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Colloidal cesium lead halide (CsPbX3, X = Cl, Br, I) perovskite nanocrystals are being 

investigated as promising materials for light-emitting devices and fluorescence probes due to their 

strong absorption and emission (1.55 eV – 3.05 eV) of visible light. Anion exchange is a facile, 

post-synthetic method to tune the bandgap emission of CsPbX3 nanocrystals, covering most of the 

spectrum of visible light. However, structural heterogeneities in nanocrystals formed during anion 

exchange will lead to lower photoluminescence quantum yield and a broader range of emission 

wavelengths. A single batch of nanocrystals will contain a distribution of sizes, shapes, surface 

structures, and defect concentrations. These variations will lead to heterogenous reactivity during 

chemical transformations such as anion exchange. To enhance the brightness and color purity of 
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light-emitting devices that incorporate CsPbX3 nanocrystals, the factors that control heterogeneous 

reactivity need to be understood.  

In this dissertation, we performed research on anion exchange between CsPbBr3 and CsPbI3 

nanocrystals using in situ single-particle fluorescence imaging. This method can probe differences 

in the reactivity of hundreds of nanocrystals undergoing anion exchange at the same time. As the 

emission from each nanocrystal shifts to longer wavelengths during anion exchange, they turn on 

and appear as bright spots during the fluorescence video, which indicates their transformation. By 

analyzing different single-particle reaction trajectories, we assign a switching time, which is a 

measure of the time it takes the nanocrystal to complete anion exchange. For the transformation of 

CsPbBr3 nanocrystals to CsPbI3, the average switching time of individual nanocrystals is longer 

than the reverse transformation of CsPbI3 nanocrystals to CsPbBr3. To understand the kinetics 

during anion exchange, we performed experiments using different concentrations of substitutional 

halide anions. We observed a stronger concentration dependence in the average switching times 

for the forward reaction of CsPbBr3 nanocrystals to CsPbI3 than in the reverse reaction (i.e., CsPbI3 

to CsPbBr3). We developed different models using Monte Carlo simulations to rationalize the 

experimental results. We attribute the difference in switching times to a more abrupt change in 

structure for the transformation of CsPbI3 nanocrystals to CsPbBr3, arising from a larger change 

in the tilting angle of PbX6 octahedra. These results indicate that CsPbI3 nanocrystals synthesized 

by the hot injection method have a different structure than CsPbI3 nanocrystals synthesized by 

anion exchange.  

We also studied the size dependence of anion exchange from CsPbBr3 nanocrystals to CsPbI3 

using single-particle imaging. We observed a longer average reaction time and a stronger 

dependence of the average switching time on the concentration of substitutional halide anions for 
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smaller nanocrystals (< 8 nm), compared to nanocrystals with a larger size (> 8 nm). Comparison 

to ensemble fluorescence spectroscopy indicates we are probing a critical stage of the reaction 

after anion exchange has initiated on the surface of the nanocrystals. We developed different 

kinetic models using Monte Carlo simulations to understand this size-dependent reactivity. We 

attribute the size dependence to a larger structural reorganization that must occur in larger 

nanocrystals during anion exchange, which leads to a more abrupt transformation compared with 

smaller nanocrystals. Our results indicate that size-dependent miscibility between CsPbBr3 and 

CsPbI3 at the nanoscale controls the reaction kinetics. Smaller nanocrystals maintain a 

homogenous structure during the entire transformation. As the nanocrystal size increases, 

variations in the tilting patterns of PbX6 octahedra in the perovskite crystals lead to different 

structures for CsPbBr3 and CsPbI3. Thus, a new iodide-rich phase must first nucleate within larger 

CsPbBr3 nanocrystals, which is then followed by their rapid transformation. Cumulatively, these 

results indicate that there are intrinsic variations in the reactivity of nanocrystals undergoing the 

same transformation. This heterogeneity imposes a limit on the narrowness of emission 

wavelengths for CsPbX3 nanocrystals prepared by anion exchange. Synthetic methods that 

maintain a high and uniform concentration of substitutional halide anions during anion exchange 

will minimize variations in the composition and will maximize the color purity of the resulting 

CsPbX3 nanocrystals for applications in light-emitting devices. 
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Chapter 1: Introduction 

1.1 Overview 
The energy crisis has become a worldwide challenge in recent decades along with the 

environmental issues that come with the usage of nonrenewable fossil fuels. While alternative 

renewable energy sources are being developed, such as solar and wind energy, non-renewable 

fossil fuels still make up 80% of the total worldwide energy supply.1 Besides waiting for a 

breakthrough in new energy, reducing energy consumption is another important component in 

minimizing the emission of greenhouse gases. Illumination occupies 15% of global electric power 

consumption and produces 5% of greenhouse gas emissions.2 One solution to reduce electricity 

use is to replace incandescent lightbulbs with energy-saving light-emitting diodes (LED) in 

millions of homes and public buildings. LED lights exhibit much higher luminous efficacy (up to 

223 lumens/W) and longer lifetime (10000 – 25000 hours), compared to traditional incandescent 

lights (10–17 lumens/W, 1000 - 2000 hours).3 A higher portion of efficient lighting will lead to 

more energy saving. Thus, basic science research is needed to increase the emission efficiency of 

the next generation of LEDs. 

Semiconductors are the active material responsible for emitting light in LED devices. In order 

to identify and develop new semiconductors for these devices, it is important to understand the 

basic properties of semiconductors. Semiconductors are materials that possess electrical 

conductivities that are intermediate between that of conductors and insulators. The conductivity of 

different crystalline solids depends on their electronic structure. For single isolated atoms, 

electrons occupy atomic orbitals. When atoms form molecules, the orbitals from each atom will 

interact and hybridize to form new molecular orbitals that are delocalized over the molecule; these 
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molecular orbitals create new energy states in which the electrons occupy. In a crystalline solid 

the number of atoms is very large (i.e., on the order 6.02 1023 atoms). In this case the spacing 

between energy states is so small that the distribution of energies can be approximated as a 

continuum, which is referred to as an energy band. The Fermi-Dirac distribution, 𝑓(𝜀), gives the 

probability that a state with a certain energy 𝜀 will be occupied by an electron: 

𝑓(𝜀) =  
1

𝑒(𝜀− 𝜇) 𝑘𝐵𝑇⁄ + 1
(1.1) 

Where 𝑇 is the absolute temperature, and 𝑘𝐵 is the Boltzmann constant. The Fermi level (𝜇) is the 

energy state that has a 50% probability of being occupied by an electron (𝜀 = 𝜇).  

Conductors like metals, have a partially filled energy band, and the Fermi level lies within the 

band. This leads to a high density of electronic states near the Fermi level. In contrast, the Fermi 

level in semiconductors and insulators falls in between two different energy bands (at 𝑇 = 0 𝐾). 

The valence band is completely filled at 𝑇 = 0 𝐾 while the conduction band is empty. The energy 

gap between the conduction band and valence bands is called the bandgap. In an ideal 

semiconductor or insulator, there are no electronic states in the bandgap where the Fermi level 

resides. The bandgap energy is large for insulators (usually > 5 eV) but smaller for semiconductors 

(0.2 to 3.5 eV). The orbital interaction for different semiconductors will depend on the valence 

atomic orbitals used in bonding and the crystalline structure. While detailed calculations of band 

structure are beyond the scope of this thesis, these factors will affect the band structure of different 

semiconductor materials, leading to different bandgaps. Thus, it is of significant interest to identify 

and develop semiconductors of a specific bandgap and band structure for the desired application. 

For LEDs, semiconductors with band gaps between 1.77 eV and 3.26 eV enable the emission of 

visible light. 
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With an energy input (e.g., heat, light, electricity, etc.) that is greater than the bandgap of a 

semiconductor, it is possible to excite electrons from the valence band (VB) to the conduction 

band (CB). This process makes the semiconductor more conductive as the electrons are now in an 

electronic state with higher mobility. Furthermore, holes are left in the VB (i.e., the absence of an 

electron in the valence band), that also act as mobile charge carriers. Electrons will remain in an 

excited state for a finite period of time; they will eventually recombine with holes to release energy 

in the form or heat or light, or they can be extracted through an external circuit to generate 

electricity. Under an external electrical bias, electrons can be injected into a semiconductor; when 

electrons recombine with holes, this process can release energy in the form of light, which is 

electroluminescence (EL). The emission wavelength of EL is determined by the bandgap of the 

semiconductor. 

 

 

Figure 1.1. Schematic of the excitation (red arrow) of electrons (solid circles) from the valence 

band (VB) to the conduction band (CB) with an energy input that is greater than the bandgap 

energy. This process leaves a hole (hollow circle) in the valence band. Schematic showing the 

radiative recombination of electrons and holes (blue arrow) with the emission of a photon. 
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Trace amounts of impurity atoms containing a different number of valence electrons relative 

to that of the host semiconductor can significantly alter the resulting electrical conductivity of the 

semiconductor. The process of intentionally adding controlled amounts of these impurities is 

known as doping. Pure semiconductors without dopants are called intrinsic semiconductors; in this 

case the number of excited electrons (n) and the number of holes (p) are equal (n = p). 

Semiconductors with dopants are called extrinsic semiconductors, including n-type and p-type 

semiconductors. Specifically, n-type semiconductors are produced by doping with an electron 

donor, while p-type semiconductors are produced by doping with an electron acceptor. Both n-

type and p-type doping increase the conductivity of the semiconductor. When an n-type 

semiconductor is connected to a p-type semiconductor, the interface between them is called p-n 

junction. Current can only easily pass through the p-n junction in one direction, where it flows 

from the p-type semiconductor to the n-type semiconductor. P-n junctions are the fundamental 

component of a diode used in most semiconductor devices, like transistors and LEDs. 

LED devices are designed based on their EL properties. In the 1960s, early LED devices were 

constructed with gallium arsenide, GaAs. Limited by its small bandgap (1.4 eV), GaAs LEDs only 

emit near-infrared light. Later, ternary gallium arsenide phosphide, GaAsP, was used in LEDs; 

because of its larger bandgap, this semiconductor emits red light.4 However, these LED lights were 

not bright enough to illuminate a large area. They were first used in indicators as an early 

commercial application of LED lights. Since the 1970s, the fabrication process has been improved 

through better control of crystal growth and assembly of the devices. The emitted light intensity 

of LEDs increased to the level that was sufficient for illumination, but the commercial application 

in displays was still limited to semiconductors with small bandgaps, which only emitted red, 
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orange, yellow and green light.4 In the 1980s, blue-violet LEDs were first made using Mg-doped 

GaN, followed by Zn-doped GaN, InGaN, and SiC. Finally, full-color and white LED lights joined 

the family of light emitting.4 Along with the improvement in brightness, semiconductors LEDs 

have been broadly used in displays and lamps. In recent ten years, lead halide perovskite 

semiconductors have become a promising material for LEDs, thanks to their high EL quantum 

yield (QY, i.e., the ratio of the number of photons emitted to the number of photons absorbed or 

electrons injected) and facile preparation methods that produce materials with low defects. More 

importantly, the development of nanoscale materials like semiconductor nanocrystals (NCs) helps 

us to miniaturize LED components for better use in flexible and portable electronic devices. 

Besides an electric field, incident light with a photon energy higher than the bandgap of the 

semiconductor can excite electrons to the conduction band. Excited electrons can radiatively 

recombine with holes in the valence band to emit light. This process is called photoluminescence 

(PL). Both EL and PL contribute to the broad application of semiconductors as light emitters like 

LED lights, quantum dot LED (QLED) displays, photosensitive detectors, and biosensors. Higher 

quantum yield and electron to photon conversion efficiency (EPCE) of semiconductors lead to 

better energy efficiency in illumination. After decades of development, semiconductor NCs with 

different compositions can be easily produced with high uniformity in size and morphology at low 

cost.5 This material is promising in light-emitting field now and in the future. 

However, in real cases, not all excited electrons will relax radiatively leading to photon 

emission. Traps may be their destination, which consist of impurities or imperfections of the 

semiconductor lattice. Electrons or holes could be captured by trap states whose energies typically 

fall within the bandgap of the semiconductor; this process promotes non-radiative recombination 

where the electrons and holes recombine to produce heat rather than light. Thus, a better control 
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of semiconductor NC synthesis and assembly is desired to reduce the density of trap states in the 

semiconductor.  

Additionally, the application of semiconductors in indicators and display devices requires 

monochromaticity in emission (i.e., emission of a narrow range of wavelengths). Compared to 

bulk semiconductors, semiconductor NCs show a narrower emission wavelength range and higher 

color purity. Especially, CsPbX3 NCs are promising materials for use in solid-state lighting, and 

anion exchange is a facile method to tune the bandgap emission.6, 7 Anion exchange at the 

ensemble level has been studied in recent years; the control of emission wavelength using a known 

amount of substitutional anions is understood.6, 8, 9 However, the mechanism of this reaction and 

how NCs behave during anion exchange is not clear. For example, compared with pure NCs, 

mixed-halide perovskite NCs with a special ratio of halide anions exhibit a dark state where the 

emission is quenched.10 Understanding the mechanism is the key to control heterogeneity in the 

composition and structure of NCs produced by anion exchange. Homogeneous CsPbX3 NCs 

exhibit better performance with higher color purity and QY. The projects in this thesis will focus 

on studying the mechanism of anion exchange in CsPbX3 NCs with in situ single-particle imaging. 
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1.2 Lead Halide Perovskite Semiconductors 

1.2.1 Crystal Structure 

The group of materials with same crystal structure as CaTiO3 are referred to as perovskites. 

For the general formula of a perovskite, ABX3, the A sites and B sites are occupied by cations 

while the X sites are occupied by an anion. The A site and B site have coordination numbers of 12 

and 6 by the anions, respectively. Each B-site cation is coordinated by 6 nearest neighbor X-site 

anions to form a BX6 octahedron. The BX6 octahedra connect at their corners by sharing an X-site 

anion. The A-site cation is surrounded by 8 BX6 octahedra. Based on these coordination 

geometries, there is an ideal ratio between the A–X and B–X bond lengths as described further 

below. For example, in lead halide perovskites, the B-site is occupied by a Pb2+ cation, and the X-

site is occupied by a halide anion (Cl–, Br–, I–). Cations with appropriate size to occupy the A-site 

in lead halide perovskites include CH3NH3
+ and Cs+ (Figure 1.2). 

 

 

Figure 1.2. Crystal structure of CsPbBr3 with the orthorhombic perovskite phase. 
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The ideal perovskite structure has a cubic unit cell. However, there will be distortions in the 

connectivity of the BX6 octahedra when the radii of the cations do not produce the ideal ratios of 

A–X and B–X bond lengths. Thus, other structures including tetragonal and orthorhombic occur 

in perovskite compounds. To determine the structure that a compound with a given composition 

can form, we can calculate the tolerance factor based on the radii of the ions and the following 

equation: 

𝑡 =  
𝑅𝐴 +  𝑅𝑋

√2 (𝑅𝐵 + 𝑅𝑋)
(1.2) 

where 𝑡 is the Goldschmidt tolerance factor, and 𝑅𝐴, 𝑅𝐵, and 𝑅𝑋 are the ionic radii of the A, B, 

and X site elements, respectively. Compounds with a tolerance factor between 0.9 and 1 tend to 

form cubic structures. The crystal structures are hexagonal or tetragonal when 𝑡  > 1 and 

orthorhombic or rhombohedral when 0.71 < 𝑡 < 0.9. Non-perovskite structures can form when t < 

0.71.  

The most well-known compounds in the lead halide perovskite group are methylammonium 

lead halides (CH3NH3PbX3) and cesium lead halides (CsPbX3). The X-site can be occupied by 

chloride (Cl–), bromide (Br–), or iodide (I–) anions or a mixture of them. Fluoride (F–) is not 

commonly observed to be incorporated into the perovskite structure due to its high 

electronegativity and relatively small size. CH3NH3
+, Cs+ and Pb2+ cations can form a rigid cation 

lattice while halide anions can easily move in the crystal without structural collapse. 

In the research that is discussed in this thesis dissertation, CsPbX3 is the major semiconductor 

to be studied. Thus, CsPbX3 perovskites will be used as the primary example in this Introduction. 

There are three common phases for CsPbX3 crystals, the cubic phase (α), orthorhombic phase (γ) 

and non-perovskite phase (δ). The non-perovskite phase does not emit in the visible light range 
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and its formation is generally undesirable. In this thesis dissertation, only the cubic and 

orthorhombic phases are used for further research.  

 

1.2.2 Properties and Applications of Lead Halide Perovskites 

Lead halide perovskite semiconductors show strong absorption and emission in the visible light 

range (380 nm – 700 nm or 3.26 eV – 1.77 eV) due to their suitable bandgap energies (1.55 eV – 

3.05 eV).6, 7, 9, 11-13 Both CH3NH3PbX3 and CsPbX3 semiconductors are broadly being developed 

for applications in solar cells, light-emitting devices, and fluorescent sensors. Because 

CH3NH3PbI3 and CsPbI3 can absorb almost all visible light, they have been used as the light 

absorber in lab-scale solar cells, thanks to the relatively low bandgap energy of these materials.14, 

15 The photon to electron conversion efficiency is high in these materials. This high efficiency is 

due to the long diffusion distances and high diffusion rates of photoexcited charge carriers, which 

increases the probability that charge carriers are transferred to the transport layer. With these 

advantages, lead halide perovskites have evolved as a promising class of materials for the solar 

cell and energy harvesting industry. 

Lead halide perovskites also play an important role in the field of new light emitters. The 

narrow emission linewidths of CsPbX3 makes it possible to construct LED lights with high color 

purity. The facile synthesis of CsPbX3 semiconductors lowers the cost and energy intensity of their 

production. Some well-developed semiconductor materials, such as GaN, InP, SiC, require high 

temperatures (> 1000℃) in their production.4 In traditional semiconductor manufacturing, each 

semiconductor material requires its own fabrication line. Compared to traditional semiconductor 

fabrication, CsPbX3 can be produced under mild conditions (< 200℃) using solution-phase 

synthesis.11 Furthermore, the anions within the CsPbX3 semiconductor lattice can be switched after 
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synthesis through anion exchange to tune the bandgap and obtain a desired emission wavelength.6, 

12 Thus, anion exchange could enable a single fabrication line to produce semiconductors with a 

variety of different band gaps. By controlling the ratio of halide anions, the emission of CsPbX3 

can cover the full spectrum of visible light, making it a good material for light emitting displays. 

Additionally, the high EL QY of CsPbX3 leads to high luminous efficacy when used in LED lights. 

CsPbX3 nanocrystals or quantum dots exhibit a high PL QY for fluorescence emission. In 

chemical or biological diagnosis of laboratorial tests, CsPbX3 NCs are often used as tracer agent.16 

When the quantum dots are dispersed in the object being diagnosed, a certain type of chemical 

analyte (like H2S) can react with CsPbBr3 NCs to quench the fluorescence.17 From the change in 

intensity emission, we can distinguish where the reaction occurs within the system. Besides the 

application as a probe, fluorescence makes CsPbX3 useful to detect changes in the composition 

and structural of the nanocrystals in themselves during a reaction. For example, the defect 

concentration varies with the extent of anion exchange during this chemical transformation.10 

Fluorescence is quenched more significantly if more defects are formed that act as traps to capture 

electrons or holes. By analyzing the intermittency of emission from single NCs, the role of defects 

and how their concentration changes with ratio of halide anions can be elucidated. 
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1.3 Size Effects in Semiconductor Nanocrystals 
Size effects on chemical reactions and physical properties have been studied hundreds of years, 

from bulk materials to nanomaterials. NCs show intrinsic differences during chemical reactions 

compared to their bulk counterparts, due to their significantly higher surface-to-volume ratios.18-

23 Therefore, nanoscale catalysts typically show higher activity for chemical transformations than 

bulk catalysts. 

Semiconductors with nanoscale dimensions also exhibit size-dependent electronic structures. 

The Bohr exciton radius is the distance between an electron and a hole in an exciton. When the 

size of a semiconductor crystal approaches the Bohr exciton radius, quantum confinement is 

observed as the density of states near the band edges become more discrete. Quantum confinement 

has a more significant effect when the size is smaller than the Bohr radius. The bandgap energy 

increases with decreasing size due to quantum confinement, leading to a blueshift in both the 

absorption and emission of the semiconductor NCs. In fluorescent nanocrystals such as CdSe and 

CsPbX3 NCs, the emission wavelength is determined by the crystal size; a broad emission peak 

will be observed for a population of NCs with a large size distribution and vice versa. 

The phase diagram for a bulk material depicts the phases in thermodynamic equilibrium as a 

function of composition, temperature, and pressure. Structures and phases that do not appear in 

the bulk phase diagram may be stabilized at the nanoscale due to the contribution of surface energy 

to the total energy of the crystal.24-27 As the size of a crystal decreases, the surface to volume ratio 

increases, and the contribution of the surface energy to the total free energy of the crystal increases. 

The surface structure of nanoscale crystals can change the relative stability of different phases due 

to different exposed facets with different atomic arrangements and bonding geometries. For 

example, the tolerance factor has been used broadly to predict the structure of bulk perovskites, 
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but the structure can be different in NCs. CsPbCl3, CsPbBr3 and CsPbI3 are all predicted to form 

the orthorhombic perovskite structure in bulk based on their tolerance factors of 0.870, 0.862 and 

0.851, respectively. However, the surface energy stabilizes the cubic structure of CsPbX3 NCs for 

sizes near 5 nm. Therefore, the effect of particle size on crystal structure has been studied in recent 

years to understand the relationship between surface energy and phase stability.26-28 

The microscopic pathway of a phase transition between the different regions of a phase 

diagram greatly depends on the dynamics of nucleating a new phase. Such dynamics can be hidden 

during the transformation of bulk solids because the bulk material contains numerous individual 

domains which undergo the phase change simultaneously. On the other hand, phase transitions in 

NCs can occur through a single nucleation and growth event. This means that by studying phase 

transitions in NCs, we may find information that is hidden in bulk crystals.  

The pressure-induced phase transition of CdSe NCs from the wurtzite to rock salt phase has 

provided important insights into how nanocrystals size affects the thermodynamics and kinetics of 

phase transformations at the nanoscale.24, 29 A hysteresis or difference in the forward and backward 

pressures needed to induce the phase transition between the wurtzite and rock salt phases has been 

reported in CdSe NCs. The width of the hysteresis loop for the phase transition in CdSe NCs is 

significantly larger than that observed for bulk CdSe, indicating that the kinetics are different for 

crystals of finite size. In bulk CdSe, the phase transition will occur at a fixed temperature and 

pressure. However, the phase transition point changes with size in NCs. The reason is that the extra 

energy required to stabilize or destabilize nucleation of the newly formed new phase (interior 

heterogeneities) in the original NCs serves as an energy barrier inhibiting the phase transition. 

Based on the microscopic pathway, the phase transition leads to rock salt surfaces with a higher 

energy than the wurtzite surfaces of the initial NCs. If ligands and solvent effects are excluded due 



13 

 

to same chemical environment in all experiments, the surface energy fraction of the total free 

energy increases as size decreases. Thus, a higher pressure is needed for smaller CdSe NCs to 

make phase transition from wurtzite to rock salt. Inspired by these previous works, we may 

consider the size dependence of surface energies and its effect on the chemical transformation of 

CsPbX3 NCs during anion exchange. 

The fast diffusion of halide anions in CsPbX3 NCs combined with their high surface areas 

facilitates exchange between anions in solution and anions in the crystal lattice. Previous reports 

have shown that colloidal CsPbX3 NCs can transform to mixed-halide NCs in seconds to minutes 

at room temperature by adding substitutional halide ions to the colloidal solution of nanocrystals.6, 

8, 12, 30 By controlling the concentration of substitutional anions, NCs with different ratios of mixed 

halides can be produced by anion exchange. In combination with quantum confinement effects, 

control over the halide composition through post-synthetic anion exchange provides a method to 

tune the band gap and emission wavelength of CsPbX3 NCs. Similar to the pressure-induced 

transformation of CdSe NCs, we hypothesized that this chemical transformation of CsPbX3 NCs 

would exhibit size-dependent kinetics. However, because a given batch of NCs will possess a 

distribution of sizes, methods to analyze the kinetics of anion exchange in single nanocrystals are 

desirable.  
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1.4 Single-Particle Fluorescence Microscopy 
Single-particle fluorescence microcopy has been used to probe the physical properties of 

semiconductor nanocrystals. Quantum-confined CdSe NCs (1.5 – 10 nm) in which the diameter is 

smaller than the Bohr diameter (11.2 nm) are predicted to have atomic-like energy levels near their 

band edges, leading to a narrow spectral linewidth. However, an unexpected broadening of the 

spectral linewidth was observed in the ensemble measurements of CdSe NCs. Thus, Bawendi and 

coworkers first used single-particle fluorescence microscopy to eliminate the inhomogeneities in 

the ensemble sample of CdSe NCs. Much narrower spectral linewidths were observed and the 

discreet nature of energy levels in CdSe NCs was confirmed.31  

Fluorescence microscopy has been used to observe blinking statistics in semiconductor NCs. 

Blinking, also called fluorescence intermittency, is an intrinsic property of fluorescent NCs in 

which the NC switches between on and off states. When electrons and holes recombine radiatively, 

NCs emit photons, and they are bright (on) in the field-of-view of the fluorescence microscope. If 

there are non-radiative pathways for electrons and holes to recombine, such as trapping of charge 

carriers, NCs will not emit photons, and they are dark (off) in the field-of-view of the fluorescence 

microscope. Because the fluorescence intermittency depends on the concentration and distribution 

of trap states, blinking can be used as a probe that helps us to characterize the composition, 

structure, phase change, and reaction dynamics in NCs. Routzahn and Jain correlated blinking 

behaviors to dopant level or exchange extent in the cation exchange reaction between CdSe and 

Ag2Se.32 They realigned the single particle trajectories to the same start point. For each time point, 

they calculated the on/off ratio of the emission trajectory, which is called the “bright fraction”, and 

plotted the trend of the bright fraction versus time. For the transformation of Ag2Se NCs to CdSe, 

the nanocrystals are initially dark due to the small bandgap of Ag2Se (such that it emits in the near 
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infrared). As the reaction proceeds, the bright fraction increases and reaches a plateau. For the 

transformation of CdSe to Ag2Se, the NCs are initially bright. After the transition, the fraction of 

off states increases until the off state is dominant. They regarded the time period in which the 

bright fraction changes as an intermediate state and assigned this change to the dopant level in the 

NCs. Because of the short period of this intermediate state combined with different reaction times 

for different nanocrystals, this critical transitional region is averaged out in ensemble 

measurements of the transformation. Thus, in situ fluorescence microscopy offers a possible 

solution that the bright fraction or blinking statistics can be a probe of the dopant level in 

fluorescent NCs. 

More recently, in situ single-particle fluorescence microscopy has been used to observe 

chemical transformations in single semiconductor nanocrystals including anion exchange, cation 

exchange and ion intercalation. Generally, while the reaction occurs, the NCs are illuminated by 

excitation light with known wavelength. Meanwhile, light emitted from the excited particles is 

collected by fluorescence microscope.  Dichroic filters are used to separate excitation and emission 

light to avoid overlap. Since the collection of emitted light does not disturb the particles or the 

chemical environment, fluorescence microscopy can be used as an in-situ method to image how 

the particles change during reactions like anion exchange. Usually, the emission wavelengths of 

particles are different before and after transformation, due to changes in their composition and 

structure. In our work we use filter sets to block emission from the initial NCs but collect emission 

from the transformed NCs (or vice versa). In this way, the change of emission intensity will be a 

signature to indicate compositional and structural changes to the NC. By analyzing the intensity 

change with time (single-particle trajectories), we and others have concluded that each particle 
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reacts stochastically, but the ensemble of particles shows a statistical distribution of reaction 

times.33-36  

In previous work from our group, we studied the intercalation of CH3NH3Br into PbBr2 NCs 

with a uniform size using single-particle imaging.34 Both the parent reactants (i.e., PbBr2 and 

CH3NH3Br) were non-fluorescent and could not be seen under the fluorescence microscope. When 

individual NCs completed transformation to form fluorescent CH3NH3PbBr3 NCs, the particles 

“turned on” in the microscope field-of-view. To reconstruct these experimental results as well as 

other chemical transformations, such as anion exchange, we have used the Monte Carlo 

simulations; different models were built to elucidate the mechanism of the reaction. For example, 

the switching time, which represents the rate of intensity rise in a trajectory, is less dependent on 

the concentration of the reagent for ion substitution for cases in which the initial and final structures 

exhibit immiscibility (e.g., cation exchange between CdSe and Ag2Se NCs).33 Likewise, the 

switching time for the intercalation of CH3NH3Br into PbBr2 exhibited no concentration 

dependence, which led us to conclude that the initial and final structures were immiscible. In the 

contrast, for highly miscible cases like anion exchange between CsPbCl3 and CsPbBr3 NCs, the 

switching times are strongly concentration dependent.35 Thus, the concentration dependence of the 

switching time is a signature to determine the relative miscibility in cases in which it is unknown.  
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1.5 Dissertation Outline 
In this dissertation, we focus on the relationships between the structure, properties, and 

function of CsPbX3 nanocrystals. We use single-particle fluorescence microscopy to study anion 

exchange in single CsPbX3 NCs. We reveal that the chemical reactivity of CsPbX3 NCs during 

anion exchange shows a stochastic nature. Using Monte Carlo simulations, we determine that the 

degree of structural change during the transformation of CsPbX3 NCs leads to the differences in 

their chemical reactivity. 

Chapter 1 provides an introduction to CsPbX3 NCs, size effects, and single-particle 

fluorescence microscopy. Chapter 2 describes the use of single-particle imaging to study anion 

exchange between CsPbBr3 and CsPbI3 NCs in both directions. We observed irreversibility in the 

transformation of CsPbBr3 NCs to CsPbI3 and that of CsPbI3 NCs to CsPbBr3 and correlated this 

irreversibility with the degree of structural distortions during anion exchange. Chapter 3 describes 

the study of the size dependence of the transformation of CsPbBr3 NCs to CsPbI3. We 

demonstrated due to size-dependent miscibility at the nanoscale, the perovskite crystal structure 

undergoes different changes during the transformation of CsPbBr3 NCs to CsPbI3 of different 

sizes. Chapter 4 gives a summary of this dissertation and provides and outlook for future work. 
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Chapter 2: Irreversibility in Anion Exchange 

Between Cesium Lead Bromide and Iodide 

Nanocrystals Imaged by Single-Particle 

Fluorescence 

This chapter is adapted with permission from Wang, D.; Zhang, D.; Sadtler, B., Irreversibility in 

Anion Exchange between Cesium Lead Bromide and Iodide Nanocrystals Imaged by Single-

Particle Fluorescence. The Journal of Physical Chemistry C 2020, 124, 27158-27168. Copyright 

© 2020 American Chemical Society. 
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2.1 Introduction 
Lead halide perovskite semiconductors with the formula APbX3 (where A = CH3NH3

+ or Cs+ 

and X = Cl–, Br–, or I–) are widely studied for applications in optoelectronic devices, including 

solar cells and light-emitting diodes (LEDs).1-7 The high photoluminescence quantum yields, 

tunable band gap, and facile synthesis of colloidal CsPbX3 nanocrystals (NCs) make them 

especially attractive for light-emission applications.6-14 Starting with one initial composition 

prepared by the hot-injection method (e.g., CsPbBr3), the emission wavelength of CsPbX3 NCs 

can be tuned across the entire visible spectrum via anion exchange to CsPbBr3-xIx or 

CsPbBr3-xClx.
10-12, 15-20 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 CsPbBr3-xClx and CsPbBr3-xIx NCs form homogenous 

solid solutions at all phase fractions (i.e., all values of x).15-17 However, recent work has shown 

that mixed-halide lead perovskite crystals can possess structural and compositional 

heterogeneity,20-24 which will be deleterious for their application in optoelectronic devices.  

The solid-state miscibility between two crystalline compounds reflects the degree of similarity 

in their structure. CsPbCl3 and CsPbBr3 are miscible at all phase fractions at room temperature, 

while CsPbCl3 and CsPbI3 are immiscible due to the large difference in anion size and 

electronegativity.25, 26 CsPbBr3 and CsPbI3 possess intermediate miscibility. The structures of 

CsPbBr3, CsPbI3, and mixed-halide CsPbBr3-xIx NCs have been reported to possess either the 

perovskite cubic  phase,15-17 the perovskite orthorhombic  phase,12, 22, 27 or the non-perovskite 

orthorhombic  phase (i.e., yellow phase)28 depending on the method used to prepare the NCs (e.g., 

hot-injection synthesis with mixed halide precursors vs. post-synthetic anion exchange), the 

method used to determine the structure (e.g., conventional powder x-ray diffraction vs. 
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synchrotron-based x-ray scattering), and the amount of time between sample preparation and 

structure measurement. Furthermore, recent studies on CsPbX3 NCs synthesized by the hot-

injection method have shown that the presence of size-dependent surface strain29 and coherent 

twin boundaries22 can lead to variations in the tilting of corner-sharing PbX6 octahedra that make 

up the perovskite structure. While these investigations have not yet been extended to CsPbX3 NCs 

prepared by anion exchange, we anticipate that subtle differences in the structure of the parent 

nanocrystals may lead to different degrees of structural reorganization as CsPbX3 nanocrystals 

undergo anion exchange. Thus, it is critical to have an in-situ method to probe how differences in 

the structure of CsPbX3 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.13, 

14, 30-43 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.39-43 These measurements quantify heterogeneity in the reactions 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/Ag2Se and PbBr2/CH3NH3PbBr3) that require a substantial reorganization of both cations 

and anions exhibit shorter waiting and switching times compared to highly miscible systems (e.g., 
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CsPbCl3/CsPbBr3) in which a phase transformation does not occur.39-42 Furthermore, the switching 

times for miscible systems show a stronger dependence on the concentration of the substitutional 

ion.  

In this chapter, we used single-particle fluorescence microscopy to image anion exchange in 

CsPbBr3 and CsPbI3 nanocrystals. We observed asymmetric behavior at both the ensemble and 

single-particle levels when the interconversion between CsPbBr3 and CsPbI3 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. CsPbI3 NCs undergo 

a larger change in structure as they transform to CsPbBr3 compared to when CsPbBr3 NCs 

transform to CsPbI3. The more abrupt change leads to a narrower distribution of reaction times 

when as-synthesized CsPbI3 NCs undergo anion exchange to CsPbBr3. Our study reveals that 

anion exchange between CsPbBr3 and CsPbI3 is not completely reversible. Structural differences 

between CsPbX3 NCs directly synthesized by the hot-injection method and those prepared by 

anion exchange lead to differences in their chemical reactivity. 
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2.2 Experimental 
Materials: The following chemicals were used as received: cesium carbonate (Cs2CO3, 99%, 

Millipore Sigma Inc.), lead (II) iodide (PbI2, 99%, Millipore Sigma Inc.), lead (II) bromide (PbBr2, 

98+%, Alfa Aesar), oleic acid (90%, Millipore Sigma Inc.), oleylamine (70%, Millipore Sigma 

Inc), tert-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 (TBAI, ≥ 98%, Millipore Sigma Inc.). 

 

Synthesis of cesium lead halide perovskite nanocrystals: The hot-injection method reported by 

Kovalenko and coworkers was adapted to synthesize colloidal cesium lead iodide (CsPbI3) and 

cesium lead bromide (CsPbBr3) nanocrystals (NCs).8 Instead of drying the oleic acid and 

oleylamine separately, we mixed these surfactants with the other precursors (i.e., Cs2CO3 or PbX2) 

and dried them together. In a typical synthesis, 102 mg of Cs2CO3, 0.32 mL of oleic acid, and 5 

mL of ODE were added to a 50-mL, round-bottom flask (labeled as Flask I). For the synthesis of 

CsPbI3, 87 mg of PbI2, 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 CsPbBr3, 69 mg 

of PbBr2, 1 mL of oleylamine, 1 mL of oleic acid, and 5 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 hour and 

then heated at 150C under argon for another hour. Flask II was heated at 100C under vacuum 

for 1 hour. 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 
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in Flask II was centrifuged at 8000 rpm for 5 mins. 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 by 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 CsPbBr3 and CsPbI3 NCs in colloidal solution were 

monitored at the ensemble level by PL spectroscopy. TBAI was used to transform CsPbBr3 NCs 

into CsPbI3, and TBAB was used to transform CsPbI3 NCs into CsPbBr3. To prepare each sample, 

the stock solution of CsPbBr3 or CsPbI3 NCs was first diluted by a factor of 100 by adding 50 μL 

of the stock solution to 5 mL of hexane. Then, 1.5 mL of the diluted CsPbX3 solution and 1 mL of 

hexane were added to a quartz cuvette. First, a PL spectrum of the initial CsPbX3 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 

μL, 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 by using a Nikon 

N-STORM microscopy system consisting of a Nikon TiE motorized inverted optical microscope 

and a Nikon CFI-6-APO TIRF 100× oil-immersion objective lens with a numerical aperture of 

1.49 and a working distance of 210 μm. A white-light LED (X-cite 120 LED) was used as the 
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excitation source. Dilute solutions of the CsPbX3 NCs were spin-coated onto microscope 

coverslips and assembled into flow cells. See the Appendix A and our previous work for additional 

details on sample preparation.41, 42 Diluting the stock solution of CsPbX3 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 CsPbI3 NCs to CsPbBr3, 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 CsPbI3 NCs. We then switched to a green filter 

set (Chroma #49002-ET-EGFP, excitation window: 450 – 490 nm, emission window: 500 – 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 μg/mL (i.e., 

3.1, 6.2, 9.3, 12.4, 18.6, and 31.0 μmol/L). Fluorescent videos were recorded at a light intensity of 

~29 μW/cm2 at the focal plane using the green filter set. An Andor iXon 897 electron-multiplying 

CCD camera (512 512, 16 m pixels, > 90% quantum efficiency) was used to detect fluorescence 

signals, and the exposure time was 20 ms.  

To watch the transformation of CsPbBr3 NCs to CsPbI3, we first used the green filter set to 

focus on emission from the initial CsPbBr3 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 
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1, 2, 3, 4, 6, and 10 μg/mL (i.e., 2.7, 5.4, 8.1, 10.8, 16.2, and 27.0 μmol/L). Fluorescent videos 

were recorded at a light intensity of ~18 μW/cm2 at the focal plane using the red filter set and an 

exposure time of 20 ms. For the back conversion of CsPbBr3-xI3 NCs that had already undergone 

anion exchange, the green filter set was used to watch the conversion back to CsPbI3, and the red 

filter set was used to watch conversion back to CsPbBr3. For each of these transformations, the 

initial field-of-view was bright, and the NCs became dark as they underwent anion exchange. 

 

Image analysis: Intensity vs. time trajectories for individual CsPbX3 NCs were extracted from the 

recorded fluorescence videos as described in our previous work.41, 42 The brightness and contrast 

of each video was auto-adjusted by using look-up tables (LUTs) in the Nikon-NIS Elements AR 

software (version 4.50.00) based on the intensity distribution of all NCs in the field-of-view. This 

non-destructive method of brightness modification provides the best visibility of NCs in each 

video. We next excluded clusters of particles (i.e., multiple NCs emitting within a diffraction-

limited spot) by analyzing the distribution of intensity values. Intensity trajectories exhibiting 

fluorescence intermittency with clear ‘on’ and ‘off’ states are indicative of single particles (see 

Figure 2.15) based on previous reports.13, 36, 37, 44, 45 However, in a cluster of particles the intensity 

trajectories of multiple NCs overlap, resulting in trajectories with multiple ‘on’ states and without 

a clear ‘off’ state (Figure 2.16). Clusters of particles were excluded from the subsequent analysis.  

We measured the ‘waiting time’ and ‘switching time’ for hundreds of single NCs at each 

concentration of TBAB or TBAI to quantify differences in the kinetics of anion exchange in 

different directions. For the transformations of as-synthesized CsPbBr3 NCs to CsPbI3 and as-

synthesized CsPbI3 NCs to CsPbBr3, we watched the NCs ‘turn on’ during anion exchange. For 

the back conversion of CsPbBr3-xI3 NCs that had already undergone exchange prior to imaging, 
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we watched the NCs ‘turn off’ under the microscope. In these cases, the intensity trajectories were 

reversed along the x-axis (i.e., time) so that all trajectories could be analyzed in the same way. The 

waiting time for each NC to ‘turn on’ was defined by time point where the mean intensity 

(averaged over 10 data points in a 200-ms window) in a trajectory reached a threshold value, 𝑉: 

𝑉 = 𝑚 + 5𝜎 (2.1) 

where 𝑚 is the mean intensity (averaged over 100 data points in a 2-s window) for the trajectory 

before the reaction starts, and 𝜎  is the standard deviation for a Gaussian fit to the intensity 

fluctuations in this region. To compare the waiting times using different concentrations of TBAB 

or TBAI, the waiting time for the first NC to transform was defined as 0 s, and the waiting times 

for all other NCs in the same field-of-view were determined relative to the first one. Each 

distribution of relative waiting times was plotted as a histogram, and the mean value and full width 

at half maximum (FWHM) were extracted from a Gaussian fit (see Figures 2.17– 2.20).  

The switching time for each NC was determined by fitting its intensity trajectory to a sigmoidal 

function: 

𝐼(𝑡) = 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
(𝐼𝑓𝑖𝑛𝑎𝑙 − 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

1 + 𝑒(𝑏−𝑡 𝜏⁄ )
(2.2) 

where 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝐼𝑓𝑖𝑛𝑎𝑙 are mean values of the intensity (averaged over 100 data points in a 2-s 

window) at the start and near the maximum of a single-particle trajectory, respectively, and 𝜏 is 

the switching time. The values of 𝑏 and 𝜏 were extracted from fitting the intensity trajectory using 

MATLAB. Due to the fluorescence intermittency of the NCs, some trajectories could not easily 

be fit to a sigmoidal function. The goodness of the fit was evaluated by the correlation coefficient 

between the fitted curve and the original trajectory. Only trajectories with a correlation coefficient 

above 0.8 were used in subsequent analysis.  
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The rise time in fluorescence intensity over the entire field-of-view was also measured (i.e., 

the ensemble intensity trajectory) for the different transformations. The ensemble rise time was 

defined as half the time it takes for the mean intensity (averaged over 5 adjacent data points) in an 

ensemble trajectory to increase from 25% to 75% of the maximum intensity (averaged over 5 data 

points after the maximum point). A comparison of the ensemble rise times for anion exchange in 

different directions vs. the mean switching time for individual NCs is shown in Figure 2.14. 

 

Monte Carlo simulations: Monte Carlo simulations were used to model the reaction trajectories 

for anion exchange between CsPbBr3 and CsPbI3 NCs. The simulations were similar to our 

previous work on modeling anion exchange between CsPbCl3 and CsPbBr3 NCs42 and the 

intercalation of CH3NH3Br into PbBr2 NCs41 as well as work by Routzahn and Jain on cation 

exchange between CdSe and Ag2Se NCs.39 Each simulation consisted of an ensemble of 500 

particles, and each particle possessed 20 sites for anion exchange. At each time step, a particle 

among the population was chosen at random. If the particle had already completely transformed 

(i.e., all 20 sites had undergone exchange), then the trajectory moved on to the next step without 

exchange. Otherwise, the probability for the ith exchange event to occur in a particle was defined 

as 𝑝𝑖. The exchange event occurred only if 𝑝𝑖 was larger than a randomly chosen number between 

0 and 1. Each simulation ended when the average number of exchanged sites among the population 

of particles reached 19.998 or the total number of time steps reached 600,000. The value of 𝑝𝑖  was 

determined by an equilibrium constant 𝑘𝑖 and the change in free energy Δ𝐺𝑖 for anion exchange. 

We developed different models based on the way each of these values evolved with consecutive 

reaction events in a particle as it undergoes exchange. The relationships between 𝑝𝑖, 𝑘𝑖, and Δ𝐺𝑖 

are given by the following equations: 
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𝑘𝑖 = exp(−Δ𝐺𝑖) (2.3) 

𝑝𝑖 =
𝑘𝑖

1 + 𝑘𝑖

(2.4) 

The change in free energy for each exchange event is given by: 

Δ𝐺𝑖 =Δ𝐺0 +Δ𝑔𝑖 (2.5) 

where Δ𝐺0 is a constant that depends on the simulated concentration of substitutional ions, and the 

value of Δ𝑔𝑖 changes with the number of successful events. In both models described below, the 

initial value, 𝑘1, was varied from 0.03 to 0.24 to simulate the concentration dependence of waiting 

of switching times. The initial value of 𝑘 = 0.03 was adapted from our previous work,41, 42 which 

allows the code to run within in a reasonable number of time steps (i.e., 600,000 steps in these 

simulations). The variation of the value of 𝑘 is approximately one order of magnitude, similar to 

the experimental variation of concentration. A scaling factor of 0.03 was used to convert the value 

of 𝑘1 into the simulated concentrations, 𝑘0: 

𝑘0 =
𝑘1

0.03
(2.6) 

After conversion, the values of the simulated concentrations are comparable to experimental ones 

when the TBAI/TBAB concentration is given in g/mL as in Figure 2.4. The waiting time for 

each particle in a trajectory was defined as the simulated time when 50% of the sites in the particle 

(i.e., 10 out of 20) had undergone exchange. The switching time for each particle was defined as 

half of the time difference between when 25% and 75% of the sites in the particle had undergone 

exchange. 

 

Exchange-density model: We previously developed this model to simulate anion exchange 

between CsPbCl3 and CsPbBr3 NCs in which the initial and final crystals possess high 
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miscibility.42 In this model, the value Δ𝐺𝑖  decreases continuously as the number of successful 

exchange events in each particle increases.  

 Δ𝑔𝑖 = −𝛿𝑖2 (2.7) 

where 𝛿 is an empirical constant = 0.005. In this model the probability for exchange, 𝑝𝑖, to occur 

is proportional to the density of exchanged ions in the particle. Further details of this model can 

be found in our previous work.42 

 

Structural-reorganization model: This model is an adaptation of one that we previously developed 

to describe the intercalation of CH3NH3Br into PbBr2 nanocrystals in which there is a significant 

change in structure during the transformation.41 In this model, Δ𝐺𝑖  for exchange is initially 

constant. After a critical threshold of successful events in a particle (𝑖𝑐 = 5 in these simulations), 

the value of Δ𝐺𝑖 begins to decrease with the number of events: 

Δ𝑔𝑖 = 𝛿 × Δ𝐺0 ((𝑖 − 𝑖𝑐 + 1)−1 5⁄ − 1) for 𝑖 ≥ 𝑖𝑐 (2.8) 

where 𝛿 is an empirical constant = 2.4. Δ𝐺0 is the change in free energy for the first exchange 

event in a particle. In our previous phase-transformation model, Δ𝑔𝑖 = 𝛿 × Δ𝐺0((𝑖 − 𝑖𝑐 +

1)−1 3⁄ − 1), and 𝑖𝑐 = 4. Empirically, we found that the 𝑖−1/5 dependence gave a better match to 

the experimental waiting and switching times for the conversion of CsPbI3 NCs to CsPbBr3 shown 

in Figure 2.5. The 𝑖−1/5 dependence used in the current simulations provides a less abrupt change 

in Δ𝐺𝑖, which is expected as the degree of structural reorganization when CsPbI3 NCs transform 

to CsPbBr3 is smaller compared to when PbBr2 NCs transform into CH3NH3PbBr3. 
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2.3 Results 
Ensemble fluorescence spectroscopy. CsPbX3 (X = Br or I) nanocrystals were synthesized using 

the hot-injection method developed Kovalenko and co-workers (see the Experimental section 2.2 

for further details).8 Different halide sources have previously been used to induce anion exchange 

in CsPbX3 NCs including lead halide salts, alkylammonium halides, and trimethylsilyl halides.10-

12, 15-20 We have found that tetrabutylammonium halides dissolved in a mixture of tert-butanol and 

a non-polar solvent (either hexane or 1-octadecene) induces anion exchange while minimizing 

degradation of the NCs as evidenced by ensemble and single-particle fluorescence.42 We first 

studied the interconversion between CsPbBr3 and CsPbI3 NCs at the ensemble level using 

photoluminescence (PL) spectroscopy. CsPbBr3 NCs were transformed to CsPbI3 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 CsPbBr3 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 CsPbBr3 NCs 

and resulting mixed-halide CsPbBr3-xIx NCs are shown in Figure 2.1(a). The emission maxima 

continuously red-shifted from 502 nm to 643 nm as five aliquots of the TBAI solution were added. 

The full width at half maximum (FWHM) of the PL spectra were similar for the both initial 

CsPbBr3 NCs (0.13 eV) and for the iodide-rich CsPbBr3-xIx NCs (0.11 eV) following the final 

aliquot of TBAI (see Table 2.1). Assuming a linear change in band gap energy with composition,19 

the composition of the product NCs after the total addition of 400 L of the TBAI solution (0.32 

mol of TBAI) was CsPbBr0.3I2.7. Further addition of TBAI led to a minimal shift (i.e., < 2 nm) of 

the resulting PL spectra. 
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Figure 2.1. (a) PL spectra showing the transformation of CsPbBr3 NCs to CsPbI3 through the 

addition of increasing amounts of a TBAI solution in tert-butanol with a concentration of 0.3 

mg/mL (0.81 mM/L). (b) PL spectra showing the transformation of CsPbI3 NCs to CsPbBr3 

through the addition of increasing amounts of a TBAB solution in tert-butanol with a concentration 

of 0.3 mg/mL (0.93 mM/L). (c) Temporal evolution of the PL spectra over an approximately 8-

minute period after the addition of two aliquots of the TBAB solution (120 μL total) to a solution 

of CsPbI3 NCs. Each acquisition took approximately 30 s, and there were 1-minute intervals 

between spectra. All PL spectra were normalized to same maximum intensity, and the excitation 

wavelength was 400 nm for all spectra. 

 

CsPbI3 NCs were transformed to CsPbBr3 by successively adding 60 L aliquots of a solution 

of tetrabutylammonium bromide (TBAB, 0.3 mg/mL = 0.93 mmol/L in tert-butanol) to a hexane 

solution of CsPbI3 NCs (Figure 2.1(b)). After the second aliquot (i.e., 120  L total of the TBAB 

solution), the resulting spectrum of the mixed-halide CsPbBr3-xIx NCs changed over the course of 

several minutes. The temporal evolution of the PL spectra after the second aliquot is shown in 

Figure 2.1(c). The PL spectrum first split into two peaks, one centered at 522 nm and the other at 
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666 nm (corresponding to CsPbBr2.6I0.4 and CsPbBr0.1I2.9 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 546 nm (corresponding to CsPbBr2.2I0.8). Similar to 

the transformation of CsPbBr3 to CsPbI3, subsequent additions of TBAB required less than 30 

seconds for the peak maximum to stop shifting (Figure 2.1(b)). The FWHM of the PL spectra 

were similar for the both initial CsPbI3 NCs (0.11 eV) and for the bromide-rich CsPbBr3-xIx NCs 

(0.11 eV) following the final aliquot of TBAB (see Table 2.2). Based on its peak maximum at 519 

nm, the composition of the product NCs after a total of 420 L of the TBAB solution (0.39 mol 

of TBAB) was CsPbBr2.6I0.4. When 420 L of the TBAB solution was added all at once rather than 

in 60 L 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 2.6). 

Thus, two populations of nanocrystals, one iodide-rich and one bromide-rich, were readily 

observable during the ensemble transformation of CsPbI3 NCs to CsPbBr3 but not during the 

transformation of CsPbBr3 NCs to CsPbI3 (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 CsPbBr3 NCs to CsPbI3 closely resembles systems in which the initial and final 

crystal possess high solid solubility, such as anion exchange between CsPbCl3 and CsPbBr3 NCs15, 

25, 42 or cation exchange between CdTe and HgTe NCs.46 On the other hand, the abrupt shift in PL 

peak position during the transformation of CsPbI3 NCs to CsPbBr3 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 Ag2Se NCs via cation exchange. In this reaction, optical spectra can 

be assigned to linear combinations of purely CdSe and purely Ag2Se NC spectra with no 

identifiable intermediates.39, 47 In the transformation of CsPbI3 NCs to CsPbBr3, the two 
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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 CsPbX3 NCs before and after anion exchange 

using bright-field transmission electron microscopy (TEM) and x-ray diffraction (XRD) is shown 

in Figures 2.7 through 2.10. Due to slow degradation of the CsPbX3 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 

CsPbBr3 and CsPbI3 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 2.11. The PL maxima and FWHM for both CsPbBr3 samples are nearly 

identical, and the same is true for both CsPbI3 samples. The as-synthesized CsPbBr3 and CsPbI3 

NCs have a platelet shape with average edge lengths of 9.4 ± 1.5 nm and 11.3 ± 2.5 nm (average 

± 1st standard deviation), respectively (Figures 2.7 and 2.8). Anion exchange was performed by 

drop casting a solution of either TBAI onto CsPbBr3 NCs or TBAB onto CsPbI3 NCs dispersed on 

a TEM grid. Histograms of the edge lengths before and after anion exchange are provided in 

Figure 2.9 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 CsPbI3 compared to CsPbBr3 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.12  

X-ray diffraction (XRD) patterns of the CsPbX3 NCs before and after anion exchange are 

shown in Figure 2.10. The patterns of all samples matched most closely with simulated patterns 
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for the respective perovskite orthorhombic  phase of CsPbX3. For example, the as-synthesized 

CsPbI3 NCs possess peaks that are present in the orthorhombic  phase of CsPbI3 but absent in 

the cubic  phase. Additionally, peaks indicative of the non-perovskite  phase in the initial CsPbI3 

sample are absent. The XRD patterns displayed the expected peak shifts to smaller angles when 

CsPbBr3 NCs were converted to CsPbI3 and to larger angles when CsPbI3 NCs were converted to 

CsPbBr3. 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 non-

perovskite  phase as an impurity in CsPbI3 NCs produced by anion exchange (see Figure 2.10). 

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 non-perovskite  phase of CsPbI3 is non-fluorescent and 

therefore will not be detected during fluorescence imaging.  

 

Single-particle fluorescence imaging: Further interpretation of the PL spectra shown in Figure 2.1 

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 CsPbBr3 

and CsPbI3 NCs. The change in the emission wavelength and intensity for individual NCs provides 

a signature of their transformation.39-42 We prepared samples for single-particle imaging by spin-
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coating dilute solutions of CsPbX3 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 2.2). We used two different filter sets to image the 

transformation between CsPbBr3 and CsPbI3 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 CsPbBr3 NCs to CsPbI3. As illustrated in Figure 2.2(a), the red filter blocks 

emission from the initial CsPbBr3 NCs but transmits emission from iodide-rich CsPbBr3-xIx 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 transformation (Figure 2.2(b)). After the 

TBAI is injected into the flow cell, fluorescent spots begin to appear (Figure 2.2(c)). We also 

transformed CsPbBr3 NCs to iodide-rich CsPbBr3-xIx prior to imaging and then watched their back 

conversion to CsPbBr3 by monitoring the turn off in emission of individual NCs with the same red 

filter set. 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 CsPbI3 NCs but transmit 

emission from bromide-rich CsPbBr3-xIx NCs (for 0 ≤ x ≤ 2 assuming a linear relationship 

between bandgap and halide composition). We imaged the conversion of CsPbI3 NCs to CsPbBr3 

using the green filter set in which the turn on in emission indicates the transformation of each NC 

(Figure 2.2(d), (e)). We also transformed CsPbI3 NCs to bromide-rich CsPbBr3-xIx prior to 

imaging and then watched their back conversion to CsPbI3 by monitoring the turn off in emission 

of individual NCs. 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.24 For 
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simplicity, we refer to NCs after anion exchange as CsPbBr3 or CsPbI3 even though they may 

contain residual amounts of the parent anion.  

 

 

Figure 2.2. (a) Models of CsPbBr3 and CsPbI3 crystals with the perovskite orthorhombic  phase 

(top) and illustrations of the microscope field-of-view under different excitation conditions 

(bottom). Emission from CsPbI3 NCs is detected using the red filter set, and emission from 

CsPbBr3 NCs is detected using the green filter set. (b, c) Fluorescence video frames before and 

after the transformation of CsPbBr3 NCs to CsPbI3 using TBAI. (d, e) Fluorescence video frames 

before and after the transformation of CsPbI3 NCs to CsPbBr3 using TBAB. Only portions of the 

entire field-of-view are shown in b-e. 
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Figure 2.3. Fluorescence intensity trajectories for CsPbX3 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 CsPbBr3 NCs to CsPbI3 using TBAI at a 

concentration of 1 μg/mL (2.7 μmol/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 CsPbI3 NCs to CsPbBr3 using 

TBAB at a concentration of 1 μg/mL (3.1 μmol/L). The vertical dashed lines in the individual 

trajectories mark the waiting time for the NC. 

 

Figure 2.3 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 flow rate (Figure 2.12), and a flow rate of 20 mL/h was used in the 

experiments described below. Furthermore, the transformation times of individual NCs were 

independent of their position within the field-of-view (Figure 2.13) indicating that the reaction 
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trajectories are controlled by the solid-state transformation of each NC rather than the diffusion of 

anions in solution. The ensemble trajectories shown in the top panels of Figure 2.3 include 

hundreds of single-particle trajectories (only portions of the field-of-view are shown in Figures 

2.2(b-e)). As shown in the bottom panels of Figure 2.3, individual NCs undergo relatively sharp 

transitions relative to the ensemble. A comparison of ensemble rise-times at different 

concentrations of substitutional ion to the mean intensity rise for individual NCs undergoing anion 

exchange is provided in Figure 2.14. The PL intensities of individual NCs start to rise at different 

times (marked by the dashed lines in Figure 2.3). 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 CsPbI3 NCs transforming to CsPbBr3 exhibit sharper rises in 

intensity compared to the trajectories of CsPbBr3 NCs transforming to CsPbI3 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 included 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 2.15 for 

examples).13, 36, 37, 44, 45 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 2.16 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 5 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 
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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 CsPbBr3 NCs to CsPbBrI3, 

CsPbI3 NCs to CsPbBr3, and CsPbBr3-xI3 NCs (produced by anion exchange prior to imaging) to 

both CsPbBr3 and CsPbI3 are shown in Figures 2.17 – 2.20. We fitted each distribution to a 

Gaussian function to extract both the mean value and the standard deviation of waiting times 

(Figure 2.21). 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 substitutional anion, we performed each transformation over a range of 

TBAI/TBAB concentrations (i.e., 1, 2, 3, 4, 6, 10 μg/mL) and measured the resulting distributions 

of waiting and switching times. For the transformation of CsPbBr3 NCs to CsPbI3, shown in Figure 

2.4(a), the mean and standard deviation of waiting times decreased from 22.8   9.7 s to 4.8  2.4 

s as the concentration of TBAI increased from 1 to 10 μg/mL (2.7 to 27.0 μmol/L). The mean and 

standard deviation of switching times for this transformation decreased from 6.2  2.1 s to 2.5  

0.8 s as the concentration of TBAI increased from 1 to 10 μg/mL. The concentration dependencies 

of the waiting and switching times for the transformation of CsPbI3 NCs to CsPbBr3 are shown in 

Figure 2.4(c). The mean waiting and switching times and their standard deviations decreased from 

6.7  3.1 s to 2.4  1.6 s and from 1.8  1.2 s to 0.6  0.5 s, respectively as the concentration of 

TBAB increased from 1 to 10 μg/mL (3.1 to 31.1 μM/L). Thus, in both exchange directions the 

waiting and switching times decreased as the concentration of TBAB/TBAI increased. The shorter 
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waiting and switching times for the transformation of CsPbI3 NCs to CsPbBr3 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 2.3(b). 

 

 

Figure 2.4. Experimental mean values of the waiting times (black squares) and switching times 

(red circles) for anion exchange between CsPbBr3 and CsPbI3 NCs. (a) Transformation of CsPbBr3 

NCs to CsPbI3. (b) Back conversion of iodide-rich CsPbBr3-xIx NCs (prepared by anion exchange 
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of CsPbBr3 prior to imaging) to CsPbBr3. (c) Transformation of CsPbI3 NCs to CsPbBr3. (d) Back 

conversion of bromide-rich CsPbBr3-xIx NCs (prepared by anion exchange of CsPbI3 prior to 

imaging) to CsPbI3. 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 2.4. 

 

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 CsPbBr3 NCs to CsPbI3 was 16 s longer than the conversion of CsPbI3 

NCs to CsPbBr3 when using 1 μg/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 μg/mL. The mean waiting times for the conversion of CsPbBr3 NCs to CsPbI3 decreased by 80% 

as the concentration increased from 1 to 10 μg/mL, while they only decreased by 60% for the 

conversion of CsPbI3 NCs to CsPbBr3. The mean switching times also showed differences in their 

concentration dependence in each exchange direction. The mean switching times for the 

conversion of CsPbBr3 NCs to CsPbI3 decreased by 50% as the TBAI concentration increased 

from 2 μg/mL to 10 μg/mL, while the mean switching times for the conversion of CsPbI3 NCs to 

CsPbBr3 decreased by only 30% over the same concentration range of TBAB. Overall, the mean 

waiting and switching times for the conversion of as-synthesized CsPbBr3 NCs to CsPbI3 exhibited 

a stronger dependence on the concentration of the substitutional ion.  

Mixed-halide CsPbBr3-xIx nanocrystals produced by anion exchange exhibited similar mean 

waiting and switching times to those of the as-synthesized CsPbBr3 NCs undergoing exchange to 

CsPbI3 regardless of the exchange direction. We converted CsPbBr3 NCs to iodide-rich 
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CsPbBr3-xIx and then imaged their back conversion under the microscope to CsPbBr3 using 

different concentrations of TBAB (Figure 2.4(b)). Using the red filter set, we observed 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 s to 5.5 

 1.8 s and from 6.9  2.3 s to 1.4  0.9 s, respectively, as the concentration of TBAB increased 

from 1 to 10 μg/mL (3.1 to 31.1 μmol/L). These values for back exchange are significantly longer 

than the transformation of as-synthesized CsPbI3 NCs to CsPbBr3 and closely match those of the 

CsPbBr3 to CsPbI3 reaction. We also converted CsPbI3 NCs to bromide-rich CsPbBr3-xIx and then 

imaged their back conversion to CsPbI3 under the microscope using the green filter set to watch 

the turn off in emission (Figure 2.4(d)). Similar, to the iodide-rich CsPbBr3-xIx NCs undergoing 

back conversion, the mean waiting and switching times and their standard deviation decreased 

from 23.6  10.4 s to 2.7  1.1 s and from 5.3  2.1 s to 1.0  0.5 s, respectively, as the concentration 

of TBAI increased from 1 to 10 μg/mL (2.7 to 27.0 μmol/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 Experimental section 2.2 for further details). 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 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.39-42 We find that 
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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. 
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2.4 Model for asymmetry in anion exchange 
The waiting and switching times for the transformation of as-synthesized CsPbBr3 NCs to 

CsPbI3 (as well as the back conversion of mixed-halide CsPbBr3-xIx NCs) closely resemble our 

previous work on anion exchange between CsPbCl3 and CsPbBr3 NCs.42 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 2.5(a) and 2.5(b) show the simulated changes in free 

energy and 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 probability with successive exchange events. Changes in the concentration of 

substitutional anions were simulated by varying the initial probability. We varied the simulated 

concentration over a similar range to the experimental variations in concentration (in g/mL of 

TBAI/TBAB) shown in Figure 2.4. The simulated concentration dependencies of waiting and 

switching times for the exchange-density model and corresponding experimental times for the 

back conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 are shown in Figures 2.5(c) and 2.5(d) 

(black traces). We use this sample for comparison as it will have nearly the same size distribution 

as the as-synthesized CsPbI3 NCs that were used to prepare it. Based on the similarities in 

experimental waiting and switching times shown in Figure 2.4, this model also applies to the 

conversion of as-synthesized CsPbBr3 NCs to CsPbI3 and the back conversion of iodide-rich 

CsPbBr3-xIx NCs to CsPbBr3. The exchange-density model reproduces the longer waiting and 

switching times for these samples (see Figure 2.22) as well as their steeper dependence on 

concentration (at low concentrations of substitutional anion) relative to the conversion of CsPbI3 
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NCs to CsPbBr3 described below. Furthermore, both the exchange-density model and the 

experimental values for the back conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 show a 

linear correlation between the waiting and switching times of individual particles. As shown in 

Figure 2.23(a) and 2.23(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 ±  1st standard deviation for different 

concentrations) for the exchange-density model and 0.11 ± 0.03 for the experimental results (see 

Figure 2.24 and Table 2.5 for details). This correlation occurs because the slower rises in intensity 

for individual particles (especially at lower concentrations of TBAI) lead to an overlap between 

the measurements of waiting and switching times. 
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Figure 2.5. (a) Change in free energy, Δ𝐺𝑖, with the number of exchange events, 𝑖, in a particle 

for the exchange-density (Exch. dens., black traces) and structural-reorganization (Str. reorg., red 

traces) models. In each model, a constant term added to the total free energy, Δ𝐺1, was varied to 

simulate the effect of concentration. Plots for the minimum (i.e., 𝑘0 = 1, squares) and maximum 

(i.e., 𝑘0 = 8 , circles) concentrations simulated are shown. (b) The associated probability of 

exchange for the models shown in (a). (c) Simulated waiting and switching times for the two 

models as a function of 𝑘0. (d) Experimental waiting and switching times for the conversion of as-
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synthesized CsPbI3 NCs to CsPbBr3 (red traces) and the back-conversion of bromide-rich 

CsPbBr3-xIx NCs to CsPbI3 (black traces). 

 

Previous work from our group and that of Routzahn and Jain has shown that the waiting and 

switching times for the transformation of immiscible crystal pairs (e.g., CdSe/Ag2Se and 

PbBr2/CH3NH3PbBr3) that require a substantial reorganization in structure can be reproduced by 

incorporating an abrupt increase in probability during the Monte Carlo trajectories.39-41 For 

example, in our previous model used to describe the intercalation of CH3NH3Br into PbBr2 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 CsPbI3 NCs to CsPbBr3 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 CsPbI3 NCs does not require a distinct 

phase change, it likely involves a coordinated reorganization of the tilt angles of corner-sharing 

PbX6 octahedra (discussed in more detail below). Thus, we adapted our previous model to the 

conversion of CsPbI3 NCs to CsPbBr3 by adjusting the curvature in free energy after the threshold 

such that the change in probability was less abrupt. The red traces in Figure 2.5(a) and 2.5(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 (5 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) 
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leads to a change in probability that successfully models the sharper switching times for this 

transformation (Figure 2.22). The simulated concentration dependencies of waiting and switching 

times for the structural-reorganization model and corresponding experimental times for the 

conversion of CsPbI3 NCs to CsPbBr3 are shown in Figures 2.5(c) and 2.5(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 CsPbI3 NCs to CsPbBr3 also leads to 

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 CsPbI3 NCs to CsPbBr3, there is no correlation between these values at low 

concentrations (Figure 2.23(c) and 2.23(d)). However, at the highest simulated concentration, the 

change in free energy and probability for exchange events in the two models are similar (see the 

traces marked with circles in Figure 2.5(a) and 2.5(b)). Consequently, the respective waiting and 

switching times for the two models also have more similar mean values at the highest simulated 

concentration (Figure 2.5(c)) in agreement with the experimental results (Figure 2.5(d)). 

Our single-particle fluorescence studies supported by Monte Carlo simulations reveal that 

CsPbI3 nanocrystals synthesized by the hot-injection method undergo an abrupt structural 

reorganization as they transform to CsPbBr3. We postulate this structural reorganization involves 

coordinated changes in the titling patterns of PbX6 octahedra. The in-plane and out-of-plane tilt 

angles of PbX6 octahedra are different in bulk CsPbBr3 and CsPbI3 with the perovskite 

orthorhombic  structure due to the different radii of Br– (1.82 Å) and I– (2.06 Å) anions (see Table 

2.6). CsPbBr3 and CsPbI3 NCs also show differences in their octahedral tilting patterns.12, 27, 48 

Furthermore, Zhao and coworkers recently reported size-dependent structural variations in size-
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selected CsPbI3 NCs with the orthorhombic  phase for edge lengths up to 15.3 nm that arise from 

surface strain.29 Rietveld refinement of powder XRD patterns indicated there were variations in 

the octahedral tilt angles as a function of NC size.29 While the size distributions of our CsPbX3 

samples are too broad to perform Rietveld refinement and measure changes in the octahedral tilt 

angles, the mean size of our initial CsPbI3 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 CsPbBr3 and CsPbI3.
49-51  

A more abrupt structural reorganization during the conversion of the as-synthesized CsPbI3 

NCs to CsPbBr3 is consistent with the narrower distributions of waiting and switching times 

observed for this transformation (see Figures 2.21 and 2.23). This structural reorganization also 

explains the peak splitting observed in ensemble PL spectra during the conversion of CsPbI3 NCs 

to CsPbBr3. The interconversion between the two distinct populations of iodide-rich and bromide-

rich CsPbBr3-xIx NCs likely coincides with the reordering of the PbX6 octahedra. On the other 

hand, CsPbBr3 NCs undergo a smooth transition to CsPbI3 indicating that the tilting pattern of the 

initial CsPbBr3 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 anion. Furthermore, CsPbBr3-xIx nanocrystals that have already undergone anion 

exchange possess similar mean waiting and switching times to those of the as-synthesized CsPbBr3 

NCs undergoing exchange to CsPbI3. This indicates that when bromide-rich CsPbBr3-xIx NCs 

produced by anion exchange of CsPbI3 are converted back to CsPbI3 they retain a structure similar 

to the CsPbBr3 NCs. Thus, we propose that anion exchange between as-synthesized CsPbBr3 and 
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CsPbI3 NCs is not reversible and that CsPbI3 NCs produced by anion exchange do not have the 

same structure as those produced by hot-injection.  
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2.5 Conclusions 
In summary, we used single-particle fluorescence to elucidate asymmetric chemical reactivity 

during anion exchange between CsPbBr3 and CsPbI3 nanocrystals. We attribute shorter reaction 

times for individual CsPbI3 NCs along with a narrower distribution to a more abrupt structural 

reorganization needed as they transform to CsPbBr3. CsPbBr3 NCs do not undergo this structural 

reorganization as they transform to CsPbI3 leading to a wider distribution of reaction times. Our 

study indicates that subtle structural differences between CsPbX3 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 CsPbI3 NCs made by the hot-injection method vs. 

by anion exchange.27, 28, 52 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 CsPbX3 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 CsPbX3 

nanocrystals for optoelectronic devices.   
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2.6 Appendix A 

2.6.1 Tables 

 

Table 2.1. Additional details for the fluorescence spectra shown in Figure 2.1(a) (i.e., 

transformation of CsPbBr3 NCs to CsPbI3): amount of TBAI added, the emission maximum of the 

resulting PL spectrum, and its FWHM. 

Total volume 

of TBAI (μL) 

Total moles 

of TBAI 

(μmole) 

Peak 

maximum 

(nm) 

Peak 

maximum 

（eV） 

FWHM 

(nm) 

FWHM 

(eV) 

0 0 502 2.47 24 0.13 

80 0.06 537 2.31 28 0.12 

160 0.13 559 2.22 35 0.12 

240 0.19 608 2.04 37 0.12 

320 0.26 633 1.96 36 0.12 

400 0.32 643 1.93 37 0.11 
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Table 2.2. Additional details for the fluorescence spectra shown in Figure 2.1(b) (i.e., 

transformation of CsPbI3 NCs to CsPbBr3): amount of TBAB added, the emission maximum of 

the resulting PL spectrum, and its FWHM. 

Total volume 

of TBAB 

(μL) 

Total moles 

of TBAI 

(μmole) 

Peak 

maximum 

(nm) 

Peak 

maximum 

（eV） 

FWHM 

(nm) 

FWHM 

(eV) 

0 0 674 1.84 40 0.11 

60 0.06 674 1.84 44 0.12 

120 0.11 547 2.27 27 0.11 

180 0.17 533 2.33 29 0.13 

300 0.28 524 2.37 24 0.11 

420 0.39 519 2.39 23 0.11 
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Table 2.3. The CsPbBr3 and CsPbI3 NCs samples characterized in figures. 

  Sample characterized in the following figures 

CsPbBr3 

Batch 1 
Figure 2.1(a), Figure 2.2(b, c), Figure 2.3(a), Figure 2.4(a), Figure 

2.14(a), Figure 2.17, Figure 2.21(a) 

Batch 2 
Figure 2.4(b), Figure 2.7(a, b), Figure 2.8(a, b), Figure 2.9, Figure 

2.10, Figure 2.14(b), Figure 2.18, Figure 2.21(b) 

CsPbI3 
Batch 1 

Figure 2.1(b, c), Figure 2.2(d, e), Figure 2.3(b), Figure 2.4(c, d), 

Figure 2.5(d), Figure 2.6, Figure 2.12, Figure 2.13, Figure 2.14(c, 

d), Figure 2.15, Figure 2.16, Figure 2.19, Figure 2.20, Figure 

2.21(c, d), Figure 2.23(a, c), Figure 2.24 

Batch 2 Figure 2.7(c, d), Figure 2.8(c, d), Figure 2.9, Figure 2.10 
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Table 2.4. Fitting parameters for the concentration dependence of the mean waiting and switching 

times shown in Figure 2.4. 

y = a/x + b 

Figure 2.4(a): 

CsPbBr3 to 

CsPbI3 

Figure 2.4(b): 

CsPbBr3-xIx to 

CsPbBr3 

Figure 2.4(c): 

CsPbI3 to 

CsPbBr3 

Figure 2.4(d): 

CsPbBr3-xIx to 

CsPbI3 

Waiting 

time 

a (s-μg/mL) 16.3 5.1 26.5 20.5 

b (s) 2.6 1.6 2.8 2.9 

Switching 

time 

a (s-μg/mL) 4.0 1.2 4.5 6.3 

b (s) 2.2 0.47 0.3 0.8 
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Table 2.5. Parameters for the linear fits (y = ax + b) of the scatter plots of waiting vs. switching 

time shown in Figure 2.23. 

Exchange-

density 

model 

k0 1 2 4 8 

 a (slope) 0.15 0.14 0.17 0.15 

b (intercept) 18634 10397 5479 3872 

CsPbBr3-xIx 

to CsPbI3 

TBAI conc. 

(μg/mL) 
1 2 3 4 6 10 

a (slope) 0.15 0.11 0.12 0.09 0.059 0.11 

b (intercept) 14.1 4.5 3.82 5.95 1.99 3.48 
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Table 2.6. Tilt angles of PbX6 octahedra (X = Br or I) based on the bulk crystal structures from 

ICSD collection codes #243735 for CsPbBr3 and #21955 for CsPbI3. Both crystals have the 

perovskite orthorhombic γ phase. 

Tilt angle CsPbBr3 CsPbI3 

In-plane Pb–X–Pb  156.51° 155.57° 

Out-of-plane Pb–X–Pb 163.79° 159.24° 
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2.6.2 Figures 

 

 

Figure 2.6. Normalized PL spectra of CsPbI3 NCs before (red trace) and after (black and blue 

traces) adding 420 μL of a TBAB solution (0.3 mg/mL = 0.93 mmol/L) in tert-butanol. The PL 

spectra were measured 30 s (black trace) and 90 s (blue trace) after the addition of TBAB. The 

spectra stopped blue-shifting approximately 90 s after the addition of TBAB. The excitation 

wavelength was 400 nm for all spectra. Figure 2.1 shows the resulting PL spectra when 60-μL 

aliquots of the same TBAB solution were added, and a spectrum was taken between each aliquot.  
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Figure 2.7. Bright-field TEM images of CsPbX3 NCs before and after anion exchange. (a) As-

synthesized CsPbBr3 NCs. (b) CsPbI3 NCs produced by anion exchange of CsPbBr3 NCs on a 

TEM grid. (c) As-synthesized CsPbI3 NCs. (d) CsPbBr3 NCs produced by anion exchange of 

CsPbI3 NCs on a TEM grid. 
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Figure 2.8. Size distributions of the CsPbX3 NCs shown in Figure 2.7. (a) As-synthesized 

CsPbBr3 NCs. (b) CsPbI3 NCs produced by anion exchange of CsPbBr3 NCs on a TEM grid. (c) 

As-synthesized CsPbI3 NCs. (d) CsPbBr3 NCs produced by anion exchange of CsPbI3 NCs on a 

TEM grid. Based on the lattice constants of the bulk crystals, the distances between Pb atoms in 

CsPbBr3 along the edges of the NCs are 8.250 Å in the (100) direction and 8.203 Å in the (001) 

direction. We assume the CsPbBr3 NCs in Figure 2.7 are oriented with the (010) plane parallel to 

the substrate similar to a previous report.53 In bulk CsPbI3, the distances between Pb atoms along 

the edges are 8.818 Å and 8.646 Å. The orientation of the unit cell is different in CsPbI3. So, these 

Pb–Pb distances are along the (010) and (100) directions, respectively. When CsPbBr3 NCs 

transform to CsPbI3, the expected expansion of the lateral dimensions is 7% for the longer 

dimension and 5% for the shorter dimension, which lead to changes in the lateral dimensions of 
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less than 1 nm. A similar contraction of the lateral dimensions is expected when CsPbI3 NCs 

transform to CsPbBr3. However, these changes in size are less than the 1st standard deviation in 

the size distribution of each sample. Thus, we do not observe a significant change in average edge 

length for either sample after anion exchange. 
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Figure 2.9. XRD patterns of CsPbX3 NCs before and after anion exchange. From top to bottom 

the experimental patterns are the following: As-synthesized CsPbI3 NCs (purple), iodide-rich 

CsPbBr3-xIx NCs produced by anion exchange of CsPbBr3 NCs (green), bromide-rich CsPbBr3-xIx 

NCs produced by anion exchange of CsPbI3 NCs (blue), and as-synthesized CsPbBr3 NCs (red). 

Simulated powder XRD patterns made using ICSD collection codes #21955 for CsPbI3 in the 

perovskite orthorhombic γ phase (yellow) and #243735 for CsPbBr3 in the perovskite 

orthorhombic γ phase (black) are shown at the top and bottom of the plot. The peak positions in 

green pattern are shifted to higher angles compared to pure CsPbI3, and the peak positions in the 

blue pattern are shifted to lower angles compared to pure CsPbBr3 indicating that the NCs 

produced by anion exchange contain residual amounts of the parent anion. The sharper peaks 

following anion exchange in the green and blue patterns are likely the result of aggregation of the 

NCs leading to a larger average crystallite size. The impurity peaks marked with * in the green 

pattern are attributed to the non-perovskite orthorhombic δ phase of CsPbI3.  
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Figure 2.10. Comparison of the experimental XRD pattern for iodide-rich CsPbBr3-xIx NCs 

produced by anion exchange of CsPbBr3 NCs (middle, green) to simulated patterns for the 

perovskite orthorhombic γ phase of CsPbI3 (top, yellow) and the non-perovskite orthorhombic δ 

phase (bottom, black). The simulated patterns were made using ICSD collection codes #21955 for 

the γ phase and #161480 for the δ phase. The impurity peaks marked with * are attributed to the 

non-perovskite δ phase of CsPbI3, which results from degradation of the perovskite phase. While 

this impurity phase was detected in this sample, its formation may depend on the different 

preparation method for XRD analysis compared to fluorescence microscopy (i.e., samples for 

XRD were prepared at a higher concentration). Furthermore, as the δ phase of CsPbI3 is not 

fluorescent, this impurity phase will not be detected in the fluorescence microscopy studies. 
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Figure 2.11. Normalized PL spectra of different batches of CsPbBr3 (blue & green traces) and 

CsPbI3 (red & black traces) NCs. 
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Figure 2.12. Comparison of the mean value (black squares) and the FWHM (red circles) of single-

NC waiting times for the transformation of CsPbI3 NCs to CsPbBr3 measured using the same 

TBAB concentration (2 μg/mL, 6.2 μmol/L) introduced at different flow rates. The turn-on in 

emission of individual NCs was imaged with the green filter set (excitation window: 450 − 490 

nm; emission window: 500 − 540 nm). The mean waiting time is independent of flow rate for flow 

rates between 10 and 25 mL/h. 
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Figure 2.13. Waiting and switching times as a function of particle position for the transformation 

of CsPbI3 NCs to CsPbBr3 using a TBAB concentration of 1 μg/mL (3.1 μmol/L). The flow rate 

was 20 mL/h. (a, b) Waiting times for different NCs within the same field-of-view plotted vs. their 

pixel position along the (a) x-axis and (b) y-axis of the EMCCD camera. (c, d) Switching times 

for different NCs within the same field-of-view plotted vs. their pixel position along the (c) x-axis 

and (d) y-axis of the EMCCD camera. 
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Figure 2.14. Comparison of the ensemble rise times in fluorescence intensity for all NCs in the 

field-of-view (black squares) to the mean of single-NC switching times (red circles) using different 

concentrations of TBAB or TBAI. (a) Transformation of as-synthesized CsPbBr3 NCs to CsPbI3. 

(b) Back conversion of iodide-rich CsPbBr3-xIx NCs (prepared by anion exchange of CsPbBr3 prior 

to imaging) to CsPbBr3. (c) Transformation of as-synthesized CsPbI3 NCs to CsPbBr3. (d) Back 

conversion of bromide-rich CsPbBr3-xIx NCs (prepared by anion exchange of CsPbI3 prior to 

imaging) to CsPbI3.  
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Figure 2.15. Representative intensity trajectories for single bromide-rich CsPbBr3-xIx NCs 

following the transformation of CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1 μmol/L). 

Each of the black traces on the left-hand side is a segment of the trajectory after the intensity 

stopped increasing (i.e., following the exchange reaction). Each of the blue traces shows the 

background intensity in a nearby region not containing any particles. The red histograms on the 

right-hand side show the intensity distributions of the black traces. Intensity trajectories that 

exhibit fluorescence intermittency with a bimodal distribution of on and off states are indicative 

of single particles. 
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Figure 2.16. Representative intensity trajectories of clusters of CsPbBr3-xIx NCs following the 

transformation CsPbI3 NCs with a TBAB concentration of 1 μg/mL (3.1 μmol/L). Each of the 

black traces on the left-hand side is a segment of the trajectory after the intensity stopped increasing 

(i.e., following the exchange reaction). Each of the blue traces shows the background intensity in 

a nearby region not containing any particles. The red histograms on the right-hand side show the 

intensity distributions of the black traces. Unlike the trajectories for single particles shown in 

Figure 2.15 above, clusters of particles do not show clear on and off states as each particle in the 

cluster blinks independently. 
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Figure 2.17. Histograms of the relative waiting times for the transformation of as-synthesized 

CsPbBr3 NCs to CsPbI3 using TBAI. The turn-on in emission of individual NCs was imaged with 

the red filter set (excitation window: 530 − 558 nm; emission window: 590 − 649 nm). The 

concentrations of TBAI used were (a) 1 μg/mL (2.7 μmol/L), (b) 2 μg/mL (5.4 μmol/L), (c) 3 

μg/mL (8.1 μmol/L), (d) 4 μg/mL (10.8 μmol/L), (e) 6 μg/mL (16.2 μmol/L), and (f) 10 μg/mL 

(27 μmol/L). For each histogram, a relative waiting time of 0 seconds corresponds to the first NC 

to transform among the population. 
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Figure 2.18. Histograms of the relative waiting times for the back conversion of iodide-rich 

CsPbBr3-xIx NCs to CsPbBr3 using TBAB. The iodide-rich CsPbBr3-xIx NCs were prepared by 

anion exchange of CsPbBr3 NCs with PbI2 in solution prior to imaging. The turn-off in emission 

of individual NCs was imaged with the red filter set (excitation window: 530 − 558 nm; emission 

window: 590 − 649 nm). The concentrations of TBAB used were (a) 1 μg/mL (3.1 μmol/L), (b) 2 

μg/mL (6.2 μmol/L), (c) 3 μg/mL (9.3 μmol/L), (d) 6 μg/mL (18.6 μmol/L), and (e) 10 μg/mL 

(31.1 μmol/L). For each histogram, a relative waiting time of 0 seconds corresponds to the first 

NC to transform among the population. 
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Figure 2.19. Histograms of the relative waiting times for the transformation of as-synthesized 

CsPbI3 NCs to CsPbBr3 using TBAB. The turn-on in emission of individual NCs was imaged with 

the green filter set (excitation window: 450 − 490 nm; emission window: 500 − 540 nm). The 

concentrations of TBAB used were (a) 1 μg/mL (3.1 μmol/L), (b) 2 μg/mL (6.2 μmol/L), (c) 3 

μg/mL (9.3 μmol/L), (d) 4 μg/mL (12.4 μmol/L), (e) 6 μg/mL (18.6 μmol/L), and (f) 10 μg/mL 

(31.1 μmol/L). For each histogram, a relative waiting time of 0 seconds corresponds to the first 

NC to transform among the population. 
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Figure 2.20. Histograms of the relative waiting times for the back conversion of bromide-rich 

CsPbBr3-xIx NCs to CsPbI3 using TBAI. The bromide-rich CsPbBr3-xIx NCs were prepared by 

anion exchange of CsPbI3 NCs on a coverslip using TBAB prior to imaging. The turn-off in 

emission of individual NCs was imaged with the green filter set (excitation window: 450 − 490 

nm; emission window: 500 − 540 nm). The concentrations of TBAI used were (a) 1 μg/mL (2.7 

μmol/L), (b) 2 μg/mL (5.4 μmol/L), (c) 3 μg/mL (8.1 μmol/L), (d) 4 μg/mL (10.8 μmol/L), (e) 6 

μg/mL (16.2 μmol/L), and (f) 10 μg/mL (27 μmol/L). For each histogram, a relative waiting time 

of 0 seconds corresponds to the first NC to transform among the population. 
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Figure 2.21. Examples of Gaussian fits to the distributions of relative waiting times shown above 

in Figures 2.17 – 2.20 for single CsPbX3 NCs undergoing anion exchange. (a) Transformation of 

as-synthesized CsPbBr3 NCs to CsPbI3 using TBAI (example fits to histograms in Figure 2.17). 

(b) Back conversion of iodide-rich CsPbBr3-xIx NCs to CsPbBr3 using TBAB (example fits to 

histograms in Figure 2.18). (c) Transformation of as-synthesized CsPbI3 NCs to CsPbBr3 using 

TBAB (example fits to histograms in Figure 2.19). (d) Back conversion of bromide-rich CsPbBr3-

xIx NCs to CsPbI3 using TBAI (example fits to histograms in Figure 2.20). The concentrations of 

TBAI shown in (a) and (d) are 1, 2, and 10 μg/mL (i.e., 2.7, 5.4, and 27.0 μmol/L). The 

concentrations of TBAB shown in (b) and (c) are 1, 2, and 10 μg/mL (i.e., 3.1, 6.2, and 31.1 

μmol/L). 
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Figure 2.22. Simulated reaction trajectories for anion exchange. (a) Ensemble trajectory for the 

exchange-density model using a simulated concentration 𝑘0 = 1 . (b) Representative single-

particle trajectories for the exchange-density model using 𝑘0 = 1; (c) Ensemble trajectory for the 

structural-reorganization model using a simulated concentration 𝑘0 = 1 . (d) Representative 

single-particle trajectories for the structural-reorganization model using 𝑘0 = 1. The structural-

reorganization model leads to sharper transitions for individual particles 
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Figure 2.23. Plots of the waiting time vs. switching time for individual particles. (a) The back 

conversion of bromide-rich CsPbBr3-xIx NCs to CsPbI3 using a TBAI concentration of 1 μg/mL 

(2.7 μmol/L). (b) Exchange-density model using a simulated concentration 𝑘0 = 1 . (c) 

Transformation of as-synthesized CsPbI3 NCs to CsPbBr3 using a TBAB concentration of 1 μg/mL 

(3.1 μmol/L). (d) Structural-reorganization model using a simulated concentration 𝑘0 = 1. The red 

dashed lines provide linear fits of the scatter plots in (a) and (b). The fitting parameters at different 

concentrations are provided in Table 2.5. 

 



80 

 

 

Figure 2.24. The slopes from linear fits to scatter plots of the waiting vs. switching time for 

individual particles. The red circles correspond to the back conversion of bromide-rich CsPbBr3-xIx 

NCs to CsPbI3 using TBAI concentrations of 1, 2, 3, 4, 6 and 10 μg/mL (2.7, 5.4, 8.1, 10.8, 16.2 

and 27 μmol/L). The black squares correspond to the exchange-density model using simulated 

concentrations 𝑘0 = 1, 2, 4, and 8. The mean slopes for the experimental and simulated results are 

0.11 ± 0.03 and 0.15 ± 0.01, respectively.  
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Chapter 3: Size-Dependent Miscibility 

Controls the Kinetics of Anion Exchange in 

Cesium Lead Halide Nanocrystals  

A manuscript based on this chapter by Zhang, D.; Wu, X.; Wang, D. Sadtler, B., and titled “Size-

Dependent Miscibility Controls the Kinetics of Anion Exchange in Cesium Lead Halide 

Nanocrystals” is currently under review in the Journal of Chemical Physics. 

 

Author contributions: Zhang, D. and Sadtler, B. designed the research. Zhang, D. and Wu, X. 

synthesized the CsPbBr3 nanocrystals with different sizes. Zhang, D. and Wu, X. performed 

experiments of anion exchange from CsPbBr3 nanocrystals to CsPbI3 at the ensemble and single-

particle scale. Zhang D. characterized samples and designed simluation models. All authors made 

contributions to data analysis and simulations. 
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3.1 Introduction 
Colloidal semiconductor nanocrystals (NCs) exhibit size-dependent chemical and physical 

properties.1-16 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.5, 6, 8, 9 More 

recently, size-dependent changes in the structure of cesium lead halide perovskite nanocrystals 

have been reported.16 The cubic (α) and orthorhombic (γ) 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.17, 18  

Lead halide perovskite semiconductors with the formula APbX3 (A = CH3NH3
+ or Cs+, X = 

Cl–, Br–, I–) are promising candidates as the active material in solar cells, light-emitting diodes 

(LEDs), and other optoelectronic devices.19-27 The high photoluminescence (PL) quantum yield, 

tunable bandgap, and solution-phase processing of CsPbX3 nanocrystals make these materials 

attractive in light-emission applications.28-34 Post-synthetic exchange of the halide anions in 

CsPbX3 NCs produces solid solutions with tunable anion ratios (e.g., CsPbBr3-xIx with 0 < x < 3); 

the final anion composition is controlled by the relative concentrations of the substitutional and 

lattice halide anions.29, 35-40 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. 
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Heterogeneity in the composition of CsPbX3-xYx 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. CsPbCl3 and CsPbBr3 exhibit high 

miscibility and generally show high compositional uniformity following anion exchange.35, 41 

However, because of the larger difference in size and electronegativity between Br– and I– and the 

lower tolerance factors for perovskite CsPbBr3 and CsPbI3 crystals, this anion pair exhibits lower 

miscibility compared to the Cl/Br pair.39, 42 For example, CsPbBr3-xIx NCs produced by anion 

exchange of CsPbBr3 NCs with PbI2 were shown to possess a radial compositional gradient that is 

bromide rich at the core and iodide rich near the surface.43  

Beyond heterogeneity within individual particles, variations in the size and shape of 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.39, 44, 45 For example, different kinetics were 

observed for the transformation of CsPbBr3 NCs to CsPbCl3 compared with the transformation of 

CsPbBr3 NCs to CsPbI3; anion exchange was attributed to being diffusion-limited for the former 

but surface-limited for the latter.44 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 

physical properties among different particles contribute to the ensemble behavior.41, 46-66  In situ 

fluorescence microcopy has been used to monitor changes in the fluorescence intensity, 
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wavelength, and lifetime of individual semiconductor nanocrystals and microcrystals undergoing 

anion exchange, cation exchange, and ion intercalation.41, 58-66 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.64-66 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.41, 63 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 Ag2Se NCs and intercalation 

of CH3NH3
+ and Br– into PbBr2 NCs).58, 62 In contrast, for highly miscible systems like anion 

exchange between CsPbCl3 and CsPbBr3 NCs, the switching times are strongly concentration 

dependent.41 CsPbBr3 and CsPbI3 NCs exhibit intermediate miscibility between these extremes. 

We previously studied anion exchange between CsPbBr3 and CsPbI3 NCs using single-particle 

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

(i.e., CsPbBr3 to CsPbI3 and vice versa).63 We assigned this asymmetry to a smaller structural 
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reorganization that occurs when CsPbBr3 NCs are converted to CsPbI3 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 CsPbBr3 NCs with different average sizes to study the size-

dependence of anion exchange to produce CsPbI3 NCs. We used single-particle fluorescence 

microscopy to image the transformation of individual CsPbBr3 NCs to CsPbI3. 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 smaller dependence of the switching time on the simulated 

concentration. By combining our experimental results with these simulations, we propose that 

smaller CsPbBr3 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.  
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3.2 Experimental 
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.), 

1-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℃ 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 CsPbBr3 NCs with an 

average edge length of 9.5 nm was adapted from the procedure of Kovalenko et al.,28 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 

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 
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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.,67 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 ZnBr2 (0 – 0.533 g) 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 CsPbBr3 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℃ (for 5.1-nm NCs) 

or 190℃ (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 

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 
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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.68 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 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 

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 
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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 and exit slits were set to 5 nm. To prepare samples 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 µL 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-µL 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 3.9 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 samples 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 section 2.2 of Chapter 2 and in our previous reports.41, 62, 63   

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 100× oil-immersion objective lens with a numerical aperture of 1.49 

and a working distance of 210 μm. An X-cite 120 LED system with a light intensity of ∼29 

µW/cm2 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.63 The concentrations of TMSI solutions we used were 5, 7.5, 10, 12.5, 15, 20, 30, 50 µM. 

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 CsPbBr3-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-xI3 NCs shifts to longer wavelengths as they become richer in 

iodide, leading to an increase in their fluorescence intensity. An Andor iXon 897 electron-
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multiplying CCD camera (512 × 512, 16 μm pixels, > 90% quantum efficiency) was used to 

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

 

Transmission electron microscopy (TEM) 

TEM images were acquired by using a JEOL 2100F TEM operated at an acceleration voltage of 

200 kV. An aliquot of the solution of CsPbBr3 NCs was diluted approximately 10 times with 

hexane. Then, 20 μL of the diluted solution was drop cast onto a copper TEM grid in a glovebox 

and allowed to dry at room temperature. 

 

X-ray Diffraction (XRD) 

XRD patterns were measured in air with a Bruker D8 Advance X-ray diffractometer (wavelength 

= 0.15418 nm using Cu Kα radiation, step size = 0.02 in 2θ, and scan rate = 0.5 seconds/step). For 

each batch of CsPbBr3 nanocrystals (NCs), the solution was drop cast onto a low-background, 

silicon diffraction plate for XRD in a nitrogen-filled glovebox. The XRD plate was kept in the 

glovebox until completely dry and brought to the diffractometer in a nitrogen-filled zip-lock bag. 

The experimental diffraction patterns were compared to a standard XRD pattern for the 

orthorhombic phase of CsPbBr3 (PDF card #04-014-9676).  

 

Analysis of fluorescence videos 

The intensity changes versus time during anion exchange for individual CsPbBr3 NCs were 

recorded using fluorescence microscopy. To plot single-particle reaction trajectories, the 

brightness and contrast of each video were first adjusted automatically by using the built-in look-

up tables (LUTs) of the Nikon Analysis software (Version 4.50). Particles exhibiting fluorescence 
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intermittency with digital “on” and “off” states in their reaction trajectories were considered to be 

single particles (see Figure 3.11). Only these single particles were selected for further analysis 

while clusters of particles (i.e., multiple emitters within a diffraction-limited spot) that did not 

show a clear off state were excluded.  

To obtain statistical information on anion exchange under different reaction conditions (e.g., 

different concentrations of trimethylsilyl iodide, TMSI, and difference sizes of NCs), we analyzed 

the changes in fluorescence intensity of hundreds of single CsPbBr3 NCs undergoing anion 

exchange within the same field of view of the microscope. To quantify differences in the reaction 

trajectories for different NCs, we defined a “switching time” for each trajectory, which was 

obtained by fitting the trajectory with a sigmoidal function: 

𝐼(t) = 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
(𝐼𝑓𝑖𝑛𝑎𝑙 − 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

1 + 𝑒(𝑏−𝑡 𝜏⁄ )
(3.1) 

𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙  and 𝐼𝑓𝑖𝑛𝑎𝑙  are the mean values of fluorescence intensity within a 5-s window (100 data 

points) at the start and the maximum intensity of a single-particle trajectory, respectively. We 

extracted two parameters, 𝑏 and 𝜏, from fitting the trajectories using MATLAB. The value of 𝜏 

represents the switching time, which indicates the steepness of the intensity rise for a sigmoidal 

trajectory, while 𝑏 is the inflection point of the sigmoidal curve. The goodness of fit was evaluated 

by the correlation coefficient. Only trajectories with a correlation coefficient above 0.75 were used 

in further analysis. 

 

 

Monte Carlo simulations 
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We started with a model developed by Routzahn and Jain, who previously applied Monte 

Carlo methods to simulate cation exchange between AgNO3 and CdSe NCs to form Ag2Se 

NCs.58 In previous work, we adapted this model to study how the relative miscibility between 

initial and final crystals affects the kinetics of anion exchange between various pairs of cesium 

lead halide nanocrystals (e.g., forward and back exchange between CsPbCl3 and CsPbBr3 NCs 

and between CsPbBr3 and CsPbI3 NCs).41, 63 In the current work, Monte Carlo simulations 

were used to model single-particle trajectories for anion exchange of CsPbBr3 NCs with 

different sizes to CsPbI3. Each simulation included 500 particles, and each particle had 20 sites 

for exchange events to take place. At each step, a particle was chosen at random to react. If all 

20 sites of this particle had already undergone exchange, the trajectory moved to the next time 

step without exchange. Otherwise, the success or failure for the 𝑖𝑡ℎ  exchange event in the 

selected particle was determined by the probability 𝑝𝑖. The exchange event occurred only if 𝑝𝑖 

was larger than a random number between 0 and 1 generated by the simulation. This process 

was repeated until either the average number of exchanged sites among the 500 particles 

reached 19.998 or until the total time steps reached 600,000. Cooperativity during the reaction 

was controlled by how the value of 𝑝𝑖 changed with consecutive successful exchange events 

in a particle during the simulation. The value of 𝑝𝑖 was determined by an equilibrium constant 

𝑘𝑖 and the change in free energy ∆𝐺𝑖 for each exchange event. The relationships among 𝑝𝑖, 𝑘𝑖 

and ∆𝐺𝑖 are described by the following equations: 

𝑘𝑖 = exp(−∆𝐺𝑖) (3.2) 

𝑝𝑖 =  
𝑘𝑖

1 +  𝑘𝑖

(3.3) 

The change in free energy for 𝑖𝑡ℎ exchange event is: 
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∆𝐺𝑖 =  ∆𝐺0 +  ∆𝑔𝑖 (3.4) 

where ∆𝐺0 is a constant that depends on the simulated concentration of substitutional ions, and 

∆𝑔𝑖 determines how the free energy changes with the number of successful events.  

To simulate different concentrations of substitutional ions used to induce anion exchange, an 

empirical factor, 𝑘1, was varied from 0.03 to 0.24; this range of values allows the simulation code 

to run within a reasonable number of time steps (< 600,000). The values of 𝑘1 were converted to 

simulated concentrations, 𝑘0, with an empirical scaling factor used to make the range of simulated 

concentrations within the same order of magnitude as the experimental range of TMSI 

concentrations. The relationship between 𝑘0 and 𝑘1 is given by the following equation: 

𝑘0 =  
𝑘1

0.03
(3.5) 

Constant-probability model: In this model, future exchange events are not affected by the number 

of exchange events that have already occurred in a particle. The value of ∆𝑔𝑖 is 0 for all time steps. 

Consequently, the probability for each exchange event is constant. This model produces switching 

times that are strongly dependent on the simulated concentration, 𝑘0, similar to what we observed 

for CsPbBr3 NCs with small sizes (i.e., 5.1 and 6.1 nm). 

Exchange-density model: Our previous work used this model for anion exchange from CsPbCl3 to 

CsPbBr3 NCs and from CsPbBr3 to CsPbI3 NCs.41, 63 For these exchange pairs, we determined that 

the concentration dependence of switching times could be reproduced when the value of ∆𝐺𝑖 

gradually decreased with the number of successful exchange events (and thus the probability for 

exchange gradually increased). Thus, we used a quadratic dependence for how the change in free 

energy, ∆𝑔𝑖, changed with the number of exchanged sites in a particle.  
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∆𝑔𝑖 =  −𝛿𝑖2 (3.6) 

where 𝛿 is an empirical constant. However, we previously only modeled the exchange of CsPbBr3 

NCs with an average size 9.4 nm in which 𝛿 was set to 0.005. More recent reports have shown that 

CsPbI3 NCs exhibit size-dependent surface strain, which changes the lattice constants of the 

nanocrystals.16 Thus, we hypothesized that the miscibility between CsPbBr3 and CsPbI3 is size 

dependent at the nanoscale. To account for this size dependence, we varied the value of 𝛿 to change 

the degree of cooperativity for anion exchange. Simulated changes in the free energy, Δ𝐺𝑖, and 

probability, 𝑝𝑖, for anion exchange as the number of exchange events, 𝑖, in a particle increases for 

𝛿 values of 0.0005, 0.001, 0.005, 0.01, 0.02, 0.03, and 0.05 to are shown in Figure 3.S10 below. 

When is 𝛿 small (i.e., 𝛿 = 0.0005), the results reproduce those of the constant-probability model. 

As 𝛿 increases, the probability for further exchange increases more steeply with the number of 

exchange events. 
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3.3 Results 
We first characterized the structural and ensemble optical properties of colloidal CsPbBr3 

nanocrystals (NCs) synthesized by the hot-injection method. Details of the synthesis are provided 

in the Experimental section 3.2. CsPbBr3 NCs with average edge lengths of 5.1, 6.1, 7.8, 9.5, and 

13.1 nm were synthesized by adapting procedures from previous literature reports.28, 67, 68 

Representative transmission electron microscopy (TEM) images for each batch of CsPbBr3 NCs 

are shown in Figure 3.1. Histograms of the distribution of edge lengths for each average NC size 

were fit to a normal distribution and are provided in Figure 3.6 of the Appendix B. 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 3.2(a)) and UV-visible absorption spectra 

(Figure 3.7) show size-dependent spectral shifts consistent with prior reports.28, 29, 44, 67-69 Due 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 3.1 in the Appendix B provides 

the peak maxima and full widths at half maximum of the PL spectra. X-ray diffraction (XRD) 

patterns indicate that all batches of CsPbBr3 NCs possess the orthorhombic perovskite structure 

(Figure 3.8). Broadening of the diffraction peaks was also observed as the NC size decreased as 

expected based on Scherrer broadening. 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. 
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Figure 3.1. (a-e) TEM images of CsPbBr3 NCs with different sizes. The average edge lengths of 

the NCs are (a) 5.1 ± 0.6 nm, (b) 6.1 ± 0.8 nm, (c) 7.8 ± 1.2 nm, (d) 9.5 ± 1.5 nm, and (e) 13.1 

± 2.0  15.8 ± 3.2 nm. Histograms of the size distribution for each batch of NCs are shown in 

Figure 3.6. 

 

We next studied the transformation from CsPbBr3 to CsPbI3 NCs at the ensemble level using 

fluorescence spectroscopy. Trimethylsilyl iodide (TMSI) was used as a precursor to convert 

CsPbBr3 nanocrystals to CsPbI3 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,63 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 CsPbI3.
40 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 3.2 and Figure 3.9 for details). Immediately after the addition of TMSI, the cuvette was 

a b c

20 nmd e
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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 3.2(b). The PL maximum of the 

initial CsPbBr3 NCs was 486 nm, which shifts 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. The changes in 

PL emission maxima for 13.1-nm CsPbBr3 NCs after TMSI addition are shown in Figure 3.2(c). 

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.44  
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Figure 3.2. (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. 

(b) Time evolution of PL spectra for 5.1-nm CsPbBr3 NCs after the addition of excess TMSI (0.01 

M, 100 µL) 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 µL). 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 CsPbI3 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 3.2 and in our previous work.41, 62, 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 3.3(a)). 

We chose a filter set that blocks emission from the initial CsPbBr3 NCs but collects light emitted 

from iodide-rich CsPbBrxI3-x NCs (Figure 3.10). As the emission from each NC shifts to longer 
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wavelengths during anion exchange, they appear as bright spots within the microscope field-of-

view (Figure 3.3(b, c)). Each reaction trajectory consists of the change in fluorescence intensity 

for a single particle with time (Figure 3.4). 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 3.11 and 3.12 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 

ensemble of NCs. The incubation times when using a TMSI solution with a concentration of 5 µM 

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 3.2 (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 is 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.  
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Figure 3.3. (a) Schematic of single-particle imaging of anion exchange using a flow cell placed 

over an inverted fluorescence microscope. The observation window of the emission filter is 590 – 

649 nm (Figure 3.10). (b) Snapshot (t = 229 s, measured from when TMSI was injected into the 

flow cell) 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 CsPbI3. The TMSI concentration used to induce the transformation 

was 12.5 µM. The background brightness of each snapshot was set to same intensity. 

 

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.41, 62, 63 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 CsPbBr3 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 µM) to induce anion 

exchange are shown in Figure 3.4. 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.  

10 µm

TMSI Out b ca

TMSI

CsPbI3CsPbBr3

t = 229 s t = 438 s
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Figure 3.4. Representative single-particle fluorescence trajectories during anion exchange of 

CsPbBr3 NCs to CsPbI3. (a) Trajectories of 5.1-nm CsPbBr3 NCs transformed using a TMSI 

solution with a concentration of 5 µM. (b) Trajectories of 13.1-nm CsPbBr3 NCs transformed using 

a TMSI solution with a concentration of 5 µM. (c) Trajectories of 5.1-nm CsPbBr3 NCs 

transformed using a TMSI solution with a concentration of 50 µM. (d) Trajectories of 13.1-nm 
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CsPbBr3 NCs transformed using a TMSI solution with a concentration of 50 µM. Panels (e) and 

(f) compare trajectories at different TMSI concentrations. (e) Trajectories of 5.1-nm CsPbBr3 NCs 

transformed using a TMSI solution with a concentration of 5 µM (red, middle trace in panel a) and 

50 µM (green, bottom trace in panel c). (f) Trajectories of 13.1-nm CsPbBr3 NCs transformed 

using a TMSI solution with a concentration of 5 µM (red, middle trace in panel b) and 50 µM 

(green, bottom trace in panel d). The vertical dashed lines indicate where the single-particle 

trajectories start to rise (set to 0 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 µM. 

 

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 section 3.4 for details). 

A shorter switching time indicates a steeper rise in intensity. We performed single-particle 

microscopy on each batch of NCs with using TMSI concentrations of 5, 7.5, 10, 12.5, 15, 20, 30, 

and 50 µM 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 3.13). The mean switching times for each condition are shown 

in Figure 3.5(a) (see also Figure 3.14 in the Appendix B 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 CsPbBr3-xIx NCs comes into view with the filter set used. For the portion of the 

exchange reaction that we observe, two important trends emerge as can be seen in Figure 3.5(a). 

1) Smaller NCs exhibit longer switching times during anion exchange. 2) The switching times of 
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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 µM to 50 µM, the mean switching time  ( first standard deviation) decreases from 135.6 ± 37.3 

s to 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.  

 

 

Figure 3.5. 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 µM. (b) Simulated switching times for different values of cooperativity, δ, and 

concentration, k0. Each data point represents the mean of simulated trajectories from 500 particles. 

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. 
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3.4 Model for size-dependent reactivity 
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 Appendix 

B 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. 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.41, 58, 62, 63 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.63 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.  

∆𝐺𝑖 = ∆𝐺0 − 𝛿𝑖2 (3.7) 

Where 𝑖 is the number of exchange events in a particle, ∆𝐺𝑖 is the change in free energy for the 𝑖𝑡ℎ 

exchange event, and ∆𝐺0 and 𝛿 are empirical constants. We adapted this model by varying the 

value of 𝛿, which determines the degree of cooperativity during the simulation. As 𝛿 increases, 

the degree of cooperativity increases, and the probability for further exchange increases more 

rapidly as the reaction progresses (Figure 3.15). For each value of 𝛿, the value of ∆𝐺0 was varied 

to simulate different concentrations of substitutional iodide (see section 3.2 for details). Simulated 

reaction trajectories for different values of 𝛿 are shown in Figure 3.16. As the value of 𝛿 increases, 

the trajectories of individual particles become increasingly sharper relative to the ensemble 
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trajectory. The mean switching times for the simulations are shown in Figure 3.5(b). Switching 

times for additional values of 𝛿 are shown in Figure 3.17. The values of 𝛿 shown in Figure 3.5(b) 

were chosen as they exhibit qualitatively similar concentration dependences to the experimental 

data. Larger values of 𝛿 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 CsPbI3 

crystals at the nanoscale. Calculations using density functional theory indicate that the cubic 

perovskite phase becomes thermodynamically stable in both CsPbBr3 and CsPbI3 for small crystal 

sizes (edge lengths ranging from 2.7 to 10 nm for CsPbI3 and from 9.7 to 48.3 nm for CsPbBr3 

depending on the calculation).17, 18 Rather than a distinct phase transition between the cubic and 

orthorhombic perovskite phases of CsPbI3, Zhao and coworkers have shown that the lattice 

constants and tilting of PbI6 octahedra vary continuously for NCs in the size range of 5 to 15 nm;16 

larger NCs have the orthorhombic structure, but they become more cubic like as the size decreases. 

Such measurements have not been performed on CsPbBr3 NCs. However, due to their different 

surface energies18 and anion radii (1.82 Å for Br– and 2.06 Å for I–), we hypothesize that the degree 

of size-dependent octahedral tilting will be different between CsPbBr3 and CsPbI3. 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).41, 62, 63  Thus, our results are consistent with higher miscibility between 

CsPbBr3 and CsPbI3 for smaller sizes when their crystal structures are more cubic like. The 
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miscibility decreases for larger NC sizes due to changes in the tilting patterns of the PbX6 octahedra 

that differ for the orthorhombic perovskite phases of these two materials.  

A larger difference between the structures of CsPbBr3 and CsPbI3 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.43, 70 On the other hand, our results indicate that 

larger CsPbBr3 NCs require nucleation of an iodide-rich phase within the CsPbBr3 NCs. Once the 

iodide-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 CsPbI3 (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 CsPbI3. Masuo and coworkers showed that CsPbBr3 NCs with an average size of 7.8 

nm behaved as single-photon emitters during anion exchange, indicating a homogenous structure 

throughout the reaction.64 When this group performed the same studies on CsPbBr3 NCs with an 

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

exchange,66 which they attributed to the presence of distinct iodide-rich and bromide-rich regions 

within the NC during anion exchange.  
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3.5 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 CsPbI3 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. 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 3.5(a) 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 composition) for individual nanocrystals when 

targeting a specific composition and emission wavelength through anion exchange. Future work 

includes understanding how the size-dependent miscibility and switching times affect the presence 

and distribution of defects introduced during anion exchange.  
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3.6 Appendix B 

3.6.1 Tables 

 

Table 3.1. Maxima in the PL spectra and their full width at half-maximum (FWHM) for CsPbBr3 

NCs with different sizes. 

Size (nm) PL max (nm) PL max (eV) FWHM (nm) FWHM (eV) 

5.1 ± 0.6 485 2.56 20.20 0.11 

6.1 ± 0.8 489 2.54 23.62 0.12 

7.8 ± 1.2 502 2.47 32.06 0.16 

9.5 ± 1.5 511 2.43 21.27 0.10 

13.1 ± 2.0 516 2.40 15.68 0.07 

 

  



115 

 

3.6.2 Figures 

 

Figure 3.6. Size distributions of the CsPbBr3 NCs shown in Figure 3.1. The average edge length 

and first standard deviation in the edge length for four batches of NCs are (a) 5.1 ± 0.6 nm, (b) 6.1 

± 0.8 nm, (c) 7.8 ± 1.2 nm, and (d) 9.5 ± 1.5 nm. For the largest batch of NCs, which includes 

rectangular particles, the shorter edge is (e) 13.1 ± 2.0 nm, and the longer edge (f) is 15.8 ± 3.2 

nm. 
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Figure 3.7. (a) UV-visible absorption spectra of CsPbBr3 NCs with different sizes. (b) Magnified 

view of the absorption spectra showing the change in the energy of the first exciton absorption 

with NC size. The spectra have been vertically offset for clarity.  
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Figure 3.8. XRD patterns of CsPbBr3 NCs with different sizes. The diffraction peaks broaden and 

decrease in intensity as the average size of the NCs decreases as a result of Scherrer broadening 

due to the finite size of the crystals. The impurity peak marked with an asterisk in the purple pattern 

(13.1 nm) is attributed to PbBr2 from degradation of the CsPbBr3 NCs. The vertical black lines at 

the bottom of the plot provide the standard pattern for orthorhombic CsPbBr3 (PDF card # 04-014-

9676). 
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Figure 3.9. (a) Photoluminescence (PL) spectra of 5.1-nm CsPbBr3 NCs after the addition of 

increasing amounts of a 0.001 M solution of TMSI in hexane. (b) PL spectra of 7.8-nm CsPbBr3 

NCs after the addition of increasing amounts of a 0.001 M solution of TMSI. (c) PL spectra of 

13.1-nm CsPbBr3 NCs after the addition of increasing amounts of a 0.001 M solution of TMSI. 

Aliquots (20 µL) of the TMSI solution were sequentially added to the cuvette containing the 

solution of CsPbBr3 NCs. The total volume of the TMSI solution added before each spectrum was 

obtained is provided in the legend. All PL spectra were normalized to same maximum intensity. 
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Figure 3.10. Transmittance spectra of the excitation filter (blue trace) and the combination of the 

emission filter and dichroic mirror (red trace) using to image anion exchange through single-

particle fluorescence microscopy. 
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Figure 3.11. Representative intensity trajectories for single iodide-rich CsPbBr3-xIx NCs following 

the transformation of CsPbBr3 NCs with a size of 9.5 nm and using a TMSI concentration of 5 μM. 

Each of the black traces on the left-hand side is a segment of the trajectory after the intensity 

stopped increasing (i.e., following the exchange reaction). Each of the red traces shows the 

background intensity in a nearby region not containing any particles. The blue histograms on the 

right-hand side show the intensity distributions of the black traces. Intensity trajectories that 

exhibit fluorescence intermittency with clear off states are indicative of single particles. 
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Figure 3.12. Representative intensity trajectories of clusters of CsPbBr3-xIx NCs following the 

transformation CsPbBr3 NCs with a size of 9.5 nm and using a TMSI concentration of 5 μM. Each 

of the black traces on the left-hand side is a segment of the trajectory after the intensity stopped 

increasing (i.e., following the exchange reaction). Each of the red traces shows the background 

intensity in a nearby region not containing any particles. The blue histograms on the right-hand 

side show the intensity distributions of the black traces. Unlike the trajectories for single particles 

shown in Figure 3.11 above, clusters of particles do not show clear off states as each particle in 

the cluster blinks independently. Clusters of particles were not used in further analysis of the 

switching times. 

 

  



122 

 

 

Figure 3.13. Representative switching times for different NCs as a function of position along the 

(a) x-axis and (b) y-axis of the microscope field of view. The sample consisted of CsPbBr3 NCs 

with an average size of 9.5 nm. A TMSI solution with a concentration of 50 µM was used to induce 

anion exchange. This representative example shows that switching times are independent of where 

the NC is located within the microscope field of view. 
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Figure 3.14. Concentration dependence of switching times for CsPbBr3 NCs with different 

average sizes. The TMSI concentrations used for each NC size were: 5, 7.5, 10, 12.5, and 15 µM. 

These data are the same as those in Figure 3.5(a); the plot is expanded here to show the switching 

times at low TMSI concentrations. 
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Figure 3.15. (a, b) Simulated changes in the free energy, Δ𝐺𝑖, for anion exchange as the number 

of exchange events, 𝑖 , in a particle increases. Increasing values of 𝛿  for the different curves 

represent increasing cooperativity for anion exchange. (a) Δ𝐺𝑖  for the lowest simulated 

concentration ( 𝑘0  =  1 ). (b) Δ𝐺𝑖  for the highest simulated concentration ( 𝑘0  = 8 ). (c, d) 

Simulated probabilities for anion exchange as 𝑖 increases. (c) Probability for the lowest simulated 

concentration (𝑘0  =  1). (d) Probability for the highest simulated concentration (𝑘0  =  8).  
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Figure 3.16. Simulated trajectories for anion exchange. For each panel, the top plot shows the 

average reaction trajectory for an ensemble of 500 particles, and the bottom plot shows 

representative trajectories for single particles. (a) Simulated trajectories using the smallest degree 

of cooperativity (𝛿 = 0.0005) and the lowest concentration (𝑘0 = 1). (b) Simulated trajectories 

using the smallest degree of cooperativity (𝛿 = 0.0005) and the highest concentration (𝑘0 = 8). 

(c) Simulated trajectories using the largest degree of cooperativity (𝛿 = 0.05) and the lowest 

concentration (𝑘0 = 1). (b) Simulated trajectories using the largest degree of cooperativity (𝛿 =

0.05) and the highest concentration (𝑘0 = 8). 
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Figure 3.17. Simulated switching times for different values of 𝛿  and 𝑘0 . This plot shows the 

switching times for additional values of 𝛿 that are not shown in Figure 3.5(b). The dashed lines 

are guides to the eye. The error bars for each data point indicate the standard deviation in the 

simulated switching times. 
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Chapter 4: Conclusions and Perspectives 

4.1 Conclusions 
Using single-particle fluorescence microscopy, we demonstrate that individual CsPbX3 NCs 

exhibit heterogeneous reactivity during anion exchange, which is averaged out during ensemble 

measurements. This reaction involves different degrees of structural changes within the NCs, 

depending on the relative miscibility between the initial and final structures. Specifically, the 

reaction times during anion exchange of CsPbBr3 NCs to CsPbI3 are longer and exhibit a stronger 

dependence on the concentration of substitutional halide anions compared to the reverse 

transformation of CsPbI3 NCs to CsPbBr3. We attribute this difference to the more abrupt change 

in the structure of CsPbX3 NCs when anion exchange starts from CsPbI3 NCs, relative to when the 

transformation starts from CsPbBr3 NCs, indicating that the exchange reaction is not reversible. 

While the results of Chapter 2 indicated that CsPbBr3 nanocrystals undergo a smooth 

transition to CsPbI3, we further investigated size effects during anion exchange of CsPbBr3 NCs 

to CsPbI3. We observe that smaller NCs (< 8 nm) exhibit longer reaction times which depend more 

strongly on the concentration of substitutional halide anions compared with larger NCs (> 8 nm). 

To rationalize this size-dependent chemical reactivity, we propose a mechanism in which size-

dependent miscibility controls the reaction kinetics. While smaller NCs maintain a homogenous 

structure throughout anion exchange, an iodide-rich region with a different structure from CsPbBr3 

must nucleate within larger NCs. 

The mechanistic insights developed through this research can provide more precise control of 

post-synthetic anion exchange to reduce the heterogeneities in composition and defects in the 

crystal structure. Relatively large NCs (> 10 nm) and a high concentration of substitutional anions 
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surrounding each NC may provide a method to minimize the compositional variations. 

Furthermore, the study of anion exchange of single CsPbX3 NCs can also provide insights into the 

mechanism of other chemical reactions in NCs. For example, lead halide NCs are sensitive to water 

and will degrade fast if exposed to moisture. The relationship between the degradation rate and 

humidity could be studied by quantitively measuring emission intensity and blinking statistics with 

the technique of single-particle fluorescence imaging. 
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4.2 Perspectives 
We observe the asymmetric reactivity during anion exchange of CsPbI3 NCs to CsPbBr3 

compared with that of CsPbBr3 NCs to CsPbI3. We also find the chemical reactivity of anion 

exchange from CsPbBr3 NCs to CsPbI3 is size-dependent. A logical extension of the work 

described in this dissertation will be to study the size dependence of the transformation of CsPbI3 

NCs to CsPbBr3. Since the cubic phase of CsPbI3 NCs is more stable at smaller sizes, smaller 

CsPbI3 NCs may undergo different degrees of structural change compared to the larger CsPbI3 

NCs. With the results of this future work, we may have a clear understanding of how the structure 

changes step by step during anion exchange between CsPbBr3 and CsPbI3 NCs. Furthermore, while 

surface strain and phase stability are size dependent in CsPbX3 NCs, how size affects defects 

within NCs is not clear. As the fraction of on and off states during single-particle fluorescence 

imaging reflects the concentration of defects, single-particle imaging provide a method to study 

the size dependence of defects by analyzing blinking statistics of single NCs.  

Currently, the reagent used for halide substitution must be non-polar, so it is compatible with 

a non-polar solvent (e.g., hexane) used to disperse the CsPbX3 NCs during anion exchange. 

Especially for smaller NCs (< 8 nm), a reagent for anion substitution with large steric hindrance 

(e.g., a long-chain group connected to halide anion) may cause collapse of NC structure, as it 

induces a lot of surface strain when halide anions intercalate NCs. More suitable reagents to induce 

anion exchange with less degradation at mild conditions are desired in future research. 

Synthetic methods to achieve a narrow size distribution of NCs still have a long way to go. 

The synthesis of CsPbX3 NCs via the hydrothermal method or co-precipitation method involves 

rapid crystal growth, which makes the control of size distribution more difficult. Proper ligands, 

relatively low temperature and single-phase reaction may be possible factors leading to better 
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control of size distribution during synthesis.1-3 Additionally, smaller CsPbX3 NCs are less stable 

during storage. Even the application of large CsPbX3 NCs is limited by the stability problem. Thus, 

new methodologies to stabilize CsPbX3 NCs are desired. My colleague Dr. Dong Wang and I 

studied the feasibility of the protecting CsPbBr3 NCs by coating them with a silicon dioxide (SiO2) 

shell. While SiO2 shells show a possible solution to improve the thermostability of CsPbBr3 NCs, 

we need more work to figure out if they can stabilize the cores during chemical reactions. Our 

ultimate goal is to reduce inhomogeneities in CsPbX3 NCs and enhance the performance of this 

light emitting material with high color purity and a long lifetime. 
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