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Abstract

Anion exchange is a facile, post-synthetic method to tune the emission wavelength of colloidal
cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals. While colloidal nanocrystals
can exhibit size dependent phase stability and chemical reactivity, the role of size on the
mechanism of anion exchange in CsPbX3 nanocrystals has not been elucidated. We used single-
particle fluorescence microscopy to monitor the transformation of individual CsPbBr3 nanocrystals
to CsPbls. By systematically varying the size of the nanocrystals and the concentration of
substitutional iodide, we observed that smaller nanocrystals exhibit longer transition times in their
fluorescence trajectories while larger nanocrystals undergo a more abrupt transition during anion
exchange. Monte Carlo simulations were used to rationalize the size-dependent reactivity in which
we varied how each exchange event affects the probability for further exchange. Greater
cooperativity for simulated ion exchange leads to shorter transition times to complete exchange.
We propose that size-dependent miscibility between CsPbBr3 and CsPbls at the nanoscale controls
the reaction kinetics. Smaller nanocrystals maintain a homogeneous composition during anion
exchange. As the nanocrystal size increases, variations in the octahedral tilting patterns of the
perovskite crystals lead to different structures for CsPbBr3 and CsPbls. Thus, an iodide-rich region
must first nucleate within larger CsPbBr3 nanocrystals, which is followed by rapid transformation
to CsPbls. While higher concentrations of substitutional anions can suppress this size-dependent
reactivity, the inherent differences in reactivity between nanocrystals of different sizes are
important to consider when scaling up this reaction for applications in solid-state lighting and

biological imaging.



Introduction

Colloidal semiconductor nanocrystals (NCs) exhibit size-dependent chemical and physical
properties.! !¢ In addition to size-dependent shifts in their optical absorption and emission spectra,
the relative stability of different crystalline phases and the kinetics and thermodynamics of
transitions between phases in nanoscale crystals is size dependent. For example, the pressure
needed to transform wurtzite CdSe NCs into rock salt increases as their size decreases due the
lower surface energies of facets that comprise the initial wurtzite NCs relative to the rock salt phase
and the increasing contribution of surface energy to the total energy of the crystals.>® ° More
recently, size-dependent changes in the structure of cesium lead halide perovskite nanocrystals
have been reported.'® The cubic (a) and orthorhombic (y) phases are the two main structures
observed for perovskite CsPbX3 NCs. Calculations using density functional theory indicate that
the cubic perovskite phase becomes more stable than the orthorhombic phase as the nanocrystal
size decreases due to the lower surface energy of the cubic phase.!’-!®

Lead halide perovskite semiconductors with the formula APbX3 (A = CH3NH3" or Cs*, X =
CI', Br, I') are promising candidates as the active material in solar cells, light-emitting diodes
(LEDs), and other optoelectronic devices.!?” The high photoluminescence (PL) quantum yield,
tunable bandgap, and solution-phase processing of CsPbX3 nanocrystals make these materials
attractive in light-emission applications.?®3* Post-synthetic exchange of the halide anions in
CsPbX3 NCs produces solid solutions with tunable anion ratios (e.g., CsPbBr3xIx with 0 < x < 3);
the final anion composition is controlled by the relative concentrations of the substitutional and
lattice halide anions.?®: 354 Since this reaction occurs within minutes at room temperature, anion
exchange is an attractive method to control the bandgap and absorption and emission properties of

cesium lead halide nanocrystals for optoelectronic devices.



Heterogeneity in the composition of CsPbX3xYx solid solutions (where X and Y are two
different halide anions) will lower the color purity of their emission, which is undesirable for LEDs
incorporating these materials. Within a single crystal, the relative solid-state miscibility between
halide anions determines the compositional homogeneity. CsPbCls and CsPbBr3 exhibit high
miscibility and generally show high compositional uniformity following anion exchange. !
However, because of the larger difference in size and electronegativity between Br~ and I" and the
lower tolerance factors for perovskite CsPbBr3 and CsPbls crystals, this anion pair exhibits lower
miscibility compared to the Cl/Br pair.> *> For example, CsPbBrsxIx NCs produced by anion
exchange of CsPbBrs NCs with Pbl> were shown to possess a radial compositional gradient that is
bromide rich at the core and iodide rich near the surface.*

Beyond heterogeneity within individual particles, variations in the size and shape of colloidal
NCs prepared within the same batch along with differences in the local concentration of
substitutional ions will lead to different rates of ion exchange among the NCs. Prior studies that
monitor the ensemble emission wavelength or diffraction peaks of a large population of NCs have
shown there are different stages of reaction during anion exchange.*® ***3 For example, different
kinetics were observed for the transformation of CsPbBr3 NCs to CsPbCls compared with the
transformation of CsPbBr3 NCs to CsPbls; anion exchange was attributed to being diffusion-
limited for the former but surface-limited for the latter.** However, because these measurements
average over asynchronous changes in the transformation of many NCs, they obscure
heterogeneity in the reactivity of individual NCs.

Single-particle measurements enable the quantification of how variations in the chemical and
41,4666 Tp

physical properties among different particles contribute to the ensemble behavior. situ

fluorescence microcopy has been used to monitor changes in the fluorescence intensity,



wavelength, and lifetime of individual semiconductor nanocrystals and microcrystals undergoing
anion exchange, cation exchange, and ion intercalation.*! 3% Measuring the fluorescence
spectrum and/or fluorescence lifetime of a single NC during anion exchange provides information
on how the photophysics of the semiconductor change with the extent of the reaction.®** However,
these measurements are generally limited to following only one particle at a time. On the other
hand, by observing changes in fluorescence intensity, the transformation of hundreds of individual
nanocrystals can be recorded simultaneously. Our previous work has used this method to monitor
anion exchange between different CsPbX3 (X = Cl, Br, I) NCs.*!* ¢ In all cases, the time it takes a
single NC to undergo ion exchange is much shorter than ensemble reaction rate. Each NC exhibits
both a unique starting time to begin anion exchange (as determined by when the fluorescence
intensity started to rise) and time to complete the transformation (as determined by when the
fluorescence intensity plateaus). We thus assign a switching time to each single-particle
fluorescence trajectory based on the rate of the intensity rise.

For different solid-state transformations, the concentration dependence of switching times has
been shown to reflect the relative miscibility between the initial and final crystals. The switching
time is independent of the concentration of the substitutional ions when the initial and final
structures are immiscible (e.g., cation exchange between CdSe and Agz>Se NCs and intercalation
of CH3:NHs* and Br™ into PbBr2 NCs).* 62 In contrast, for highly miscible systems like anion
exchange between CsPbCl3 and CsPbBr3 NCs, the switching times are strongly concentration

dependent.*!

CsPbBr3 and CsPblz NCs exhibit intermediate miscibility between these extremes.
We previously studied anion exchange between CsPbBr3 and CsPbls NCs using single-particle

fluorescence and observed asymmetric behavior for the forward and backward exchange reactions

(i.e., CsPbBr3 to CsPbls and vice versa).®® We assigned this asymmetry to a smaller structural



reorganization that occurs when CsPbBr3 NCs are converted to CsPblz compared to exchange in
the opposite direction (indicating the exchange reaction is irreversible). However, we only studied
CsPbBr3 NCs of a single size.

In this work, we synthesized CsPbBrs NCs with different average sizes to study the size-
dependence of anion exchange to produce CsPbls NCs. We used single-particle fluorescence
microscopy to image the transformation of individual CsPbBr3 NCs to CsPbls. We observe that
smaller NCs exhibit a stronger concentration dependence of their switching times and longer
switching times at lower concentrations of substitutional iodide compared to larger NCs. We used
Monte Carlo methods to simulate anion exchange in individual particles and construct different
models for how the particle size affects the probability for exchange. A larger amount of structural
reorganization in a particle is reflected in a larger degree of positive cooperativity for successive
exchange events, which leads to a smaller dependence of the switching time on the simulated
concentration. By combining our experimental results with these simulations, we propose that
smaller CsPbBrz NCs maintain a more homogenous structure and composition during anion
exchange compared with larger NCs, which leads to longer transformation times once the reaction
has started. On the other hand, the greater amount of structural reorganization needed for the
transformation of larger NCs causes their switching times to be more abrupt. The insights gained
from these studies inform the synthesis of CsPbX3 NCs with uniform composition and emission
wavelength. In the production of mixed-halide lead perovskite NCs via anion exchange, a high
concentration of substitutional halide anions can suppress differences in the reactivity between

nanocrystals of different sizes.



Results and Discussion

We first characterized the structural and ensemble optical properties of colloidal CsPbBr3
nanocrystals (NCs) synthesized using a hot-injection method adapted from previous literature
reports.?: ©768 Details of the synthesis are provided in the Experimental section. Representative
transmission electron microscopy (TEM) images of CsPbBrs NCs with average edge lengths of
5.1 (11.8%), 6.1 (13.1%), 7.8 (15.4%), 9.5 (15.8%), and 13.1 (15.3%) nm are shown in Figure 1
(the size dispersity for each sample measured by the standard deviation in edge lengths divided by
the average edge length is given in parentheses). Histograms of the distribution of edge lengths for
each NC size were fit to a normal distribution and are provided in Figure S1 of the Supplementary
Material (SM). The size dispersity increases as the average particle size increases, which occurs
when the nucleation and growth of colloidal particles overlap in time® as has been observed for
CsPbBr3 NCs using the synthetic methods employed here.”® The largest size of NCs also contained
rectangular particles. The average edge length of the shorter edge was 13.1 nm, while the average
edge length of the longer edge was 15.8 nm (for simplicity, this size will be referred to as 13.1-nm
NCs as the optical spectra are determined by the shorter dimension).

Both the photoluminescence (PL) spectra (Figure 2a) and UV-visible absorption spectra
(Figure S2) of the CsPbBrs NCs show size-dependent spectral shifts consistent with prior
reports.282% 44 6768. 71 e to quantum confinement, both the PL emission maxima and the first-
exciton absorption edges shift to shorter wavelengths as the average NC size decreases. Table S1
in the SM provides the peak maxima and full widths at half maximum of the PL spectra. The peak
positions of the PL spectra match previous reports for CsPbBrs NCs of different sizes (Figure
$3).* The PL quantum yields of representative samples were around 40% (Table S2). X-ray

diffraction (XRD) patterns indicate that all batches of CsPbBrs NCs possess the orthorhombic
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perovskite structure (Figure S4). Broadening of the diffraction peaks was also observed as the NC
size decreased as expected from Scherrer broadening when the number of lattice planes that
contribute to diffraction for each peak in the XRD pattern decreases. This combined
characterization shows we successfully controlled the size of CsPbBr3 NCs by tuning the synthesis
conditions and the washing process, which enables us to study the size dependence of anion

exchange.

Figure 1. (a-e) TEM images of CsPbBr3 NCs with different sizes. The average edge lengths + the
first standard deviation in the measured edge lengths of the NCs are (a) 5.1 + 0.6 nm, (b) 6.1 +
0.8nm, (c) 7.8 £ 1.2 nm, (d) 9.5 £ 1.5 nm, and (e) 13.1 + 2.0 x 15.8 £ 3.2 nm. Histograms of the

size distribution for each batch of NCs are shown in Figure S1.

We next studied the transformation of CsPbBr3 NCs to CsPbls at the ensemble level using
fluorescence spectroscopy. During anion exchange a solid solution between CPbBr3 and CsPbls3 is

formed that can possess variable composition; the PL emission maxima shift to longer wavelengths



as the CsPbBr3.xIx NCs become richer in iodide. Trimethylsilyl iodide (TMSI) was used as a
precursor to convert CsPbBr3 nanocrystals to CsPbls via anion exchange. While we previously
used tetrabutylammonium iodide to perform anion exchange in CsPbBr3 NCs with an average edge
length of 9.4 nm,% we found that this iodide precursor led to degradation in the smallest NC sizes
studied here. TMSI dissolved in anhydrous hexane (i.e., the same solvent used to suspend the NCs)
has been previously shown to significantly limit the degradation of CsPbBr3; NCs during anion
exchange to CsPbls.*’ The amount of TMSI added into a cuvette containing a solution of the
CsPbBr3; NCs in hexane was sufficient to provide an excess of iodide anions (see the Experimental
section and Figure S5 for details). Immediately after the addition of TMSI, the cuvette was shaken
thoroughly, and fluorescence spectra were acquired every 35 seconds (i.e., the time it takes to
collect a single spectrum). The time-dependent shifts in PL emission maxima for 5.1-nm CsPbBr3
NCs after the addition of TMSI are shown in Figure 2b. The PL maximum of the initial CsPbBr3
NCs was 486 nm, which shifted to 622 nm during the first 35 seconds of anion exchange. There is
little change in the PL. maxima after the first 35 seconds indicating that the exchange reaction has
reached completion. A slight blue shift of the PL maxima to 615 nm occurred over a period of 315
seconds, which we attribute to etching of the NCs (see Figure S6 for further details). The changes
in PL emission maxima for 13.1-nm CsPbBr3 NCs after TMSI addition are shown in Figure 2c.
The emission maxima undergo a more gradual shift towards longer wavelengths compared to
smaller NCs. Over a period of 1435 seconds, the maxima shift from 516 nm to 661 nm. While this
method of observing the ensemble reaction rate is qualitative, the longer reactions times observed
here for anion exchange of larger nanocrystals agree with previous reports using stop-flow
techniques to quantitatively measure the ensemble-level reaction kinetics through the shift in PL
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spectra.” Additional characterization of the product CsPbls NCs by energy dispersive
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spectroscopy, TEM, absorption spectroscopy, and fluorescence spectroscopy are provided in
Table S3 and Figures S7 through S11 of the SM.

The type of ligands bound to the surface CsPbX3 NCs can affect the rate of anion exchange.”
3 Excess ligands in solution can also slow down the exchange reaction by binding to the
substitutional halide ions. All batches of CsPbBr3 NCs in this work were synthesized using
oleylamine and oleic acid as ligands to stabilize the nanocrystals (see the Experimental section
for further details). Excess oleylamine and oleic acid are removed during the washing steps
following the synthesis of the CsPbBrs NCs. Furthermore, in the single-particle experiments
described below, the flow cell is first flushed with pure hexane before the solution of TMSI is
introduced. Thus, we do not expect differences in ligand binding to have a significant effect on the
size-dependent reactivity observed in either ensemble fluorescence spectroscopy or single-particle

fluorescence microscopy.
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Figure 2. (a) PL spectra of different batches of CsPbBr3 NCs showing size-dependent emission
maxima. The spectra of the 6.1-nm and 7.8-nm samples were acquired using different batches of
CsPbBr3 NCs than those used for single-particle microscopy. They were prepared in the same way

and showed nominally the same average edge length in their size histograms obtained by TEM.
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(b) Time evolution of PL spectra for 5.1-nm CsPbBr3 NCs after the addition of excess TMSI (0.01
M, 100 pL) to induce anion exchange. (c) Time evolution of PL spectra for 13.1-nm CsPbBr3 NCs
after the addition of excess TMSI (0.01 M, 100 uL). Only representative spectra are shown in plots

(b) and (c) to avoid overlap of the spectra.

To determine how the NC size affects the mechanism of anion exchange, we monitored the
transformation of CsPbBr3 NCs to CsPblz in situ at single-particle level with fluorescence
microcopy. The assembly of flow cells and the setup for single-particle experiments are described
in the Experimental section and in our previous work.*!:6%63 A flow cell containing CsPbBr3 NCs
deposited on a microscope coverslip was placed on top of an inverted optical microscope, and a
solution of TMSI was injected into the flow cell to induce anion exchange (Figure 3a). We chose
a filter set that blocks emission from the initial CsPbBr3 NCs but collects light emitted from iodide-
rich CsPbBrxI3x NCs (Figure S12). As the emission from each NC shifts to longer wavelengths
during anion exchange, they appear as bright spots within the microscope field-of-view (Figure
3b, ¢). Each reaction trajectory consists of the change in fluorescence intensity for a single particle
with time (Figure 4). To exclude clusters of nanocrystals within a diffraction-limited spot, only
fluorescence trajectories with clear “on” (i.e., emissive) and “off” (i.e., dark) states were included
for subsequent analysis (see Figures S13 and S14 for examples), which is a signature of a single
emitter. While time-correlated single-photon counting is needed to conclusively identify single
emitters, our method enables us to collect the trajectories of hundreds of nanocrystals undergoing
anion exchange at the same time and collect statistics for the reaction.

We define the incubation time as the time difference between when the TSMI solution first

flows into the microscope field of view and when the fluorescence intensity starts to rise for the
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ensemble of NCs. The incubation times when using a TMSI solution with a concentration of 5 uM
were 393 s for 5.1-nm, 380 s for 6.1-nm, 393 s for 7.8-nm, 773 s for 9.5-nm and 891 s for 13.1-
nm CsPbBr3 NCs. Thus, larger NCs tend to exhibit longer ensemble incubation times for anion
exchange consistent with the slower shifts in the maxima of the ensemble PL spectra shown in
Figure 2 (as the transforming NCs are not observed under the microscope until their emission
wavelength falls within the window of the emission filter). Further analysis of the ensemble
trajectories 1s limited because each single NC turns on at a different time. Thus, the integrated
intensities (i.e., over the entire field of view) convolve differences in when the fluorescence

trajectory for each NC starts with the steepness of its intensity rise.

8y i

CsPbBr; CsPbl;

. TMSI .

Figure 3. (a) Schematic of single-particle imaging of anion exchange using a flow cell placed over

t=229s

10 um e——

an inverted fluorescence microscope. The observation window of the emission filter is 590 — 649
nm (Figure S12). (b) Snapshot (t = 229 s, measured from when the injection of TMSI into the
flow cell started) from a fluorescence video before the transformation of 13.1-nm CsPbBr3 NCs.
(c) Snapshot (t = 438 s) from the same fluorescence video showing the fluorescence intensity after
the transformation of the NCs to CsPbls. The TMSI concentration used to induce the
transformation was 12.5 uM. The background brightness of each snapshot was set to same

intensity.
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Our prior work has shown that the steepness of the fluorescence intensity rise of individual
NCs during anion exchange is an important parameter in extracting mechanistic information for
the solid-state transformation.*!: ©*6> We next examined how the concentration of TMSI and the
size of the nanocrystals affect this parameter. Representative single-particle reaction trajectories
from the batches of CsPbBrz NCs with the smallest and largest average sizes (i.e., 5.1 and 13.1
nm) and using the lowest and highest TMSI concentrations (i.e., 5 and 50 uM) to induce anion
exchange are shown in Figure 4. For both sizes, the intensity change during the transformation
rises more steeply using the higher TMSI concentration. For the same TMSI concentration, smaller
NCs undergo a more gradual increase in intensity while the larger NCs exhibit a steeper rise in

their intensity trajectory during anion exchange.
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Figure 4. Representative single-particle fluorescence trajectories during anion exchange of
CsPbBr3 NCs to CsPbls. (a) Trajectories of 5.1-nm CsPbBr3 NCs transformed using a TMSI
solution with a concentration of 5 uM. (b) Trajectories of 13.1-nm CsPbBr3; NCs transformed using
a TMSI solution with a concentration of 5 uM. (c¢) Trajectories of 5.1-nm CsPbBr; NCs
transformed using a TMSI solution with a concentration of 50 uM. (d) Trajectories of 13.1-nm

CsPbBr3 NCs transformed using a TMSI solution with a concentration of 50 uM. Panels (e) and
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(f) compare trajectories at different TMSI concentrations. (e) Trajectories of 5.1-nm CsPbBr3 NCs
transformed using TMSI solutions with concentrations of 5 uM (red, middle trace in panel a) and
50 uM (green, bottom trace in panel c). (f) Trajectories of 13.1-nm CsPbBr3 NCs transformed
using TMSI solutions with concentrations of 5 uM (red, middle trace in panel b) and 50 uM (green,
bottom trace in panel d). The vertical dashed lines indicate where the single-particle trajectories
start to rise (set to O in panels e and f for comparison). After reaching their maximum, the PL
intensity of the NCs decrease due to degradation when using TMSI with a concentration of 50 uM.
The vertical scale bars in each panel provide the intensity scale (in arbitrary intensity units). The
13.1-nm NCs exhibit higher fluorescence intensities during the transformation due to their larger

volume and absorption cross-section.

To quantify the steepness of the intensity rise for individual NCs, we fit each reaction trajectory
to a sigmoidal function and extracted a switching time based on the fit (see the SM for details and
Figure S15 for examples of the sigmoidal fits). A shorter switching time indicates a steeper rise
in intensity. We performed single-particle fluorescence microscopy on each batch of NCs using
TMSI concentrations of 5, 7.5, 10, 12.5, 15, 20, 30, and 50 uM to induce anion exchange. For each
average size and TMSI concentration, we fit over 250 individual reaction trajectories. At the flow
rate used to inject the TMSI solution (20 mL/h), the switching times did not show any dependence
on the location of the nanocrystal within the microscope field of view (Figure S16). The mean
switching times for each condition are shown in Figure 5a (see also Figure S17 in the SM for an
expanded view of the switching times at low TMSI concentrations). For each batch of NCs, the
average switching time decreases as the concentration of TMSI increases. We note that the

exchange reaction initiates before emission from the CsPbBr3xIx NCs comes into view with the
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filter set used. For the portion of the exchange reaction that we observe, two important trends

emerge as can be seen in Figure Sa. 1) Smaller NCs exhibit longer switching times during anion

exchange. 2) The switching times of smaller NCs exhibit a stronger concentration dependence (i.e.,

the switching times increase more steeply at lower TMSI concentrations). For example, as the

concentration of TMSI increases from 5 uM to 50 uM, the mean switching time (= first standard

deviation) decreases from 135.6 + 37.3sto 18.1 + 9.4 s for the 5.1-nm NCs. For the 13.1-nm NCs,

the mean switching time decreases from 14.1 + 8.1 s to 2.7 £ 1.8 s over this concentration range.

This unexpected behavior indicates that the reaction path for anion exchange is size dependent.
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Figure 5. Comparison of experimental and simulated switching times for anion exchange of

CsPbBr3 NCs. (a) Concentration dependence of experimental switching times for CsPbBr3 NCs

with different sizes. Each data point represents the mean switching time from fitting the trajectories

of at least 250 NCs. The TMSI concentrations used for each NC size were: 5, 7.5, 10, 12.5, 15, 20,

30, and 50 puM. (b) Simulated switching times for different values of cooperativity, 6, and

concentration, ko. Each data point represents the mean of simulated trajectories from 500 particles.
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The dashed lines in both panels are guides to the eye. The error bars for each data point in both

plots indicate the standard deviation in the experimental/simulated switching times.

We used Monte Carlo methods to model differences in the reaction path for particles of
different sizes. The main parameter we varied in these simulations is how the reaction barrier
changes for consecutive exchange events in a particle during anion exchange (see the SM for
details of the simulations). Cooperativity in the solid-state transformation was modeled by a
change in free energy that decreases with successive exchange events and thus a probability for
exchange that increases with successive exchange events. Systems in which the initial and final
crystals exhibit a larger difference in structure have been shown to exhibit greater cooperativity
during the transformation of the nanocrystal. Previous work by us and others has shown that
stronger cooperativity leads to sharper transitions and shorter switching times in the simulated
trajectories for ion exchange.*!: %% %293 Stronger cooperativity also makes the switching times
relatively insensitive to the concentration of substitutional ions.

In our previous work, we used single-particle fluorescence to monitor anion exchange in
CsPbBr3 NCs with an average size of 9.4 nm.®* A model where the change in free energy for
exchange events decreased quadratically with the number of events reproduced the concentration
dependence of switching times for this size of NCs.

AG; = AG, — §i?
Where i is the number of exchange events in a particle, AG; is the change in free energy for the it"
exchange event, and AG, and § are empirical constants. We adapted this model by varying the
value of §, which determines the degree of cooperativity during the simulation. As § increases,

the degree of cooperativity increases, and the probability for further exchange increases more
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rapidly as the reaction progresses (Figure S18). For each value of §, the value of AG, was varied
to simulate different concentrations of substitutional iodide (see the SM for details). Simulated
reaction trajectories for different values of § are shown in Figure S19. As the value of § increases,
the trajectories of individual particles become increasingly sharper relative to the ensemble
trajectory. The mean switching times for the simulations are shown in Figure Sb. Switching times
for additional values of § are shown in Figure S20. The values of § shown in Figure Sb were
chosen as they exhibit qualitatively similar concentration dependences to the experimental data.
Larger values of § lead to shorter switching times and switching times that are relatively
insensitive to the simulated concentration of substitutional iodide. Based on the comparison of
these simulations to experimental switching times determined by single-particle fluorescence, we

associate stronger cooperativity with the transformation of larger CsPbBr3 NCs.

Our results can be rationalized by a size-dependent miscibility between CsPbBr3 and CsPbl3
crystals at the nanoscale. Calculations using density functional theory indicate that the cubic
perovskite phase becomes thermodynamically stable in both CsPbBr3 and CsPbl3 for small crystal
sizes (e.g., edge lengths ranging from 2.7 to 10 nm for CsPblz and from 9.7 to 48.3 nm for CsPbBr3
depending on the calculation).!”!® Rather than a distinct phase transition between the cubic and
orthorhombic perovskite phases of CsPbls, Zhao and coworkers have shown that the lattice
constants and tilting of Pbls octahedra vary continuously for NCs in the size range of 5 to 15 nm.!®
Larger CsPbls NCs possess the orthorhombic structure. As the NC size decreases, surface strain
causes the lattice volume to expand while the degree of octahedral tilting decreases such that
smaller NCs are more cubic like. Such measurements have not been performed on CsPbBr3 NCs.

However, due to their different surface energies'® and anion radii (1.82 A for Br~ and 2.06 A for

I'), we hypothesize that the degree of size-dependent octahedral tilting will be different between
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CsPbBr3 and CsPbls. Our previous experiments show that switching times observed by single-
particle microscopy become shorter and less sensitive to the concentration of substitutional ions
as the difference between the structures of the initial and final crystals becomes greater (i.e., as the
miscibility between initial and final crystals decreases).*! %> Thus, our results are consistent with
higher miscibility between CsPbBr3 and CsPbls for smaller sizes when their crystal structures are
more cubic like. The miscibility decreases for larger NC sizes due to changes in the tilting patterns
of the PbXs octahedra that differ for the orthorhombic perovskite phases of these two materials.
A larger difference between the structures of CsPbBr3 and CsPbls for larger NC sizes requires
more substantial structural reorganization during anion exchange. Smaller CsPbBr3 NCs can
maintain a homogeneous structure during anion exchange, consistent with the longer switching
times and the stronger concentration dependence of switching times. The higher surface-to-volume
ratio and shorter diffusion distances for exchange in smaller NCs also facilitate a homogeneous
composition while anions are diffusing in and out.**”* On the other hand, our results indicate that
larger CsPbBr3 NCs require nucleation of an iodide-rich phase within the CsPbBr3 NCs. Once the
1odide-rich phase has formed, lattice strain between the bromide-rich and iodide-rich regions
creates a driving force for the NC to completely transform to CsPbl3 (thus leading to the stronger
cooperativity). This mechanism is consistent with the shorter switching times, particularly at low
concentrations of TMSI that we observe as the size of the CsPbBr3 NCs increases. This mechanism
is also consistent with the Monte Carlo simulations that show a higher degree of cooperativity is
associated with a larger amount of structural reorganization. Finally, these results are consistent
with previously reported time-correlated, single-photon counting of CsPbBr3 NCs during anion
exchange to CsPbls. Masuo and coworkers showed that CsPbBrz NCs with an average size of 7.8

nm behaved as single-photon emitters during anion exchange to CsPbls, indicating a homogenous
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structure throughout the reaction.®* When this group performed the same studies on CsPbBrs NCs

with an average size of 19.0 nm, they observed a change in the number of emission sites during

anion exchange,’ which they attributed to the presence of distinct iodide-rich and bromide-rich

regions within the NC during anion exchange.

Conclusions

This work demonstrates that the size-dependent structure of lead halide perovskite
nanocrystals impacts their chemical reactivity. Through single-particle fluorescence
microscopy, we observe shorter switching times during the transformation of larger CsPbBr3
NCs to CsPbls via anion exchange. Monte Carlo simulations support a more abrupt change in
structure after the anion exchange reaction initiates for larger NCs, which requires nucleation
of a new phase and leads to greater cooperativity in the transformation. On the other hand,
smaller NCs can maintain a homogenous composition and structure during the exchange
reaction leading to longer switching times at lower concentrations of substitutional halide ions.
While our results show that batches of colloidal nanocrystals with different average sizes
exhibit different reactivity, there is significant heterogeneity within each batch in the switching
times of individual nanocrystals (the vertical lines in Figure Sa show the standard deviation in
mean switching times). Our results suggest that the variations in switching times for anion
exchange within a sample are due in part to the dispersity in size of the nanocrystals. This
heterogeneity is important to consider when scaling up the production of cesium lead halide
nanocrystals for incorporation into optoelectronic devices. Variations in the size of the
nanocrystals can not only broaden the range of emission wavelengths due to quantum-

confinement effects, but they can also lead to different reactivity (and thus variations in
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composition) for individual nanocrystals when targeting a specific composition and emission
wavelength through anion exchange.

Additionally, defects in colloidal semiconductor nanocrystals will affect optical properties,
such as their photoluminescence quantum yield. By monitoring the fluorescence intensity
trajectories of individual nanocrystals, one could track how their reactivity during anion exchange
correlates with their fluorescence intermittency, which provides a signature of trap states within
the band gap of the nanocrystals. Future work includes understanding how the size-dependent
miscibility and switching times affect the presence and distribution of defects introduced during

anion exchange.

Supplementary Material. See the supplementary material for experimental details on sample
characterization by XRD, energy dispersive x-ray (EDX) spectroscopy, and quantum yield
measurements, analysis of fluorescence videos, and Monte Carlo simulations; supplementary
tables providing the maxima in the PL spectra and their full width at half-maximum for CsPbBr3
NCs with different sizes, PL quantum yields of CsPbBr3 NCs, and compositional analysis by EDS
spectroscopy before and after anion exchange; supplementary figures showing size distributions
of the CsPbBr3 NCs, UV-visible absorption spectra, PL maxima as a function of NC size, and
XRD patterns of CsPbBr3 NCs, PL spectra after aliquots of TMSI were added to the CsPbBr3 NCs,
PL spectra of different batches of CsPbBrs NCs, scanning transmission electron microscopy
images, size distributions, PL spectra, and absorbance spectra of the product CsPblz NCs prepared
by anion exchange, transmittance spectra of the filter set used for single-particle fluorescence
microscopy, examples of fitting single-particle fluorescence trajectories to a sigmoidal function, a

comparison of the intensity trajectories for single NCs and clusters of NCs, switching times for
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different NCs as a function of their position in the field of view, expanded view of the experimental
switching times at low TMSI concentrations, simulated changes in free energy and probability for
anion exchange for different degrees of cooperativity, simulated trajectories for anion exchange,

and simulated switching times for additional degrees of cooperativity.
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Experimental section

Materials

The following chemicals were used as received: cesium carbonate (Cs2CO3, 99%, Millipore Sigma
Inc.), lead(II) bromide (PbBr2, > 98%, Alfa Aesar), oleic acid (OA, 90%, Millipore Sigma Inc.),
oleylamine (OAm, 70%, Millipore Sigma Inc.), hexane (anhydrous, 95%, Millipore Sigma Inc.),
I-octadecene (ODE, tech. 90%, Alfa Aesar), trimethylsilyl iodide (TMSI, 97%, Millipore Sigma
Inc.), acetone (HPLC, 99.8%, Millipore Sigma Inc.). TMSI was stored at —20°C in a built-in
refrigerator inside a nitrogen-filled glovebox. The bottle of TMSI was used within one month after

opening it to minimize degradation.

Synthesis of CsPbBr3; nanocrystals with average edge length of 9.5 nm

All flasks used to synthesize CsPbBr3 nanocrystals were stirred at 400 rpm using a magnetic stir
bar and stirring plate to dissolve and mix the reagents. The synthesis of CsPbBrs NCs with an
average edge length of 9.5 nm was adapted from the procedure of Kovalenko et al.,”® with
modifications as follows. To prepare the Cs-oleate precursor solution, 0.102 g of Cs2CO3 was
added to a mixture of 0.312 mL of OA and 5 mL of ODE in a 50-mL, round-bottom flask (labeled
as Flask I). To prepare the lead bromide precursor, 0.069 g of PbBr2 was added to a mixture of 1
mL of OA, 1 mL of OAm, and 5 mL of ODE in a second 50-mL, round-bottom flask (labeled as
Flask II). Both flasks were heated at 120°C under vacuum for 30 min. The temperature of Flask I

was then raised to 150°C while that of Flask II remained at 120°C under argon (95%) for another

23



30 min. Next, 0.4 mL of the solution from Flask I was swiftly injected into Flask II. After 1 min,
Flask II was quenched in an ice bath. The mixture in Flask II was then transferred to a centrifuge
tube and centrifuged at 8000 rpm for 5 min. The precipitate was collected, transferred into a

glovebox, and dispersed in 10 mL of hexane.

Synthesis of CsPbBr3; nanocrystals with average edge lengths of 5.1, 6.1, and 7.8 nm

To prepare CsPbBr3 NCs with average sizes smaller than 9.5 nm, we adapted the procedure from
Son et al.,®” with modifications as follows. For the Cs-oleate solution, 0.125 g of Cs2CO3 was
dissolved in a mixture of 0.447 mL of OA and 4.436 mL of ODE in a 50-mL, round-bottom flask
(labeled as Flask I). To prepare the lead bromide precursor, 0.074 g of PbBr2 and varying amounts
of ZnBr> were added into a mixture of 1 mL of OA, 1 mL of OAm, and 5 mL of ODE in a second
50-mL, round-bottom flask (labeled as Flask II). The amounts of ZnBr2 were 0.184 g, 0.530 g, and
0.530 g to produce CsPbBr3z NCs with average edge lengths of 5.1, 6.1, and 7.8 nm, respectively.

Both flasks were heated at 120°C under vacuum for 30 min. Flask I was then heated to 150°C

under Ar while Flask II was maintained at 120°C under Ar for another 30 min. Before injection of
the Cs-oleate precursor, Flask II was heated to either 140°C (for 5.1-nm NCs) or 190°C (for 6.1-
and 7.8-nm NCs). Then, 0.2 mL of the solution from Flask I was injected swiftly into Flask II.
After different reaction times (88 s for 5.1-nm NCs, 10 s for 6.1-nm NCs, and 10 s for 7.8-nm
NCs), Flask II was quenched in an ice bath.

For the batches of CsPbBr3 NCs with average sizes of 5.1 and 6.1 nm, the washing procedure
is as follows. After cooling, the mixture in Flask II was transferred to a centrifuge tube and
centrifuged at 3500 rpm for 10 min to remove unreacted salts. The supernatant was collected, and

the precipitate was discarded. As an antisolvent, 8 mL of acetone was then added to the supernatant
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and mixed thoroughly. The mixture was centrifuged at 3500 rpm for 3 min. The precipitate was
collected, transferred into a glovebox, and dispersed in 10 mL of hexane. For the batch of CsPbBr3
NCs with an average size of 7.8 nm, the mixture after synthesis was transferred to a centrifuge
tube and centrifuged at 8000 rpm for 5 min. The precipitate was collected, transferred into a
glovebox, and 10 mL hexane was added to disperse the precipitate. The mixture was centrifuged
again at 3500 rpm for 3 min to remove unreacted salts. The supernatant was collected and

transferred into a glovebox.

Synthesis of CsPbBr3; nanocrystals with average edge length of 13.1 nm
The synthesis of CsPbBr3 NCs with an average edge length of 13.1 nm was adapted from the step-
growth method reported by Xie, Pradhan, et al.®® For the Cs-oleate solution, 0.131 g of Cs2CO3
was dissolved in a mixture of 0.5 mL of OA and 3.2 mL of ODE in a 50-mL, round-bottom flask
(labeled as Flask I). To prepare the lead bromide precursor, 0.0734 g of PbBr2 was added to a
mixture of 0.5 mL of OA, 0.5 mL of OAm, and 3.5 mL of ODE in a second 50-mL, round-bottom
flask (labeled as Flask II). Flask I was maintained at 120°C under vacuum for 1 h and then heated
to 150°C under Ar until the mixture turned clear. Flask II was maintained at 150°C under vacuum
for 30 min and then under Ar until the mixture turned clear. The mixture in Flask II was then
cooled down to 25°C. Next, 0.2 mL of the mixture in Flask I was injected into Flask II. After
reacting for 30 minutes while stirring, the mixture was centrifuged at 10,000 rpm for 10 min. The
precipitate was collected, transferred into a glovebox, and dispersed in 2 mL of ODE to prepare a
seed solution for further growth.

In a third 50-mL, round-bottom flask (labeled as Flask III), 4 mL of ODE was maintained at

25°C under vacuum for 10 min. The atmosphere was then switched to Ar while 2 mL of the seed

25



sl |

ishing

LA B

solution was injected into Flask III. The mixture was heated to 200°C with a heating rate of
approximately 10°C/min. After the temperature reached 200°C, the mixture was cooled in an ice
bath to room temperature, transferred to a centrifuge tube, and then centrifuged at 10,000 rpm for
10 min. The precipitate was collected, transferred into a glovebox, and dispersed in 10 mL of

hexane.

Optical spectroscopy
Photoluminescence (PL) spectra were measured using a Cary Eclipse fluorescence
spectrophotometer. The excitation wavelength was 400 nm, and the step size was 1 nm. The
entrance slit was set to 5 nm. The exit slit was varied between 2.5, 5, and 10 nm depending on the
emission intensity of the sample. To prepare each sample for PL spectroscopy, the original solution
of CsPbBr3 NCs was diluted 200 times with hexane and transferred to a quartz cuvette. The time
evolution of PL spectra for a given sample during anion exchange was measured by adding 100
uL of a 0.01 M solution of TMSI in hexane to the cuvette and running a PL scan every 35 seconds.
This concentration of TMSI provides an excess of iodide relative to the total amount of bromide
in the CsPbBr3 sample. Titrations of the amount of TMSI needed for anion exchange to be
complete were determined by sequentially adding 20-uL aliquots of a 0.001 M solution of TMSI
in hexane to the cuvette containing CsPbBr3 NCs in hexane. After each addition of TMSI, the
cuvette was shaken thoroughly for 30 seconds, and a PL spectrum was acquired. Only
representative spectra are plotted in Figure S5 for the titration experiments of each NC size.
UV-Vis absorption spectra were measured using a Cary 60 spectrometer. The scan range
was from 800 nm to 200 nm. To prepare each sample for absorption spectroscopy, the original

CsPbBr3 NC solution was diluted 50 times with hexane and transferred to a quartz cuvette.
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Single-particle fluorescence microscopy
To prepare flow cells to image anion exchange using single-particle fluorescence microscopy,
diluted solutions of the CsPbBr3 NCs were spin-coated onto microscope coverslips. Two holes
were drilled into a separate glass slide using a Dremel, which was then attached to the microscope
coverslip using epoxy to make the flow cell. Additional details on the preparation of flow cells are
provided in our previous reports.*!: 6263

The flow cell was placed on the stage of an inverted fluorescence microscope with the coverslip
containing the NCs on the bottom. 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 um. An X-cite 120 LED system with a light intensity of ~29
uW/cm? at the focal plane was used as excitation source. The flow cell was first filled with pure
hexane using a syringe pump. The top of the coverslip with deposited CsPbBr3 NCs was brought
into focus using a green filter set (Chroma #49002-ET-EGFP, excitation window: 450 — 490 nm,
emission window: 500 — 540 nm). A second syringe pump was used to inject a TMSI solution into
the flow cell to induce anion exchange. The flow rate was fixed at 20 mL/h based on our prior
work.%® The concentrations of TMSI solutions used were 5, 7.5, 10, 12.5, 15, 20, 30, 50 uM. To
monitor anion exchange of single CsPbBr3 nanocrystals, a red filter set (Chroma #49005-ET-
DSRed, excitation window: 530—558 nm, emission window: 590—649 nm) was used to observe
the emission from CsPbBrs3-xI3 nanocrystals during anion exchange. Under these conditions, the
background is initially dark as the emission filter cut offs the emission from the CsPbBr3 NCs. The

emission of individual CsPbBr3«I3 NCs shifts to longer wavelengths as they become richer in
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1odide, leading to an increase in their fluorescence intensity. An Andor iXon 897 electron-
multiplying CCD camera (512 x 512, 16 um pixels, > 90% quantum efficiency) was used to detect

fluorescence signals. The exposure time was set to 50 ms.

Transmission electron microscopy (TEM) & scanning transmission electron microscopy
(STEM)

Bright-field TEM and high-angle annular dark-field (HAADF) STEM images were acquired by
using a JEOL 2100F TEM operated at an acceleration voltage of 200 kV. An aliquot of the solution
of CsPbBrs NCs was diluted approximately 10 times with hexane. Then, 20 pL of the diluted
solution was drop cast onto a copper TEM grid in a glovebox and allowed to dry at room
temperature. To image CsPbls NCs produced by anion exchange using STEM, 500 uL of a solution
of CsPbBrz NCs was mixed with 500 pL of a 0.01 M solution of TMSI in hexane. The solution
was diluted approximately 10 times with hexane before drop casting an aliquot of the solution onto

a TEM grid.
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