to CsPbBrl;, CsPbl; NCs to
CsPbBr;, and CsPbBr;_,I; NCs (produced by anion exchange
prior to imaging) to both CsPbBr; and CsPbl; are shown in
Figures S12—S15. We fitted each distribution to a Gaussian
function to extract both the mean value and the standard
deviation of waiting times (Figure S16). The switching time for
each NC was measured based on a sigmoidal fit of its intensity
rise; a steeper rise in intensity gives a smaller value for the

switching time. Similar to the waiting times, for each
transformation we extracted the mean switching time and
standard deviation from Gaussian fitting of the distribution of
switching times.

To understand the asymmetric behavior observed in
ensemble PL spectra at different concentrations of the
substitutional anion, we performed each transformation over a
range of TBAI/TBAB concentrations (i.e., 1,2, 3, 4, 6, 10 ug/
mL) and measured the resulting distributions of waiting and
switching times. For the transformation of CsPbBr; NCs to
CsPbl;, shown in Figure 4a, the mean and standard deviation of
waiting times decreased from 22.8 + 9.7 to 4.8 + 2.4 s as the
concentration of TBAI increased from 1 to 10 pug/mL (2.7 to
27.0 pmol/L). The mean and standard deviation of switching
times for this transformation decreased from 6.2 + 2.1 to 2.5 +
0.8 s as the concentration of TBAI increased from 1 to 10 pg/
mL. The concentration dependencies of the waiting and
switching times for the transformation of CsPbl; NCs to
CsPbBr; are shown in Figure 4c. The mean waiting and
switching times and their standard deviations decreased from 6.7
+3.1t02.4+ 1.6sand from 1.8 +1.2t0 0.6 + 0.5 s, respectively,
as the concentration of TBAB increased from 1 to 10 ug/mL
(3.1 to 31.1 pumol/L). Thus, in both exchange directions the
waiting and switching times decreased as the concentration of
TBAB/TBAl increased. The shorter waiting and switching times
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CsPbl; (black traces).

for the transformation of CsPbl; NCs to CsPbBr; at low TBAB
concentrations (along with the narrower distribution of waiting
times) lead to the sharper rise in intensity for the ensemble of
particles shown in Figure 3b.

The mean values of the waiting and switching times for anion
exchange and their dependence on concentration showed
significant differences in the two exchange directions. The
mean waiting time for the conversion of CsPbBr; NCs to CsPbl,
was 16 s longer than the conversion of CsPbl; NCs to CsPbBr;
when using 1 ytg/mL of TBAI or TBAB. The difference between
mean waiting times decreased at higher concentrations of the
substitutional anion with only a 2-s difference at 10 yg/mL. The
mean waiting times for the conversion of CsPbBr; NCs to
CsPbl; decreased by 80% as the concentration increased from 1
to 10 ug/mL, while they only decreased by 60% for the
conversion of CsPbl; NCs to CsPbBr;. The mean switching
times also showed differences in their concentration depend-
ence in each exchange direction. The mean switching times for
the conversion of CsPbBr; NCs to CsPbl; decreased by 50% as
the TBAI concentration increased from 2 to 10 yug/mL, while
the mean switching times for the conversion of CsPbl; NCs to
CsPbBr; decreased by only 30% over the same concentration
range of TBAB. Overall, the mean waiting and switching times
for the conversion of as-synthesized CsPbBr; NCs to CsPbl,
exhibited a stronger dependence on the concentration of the
substitutional ion.

Mixed-halide CsPbBr;_, I, nanocrystals produced by anion
exchange exhibited similar mean waiting and switching times to
those of the as-synthesized CsPbBr; NCs undergoing exchange
to CsPbl; regardless of the exchange direction. We converted

CsPbBr; NCs to iodide-rich CsPbBr;_,I, and then imaged their
back conversion under the microscope to CsPbBr; using
different concentrations of TBAB (Figure 4b). Using the red
filter set, we observed that the initially bright fluorescent spots in
the field-of-view become dark as the transformation progressed.
The mean waiting and switching times and their standard
deviations decreased from 23.4 7.4 to 5.5 + 1.8 s and from 6.9
+ 2.3 to 1.4 + 0.9 s, respectively, as the concentration of TBAB
increased from 1 to 10 pg/mL (3.1 to 31.1 pmol/L). These
values for back exchange are significantly longer than the
transformation of as-synthesized CsPbl; NCs to CsPbBr; and
closely match those of the CsPbBr; to CsPbl; reaction. We also
converted CsPbl; NCs to bromide-rich CsPbBr;_,I, and then
imaged their back conversion to CsPbl; under the microscope
using the green filter set to watch the turn off in emission (Figure
4d). Similar to the iodide-rich CsPbBr;_,I, NCs undergoing
back conversion, the mean waiting and switching times and their
standard deviation decreased from 23.6 & 10.4 to 2.7 & 1.1 s and
from 5.3 +2.1to 1.0 & 0.5 s, respectively, as the concentration of
TBAI increased from 1 to 10 ug/mL (2.7 to 27.0 ymol/L).
Monte Carlo Model for Asymmetric Anion Exchange.
We reasoned that the asymmetric behavior observed in both
ensemble and single-particle fluorescence studies arises from
differences in the reaction path during anion exchange in
opposite directions. To support this hypothesis, we used Monte
Carlo trajectories to simulate anion exchange in individual
particles and their waiting and switching times (see the SI for
details of the simulations). In these simulations, differences in
the reaction path are reflected in the way the probability for each
exchange event in a particle evolves with the number of previous
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successful events. The incorporation of positive cooperativity
where previous events make future ones more probable
produces sharp transitions for individual particles to transform
along with a distribution of waiting times.””~** We find that the
degree of cooperativity or how much the probability changes
with each previous event controls the sharpness of transitions
(i.e, the switching times) as well as the concentration
dependence of waiting and switching times.

The waiting and switching times for the transformation of as-
synthesized CsPbBr; NCs to CsPbl; (as well as the back
conversion of mixed-halide CsPbBr;_,I, NCs) closely resemble
our previous work on anion exchange between CsPbCl; and
CsPbBry; NCs.” In this previous study, we showed that the
concentration dependence of waiting and switching times for
highly miscible systems can be reproduced when the probability
gradually increases with the number of successive exchange
events. The black traces in Figure Sab show the simulated
changes in free energy and the associated probability of
exchange events for this exchange-density model in which the
change in free energy for anion exchange in a particle is
proportional to the density of exchanged ions. The concave
downward curvature for the change in free energy leads to a
gradual increase in the probability with successive exchange
events. Changes in the concentration of substitutional anions
were simulated by varying the initial probability (see the SI for
details). We varied the simulated concentration over a similar
range to the experimental variations in concentration (in pug/mL
of TBAI/TBAB) shown in Figure 4. The simulated concen-
tration dependencies of waiting and switching times for the
exchange-density model and corresponding experimental times
for the back conversion of bromide-rich CsPbBr;_I. NCs to
CsPbl; are shown in Figure Sc,d (black traces). We use this
sample for comparison as it will have nearly the same size
distribution as the as-synthesized CsPbl; NCs that were used to
prepare it. Based on the similarities in experimental waiting and
switching times shown in Figure 4, this model also applies to the
conversion of as-synthesized CsPbBr; NCs to CsPbl; and the
back conversion of iodide-rich CsPbBr;_ I, NCs to CsPbBrs;.
The exchange-density model reproduces the longer waiting and
switching times for these samples (see Figure S17) as well as
their steeper dependence on concentration (at low concen-
trations of substitutional anions) relative to the conversion of
CsPblI; NCs to CsPbBr; described below. Furthermore, both the
exchange-density model and the experimental values for the
back conversion of bromide-rich CsPbBr;_,I, NCs to CsPbl;
show a linear correlation between the waiting and switching
times of individual particles. As shown in Figure S18a,b, particles
with longer waiting times are more likely to have longer
switching times. Linear fits to the distribution of waiting and
switching times for individual particles give average slopes of
0.15 + 0.01 (average = 1Ist standard deviation for different
concentrations) for the exchange-density model and 0.11 + 0.03
for the experimental results (see Figure S19 and Table SS for
details). This correlation occurs because the slower rises in
intensity for individual particles (especially at lower concen-
trations of TBAI) lead to an overlap between the measurements
of waiting and switching times.

Previous work from our group and that of Routzahn and Jain
have shown that the waiting and switching times for the
transformation of immiscible crystal pairs (e.g., CdSe/Ag,Se and
PbBr,/ CH;NH;PbBr;) that require a substantial reorganization
in structure can be reproduced by incorporating an abrupt
increase in the probability during the Monte Carlo trajecto-

ries.”” "' For example, in our previous model used to describe
the intercalation of CH;NH;Br into PbBr, NCs in which a new
phase must nucleate in each particle, the initial reaction events
have equal probability. However, after a critical number of
events have taken place in a particle, the free-energy change
associated with each successive event abruptly decreases and the
associated probability increases. The conversion of as-
synthesized CsPbl; NCs to CsPbBr; studied here appears to
be an intermediate case between the fully miscible and fully
immiscible systems that have been previously modeled. While
the transformation of CsPbl; NCs does not require a distinct
phase change, it likely involves a coordinated reorganization of
the tilt angles of corner-sharing PbX4 octahedra (discussed in
more detail below). Thus, we adapted our previous model to the
conversion of CsPbl; NCs to CsPbBr; by adjusting the
curvature in free energy after the threshold such that the change
in the probability was less abrupt (see the SI for further details).
The red traces in Figure 5a,b show the simulated changes in free
energy and probability for exchange events using this structural-
reorganization model. The initial events have equal probability,
but after a critical threshold (five in these simulations), the free-
energy change associated with each successive event decreases
and the probability increases. The concave upward curvature for
the change in free energy with reaction events after the threshold
(and concave downward curvature of the probability) leads to a
change in the probability that successfully models the sharper
switching times for this transformation (Figure S17). The
simulated concentration dependencies of waiting and switching
times for the structural-reorganization model and corresponding
experimental times for the conversion of CsPbl; NCs to
CsPbBr; are shown in Figure Sc,d (red traces). The structural-
reorganization model reproduces both the shorter waiting and
switching times seen experimentally for this transformation and
their relative insensitivity to concentration. The larger structural
reorganization needed during the conversion of CsPbl; NCs to
CsPbBr; also leads to a greater temporal separation between the
waiting and switching times. In both the Monte Carlo
simulations using the structural-reorganization model and the
experimental values for the conversion of CsPbl; NCs to
CsPbBr;, there is no correlation between these values at low
concentrations (Figure S18c,d). However, at the highest
simulated concentration, the changes in free energy and
probability for exchange events in the two models are similar
(see the traces marked with circles in Figure Sa,b).
Consequently, the respective waiting and switching times for
the two models also have more similar mean values at the highest
simulated concentration (Figure Sc) in agreement with the
experimental results (Figure 5d).

Our single-particle fluorescence studies supported by Monte
Carlo simulations reveal that CsPbl; nanocrystals synthesized by
the hot-injection method undergo an abrupt structural
reorganization as they transform to CsPbBr;. We postulate
that this structural reorganization involves coordinated changes
in the titling patterns of PbX4 octahedra. The in-plane and out-
of-plane tilt angles of PbXy octahedra are different in bulk
CsPbBr; and CsPbl; with the perovskite orthorhombic y
structure due to the different radii of Br~ (1.82 A) and I” (2.06
A) anions (see Table S6). CsPbBr; and CsPbl, NCs also show
differences in their octahedral tilting patterns.'”*”*® Further-
more, Zhao and co-workers recently reported size-dependent
structural variations in size-selected CsPbl; NCs with the
orthorhombic y phase for edge lengths up to 15.3 nm that arise
from surface strain.”’ Rietveld refinement of powder XRD
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patterns indicated there were variations in the octahedral tilt
angles as a function of NC size.”” While the size distributions of
our CsPbX; samples are too broad to perform Rietveld
refinement and measure changes in the octahedral tilt angles,
the mean size of our initial CsPbl; NCs (11.9 nm) falls within
the range where surface strain is expected to induce changes to
their structure. Thus, the octahedral tilt angles likely change
during anion exchange both due to differences in bulk structure
along with the different surface energies associated with
CsPbBr; and CsPblL,. ™!

A more abrupt structural reorganization during the
conversion of the as-synthesized CsPbl; NCs to CsPbBrj is
consistent with the narrower distributions of waiting and
switching times observed for this transformation (see Figures
S16 and S18). This structural reorganization also explains the
peak splitting observed in ensemble PL spectra during the
conversion of CsPbl; NCs to CsPbBr;. The interconversion
between the two distinct populations of iodide-rich and
bromide-rich CsPbBr;_ I, NCs likely coincides with the
reordering of the PbX, octahedra. On the other hand, CsPbBr;
NCs undergo a smooth transition to CsPblj, indicating that the
tilting pattern of the initial CsPbBr; NCs is largely conserved
during their transformation. This smooth transition leads to
longer waiting and switching times with a wider distribution at
low concentrations of substitutional anions. Furthermore,
CsPbBr;_, I, nanocrystals that have already undergone anion
exchange possess similar mean waiting and switching times to
those of the as-synthesized CsPbBr; NCs undergoing exchange
to CsPbl;. This indicates that when bromide-rich CsPbBr;_,I,
NCs produced by anion exchange of CsPbl; are converted back
to CsPbl; they retain a structure similar to the CsPbBr; NCs.
Thus, we propose that anion exchange between as-synthesized
CsPbBr; and CsPbI; NCs is not reversible and that CsPbl; NCs
produced by anion exchange do not have the same structure as
those produced by hot injection.

B CONCLUSIONS

In summary, we used single-particle fluorescence to elucidate
asymmetric chemical reactivity during anion exchange between
CsPbBr; and CsPbl; nanocrystals. We attribute shorter reaction
times for individual CsPbl; NCs along with a narrower
distribution to a more abrupt structural reorganization needed
as they transform to CsPbBr;. CsPbBr; NCs do not undergo this
structural reorganization as they transform to CsPbl;, leading to
a wider distribution of reaction times. Our study indicates that
subtle structural differences between CsPbX; nanocrystals that
are difficult to detect by conventional powder X-ray diffraction
can have a significant impact on their chemical reactivity. X-ray
total scattering measurements using synchrotron radiation could
be used in the future to quantify differences in the structure of
CsPbl; NCs made by the hot-injection method vs by anion
exchange.””**** While our studies were performed under dilute
conditions (i.e., isolated nanocrystals dispersed on a substrate),
the distribution of reaction times may affect the compositional
homogeneity of CsPbX; NCs produced by anion exchange at
higher concentrations, which will be needed to scale-up this
reaction. If the local concentration of substitutional anions
becomes depleted, then NCs with longer waiting times will
incorporate a lower fraction of the substitutional anion. This
inherent distribution of reaction times, which is controlled by
the degree of structural reorganization during the nanocrystal
transformation, is important to consider when developing

scaled-up fabrication routes that maximize the color purity of
luminescent CsPbX; nanocrystals for optoelectronic devices.
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