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Understanding the synthesis of colloidal quantum dots (QDs) allows for precise control 

over desired properties such as emission wavelength, morphology, phase, or monodispersity. InP 

is a crucial QD material due to its direct bandgap tunable across the visible and near-infrared 

wavelengths, strong absorbance coefficient, and lack of restricted heavy metals. Important 

developments in colloidal InP synthesis include size control through secondary injections, high 

photoluminescence quantum yield through surface passivation, and discovery of atomically-

precise clusters. However, challenges remain including the lack of mechanisms for precursor 

reactivity-based size control, minimal routes to anisotropic morphologies, and high temperatures 

required for crystallization. The studies presented herein address these challenges by taking 



 

inspiration from how nature controls ionic strength for facile crystallization, nucleation with 

organized cation-binding moieties, and crystallization with confined spaces. 

 Chapter 1 introduces colloidal nanocrystal nucleation and growth, and details how 

biomineralization can inspire solutions for outstanding InP synthetic challenges. Chapter 2 

explores InP QD synthesis in polar solvent environments. Polar solvents are hypothesized to 

lower the crystallization temperature of InP by imparting ionicity or stabilizing charged reaction 

species. High-throughput experimentation identifies key factors for low temperature growth as 

increased percentage of polar solvent, carboxylic acid choice, and inclusion of polar additives. 

Guided by these insights, high-quality, crystalline InP QDs were synthesized at 60 °C using a 

toluene-dimethylformamide mixture, and exhibited a photoluminescence quantum yield of 25% 

after HF treatment. Chapter 3 demonstrates indium precursor reactivity-based size control for 

InP QDs using aminophosphine chemistry. Increasing the equivalents of metal-chelating 

aminopolycarboxylic acid EDTA ([CH2N(CH2CO2H)2]2) was found to decrease the final 

diameter of InP QDs from 4.5 to 2.3 nm by lowering the initial InP growth rate. This size trend 

was rationalized by invoking a continuous nucleation model in which suppressed initial growth 

rates are attributed to a competitive decrease in reactivity caused by indium-EDTA complexation 

and a lower effective concentration. Chapter 4 presents the synthesis of zinc blende InP 

nanowires made using indium tris(trifluoroacetate) and tris(diethylaminophosphine). 

Transmission electron microscopy and nuclear magnetic resonance spectroscopy identified a 

solution-liquid-solid growth mechanism using in situ-formed indium metal nanoparticles with 

the aminophosphine as the reducing agent. 
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Chapter 1. INTRODUCTION 

1.1 COLLOIDAL NANOCRYSTAL NUCLEATION AND GROWTH 

Colloidal nanocrystal nucleation and growth involves two components, the molecular 

component, precursor chemistry, and the non-molecular component, crystallization (Figure 1.1). 

The molecular component comprises of the generation of solutes as ions in solution or from bond-

forming reactions between the initial molecular reagents. The solutes go on to be the building 

blocks for crystallization, starting with solute build-up leading to nucleation of the crystalline 

phase, and then the nuclei undergo growth to a larger crystal. Colloquially, the nucleation process 

is a transition from disparate, unordered solutes that come together, with increasing concentration 

and structure, in the initial emergence of a crystalline phase, the nucleus. Classical Nucleation 

Theory defines nucleation as formation of a critical crystal size, the nucleus, that is the largest size 

where it does not dissolve and the smallest size where it can grow larger.1 Critical crystal size is 

thermodynamically determined by a balance of unfavorable surface energy and favorable free 

energy loss due to higher chemical potential of the solute in solution than as a component in the 

crystal.1 After nucleation, the new nanocrystal undergoes growth. Common models for nanocrystal 

growth include diffusion-limited growth, where the growth rate depends on the diffusion rate of 

solutes to the surface, and reaction-limited growth, where the reactivity of solutes at the 

nanocrystal surface controls the growth rate.2,3 
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Figure 1.1 Molecular and nonmolecular components of colloidal nanocrystal synthesis. 

 

1.1.1 Complexities in Nanocrystal Nucleation 

However, few systems can be fully explained by classical nucleation theory or simple 

growth models. Crystallization occurs in systems with varying degrees of complexity of the free 

energy landscape and influence of dynamics.4 From conventional nucleation, increasing 

complexity can arise in the form of thermodynamically metastable particles, metastable phases, or 

modulation by templates or mineralizing agents.4 One example of metastable phases observed in 

the nucleation process of some systems including in proteins, polymers, biominerals, and 

molecular organic materials, is that nucleation goes through a ‘two-step’ phase change process by 

increasing concentration and structure sequentially rather than simultaneously.1,5,6 This creates an 

intermediate dense liquid phase within which the nuclei forms.1,7 Complexity is also introduced 

through dynamics by changing supersaturation or temperature and this induces crystallization 

through particle attachment or non-equilibrium material.4,6 For example, many natural systems 

exhibit crystallization through particle attachment such as bone, and are discussed further in the 

following section on biomineralization. Another example of dynamics affecting nucleation is 

found in experimental studies for iridium nanoparticles which have demonstrated a low-

molecularity kinetically-limited nucleus that differs from the thermodynamic nucleus of classical 

nucleation theory.8–10 
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 Another type of complexity in nanocrystal nucleation arises when the supersaturated 

solution where nucleation occurs is confined on the order of the nanocrystal size. This results in a 

limitation of the crystallization front to the size of the confined solution. Vapor-liquid-solid, and 

the analogous solution-liquid-solid (SLS) nanowire growth use this principle to force a growing 

crystal into a one dimensional morphology.11 In the SLS mechanism, the precursors are introduced 

in the solution along with a liquid metal nanoparticles, then as precursors dissolve in the liquid 

nanoparticle, supersaturation is reached and nucleation occurs. Because the liquid nanoparticle 

acts as a nanoreactor and facilitates localized high precursor concentration, the crystallization only 

occurs within the nanoparticle leading to extrusion of a one-dimensional nanowire. 

1.1.2 Impact of Nucleation and Growth on Nanocrystal Size 

Even within conventional nucleation that is invoked for colloidal nanocrystal synthesis, 

variations in the precursor chemistry, material system, temperature, and free energy landscape can 

cause complexities in the crystallization pathway.12–21 Figure 1.2 describes general nanocrystal 

nucleation and growth from precursors, where first precursors react to form solutes, which then 

can either form new nanocrystals, nucleation, or add to existing nanocrystals, growth. The balance 

between nucleation and growth affects the final nanocrystal size and size dispersity, which is a 

crucial property in determining the applications of semiconductor nanocrystals. A model proposed 

by LaMer and further developed by Sugimoto proposes that monodisperse nanocrystals form by 

temporally separated nucleation and growth, and the size can be controlled by the rate of solute 

production, in turn controlled by precursor reactivity.22,23 In the LaMer model, nucleation was 

assumed to be instantaneous to support the development of a diffusion-controlled growth model 

to explain monodisperse particle formation.2,23,24 First, solutes build in concentration until above 

a critical supersaturation concentration, then after ‘instantaneous’ nucleation, the solute 
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concentration drops and the remaining solutes add to existing nuclei through diffusion-limited 

growth.23 By increasing the precursor reactivity rate and therefore the rate of solute production, 

more nuclei form during the nucleation burst and grow to smaller nanocrystal size due to less 

solute left in solution, and the opposite with high precursor reactivity rates forming larger 

nanocrystals. This concept been demonstrated extensively by Owen and coworkers in II-VI and 

IV-VI nanocrystal systems, where thio- or selenoureas with varying reactivities control the 

nanocrystal size as described by the burst nucleation model.17 However, there are limitations to 

systems that can be described with the LaMer nucleation and growth model. Specifically, the 

system must follow mass balance between solute supply and consumption by nucleation and 

growth processes, the precursor to solute reaction must be rate-determining for crystallization, and 

nucleation rate must not be influenced by external templates or seeds.22 

 

Figure 1.2 Mass balance of solutes towards nucleation or growth. 

 

 Considering the complexity of crystallization, it is not surprising that many nanoparticle 

systems cannot be accurately described by the LaMer model.10,13,25–28 In fact, experimental studies 

in 2019 demonstrated that the original sulfur sol system mentioned in the proposal of the LaMer 

model does not fit a burst nucleation model and instead undergoes continuous nucleation.2 

Continuous nucleation was proposed in a 2-step nucleation and growth model from Finke and 
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Watzky based off fitting experimental iridium nanoparticle kinetics data to two simple kinetic 

equations.25 The first was a slow, continuous nucleation event from precursor (A) to a nanoparticle 

(B), then fast autocatalytic surface growth where A + B → 2B. This model was updated based on 

mechanism-enabled population balance modeling, where the particle-size distribution is fit using 

a minimal number of pseudoelementary steps.10 The best fit for the iridium nanoparticle size 

distribution was found through a one-step extension of the previous model that replaced the A + 

B → 2B step with two steps A + B → C and A + C → 1.5C. The former implies a constant growth 

rate for all particles, where in the latter case the rate of the first reaction was larger than that of the 

second implying that smaller particles experience faster growth rates by monomer addition than 

larger particles. Continuous nucleation and growth has been identified in other nanocrystalline 

systems, including binary semiconductor nanocrystals, and has been supported with data-driven 

kinetic models, absorbance spectroscopy, and x-ray scattering data.18,29–32 A notable example from 

Owens, Peters, and coworkers developed with a population balance model for lead chalcogenide 

nanocrystals demonstrated that nucleation events continued for up to 20% of the reaction time and 

size-dependent growth was necessary to fit the data.30,31 Size-dependent growth rates allow for 

systems with continuous nucleation to produce monodisperse nanoparticle populations, and 

revokes the idea that temporally separated nucleation and growth is necessary to achieve 

monodispersity.10,13,31 

1.2 LANDSCAPE OF INP NUCLEATION AND GROWTH 

1.2.1 Applications and Current Landscape 

The study of colloidal quantum dot (QD) nucleation and growth is imperative due to their 

applications in optoelectronics, high-speed electronics, bioimaging, photovoltaics, photocatalysis, 
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and quantum information science.33–45 The discovery and synthesis of QDs won the Nobel prize 

in 2023, highlighting the large impact of the tiny materials on science and technology.46 Confining 

a semiconductor to the nanoscale accesses emergent properties due to the quantum confinement 

effect.33 When the QD size is decreased below the material-specific Bohr exciton diameter, the 

electronic wavefunctions experience quantum confinement that leads to the widening of QD 

bandgap and discretization of the band edge states. The resulting size-dependent bandgap and 

isolation of the band-edge energy states allows for tunable color-pure emission that can span the 

color gamut for displays and lighting, and controllable charge transport for electronic or 

photocatalysis applications.33 The QD size, monodispersity, and concentration can also be 

evaluated as a function of the size-dependent absorbance and photoluminescence during and after 

synthesis which allows for detailed studies on nucleation and growth. 

Indium phosphide QDs are spectrally-tunable visible and near-infrared light emitters used 

industrially for optoelectronic applications47–49 and are also promising candidates for emerging 

applications such as electroluminescent light-emitting diodes (LEDs) and near-infrared emission 

for bioimaging.50–54 The relatively large, direct bulk bandgap of 1.35 eV, strong absorption 

coefficient, and lack of restricted heavy metals place InP as a crucial QD material.47 The synthesis 

of red-emitting InP QDs in particular has been optimized for unity photoluminescence quantum 

yield (PL QY) and applied industrially as a down-converting material for LEDs.55–57 In addition 

to isotropic QDs, InP nanowires are unique building blocks for electronic and optoelectronic 

devices due to retention of high carrier mobilities prized in bulk InP and emergent properties such 

as confined carrier transport in one dimension, large polarization sensitivity, amenity to hybrid 

structures, and a tunable band gap.35,36,39,58–64 Because InP QDs are successfully integrated in 



 

 

 

 

7 

commercial technologies, it is important fundamentally understand and optimize the synthetic 

process. 

 Currently, the colloidal InP synthetic landscape contains routes to InP QDs, atomically-

precise nanoclusters, nanowires, and nanorods. InP QDs and clusters are typically produced 

through hot-injection syntheses using high-boiling point nonpolar organic solvents, and the 

anisotropic nanocrystals through SLS growth methods. The specific chemistries, methods, and 

nucleation and growth mechanisms are reviewed in detail below. Direct colloidal nucleation of 

anisotropic InP is elusive and it has been proposed that successful methods to form nanoplatelets 

and nanorods of II-VI semiconductors are not transferrable to III-V semiconductors due to 

difficulties in balancing the charge of the cation-rich surface facets required for elongated 

nanocrystals.65 Synthetic control is an outstanding challenge in InP nanocrystals, specifically in 

the limited range of precursor reactivity-based size control, the lack of routes to make anisotropic 

nanocrystals, and the high temperatures required to nucleate and grow crystalline InP. Additional 

challenges with InP are its low native PL QY understood to be limited by structural defect-caused 

electronic traps, and the propensity to oxidation.47 These challenges related to photophysical 

properties and stability are not the focus of this thesis and have been studied extensively 

elsewhere.47,51,55,56,66–72 

1.2.2 InP Nanocrystal Synthetic Methods 

There are two main chemistries for colloidal InP QD synthesis based on the phosphorus 

precursor choice. The most commonly used chemistry employs indium alkanoates as the In3+ 

source, and tris(trimethylsilyl)phosphine for P3-. The first bond forming reaction is shown in 

Scheme 1.1a, where the In–P bond is formed through elimination of a silyl ester.12 Successful 

syntheses with this chemistry use hot-injection of the silylphosphine or of pre-formed InP clusters 
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into a bath of indium carboxylate or pre-formed InP seeds and solvent at high temperatures (260-

400 °C), although heat-up methods producing monodisperse InP QDs have also been 

demonstrated.16,55,73–75 The addition of tertiary phosphines has been demonstrated to assist in the 

solubility and reactivity of the indium carboxylate, and secondary injections of small InP clusters 

can be employed to increase the size while maintaining monodispersity.73,74 The resulting QDs 

possess a zinc-blende crystal structure and can range from quasi-spherical particles to tetrahedra.76 

This chemistry is responsible of high-quality InP QDs used in the display industry, however the 

silylphosphine precursor is extremely pyrophoric and produces toxic phosphine gas upon exposure 

to air or water.55 Another challenge, and also an opportunity, in this chemistry is the presence of 

kinetically persistent InP cluster intermediates, which preclude size control through precursor 

reactivity but offer an atomically precise platform to study surface properties and can act as a 

single source precursor for monodisperse synthesis of InP QDs.16,77–80 

 

Scheme 1.1 Precursor chemistry for InP nanocrystal synthesis. First bond-forming reactions for 

(a) the silylphosphine-based chemistry and (b) the aminophosphine-based chemistry. 
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Due to hazards associated with the silylphosphine-based InP synthesis, an alternate 

chemistry was developed in 2015 based on a less hazardous, more stable aminophosphine as the 

phosphorus source.81–84 The synthesis typically proceeds first through degassing the hydroscopic 

indium halide precursor in a bath of primary amine as the solvent, then hot-injection of the 

aminophosphine at reaction temperatures between 180 – 270 °C. The aminophosphine, typically 

tris(diethylamino)phosphine or tris(dimethylamino)phosphine, contains phosphorus in a +III 

oxidation state which must undergo a six electron reduction to phosphide (-III) in InP. The 

aminophosphine has been proposed to reduce itself during the In–P bond forming reaction, based 

on detailed 31P nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry, and density 

functional theory studies.83,84 Specifically, the aminophosphine complexes to the indium halide, 

and undergoes acid-base and redox reactions with another equivalent of aminophosphine 

supported by the primary amine solvent to form a complex of In(+III)–P(+I) and an oxidized 

P(NHR)4Cl phosphonium salt (Scheme 1.1b). The phosphonium salt has been observed by 31P 

NMR spectroscopy and mass spectrometry as P(NHR)4, where R is C18H35 and originated due to 

transamination of the aminophosphine with oleylamine, the primary amine used as the solvent.  

 Current colloidal methods for anisotropic InP nanocrystals are limited to the SLS 

mechanism, in addition to sparse examples of anisotropy accessed through cation exchange.85–87 

To the best of the author’s knowledge, there are only 15 unique reports of InP nanowire synthesis 

using SLS growth.11,88–94,61,95–100 SLS was discovered by Buhro and coworkers in 1995 while using 

organometallic reactions to form InP at temperatures lower than vapor-phase deposition, and 

mechanistic studies using a single-source InP precursor followed in 1997.11,88 Control over 

nanowire diameter was established by varying the metal nanoparticle diameter, along with length 

control based on precursor to metal nanoparticle ratios.89–94 Diameter- and length-dependent 
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optical properties of InP quantum wires and rods were determined through precise SLS-based 

synthesis and etching.61,95 A handful of reports studied optimization of self-seeded SLS for InP 

nanowires, where the an in-situ formed indium metal nanoparticle catalyzes nanowire growth. It 

is noteworthy that all the previously described syntheses either use single source InP precursors or 

tris(trimethylsilyl)phosphine. Innovation in the phosphorus precursor used for InP SLS is limited 

to two reports, one using solid (PH)x
99, and the other using aminophosphine with electrically-

controlled reduction and anchored metal nanoparticles98. This further highlights the need for 

further studies on anisotropic InP nanocrystal synthesis, especially using the less hazardous, less 

toxic aminophosphine precursor. 

1.2.3 Nuances in InP Quantum Dot Nucleation and Growth 

 For InP QDs, the nucleation and growth pathways depend heavily on the chemistry of the 

precursors, the solvent, and the temperature. The ‘InP’ solutes used in crystallization are not simple 

In+3 and P-3 ions but likely species containing at least one In–P bond and additional ligands for 

solubility. InP nucleation and growth in the system using aminophosphine-based chemistry has 

been shown to have temperature-dependent nucleation fractions.13 At lower temperatures (180 °C), 

nucleation occurs over a significant fraction of the reaction, while at higher temperatures, such as 

250 °C and above, there is a more ‘burst-like’ nucleation event.13 Size-control was achieved based 

on aminophosphine reactivity at higher temperatures within the ‘burst’ nucleation regime, but 

aminophosphines of different reactivities had little effect on the size under the continuous 

nucleation regime.13 Despite this result, other studies have shown that varying the indium halide82 

or using diamine additives to modify aminophosphine reactivity101 does control QD size at 

temperatures within the continuous nucleation regime. Notably, Chapter 3 describes the use of a 
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polycarboxylic acid additive to modify the indium precursor reactivity which controls size under 

the regime of continuous nucleation.26 

The impact of precursor reactivity on nanocrystal size within a continuous nucleation 

regime is more difficult to predict than when nucleation and growth are temporally separated with 

‘burst’ nucleation. Higher precursor reactivity leads to faster production of solute which can be 

directly correlated to the number of nuclei produced in a ‘burst’ nucleation event, but when 

nucleation is continuous, the solutes can either participate in nucleation or in growth on existing 

nuclei. Therefore, it is not surprising that there are different trends for how precursor reactivity 

affects nanocrystal size in systems with continuous nucleation. As mentioned previously, 

continuous nucleation has been measured for lead chalcogenides, and perhaps also cadmium 

chalcogenides, and higher precursor reactivities still lead to smaller nanoparticles as predicted by 

the traditional LaMer model of nucleation and growth.30,102 Conversely, the studies controlling 

precursor reactivity for InP under the continuous nucleation regime display the opposite trend, 

where higher lead to larger nanoparticles.26,101 A possible explanation for this is comes from 

comparing the extent of the nucleation fraction for aminophosphine-based InP and lead 

chalcogenides, reported each for several precursor reactivities by the Owen lab13,30, and noting that 

InP has longer nucleation fractions than lead chalcogenides. Chapter 3 of this thesis will further 

explore the topic of precursor reactivity-based size control in aminophosphine-based InP synthesis. 

InP nucleation and growth through the silylphosphine-based chemistry occurs through a 

two-step reaction pathway which also complicates synthetic control through precursor reactivity.16 

Cossairt and coworkers identified an atomically-precise InP magic-sized cluster (MSC) as a 

metastable intermediate on the route to InP QDs when using indium carboxylates and 

tris(trimethylsilyl)phosphine.16,19,77 The MSC was demonstrated as a single-source precursor for 
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InP QDs, and likely undergoes dissolution into fragments unique from the original solutes before 

proceeding through a second nucleation event to directly form QDs.16,103 These kinetically-

persistent MSCs preclude controlling the InP QD size by varying precursor reactivity. However, a 

computational study has suggested that the activation energy for In – P bond formation between a 

model indium carboxylate and PH3 is highly dependent on In – O bond cleavage, therefore 

resulting in a reactivity dependence on the conjugate carboxylic acid pKa.104 Outside of precursor 

reactivity, the size of InP QDs can be controlled through reaction time, temperature, and secondary 

injections.55,76,105,106 Secondary injections of additional indium and phosphorus precursors have 

been successfully implemented to control the size of monodisperse InP QDs.55,73 An example at 

the intersection of precursor reactivity and controlled growth demonstrated that varying the ratio 

of two silylphosphine precursors of different reactivities controlled the size of InP QDs by 

introducing solute both quickly, resulting in nucleation, and slowly, for growth.107 An 

underexplored region of the InP landscape is the nucleation and growth in polar solvents. Chapter 

2 will discuss the particular considerations of covalency and lattice stability of InP in the context 

of inducing crystallization at lower temperatures using polar solvents. 

1.3 INSPIRATION FROM NATURE TO SOLVE CHALLENGES IN NANOCRYSTAL 

SYNTHESIS 

Nature has evolved exquisite control over crystal growth both at the nanoscale and for 

hierarchical inorganic-organic structures such as shells and bone. The study of biomineralization 

reveals how systems enact detailed control over mineral nucleation, growth, shape, phase, and 

assembly.108 Despite similar objectives in the field of colloidal nanocrystal synthesis, the 

connection between mechanisms of synthetic control found in nature and opportunities for use in 

colloidal QD synthesis is underexplored, especially for highly covalent materials like InP. Here, 
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the lessons to be gained from nature on crystal growth are summarized with examples bridging the 

study of biomineralization and colloidal nanocrystal synthesis. Then, the lessons from nature are 

applied as inspiration in addressing outstanding issues in InP nanocrystal synthesis. 

1.3.1 Mechanisms of Control in Biomineralization Applied to Nanocrystal Synthesis 

Biomineralization is the how nature controls complex mineralization. A review from 

Nudelman and Sommerdijk outlines the five generalized elements of control over mineralization 

as chemical, spatial, structural, morphological, and constructional.108 Chemical control involves 

modulating the parameters responsible for nucleation and crystal growth such as supersaturation, 

solubility, and ionic composition through controlled matrices and biomolecules that promote or 

inhibit nucleation. For example, particular facets are favored for calcite mineralization in mollusk 

shells based on the acidic content of proteins in the mineralization environment.109,110 For a 

biomimetic example, varying hydrophobicity of peptoids has been shown to tune the nanocrystal 

morphology of the wide band-gap semiconductor zinc oxide.111 The chemical control offered by 

mineralization inhibitors plays a key role in directing the formation of bone, and it has also been 

shown that polypeptides with disordered metal-binding groups slow nucleation of calcium sulfate 

from sea water by a structural incompatibility with the lattice.112,113 Spatial control is related to 

chemical control and details the selective transport of species such as mineral precursors or 

inhibitors. An elegant example is found in bone where expression or destruction of a calcium 

phosphate inhibitor controls the location of bone formation.113 Controlled crystallization based of 

transport of mineral precursors was successfully mimicked through an artificial precursor flux to 

modulate mineralized titania structures.114 

Structural, morphological, and constructional control describe the influence of 

macromolecular templates or enclosures on the crystallographic structure, general morphology, 
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and assembly, respectively. An organic template can be used to direct the nucleation of 

biominerals, as observed in the teeth of a limpet where chitin fibrils template needle-like 

nanocrystals.115 The concept of templating minerals using designed biomolecules is particularly 

valuable for colloidal nanocrystal synthesis as it promises exceptional size and phase control 

through heterogeneous nucleation. For example, designer proteins with regularly-spaced 

negatively charged functional groups were shown to template non-natural phases of calcite116 and 

specific ordering of metal-binding groups on a protein were shown to direct the phase of titania117. 

Morphological control in biomineralization is often accessed by collecting amorphous 

nanoparticles in a defined enclosure which then undergo crystallization through an amorphous 

phase or by particle attachment.4,108 A striking example are the porous spines of sea urchins where 

a closely entangled macromolecular framework has been observed to direct the secondary 

crystallization of amorphous calcium carbonate to calcite.118,119 Mesophases are also known to 

play roles in templating nanocrystal formation and assembly, for example with QD-organic 

superlattices templated by liquid crystals, or MSCs formed and assembled within a mesophase.120–

122 Additionally, nanocrystal growth within structured environments is also observed in 

microemulsion-based growth methods or within protein cages, among other methods, including 

SLS growth.123,124 Finally, nature controls the construction of biominerals into complex 

hierarchical materials with organic and inorganic building blocks, exemplified by the intricate 

bundles of collogen and calcium phosphate in bone.4,113,125 Inorganic-organic hybrid assembly is 

a rich field and while it is outside of the scope of this review of biomineralization for inspiring 

nanocrystal nucleation and growth, Appendix A discusses several electron microscopy studies of 

hybrid inorganic-organic assembly.126–128 
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1.3.2 Addressing Challenges in InP Synthesis Inspired by Biomineralization 

Exploratory synthesis efforts are driven by thinking outside-of-the-box to access new 

regions of a synthetic landscape. In this thesis, paradigms from biomineralization are applied to 

address outstanding challenges in InP nanocrystal nucleation and growth. The studies presented 

here demonstrate that biomineralization strategies for crystallization control are applicable 

regardless of drastic differences in synthesis conditions between ambient, aqueous, ionic 

biomineral systems and high-temperature, nonpolar, covalent InP synthesis. 

 First, InP QD synthesis requires high temperatures at or above 180°C to achieve 

crystallinity likely due in part to the high covalency and resulting high lattice stability of InP. A 

low temperature synthesis of high-quality InP QDs would both be industrially useful to lower 

energy costs, and fundamentally interesting to break the colloquial paradigm of ‘hard to make, 

hard to break’ materials. Nature has many strategies to induce nucleation and phase-specific 

growth at ambient, biological conditions and temperatures. Specifically, increasing ionic strength 

can induce nucleation in calcite and certain proteins.129–132 The high ionicity of biominerals and 

precise control of solution environments as key predictors for facile crystallization lead to the 

hypothesis of lowering InP nucleation or growth barriers with a polar solvent environment. 

Chapter 2 explores expanding the parameter space of InP QD synthesis by exploring the low 

temperature crystallization accessed by a polar solvent environment. 

 The second outstanding challenge for InP QD synthesis is the lack of breadth of precursor 

reactivity control over size, particularly through the indium precursor. Biomineralization often 

controls crystallization through interactions of negatively charged templates with the cationic 

components of a mineral. Translating the concept of deterministically positioned negatively 

charged side chains from natural mineralization into InP QD nucleation and growth can lead to a 
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novel form of reaction control through modulating the indium precursor reactivity. Chapter 3 

demonstrates that a polycarboxylic acid acts as a mineralization inhibitor by decreasing the 

reactivity of the indium precursor to afford QD size control. 

 The last challenge in InP nanocrystal synthesis addressed here is the limited routes to 

anisotropic InP nanocrystals. Typical methods of facet control used to make II-VI nanoplatelets 

and nanorods are not transferrable to InP, proposed to be due to the difficulty of charge passivating 

required facets.65 However, anisotropic growth has been induced in colloidal InP synthesis through 

the SLS growth mechanism, as discussed above. There are parallels between the spatially confined 

nucleation inside the liquid metal particle for SLS and morphological control of biomineralization 

in a confined space. Disfavored morphologies can be achieved by imposing spatial restrictions on 

the growing crystallization front, by the macromolecular framework in biomineralization or by the 

liquid metal particle in the SLS mechanism. Inspired by the importance of tuning cation-ligand 

interactions in biomineralization, an indium precursor with a weakly binding carboxylate was 

chosen to access SLS nanowire growth in the aminophosphine-based chemistry. 
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Chapter 2. EXPANDING PARAMETER SPACE TO ENABLE LOW 

TEMPERATURE SYNTHESIS OF 

CRYSTALLINE INDIUM PHOSPHIDE 

QUANTUM DOTS 

2.1 INTRODUCTION 

Covalent crystalline materials, such as InP, are colloquially termed ‘hard to make, hard to 

break’. This is in comparison to ionic materials, which have much softer, reversible bonding, and 

refers to the high temperatures necessary for crystallization, contrasted with the resulting lattice 

stability. One way this is understood is through microscopic reversibility of monomer attachment 

during crystallization, which requires reversible bond breaking and forming.1 Comparing InP, 

CdS, CsPbCl3, and NaCl, the predicted formation energies are -0.358, -0.774, -1.874, and -2.038 

eV/atom,2,3 and the electronegativity differences are 0.41, 0.89, 0.83 (Pb–Cl) and 2.37 (Cs–Cl), 

and 2.23, respectively. There is a clear trend between more favorable formation energies and the 

increased ionicity of the lattice. Additionally, when choosing available precursor chemistries to 

access more covalent materials, such as InP, we typically consider combining a source of In3+ and 

P3-, but elemental trianions are extremely reactive and are not typically liberated as free species 

from precursors like P(SiMe3)3, in contrast to dianions and monoanions like S2- and Cl-.4  

Therefore, P3- for InP is typically harvested from molecular phosphines through chemical 

reactions. Appropriately, reports of low or room temperature crystallization of cadmium 

chalcogenides and perovskites are common, and leverage polar solvents such as water, alcohols, 

or polar organic solvents to stabilize the ionic species.5–10  If InP could be made to behave more 

like an ionic material, the crystallization would likely be more energetically favorable. An 
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additional source of inspiration was taken from nature, where a variety of biomineralization 

mechanisms induce the crystallization of many different minerals in ambient conditions. This is 

achieved through highly evolved control over supersaturation, nucleation, growth, and phase 

transformation by structural templates, mineralizers, and solution ionic composition.11,12 For 

example, higher ionic strength has been observed to drastically increase the precipitation rate of 

calcite, and ionic strength plays an important role in protein crystallization.13–16 These examples 

highlight ionicity and solvent environments as key predictors for ambient crystallization, which 

points towards exploring InP nucleation and growth in polar solvents. 

 Established methods for synthesizing high-quality InP quantum dots (QDs) proceed in 

anhydrous low-polarity solvents and require temperatures at or above 180 °C to achieve 

crystallinity. This is the case across both silylphosphine- and aminophosphine-based chemistries 

used for InP synthesis. For example, InP QDs with unity photoluminescence quantum yield (PL 

QY) used in red light-emitting diodes were synthesized at 280 °C using silylphosphine, and InP 

QDs with near unity PL QY made with the aminophosphine-based chemistry were synthesized at 

180 °C.17,18 In contrast, colloidal InP QD synthesis in polar solvents is severely understudied. In a 

2022 study, Nguyen and coworkers collected a comprehensive dataset of previously reported InP 

synthetic conditions for machine learning.19 Out of 220 different synthetic conditions, only two 

used polar solvents (dielectric constants >10), and the rest used one of 8 nonpolar solvents. The 

existing polar solvent syntheses used dimethylformamide or 4-ethylpyridine, sodium phosphide as 

a phosphorus precursor, and required multiple-day reaction times at 120-160 °C.20,21 More 

recently, Talapin and coworkers demonstrated the synthesis of III-V nanocrystals in molten salts.22 

Specifically, the ionic molten salt solvent was able to facilitate the microscopic reversibility 

necessary for crystallization that is energetically difficult in strongly bonded materials.1 For 
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applications requiring QDs in polar solvents, post-synthetic methods have been developed, such 

as ligand exchange or shelling.23–29 There is a clear gap in the InP QD synthesis literature on 

exploring nucleation and growth in polar solvents. 

 In this work, we present the low-temperature synthesis of crystalline InP at 60 °C in a 

solvent mixture of nonpolar and polar aprotic solvents. Successful conditions were selected based 

on an initial screen of the parameter space using high-throughput synthesis in a microplate reader, 

modified for this study for air-free colloidal synthesis in a range of solvents. Scaled-up oleate-

capped InP QDs made using optimized low-temperature conditions were characterized for 

crystallinity and emissive properties using powder X-ray diffraction (XRD), transmission electron 

microscopy (TEM), Raman spectroscopy, and absorbance and PL spectroscopies. Established 

hydrofluoric acid surface treatment enhanced the PL QY of the core-only InP QDs to 25%, 

demonstrating the high quality of the QDs despite a low-temperature synthesis (Figure 1.1). 

Extension of the method to other surface chemistries is also presented, producing myristate- and 

benzoate-capped QDs. 
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Figure 2.1 High throughput experimentation enabled the discovery of low temperature synthesis 

of high-quality, crystalline InP QDs. After surface treatment, the photoluminescent quantum yield 

of the resulting InP cores is 25%. 

 

2.2 RESULTS AND DISCUSSION 

We hypothesized that crystallization of InP in polar solvents is more energetically 

favorable than in traditional nonpolar solvents due to two main considerations. First, we drew 

inspiration from the natural crystallization of ionic minerals and the behavior of ionic 

semiconductors such as halide perovskites. In these systems, the high dipole moment of polar 

solvents can enhance ionic character by polarizing constituent atoms, in our case, indium and 

phosphorus, thereby promoting crystallization. Second, we considered organic reaction 

mechanisms, where polar solvents are known to accelerate substitution reactions by stabilizing 
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charged transition states.30 In light of these considerations and considering the case of InP, polar 

solvents would thereby lower the activation energy required for In–P bond formation. Supporting 

this view, a computational study by Kulik and coworkers identified the energetics of In–O bond 

cleavage as a key determinant of the energy barrier to In–P bond formation.31 Specifically, they 

found that indium precursors bearing one monodentate and two bidentate carboxylate ligands 

exhibited a significantly lower activation barrier compared to precursors with fully bidentate 

ligands. This difference arises from the need to stabilize the partial negative charge on the dangling 

oxygen atom. We propose that polar solvents may facilitate this stabilization, either by favoring 

monodentate coordination or by lowering the transition state energy through solvation of partial 

charges. Together, these effects could reduce the energy barrier for InP crystallization in polar 

environments. 

2.2.1 High Throughput Colloidal InP QD Synthesis 

High-throughput experimentation (HTE) was chosen as an efficient method to explore the 

parameter space of InP QD synthesis in polar solvents. HTE has been employed in a variety of 

fields, including drug discovery in the pharmaceutical industry,32–34 as well as materials science.35–

37 Exploring the parameter space for the low temperature synthesis of InP QDs presents an 

intriguing scenario for HTE using a multi-well microplate absorbance reader. The microplate 

reader controls temperature up to 70 °C and automatically monitors the absorbance of many 

reactions in the well plate over time. Microplate readers are typically used for biological systems 

in air- and water-containing environments. However, InP is highly oxygen sensitive and makes 

use of a pyrophoric phosphorus precursor, so the microplate was modified to ensure a rigorously 

air- and water-free internal environment. Starting with a chemically resistant quartz 96-well 

microplate, the HTE setup was optimized using a ketyl solution to monitor oxidation.38 The 
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optimized setup was as follows: the microplate was prepared in a nitrogen glovebox, then sealed 

with high-temperature vacuum grease and a custom-sized quartz cover slip, with rubber bands to 

hold tension (illustrated in Scheme 1.1). Then, the microplate was transferred into the microplate 

reader, which maintained a low oxygen environment through a gas control system supplying argon 

gas. Additional details and safety information can be found in the SI. 

 

Scheme 2.1 Air- and water-free microplate set up. A 96-well quartz microplate was prepared in a 

nitrogen glovebox, followed by 1 hour of reaction to allow for any protonolysis of P(SiMe
3
)
3
 in a 

controlled atmosphere, then high-temperature vacuum grease was added to seal a custom quartz 

coverslip compressed by rubber bands. The plate was then removed from the glovebox and loaded 

into an argon-filled plate reader for absorbance measurements. 

 

We investigated a range of polar aprotic solvents, including ethyl acetate, N-methyl-2-

pyrrolidone (NMP), dimethylformamide (DMF), and dimethylacetamide (DMA) with dielectric 

constants of 6.08, 32.6, 37, and 37.8, respectively.39–41 Polar aprotic solvents were chosen 

specifically over protic solvents due to the hazardous reactivity of the phosphorus precursor, 

tris(trimethylsilyl)phosphine (P(SiMe3)3), with proton sources. Typical nonpolar solvents such as 

octadecene or toluene used for InP QD and nanocluster synthesis have dielectric constants around 

2 - 2.5.40,42 The other parameters explored were the ratio of polar to nonpolar solvent, carboxylic 

acid, reactant concentration, equivalents of excess carboxylic acid, amine or amide additives, 

indium precursors, and additional polar solvents. 
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The HTE workflow began with hypothesis-driven identification of parameter scopes, 

typically involving 20 unique reaction conditions, each run in triplicate per microplate. Triplicate 

reactions for each condition allowed for monitoring and minimizing the effect of non-uniform 

reactivity in the microplate. Stock solutions of the solvents, molecular additives, indium 

carboxylate precursor, and phosphorus precursor were prepared and added to the microplate in that 

order (Table 2.1, Table 2.2). Due to the absorbance detector sensitivity of the microplate reader, 

the reactions were run at a low concentration of 2 mM indium. For the preliminary parameter 

scope, the indium and phosphorus precursors were prepared in toluene, allowing for the addition 

of up to 50% polar solvent additives. Additional controls were designed to look at the impact of 

preparing indium and phosphorus stock solutions in toluene versus polar solvents. After 1 hour of 

room temperature reaction in the glovebox to allow for any protonolysis of P(SiMe3)3 in a 

contained environment, the microplate was loaded into the argon-filled plate reader and heated to 

60 °C, where absorbance was monitored over a two-hour reaction period (Table 2.3). The results 

were interpreted based on the absorbance intensity of the reaction after two hours at 350 and 500 

nm wavelengths. Absorbance at higher energy (350 nm) indicated the formation of InP 

semiconducting material, and absorbance at lower energy (500 nm) indicated the formation of 

larger QDs as opposed to high-energy absorbing clusters.43,44 

Figure 2.2a shows a scatter plot mapping each of the HTE reactions by its absorbance 

intensity at 350 nm and at 500 nm. The data was considered based on the three possible outcomes 

for the reaction. First, conditions with low (<1.0) or zero absorbance intensity at 350 nm were 

reactions that failed to produce InP at 60 °C (Figure 2.2a, gray). Second, conditions with high 

(>1.0) absorbance intensity at 350 nm and low (<0.12) intensity at 500 nm were reactions that 

successfully produced In–P bonds but were not conducive to significant nanocrystal growth; for 
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example, a nanocluster would fall in this category (Figure 2.2a, yellow). Third, and of most 

interest, were conditions exhibiting high absorbance intensity at both 350 nm (>1.0) and 500 nm 

(>0.12), indicating that the reactions successfully produced semiconductor InP and induced QD 

growth (Figure 2.2a red). The following analysis discusses the different parameters that lead to a 

reaction producing results in one of these three categories. 

 

Figure 2.2 High throughput experimentation of 60 °C InP QD synthesis. (a) Scatter plot 

summarizing microplate experiment results with options of minimal or no reaction (gray), 

nanocluster (yellow), and QD (red). (b) Comparing ligand choice of oleic acid (light blue), 

technical grade oleic acid (dark blue), stearate (purple), technical grade oleic acid/benzoic acid 

mixture (light purple), phenylacetic acid (yellow), and aspartic acid (black). (c) Comparing solvent 
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choice of 100% toluene (yellow), NMP/toluene mixture (orange), DMA/toluene mixture (light 

orange), DMF/toluene mixture (light purple), ethyl acetate/toluene mixture (pink), 

toluene/DMF/NMP/ethyl acetate mixture (black), and 100% polar solvent (dark purple). (d) 

Comparing polar additive equivalents of 10 eq. (magenta), 100 eq. (pink), 200 eq. (yellow), 400 

eq. (blue), 600 eq. (teal), 800 eq. (dark green ) added or no extra polar additives added (black). (e, 

f) Comparing endpoints of InP QD synthesis using oleic acid ligands across varying percentages 

of polar solvent in toluene. (g) Absorbance traces during the reaction for the most successful HTE 

hit, synthesis using indium(benzoate)
3
 with ethyl acetate and DMF as polar additives in a 50% 

toluene, 50% NMP solvent. 

 

The main factor that led to productive InP QD crystallization at 60 °C was a partially polar 

solvent environment. The range of solvent conditions explored is displayed in Figure 2.2b, where 

the successful QD-producing reactions included 50% DMF or NMP and 50% toluene. Comparing 

absorbance spectra from conditions with increasing percentages of NMP in toluene, a clear trend 

emerged for more InP produced with increasing amounts of polar solvent (Figure 2.2e). Similar 

absorbance profiles were observed for conditions using 50% DMF or DMA in toluene (Figure 

2.2f). This foundational result, which showed significant InP production from a partially polar 

solvent environment, validated the hypotheses discussed above that a more polar environment 

facilitates the formation of InP at low temperatures. 

Another key parameter in the synthesis of InP at 60 °C was the choice of carboxylic acid, 

which acted as a ligand for the indium precursor and the growing nanocrystals. The two main 

carboxylic acids explored were oleic acid and benzoic acid because oleic acid is a common ligand 

for InP QDs with high solubility in nonpolar solvents, and benzoic acid is soluble in polar aprotic 
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solvents. Other carboxylic acids investigated were stearic acid, phenylacetic acid, aspartic acid, 

and mixtures. Figure 2.2c displays the HTE data labeled by carboxylic acid. The ligands used in 

conditions producing QDs were primarily benzoic acid, as well as oleic and stearic acid. For oleic 

acid, both 99% purity and technical grade oleic acid were used and achieved high absorbance in 

polar solvents, albeit slightly less so for technical grade oleic acid (Figure S 3.1a-d).45,46 Stearic 

acid behaved similarly to oleic acid, as expected due to its similar solubility and acidity (Figure S 

3.1e). A mixture of benzoic acid and oleic acid was also explored to investigate whether entropic 

ligand effects could contribute to the formation of InP at low temperatures.  A mix of ligand chain 

lengths has been shown to increase nanoparticle solubility and play a role in surface accessibility 

and therefore growth.47–49 However, the mixture of carboxylic acids did not lead to synergistic 

effects; instead, it appeared to induce InP formation to an extent between the two ligands (Figure 

2.2c (light purple), Figure S 3.1f,g). 

Within the reactions that achieved high InP concentration and QD growth, the inclusion of 

additional polar solvents was seen to extend growth to larger sizes. Stoichiometric amounts of 

polar aprotic additives were explored to drive InP crystallization, inspired by the complexity of 

natural mineralization systems. Ethyl acetate, DMF, and NMP have functional groups such as 

esters and amides that complement the carboxylic acids introduced with the indium precursor. For 

example, if the solvent were half toluene, half DMF, the polar additives would be ethyl acetate and 

NMP. Varied equivalents of polar additives within the QD-forming conditions tuned the extent of 

growth, and intermediate amounts of polar additives (10 – 400 eq.) were most successful (Figure 

2.2d). Within a specific solvent environment and ligand choice, polar additives were observed to 

increase the InP concentration and size more with oleic acid than with benzoic acid (Figure S 

3.1h-n). 
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Investigation into the conditions that failed to produce InP revealed that low or no polar 

solvent, insoluble ligands, high amine amounts, or majority NMP solvent environments were 

detrimental to InP formation. Ethyl acetate as the partial solvent, even with DMF and NMP 

additives, was unable to promote growth, likely due to the much lower polarity (Figure S 3.1o). 

Similarly, a solvent environment of 100% toluene, even with polar additives in stoichiometric 

amounts, did not promote InP formation (Figure S 3.1p). Among the various carboxylic acids 

explored, phenylacetic acid and aspartic acid lead to poor InP nucleation and growth (Figure 2.2c, 

Figure S 3.1q). This was likely due to limited solubility in toluene or apolar protic solvents at 

room temperature. Finally, a nanocluster product was observed, particularly in conditions with a 

solvent composition of 100% DMF, which indicated that polar solvents induced In–P bond 

formation, while a mix of polar and nonpolar solvents was beneficial for growth (Figure 2.2b). 

Other conditions found in the same region were conditions with reactant concentrations set at 4 

mM indium. 

 In addition to impactful parameters, HTE enabled the elimination of various factors with 

minimal impact on low-temperature InP synthesis. The remaining parameters to be discussed only 

slightly affected InP nucleation and growth in polar solvents. Lowering the excess carboxylic acid 

to 13% and 3% induced slightly more InP formation than with 20%, but the effect is not large 

(Figure S 3.1r). This was rationalized because less acid destabilizes the InP magic-sized cluster, 

minimizing this kinetic trap, but also slows In–P bond formation for slower solute production, 

which detrimentally impacts crystallization.50,51 Adding amines in conditions with partially polar 

solvents led to the formation of InP nanoclusters rather than the desired effect of destabilizing 

nanocluster species for InP growth.52 We also tested whether polar solvents could induce growth 
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of pre-synthesized InP QDs, including both carboxylate- and oleylamine-capped QDs, however, 

this was unsuccessful under the conditions explored. 

 From HTE, the optimal reaction conditions for InP formation and growth at 60 °C were 

identified to be a solvent mixture of 50/50 toluene and NMP, ethyl acetate and DMF as polar 

additives, and benzoic, oleic, or myristic acid as the carboxylate ligand (Figure 2.2g). It is worth 

noting that the absorbance spectra of QD-forming reactions from HTE had no defined lowest 

energy electronic transition (LEET) as expected for the absorbance of monodisperse, crystalline 

quantum dots. This was likely due to polydispersity or low crystallinity, which could be caused by 

the low reagent concentration. Doubling the reaction concentration for HTE induces a slight 

shoulder in the absorbance (Figure S 3.1s), hinting at improved monodispersity with increasing 

concentration. 

2.2.2 Optimized Low Temperature Synthesis of InP QDs 

A successful synthesis for InP QDs should yield a monodisperse, crystalline product that 

can be modified through surface treatments or shelling for high PL QY. With these goals in mind, 

the optimal reaction conditions identified through HTE were applied to a synthesis with scaled-up 

solvent volumes and reactant concentrations (2-5 mL solvent and 0.11 M indium compared to 200 

μL and 2.2 mM indium for the microplate reactions). Here, we present synthetic methods at 60 °C 

to access crystalline InP QDs capped with oleate, benzoate, or myristate ligands, with details on 

the optimization of the scaled-up syntheses discussed below. 

 First, in a nitrogen glovebox, the indium carboxylate precursor was prepared in toluene 

from trimethylindium and the carboxylic acid, with 20% excess carboxylic acid. Then, an equal 

amount of DMF to toluene was added along with one equivalent per indium of ethyl acetate and 

NMP. With 60 rpm stirring, P(SiMe3)3 (0.25 eq. per indium) was quickly added, and a yellow color 



 

 

 

 

39 

was observed, indicating nucleation or formation of In–P bonds. After one minute, the stir bar was 

removed, and the reaction was allowed to proceed in a 60 °C silicone oil bath for 3 hours. 

 InP QDs capped with oleic acid were synthesized at 60 °C, with a LEET at 456 nm (Figure 

2.3a, Figure S 2.2). The crystallinity was measured using powder X-ray diffraction (XRD), which 

showed agreement with a zinc blende crystal structure and revealed an average crystallite size of 

1.4 ± 0.1 nm, as determined by Scherrer analysis (Figure 2.3b). TEM imaging revealed quasi-

spherical QDs with an average diameter of 2.0 ± 0.3 nm. Comparing the QD diameter to the 

crystallite size indicated a partially amorphous surface, although diameter measurements of small 

InP QDs are subject to error based on low contrast (Figure 2.3c). The InP QDs were also 

characterized by Raman spectroscopy to investigate more subtle perturbations to crystallinity (such 

as point defects) that do not show up in XRD or TEM measurements. The Raman spectrum exhibits 

a predominant peak centered at 303 cm-1 and a broad, lower-intensity feature centered around 345 

cm-1 (Figure S 2.3 purple). These peak positions are consistent with bulk InP TO (306 cm-1) and 

LO (348.5 cm-1) modes, with some size-dependent line broadening and an increase in the TO mode 

intensity relative to the LO mode.53,54 
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Figure 2.3 Characterization of optimized synthesis of oleate-capped InP QDs at 60 °C, including 

(a) the UV-visible absorbance spectrum with a lowest energy electronic transition at 456 nm, (b) 

the powder XRD pattern showing a zinc blende crystal structure with a crystallite size of 1.4 ± 0.1 

nm, (c) transmission electron microscope image showing 2.0 ± 0.3 nm diameter QDs, and (d) UV-

visible absorbance and photoluminescence spectra before (purple) and after (gold) surface 

treatment. 

 

 Next, the oleate-capped InP QDs were subjected to surface treatment to improve the PL 

QY. The native QDs have a PL QY below 1% with significant emission lower in energy of the 

band edge (Figure S 2.4). Typically, the PL QY of native InP QDs is enhanced either through 

hydrofluoric acid (HF) surface treatment or shelling, or both.17,55 HF is proposed to break up 
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polyphosphates on the surface and passivate P dangling bonds with z-type InF3.
55 For this study, 

we employed an HF surface treatment to demonstrate that the InP QDs synthesized at 60 °C can 

be modified similarly to traditional high-temperature synthesized QDs. The HF treatment 

proceeded by the addition of purified QDs into a bath of hexadecane with a mixture of zinc acetate 

and zinc oleate, followed by heating to 180 °C to facilitate zinc exchange on the InP surface. The 

HF was injected at 120 °C, and the reaction was held at 180 °C until the PL stopped increasing 

(Figure S 2.5). After HF treatment, a slight blueshift of the lowest energy electronic transition was 

observed along with a drastic increase in PL intensity. The InP/Zn-F QDs exhibited PL with a peak 

maximum at 518 nm (2.39 eV), a full width at half maximum of 63 nm (292 meV), and a PL QY 

of 25% (Figure 2.3d, Figure S 2.6). Time-resolved photoluminescence decay of the InP/Zn-F 

QDs was fit to a biexponential function with lifetimes of 21.8 and 61.8 ns, and an average intensity 

weighted lifetime of 52.3 ns (Figure S 2.7). These lifetimes fall within a typical range for HF-

treated InP QDs, and the lack of a fast component indicates limited issues with trap-assisted 

recombination.56 The identification of two components with similar lifetimes could indicate 

multiple QD populations within the ensemble. Photoluminescence excitation spectra collected 

with excitations spanning the photoluminescence signal revealed multiple emissive populations 

(Figure S 2.8). The luminescent InP/Zn-F QDs show a substantial reduction in the observed LO 

phonon intensity in the Raman spectrum (Figure S 2.3, gold). This phenomenon was previously 

observed in both zinc- and HF-treated QDs by Talapin and coworkers, who demonstrated that 

these common surface treatments likely introduce a degree of lattice disorder via point defects, 

which have a more pronounced effect on the observed Raman spectra than size trends alone.57 

Because the size of these quantum dots is on the order of the InP lattice constant (0.587 nm), the 
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effects of breaking translational symmetry on the observed Raman spectrum become more 

pronounced.  

 The synthesis of oleate-capped InP QDs presented above was optimized for scaled-up 

synthesis from the conditions identified by HTE through careful consideration of volume and stir 

rate. First, hot injection synthesis was attempted by injecting 0.5 eq. P(SiMe3)3 into a Schlenk flask 

containing 1 eq. indium oleate, 0.6 eq. oleic acid, and solvents (2 mL) at 60 °C with 550 rpm 

stirring. This resulted in a polydisperse QD product with a similar absorbance peak position to the 

386-InP magic-sized cluster (accessed under these conditions with only toluene solvent) (Figure 

2.4a, yellow, blue). However, similar reaction conditions run at a smaller scale (0.5 mL solvent) 

in an air-free J. Young tube with no stirring produced larger InP QDs with a LEET at 480 nm 

(Figure 2.4a, purple). This suggests that even if the polar environment assists InP formation, hot 

injection with rapid mixing leads to smaller nanocrystals than if there is no stirring during growth. 

Therefore, a heat-up synthesis was investigated where the P(SiMe3)3 is injected into the indium 

carboxylate solution in a Schlenk flask at room temperature before the reaction is transferred to 

the 60 °C oil bath. Mixing of the reaction during P(SiMe3)3 injection was important to control, and 

was investigated by controlling the stir rate during the addition of P(SiMe3)3 at room temperature 

for the heat-up method. Increasing the stir rate from no stirring/uncontrolled mixing to a controlled 

rate of 60, 125, or 350 rpm caused a red shift of the LEET, and the slowest stir rate of 60 rpm 

afforded the largest and most monodisperse QDs (Figure 2.4b). 
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Figure 2.4 Optimizing oleate-capped InP QD synthesis at 60 °C with a toluene NMP solvent 

mixture and polar additives. UV-visible absorbance spectra of QD product from syntheses 

comparing (a) scale and hot injection versus heat-up methods, (b) stir-rate during P(SiMe
3
)
3
 

addition for the 2 mL scale heat-up method, and (c) In:P stoichiometry for the 2 mL scale heat-up 

method with 60 rpm stirring for P(SiMe
3
)
3
 addition. 

 

The effects of mixing can be rationalized by invoking a separated nucleation and growth 

paradigm in which good mixing disperses P(SiMe3)3 in solution, leading to the formation of many 

nuclei and less solute left over in solution, leading to smaller QDs. With slow mixing, there are 

likely locally varying concentrations of P, which would lead to a smaller number of nuclei that 

would then undergo diffusion-controlled growth with more solute to grow larger QDs. Finally, 

varying the indium to phosphorus stoichiometry under the optimized heat-up conditions showed 

that a 1:1 In:P ratio leads to smaller QDs (Figure 2.4c). A higher In:P ratio (1:0.25) did not increase 

the size compared to the QDs made with a 1:0.5 In:P ratio; however, the absorbance peak 

sharpened slightly, indicating a decrease in polydispersity. The final optimized condition, used for 

the HF treatment described above, used a toluene and DMF solvent mixture, indium oleate, a 

1:0.25 In:P ratio, and 1 eq. NMP and ethyl acetate with 60 rpm stirring for the room temperature 
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P(SiMe3)3 injection. The synthesis was highly reproducible, producing nearly identical absorbance 

profiles across three separate syntheses (Figure S 2.9). A control synthesis run without the ethyl 

acetate or NMP additives resulted in a broader QD absorbance feature, indicating poorer size 

dispersion (Figure S 2.10). 

 Low-temperature synthesis of InP QDs can be extended to other ligand chemistries beyond 

oleic acid, consistent with the observations made in the high-throughput experimentation. Figure 

2.5a shows the absorbance spectra of InP QDs made using myristic acid and benzoic acid, with 

LEETs at 464 nm and around 400 nm, respectively. Both the myristate- and benzoate-capped QDs 

crystallized with a zinc blende structure, with average crystallite sizes of 1.5 ± 0.3 and 1.6 ± 0.2 

for myristate- and benzoate-capped QDs, respectively (Figure 2.5b). Myristic acid behaved 

similarly to oleic acid, as expected by its similar acidity and solubility, while benzoic acid led to 

significantly smaller InP QDs. Benzoic acid is more acidic than myristic or oleic acids, with pKa’s 

of 4.2, 4.9, and 5.0, respectively, and is more soluble in polar solvents, both of which could impact 

the production rate of solutes. It has been shown computationally that indium precursors with 

carboxylates that are weaker bases have lower activation energies for In–P bond formation.31 

Therefore, in the context of separated nucleation and growth, increased rates of In–P bond 

formation from indium–benzoate versus indium–oleate (or myristate) can explain the smaller-

sized QDs produced. The opposite size dependence was observed in the high-throughput 

microplate reactions, where benzoic acid led to larger QDs than oleic acid (Figure S 3.1a). The 

high-throughput reactions were run with significantly lower reactant concentrations, which we 

hypothesize causes a less defined nucleation event due to a slower solute production rate, which 

removes the clear dependence of QD size on precursor reactivity. The larger QDs produced with 
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benzoate can be explained by favorable growth due to increased solubility and reactivity of the 

surface. 

 

Figure 2.5 Characterization of myristate- and benzoate-capped InP QDs synthesized at 60 °C in 

toluene NMP solvent mixture with polar additives, including (a) UV-visible absorbance spectra 

and (b) powder X-ray diffraction patterns showing a zinc blende crystal structure for both samples. 

 

Interestingly, the synthesis of InP QDs at low temperatures with myristic acid behaved 

differently depending on the precursor source. The indium carboxylates in the reactions described 

above were prepared from 1 equivalent of trimethylindium and 3.6 equivalents of carboxylic acid, 

and led to QD formation times of 2-3 hours at 60 °C. However, when an acid-free indium (III) 

myristate precursor was used for InP QD synthesis in a mixture of NMP and toluene, with the 

excess 0.6 equivalents of carboxylic acid added separately, InP QDs with a LEET around 520 nm 

formed rapidly at room temperature within minutes (Figure S 2.11a). TEM imaging revealed a 

bimodal size distribution with diameters of 2.0 ± 0.5 nm and 4.3 ± 0.6 nm (Figure S 2.11b, c). By 

powder XRD, the QDs exhibited low crystallinity with a quasi-wurtzite crystal structure that has 

been previously observed in magic-sized InP clusters (Figure S 2.11d).58 Raising the temperature 

to 60 °C produced QDs with a broader absorbance peak and did not induce growth of InP in the 
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zinc blende crystal structure, instead producing QDs of similar crystallinity (Figure S 2.11d, e). 

Additionally, the formation of InP QDs under these conditions proceeded at 0 °C, forming smaller 

QDs with a LEET around 480 nm (Figure S 2.11e). This result suggests that the coordination state 

of the indium carboxylate precursor likely plays a larger role in determining the size and 

crystallinity of the final InP QD product in reactions run at low temperature, in contrast to what is 

typically observed at temperatures >180 °C. 

2.3 CONCLUSIONS 

In summary, we have demonstrated the synthesis of crystalline InP QDs at 60 °C induced 

by a mixture of polar aprotic and nonpolar solvents. Oleate-capped InP QDs synthesized through 

this method exhibited a PL QY of 25% after treatment with hydrofluoric acid, demonstrating the 

QD quality. This discovery was guided by high-throughput experimentation for which we 

developed a custom air-free microplate system for low-temperature nanocrystal synthesis. High-

throughput experimentation allowed for the evaluation of a large parameter space, including 

studies of how percentage polar solvent, ligand identity and equivalents, reaction concentration, 

and additional polar additives affected InP formation. This study has revealed a large, uncharted 

landscape of InP synthesis in polar solvents that contains a wealth of possibilities for future study. 

Low temperature synthesis of InP in polar solvents opens up a new paradigm of III-V nanocrystal 

synthesis, from ‘hard to make, hard to break’ to ‘easy to make, hard to break’. 
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2.4 EXPERIMENTAL METHODS 

2.4.1 General Practices 

All glassware was dried in a 160 °C oven overnight prior to use. All syntheses were performed 

under an inert atmosphere of nitrogen using a glovebox or standard Schlenk techniques, unless 

otherwise noted. Indium chloride (98%), oleic acid (technical grade, 90%), stearic acid (95%), 

myristic acid (>99%), phenylacetic acid (99%), L-Aspartic acid (≥98%, HPLC), benzylamine, 

benzoic acid, and hexadecane (99%) were purchased from MilliporeSigma and dried before being 

stored in a nitrogen glovebox. Dimethylacetamide (anhydrous, 99.8%), ethyl acetate (anhydrous, 

99.8%), acetonitrile (anhydrous, 99.8%), hydrofluoric acid (ACS reagent, 48 wt %), zinc (II) oxide 

(99.99%), acetone (>99.9%), anhydrous ethanol (>99.5%), and 1-methyl-2-pyrrolidone (NMP) 

(anhydrous, 99.5%) were purchased from MilliporeSigma and used as received. Oleic acid (99%) 

was purchased from TCI America and used as received. Indium myristate (acid-free) was 

purchased from American Research Chemical and used as received. Zinc (II) acetate (anhydrous, 

99.99%) and acetone (extra dry, 99.8%) were purchased from ThermoFisher Scientific and used 

as received. Deuterated toluene was obtained from Cambridge Isotope Laboratories, dried over 

CaH2, and distilled before use. Trimethylindium (98+%) was purchased from Strem and used as 

received. Tris(trimethylsilyl)phosphine (P(SiMe3)3) was prepared according to literature 

procedures.50 Caution! P(SiMe3)3 is highly pyrophoric and generates toxic phosphine gas upon 

exposure to moisture. Handle and quench with care. Dimethylformamide (DMF) (certified ACS) 

was purchased from Fisher and dried according to literature procedures, briefly was stirred over 

molecular sieves for 72 hours, transferred to fresh sieves, then stirred for an additional 72 hours 

and distilled at reduced pressure to yield the dry solvent that was stored in a nitrogen glovebox in 

the dark.59 High-performance liquid chromatography grade toluene was purified and dried using a 
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solvent still60, and stored over sodium in a nitrogen glovebox for use as reaction solvent. Toluene 

(high-performance liquid chromatography grade) was purchased from ThermoFisher and used as 

purchased for UV-vis absorbance spectroscopy of reaction aliquots. 

2.4.2 High-Throughput Experimentation 

High-throughput experiments were run in a Hellma quartz 96-well microplate using a BioTek 

Synergy H1 Multimode Reader in UV-Vis Absorbance mode configured with a CO2/O2 Gas 

Controller. 

Safety Note! P(SiMe3)3 is extremely pyrophoric and can produce PH3 on reaction with protic 

reagents. PH3 is extremely toxic, with a safe exposure limit of 0.3 ppm (OSHA, NIOSH). The total 

amount of P(SiMe3)3 used in each microplate reaction was such that if all P(SiMe3)3 converted to 

PH3 and expanded to fill about 1 m3 the concentration would be within the safe exposure limit. 

Additional safety measures implemented were the one hour ‘pre-reaction’ in the N2 glovebox of 

each microplate experiment. 

The quartz microplate and quartz cover plate were dried in a 160 °C oven overnight and brought 

into a N2 glovebox. Stock solutions were prepared as noted in Table S1. Then, the stock solutions 

and desired solvents were pipetted in to the microplate as noted in Table S2 following the general 

order of solvent, indium precursor, phosphorus precursor.  

The microplate was covered and incubated at room temperature for one hour in the glovebox for 

‘pre-reaction’ to to allow for any protonolysis of P(SiMe3)3 in a contained environment. Then, the 

microplate was sealed with high temperature vacuum grease and a quartz cover slip, and secured 

with rubber bands. The plate reader was set up to monitor absorbance at desired timepoints from 

300 to 600 or 700 nm in increments of 5 nm with sweep mode, and the gas controller was used to 

minimize the percent oxygen by addition of argon gas. 
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2.4.3 Synthesis of InP QDs at 60°C (heat-up) 

In a nitrogen glovebox, oleic acid (0.792 mmol, 250 μL, 3.6 eq.) and 0.5 mL toluene were added 

to an oven dried 50 mL Schlenk flask equipped with a stir bar. Separately a trimethylindium 

solution was prepared from trimethylindium (0.22 mmol, 0.0352 g, 1 eq) and 0.5 mL toluene, and 

added in dropwise (2 drops/second) to the oleic acid solution with stirring to form indium(oleate)3, 

and the reaction was stirred for 10 minutes. Next, 1 mL of DMF was added, and then ethyl acetate 

(0.22 mmol, 21.5 μL, 1 eq.) and 1-methyl-2-pyrrolidone (0.22 mmol, 21.2 μL, 1 eq.) were added. 

Then, the stirring was set to 60 rpm and P(SiMe3)3 (0.055 mmol, 16.0 μL, 0.25 eq.) was swiftly 

injected, with one minute of stirring. The stir bar was removed and the reaction was transferred to 

heat in a 60 °C silicone oil bath for 3 hours. After removal from heat, the red quantum dot product 

became insoluble in the toluene/DMF and was collected by centrifugation, and redissolved in 

minimal anhydrous toluene. The quantum dots were flocculated with a ratio of 3:1 acetonitrile to 

toluene and isolated by centrifugation (7380 rpm, 10 minutes), and this procedure was repeated 

three times to yield a waxy, red pellet that was stored as a dilute solution in toluene for 

characterization. 

For myristate-capped InP QDs, the procedure above was followed with myristic acid instead of 

oleic acid. For InP QDs made with acid-free indium myristate, the procedure above was followed 

except with the use of the acid-free indium myristate with 0.6 eq. myristic acid added to the indium 

precursor solution, 0.5 eq. P(SiMe3)3, a solvent mixture of equal parts NMP and toluene, and the 

reaction was run at room temperature with 350 rpm stirring. 

For benzoate-capped InP QDs, the procedure above was followed with benzoic acid instead of 

oleic acid, and NMP instead of DMF, and a 0.5 mL solvent scale. The indium benzoate solution 

(0.11 M In, 0.25 mL) was added to an oven dried J. Young tube along with 0.25 mL NMP, 1 eq 
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ethyl acetate, and 1 eq DMF. P(SiMe3)3 (0.0275 mmol, 8.0 μL, 0.5 eq.) was added to the J. Young 

tube, the J. Young tube was capped, inverted to mix, and added to the silicone oil bath. The 

purification also differed from oleate-capped InP QDs due to the solubility of benzoate-capped InP 

QDs in DMF. The quantum dots were flocculated with a ratio of 2:1:1 anhydrous hexane to 

reaction mixture to toluene and isolated by centrifugation (7380 rpm, 10 minutes), and this 

procedure was repeated three times to yield a waxy, yellow pellet that was stored as a dilute 

solution in DMF for characterization. 

2.4.4 Optimization of Synthesis of InP QDs at 60 °C 

Hot injection: procedure for oleate-capped InP QDs above was followed except 0.4 mL toluene 

each was used to prepare the oleic acid and trimethylindium solutions, and the reaction was 

equilibrated in the 60 °C silicone oil bath for 10 minutes, with stirring at 550 rpm, before P(SiMe3)3 

in 0.2 mL toluene was injected. 

100% toluene: In37P20 magic-sized cluster synthesis, adapted from Cossairt, et al.61 In a nitrogen 

glovebox, oleic acid (0.197 mmol, 62 μL, 3.4 eq.) and 0.25 mL toluene were added to 20 mL 

scintillation vial equipped with a stir bar. Separately a trimethylindium solution was prepared from 

trimethylindium (0.058 mmol, 0.0093 g, 1 eq) and 0.25 mL toluene, and added in dropwise (2 

drops/second) to the oleic acid solution with stirring to form indium(oleate)3, and the reaction was 

stirred for 10 minutes. The indium(oleate)3 solution was transferred to an oven dried J. Young 

tube, P(SiMe3)3 (0.0275 mmol, 8.0 μL, 0.5 eq.) was added to the J. Young tube, the J. Young tube 

was capped, inverted to mix, and added to the silicone oil bath for a reaction time of 3 hours. 

Stir-rate dependence: the procedure for oleate-capped InP QDs was followed above except with a 

125 or 350 rpm stir rate for P(SiMe3)3 addition. 
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Stoichiometry dependence: the procedure for oleate-capped InP QDs was followed above except 

P(SiMe3)3 was varied from 0.25, 0.5, and 1 equivalent per indium. 

2.4.5 Synthesis of Zinc Oleate [Zn(OA)2] Powder 

Zinc oleate was synthesized using a modified version of the iron oleate from iron trifluoroacetate 

synthesis via Hendricks et al.62  Lead (II) oxide is exchanged for Zinc (II) oxide (7.3 g, 90 mmol). 

The resulting powder was dried under dynamic vacuum for 24 hours to yield a free-flowing white 

powder in 93% yield (52.75g). 1H NMR (500 MHz, d8-Tol) = 0.96 (t, 3JH-H= 7 Hz, 6H, CH3), 

1.15-1.51(m, 40H, (CH2)6 and (CH2)4), 1.59 (m, 4H, COCH2CH2), 2.06-2.18 (m, 8H, =CHCH2), 

2.26 (t, 3JH-H =7.6 Hz, 4H, COCH2), 5.50 (m, 4H, =CHCH2). 

2.4.6 Preparation of 2.0 M HF in Acetone 

The HF solutions for surface oxide treatment were prepared immediately before use by diluting 48 

wt% HF (145 L, 8 mmol) with acetone (1855 L) in a 15 mL PTFE centrifuge tube. Caution! 

HF is extremely toxic, corrosive, and should be handled with care. 

2.4.7 Zinc Exchange and HF Treatment of InP Cores 

A 15 mL, oven-dried 3-neck flask equipped with a stir bar, air condenser, thermowell, and hose 

adapter was cycled onto the Schlenk line by three sequential evacuation (~50 mtorr) and N2 

backfill cycles. To the flask under a stream of N2 was added anhydrous hexadecane (3.0 mL), 

followed by Zn(OAc)2 (0.02 mmol, 3.6 mg) and Zn(OA)2 (0.2 mmol, 63.0 mg). The zinc 

precursors in hexadecane were subsequently degassed at 80ºC for 30 minutes. Then, 60 nmol of 

InP QD cores in toluene (0.37 mL, 60nmol) were added to the flask at room temperature under N2 

and volatiles removed under reduced pressure for 20 minutes. The flask was then backfilled and 
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heated to 180ºC where it was held for 30 minutes to facilitate zinc exchange on the InP surface. 

Then, the flask was cooled to 120ºC and freshly prepared 2.0M HF in acetone (0.1 mL, 0.2 mmol) 

was carefully injected under N2. The temperature was then raised to 180ºC where the reaction 

proceeded for 80 minutes. Upon completion, the flask was cooled to room temperature where any 

volatiles were removed under reduced pressure (Warning! Residual HF can collect in cold traps 

at this point and the traps should be carefully quenched via a soluble, aqueous source of Ca+). 

The flask was cycled into the box where the nanocrystal solution (~3.5 mL) was flocculated by the 

addition of 15 mL/ anhydrous ethanol and collected by centrifugation. The resulting pellet was 

resuspended in ~5.0 mL of anhydrous toluene and subsequently precipitated again by the addition 

of 20 mL/ anhydrous acetone and collected by centrifugation. The purified QDs were suspended 

in ~2 mL of anhydrous toluene, passed through a PTFE syringe filter (0.22 uM) and dried to a 

powder for storage. 

2.4.8 UV-Vis Absorbance Spectroscopy 

Measurements were collected using either an Agilent Cary 60 or Agilent Cary 5000 

Spectrophotometer in dual beam mode. Solution concentrations were adjusted to maintain OD<2 

within regions of interest. All solution phase absorbance was collected in 1.0 cm fluorescence 

cuvettes (Spectrocell). HF treatment of cores were monitored by diluting 20 L aliquots in 3.0 mL 

of toluene, followed by immediate measurement. 

2.4.9 Photoluminescence Spectroscopy 

Standard emission spectra collected to monitor HF treatment of cores were obtained from 380-740 

nm using a Horiba Jobin Yvon FluoroMax-4 Fluorescence spectrophotometer with an excitation 
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wavelength of 365 nm, both emission and excitation bandwidths set to 1.0 nm, and integrated for 

0.1 s with 1.0 nm resolution. 

2.4.10 Time Resolved Photoluminescence (TRPL) and Photoluminescent Quantum Yield 

(PLQY) 

TRPL and PLQY were measured on an Edinburgh FLS1000 Fluorometer equipped with a visible 

photomultiplier tube detector. All samples and references were prepared in 1.0 cm quartz 

fluorescence cuvettes using anhydrous toluene, sealed inside a glovebox atmosphere, and 

measured within one hour. TRPL (TCSPC) measurements were collected following excitation 

from an Edinburgh EPL-405 pulsed laser diode (excitation wavelength of 402.4 nm) operating 

with a pulse period of 2 s. Signal from the emission at 520 ± 0.5 nm was accumulated to 10k 

counts across a 1 s time range (4096 channels). Absolute PLQY measurements were collected in 

an Edinburgh FLS1000 integrating sphere (N-M01) and excited using a Xenon flash lamp at 385 

nm with a slit width of 4.0 nm. All sample concentrations were adjusted to have OD<0.05 at 385 

nm. Emission was collected with a 0.35 nm slit width from 365-700 nm and integrated for 0.5s 

with 0.1 nm resolution. Absolute PLQY integrations of solvent and sample were done using the 

associated Fluoracle software, and emission was integrated from 450 nm to 670 nm. 

2.4.11 Transmission Electron Microscopy (TEM) 

All TEM imaging was done on a FEI Tecnai G2 F20 SuperTwin microscope operated at 200 kV 

using bright field imaging mode. Samples were prepared in a nitrogen glovebox by drop-casting 

5 L of dilute suspensions in toluene or DMF onto a suspended ultrathin carbon film on a lacey 

carbon support film, 400 mesh, copper grids purchased from Ted Pella Inc, and allowed to dry 

fully then placed under vacuum overnight. TEM size analysis was performed using manual 
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analysis in ImageJ based off images from at least two different grid locations and over 300 

diameter measurements per sample. 

2.4.12 Powder X-ray Diffraction (PXRD) 

Powder XRD diffraction patterns were collected on solid films drop-cast onto a Si wafer using a 

Bruker D8 Discover diffractometer. The crystallite size was determined from the Scherrer 

equation, and used full widths at half maxima from peaks fit with Igor. 

2.4.13 Raman Spectroscopy 

Raman spectra were acquired on a Reinshaw InVia Raman spectrometer equipped with a Lecia 

DMIRBE inverted optical microscope. The microscope was calibrated to the 520 cm-1 line of an 

internal silicon standard. All samples were excited by a 785 nm laser source. Samples were 

prepared in a glovebox by drop-casting concentrated solutions from 1-octane onto clean Si 

substrates. All measurements were recorded in backscattering geometry within 30 minutes of air 

exposure. Rising backgrounds were corrected by applying a polynomial fit to the baseline. 
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2.4.14 Supplementary Figures 

 

Figure S 2.1 High-throughput experimentation absorbance spectra. Comparing UV-visible 

absorbance spectra of the final time point across relevant high-throughput conditions. The legends 

describe the different conditions with shared conditions as follows: (a) solvent of toluene/NMP, 

(b) solvent of toluene/DMF, (c) technical grade oleic acid and solvent environment of toluene with 

listed percent NMP, (d) technical grade oleic acid and solvent environment of toluene/polar 

solvent, (e) stearic acid and listed solvent environment with toluene, (f) solvent of toluene/NMP 

and 100 eq. ethyl acetate and DMF, (g) solvent of toluene/DMF and 100 eq. of ethyl acetate and 
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NMP, (h) oleic acid and solvent of toluene/NMP, (i) oleic acid and solvent of toluene/DMF, (j) 

benzoic acid and solvent of toluene/NMP, (k) benzoic acid and solvent of toluene/DMF, (l) oleic 

acid and solvent of toluene/NMP, (m) oleic acid and solvent of toluene/DMF, (n) benzoic acid and 

solvent of toluene/NMP with ethyl acetate and DMF additives, (o) benzoic acid with 10 eq. polar 

additives and solvent of toluene/listed polar solvent, (p) benzoic acid with 10 eq. ethyl acetate, 

NMP, (and DMF), (q) phenylacetic acid, (r) technical grade oleic acid and solvent of 

toluene/NMP, (s) oleic acid and solvent of toluene/NMP. 

 

 

Figure S 2.2 UV-visible absorbance spectrum fit to a gaussian to determine peak maximum of 456 

nm. 
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Figure S 2.3 Raman spectra of as-synthesized InP QDs at 60 ºC (purple) and after being treated 

with zinc carboxylate and HF at 180 ºC (gold) using lex= 785 nm. The bulk zincblende InP 

transverse optical (TO) and longitudinal optical (LO) phonon modes are indicated by lines at 306 

cm-1 (red) and 348.5 cm-1 (green).63 The grey dashed line shows that the measured peak at 303  

cm-1 does not shift after surface treatment. 
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Figure S 2.4 UV-visible absorbance and photoluminescence of InP QDs synthesized at 60 °C (a) 

before surface treatment and (b) after surface treatment. Note the drastic increase in PL intensity 

after surface treatment, indicating a negligible photoluminescence quantum yield before surface 

treatment. 
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Figure S 2.5 Temporal evolution of the absorbance and emission profiles of InP QDs grown at 60 

ºC when subjected to zinc exchange and fluorination by HF at 180 ºC. The gradual blue-shift of 

the absorbance and PL, along with the monotonic increase in PL intensity is consistent with the 

zinc-exchange induced reduction in QD diameter and passivation of residual surface traps by HF. 
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Figure S 2.6 Optical characteristics of InP/Zn-F QDs plotted on an energy scale (a). After applying 

the conversion factor64, the PL was fit (b) to a single Gaussian function to extract the full width at 

half maximum. Coefficient values ± one standard deviation as follows: y0 = 4.9233E06 ± 9.1E04, 

A = 1.8881E08 ± 2.37E05, x0 = 2.3931 ± 0.000173 eV, width = 0.17561 ± 0.000273 eV. 

 

 

Figure S 2.7 Time-resolved photoluminescence decay of InP/Zn-F QDs, excited by a pulsed laser 

at 402.5 nm and measured at 520 nm. The decay profile was fit to a biexponential function to 

extract the intensity weighted lifetime, reported in nanoseconds. 
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Figure S 2.8 Photoluminescence excitation spectra of InP/Zn-F QDs made at 60 °C. (a) 

Photoluminescence excitation (PLE) spectra excited at 460, 490, 520, 550, and 580 nm plotted 

with the absorbance and photoluminescence spectra. (b) Normalized PLE spectra to demonstrate 
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peak shift with excitation wavelength, indicating multiple QD populations contributing to the 

photoluminescence signal. The two populations emitting at 490 and 520 nm have the highest 

intensity. (c-g) Normalized absorbance, PLE, and photoluminescence spectra for each wavelength, 

with the gray line indicating the excitation wavelength for PLE. 

 

 

Figure S 2.9 UV-visible absorbance spectra showing reproducibility of optimized InP QD 

synthesis. 

 

 

Figure S 2.10  UV-visible absorbance spectra comparing QD products with and without ethyl 

acetate and NMP additives from a synthesis using oleic acid and a solvent environment of 50/50 

toluene/DMF. The broader peak without additives indicates a worse QD size dispersion. 
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Figure S 2.11 Characterization of InP QDs synthesized using acid-free indium(III) myristate. (a) 

UV-visible absorbance spectra of aliquots of a reaction at room temperature with indium(III) 

myristate (acid-free, 1 eq.) with 0.6 eq. myristic acid, 0.5 eq. P(SiMe3)3, and a solvent mixture of 

equal parts NMP and toluene, (b) TEM image of InP QDs from the room temperature synthesis, 

inset of high resolution image showing a defect-ridden crystal structure with scale bar of 3 nm, (c) 

QD diameter distribution from TEM image analysis fit to two gaussians illustrating the bimodal 

size distribution, (d) powder X-ray diffraction patterns showing a quasi-wurtzite structure for InP 

QDs made using acid-free indium(III) myristate at both room temperature and 60 °C, and (e) UV-

visible absorbance spectra of QD products using previously stated conditions at different reaction 

temperatures. 
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2.4.15 Experimental Conditions for High-Throughput Experiments 

Table 2.1 Stock Solutions used in High-Throughput Experiments 

Label Reagent 1 Reagent 

1 conc. 

(mM) 

Reagent 2 Reagent 

2 conc. 

(mM) 

Solvent Notes/ 

extra 

reagent 

In.ol.tol In(CH3)3 8.88 oleic acid 32.0 toluene  

In.ol.tol.2x In(CH3)3 17.8 oleic acid 63.9 toluene a 

In.ol.tol.10x In(CH3)3 88.8 oleic acid 320 toluene  

In.13%.ol.tol In(CH3)3 8.88 oleic acid 30.2 toluene a 

In.13%.ol.tol.2x In(CH3)3 17.8 oleic acid 60.4 toluene a 

In.13%.ol.tol.10x In(CH3)3 88.8 oleic acid 302 toluene  

In.t.ol.tol In(CH3)3 8.88 tech. grade 

oleic acid 

32.0 toluene  

In.13%.t.ol.tol In(CH3)3 8.88 tech. grade 

oleic acid 

30.2 toluene  

In.3%.t.ol.tol In(CH3)3 8.88 tech. grade 

oleic acid 

27.5 toluene  

In.ph.tol In(CH3)3 8.88 Phenylacetic 

acid 

32.0 toluene  

In.ph.NMP In(CH3)3 8.88 Phenylacetic 

acid 

32.0 NMP  

In.st.tol In(CH3)3 8.88 stearic acid 32.0 toluene  

In.bz.tol In(CH3)3 8.88 benzoic acid 32.0 toluene  

In.bz.DMF In(CH3)3 8.88 benzoic acid 32.0 DMF  

In.bz.NMP In(CH3)3 8.88 benzoic acid 32.0 NMP  

In.ol.bz.tol In(CH3)3 8.88 tech. grade 

oleic acid 

16.0 toluene benzoic 

acid 

(16.0 

mM) 

In.ASP.bz.NMP In(CH3)3 8.88 L-aspartic 

acid 

16.0 NMP benzoic 

acid 

(16.0 

mM) 

In.ASP.bz.DMF In(CH3)3 8.88 L-aspartic 

acid 

16.0 DMF benzoic 

acid 

(16.0 

mM) 

InCl3.DMF InCl3 8.88   DMF  

P.tol P(SiMe3)3 4.44   toluene  

P.NMP P(SiMe3)3 4.44   NMP  

P.DMF P(SiMe3)3 4.44   DMF  

P.tol.2x P(SiMe3)3 8.88   toluene  

P.tol.10x P(SiMe3)3 44.4   toluene  
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Label Reagent 1 Reagent 

1 conc. 

(mM) 

Reagent 2 Reagent 

2 conc. 

(mM) 

Solvent Notes/ 

extra 

reagent 

ol.tol oleic acid 32.0   toluene  

bz.tol benzoic acid 32.0   toluene  

bz.DMF benzoic acid 32.0   DMF  

ASP.DMF L-aspartic 

acid 

32.0   DMF  

       

benzamide.NMP benzamide 4.44   NMP a 

benzylamine.NMP benzylamine 4.44   NMP a 

benzylamine.2eq 

.NMP 

benzylamine 8.88   NMP  

benzylamine.10eq 

.NMP 

benzylamine 44.4   NMP  

benzylamine.tol benzylamine 4.44   toluene  

benzylamine.DMF benzylamine 4.44   DMF  

       

E,N.DMF.10eq ethyl acetate 44.4 NMP 44.4 DMF  

E,D.NMP.10eq ethyl acetate 44.4 DMF 44.4 NMP  

D,N.EtOAc.10eq DMF 44.4 NMP 44.4 ethyl 

acetate 

 

E,D,N.tol.10eq ethyl acetate 44.4 DMF 44.4 toluene NMP 

(44.4 

mM) 

E,N.DMF.10eq.2x ethyl acetate 88.8 NMP 88.8 DMF  

E,N.DMF.100eq ethyl acetate 444 NMP 444 DMF  

E,D.NMP.100eq ethyl acetate 444 DMF 444 NMP  

E,D.tol.100eq ethyl acetate 444 DMF 444 toluene  

E,N.tol.100eq ethyl acetate 444 NMP 444 toluene  

E,D.NMP.200eq ethyl acetate 888 DMF 888 NMP  

E,D.NMP.400eq ethyl acetate 1780 DMF 1780 NMP  

E,D.NMP.600eq ethyl acetate 2660 DMF 2660 NMP  

E,N.DMF.600eq ethyl acetate 2660 NMP 2660 DMF  

E,D.tol.600eq ethyl acetate 2660 DMF 2660 toluene  

E,N.tol.600eq ethyl acetate 2660 NMP 2660 toluene  

E,D.NMP.800eq ethyl acetate 3550 DMF 3550 NMP  

a: prepared using serial dilution 
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Table 2.2 Conditions for High-Throughput Experiments 
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2.4.16 UV-visible Absorbance Spectra of Time points for High-Throughput Experiments 

Table 2.3 UV-visible Absorbance Spectra of Time points for High-Throughput Experiments 

1.B2,D2,F2 

     
1.B3,D3,F3 

 
1.B4,D4,F4 

 
1.B5,D5,F5 
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1.B6,D6,F6 

 
1.B7,D7,F7 

 
1.B8,D8,F8 

 
1.B9,D9,F9 

 
1.B10,D10,F10 
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1.B11,D11,F11 

 
1.C2,E2,G2 

 
1.C3,E3,F3 

 
1.C4,E4,G4 

 
1.C5,E5,G5 

 



 

 

 

 

75 

1.C6,E6,G6 

 
1.C7,E7,G7 

 
1.C8,E8,G8 

 
1.C9,E9,G9 

 
1.C10,E10,G10 
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1.C11,E11,G11 

 
2.B2,D2,F2 

 
2.B3,D3,F3 

 
2.B4,D4,F4 

 
2.B5,D5,F5 
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2.B6,D6,F6 

 
2.B7,D7,F7 

 
2.B8,D8,F8 

 
2.B9,D9,F9 

 
2.B10,D10,F10 
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2.B11,D11,F11 

 
2.C2,E2,G2 

 
2.C3,E3,F3 

 
2.C4,E4,G4 

 
2.C5,E5,G5 
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2.C6,E6,G6 

 
2.C7,E7,G7 

 
2.C8,E8,G8 

 
2.C9,E9,G9 

 
2.C10,E10,G10 
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2.C11,E11,G11 

 
3.B2,E2 

 
3.B3,E3 

 
3.B4,E4 

 
3.B5,E5 
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3.B6,E6 

 
3.B7,E7 

 
3.B8,E8 

 
3.B9,E9 

 
3.B10,E10 
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3.B11,E11 

 
3.C2 

 
3.C3 

 
3.C4,F4 

 
3.C5,F5 

 

2 RNH
2
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3.C6 

 
3.C7 

 
3.C8,F8 

 
3.C9,F9 

 
3.F2 
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3.F3 

 
3.F6 

 
3.F7 

 
4.B2,D2,F2 

 
4.B3,D3,F3 
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4.B4,D4,F4 

 
4.B5,D5,F5 

 
4.B6,D6,F6 

 
4.B7,D7,F7 

 
4.B8,D8,F8 
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4.B9,D9,F9 

 
4.B10,D10,F10 

 
4.B11,D11,F11 

 
4.C2,E2,G2 

 
4.C3,E3,F3 

  



 

 

 

 

87 

4.C4,E4,G4 

 
4.C5,E5,G5 

 
4.C6,E6,G6 

 
4.C7,E7,G7 

 
4.C8,E8,G8 
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4.C9,E9,G9 

 
4.C10,E10,G10 

 
4.C11,E11,G11 

 
5.B2,D2,F2 

 
5.B3,D3,F3 
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5.B4,D4,F4 

 
5.B5,D5,F5 

 
5.B6,D6,F6 

 
5.B7,D7,F7 

 
5.B8,D8,F8 
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5.B9,D9,F9 

 
5.B10,D10,F10 

 
5.B11,D11,F11 

 
5.C2,E2,G2 

 
5.C3,E3,F3 
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5.C4,E4,G4 

 
5.C5,E5,G5 

 
5.C6,E6,G6 

 
5.C7,E7,G7 

 
5.C8,E8 
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5.C9,E9 

 
5.G10 

 
5.G11 
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Chapter 3. INDIUM–POLY(CARBOXYLIC ACID) LIGAND 

INTERACTIONS MODIFY INDIUM 

PHOSPHIDE QUANTUM DOT NUCLEATION 

AND GROWTH 

Reprinted with permission from Chem. Mater. 2023, 35, 15, 6152–6160. Copyright 2023 

American Chemical Society. 

3.1 INTRODUCTION 

Morphological control over nanomaterials by leveraging the interplay of organic and 

inorganic components is a central focus in the colloidal synthesis community. Nature has also 

developed exquisite mechanisms for controlling crystal growth at the nanoscale to produce 

hierarchically structured organic-inorganic composites, like shells and bone. Despite this, the 

connection between colloidal nanomaterial synthesis and the field of biomineralization is 

underexplored. A review from Nudelman and Sommerdijk details how the elements of chemical, 

spatial, structural, morphological, and constructional control in biomineralization systems apply 

to materials chemistry.1 Molecular or macromolecular templates with specific binding groups or 

enclosed spaces regulate the location, reactivity, and concentration of mineral precursors that 

control nucleation and growth of minerals to impact their shape, size, phase, and assembly. 

Application of biomineralization design principles has inspired complex synthetic inorganic 

nanomaterials. Biomimetic macromolecules can template hybrid hierarchical inorganic 

materials,2–7 and molecular templates designed to bind certain crystal facets can control the 

nucleation and growth of inorganic nanomaterials.8–12 The quantum dot (QD) community can learn 

from nature’s lessons on biomineralization to unlock new synthetic paradigms. 
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A promising avenue to introduce biomineralization principles to colloidal quantum dot 

synthesis is to position the capping ligand to take on a more complex cation templating role. 

Commercially available aminopolycarboxylic acids contain multiple functional groups that mimic 

the organized binding groups seen in natural mineralization templates such as peptides, and in 

particular ethylenediaminetetraacetic acid (EDTA) is cheap, low toxicity, and known to chelate 

metal ions.13 In the literature, polycarboxylic acids have been shown to control the nucleation and 

growth of metal oxide and rare-earth fluoride nanomaterials.14–22 While the use of EDTA as an 

additive in colloidal semiconductor synthesis is rare, there is precedent for EDTA interacting with 

metal ions during colloidal synthesis. The strong metal ion chelation of EDTA has been seen to 

prevent premature nucleation during heating,15 lower reactivity and prevent undesirable side 

reactions,16,18 and sequester metal ions during growth to inhibit excessive nucleation to control 

particle size.14 A study of CdS microparticles by Sugimoto and coworkers showed that nucleation 

was controlled by the molar ratio of EDTA to the cadmium precursor which in turn controls the 

Cd2+ available for nucleation, and then the Cd–EDTA complexes slowly release Cd2+ for 

monodisperse growth.14 

Precursor identity has been a long standing tool to affect QD synthesis, where precursor 

reactivities balance nucleation and growth to offer uniform, size-controlled samples.23,24 This study 

uses InP QD synthesis to explore the intersections of biomineralization-inspired metal ion control 

and colloidal QD precursor reactivity. Despite the promise of InP as a leading less toxic, 

commercially viable semiconductor, realizing precursor conversion reactivity controlled InP QD 

synthesis has been challenging. For InP QDs made using indium carboxylates and 

tris(trimethylsilyl)phosphine, kinetically trapped magic sized cluster intermediates complicate 

control through precursor reactivity, and existing efforts mainly focus on tuning phosphorus 
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reactivity.25–27 There have been few examples to date of using indium chemistry to control the 

synthesis of InP QDs despite a promising theoretical study that highlights the importance of the 

indium-oxygen bond cleavage energetics in InP bond formation using indium carboxylates.28,29 

Importantly, the advent of indium halides and aminophosphines as precursors for InP QDs opens 

up new avenues for precursor conversion reactivity control due to the avoidance of kinetic traps 

like the magic sized cluster.30–34 Varying the halide in the indium precursor tunes the final size of 

the QDs,30,31 and aminophosphines of different reactivities have been employed to effect precursor 

conversion reactivity control.32,33 In particular, recent work identifies a continuous nucleation and 

size-focusing growth mechanism for InP QDs grown using the aminophosphine chemistry, which 

allows for in depth interpretation of precursor reactivity effects.32 

Here we investigate the effect of aminopolycarboxylic acid EDTA on the nucleation and 

growth of InP QDs made using indium chloride and tris(diethyl)aminophosphine. By varying the 

equivalents of EDTA per indium, we identify an EDTA-dependent trend in the final QD size. 

Analysis of the initial InP growth rates using UV-vis absorbance spectra of reaction aliquots and 

rationalization through a continuous nucleation mechanism explains the size trend. Specific 

indium – EDTA interactions are investigated through 1H NMR spectroscopy and an octahedral 

indium EDTA complex is identified with low reactivity. We demonstrate how EDTA dose-

dependent size control of InP QDs is achieved through a chelation-induced indium sequestration 

pathway. We present EDTA as an indium precursor modifier that expands the accessible QD size 

range of a given indium halide precursor. 
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3.2 RESULTS AND DISCUSSION 

3.2.1 EDTA-Dependent Size Control 

Previous studies have optimized the synthesis conditions for making InP QDs using 

aminophosphines, including indium concentration and equivalents of aminophosphine relative to 

the indium halide (Scheme 1.1).31 The reaction temperature of 180 °C for this study was chosen 

to both be comparable to literature precedents and avoid the decomposition of EDTA, which 

interferes with InP formation at temperatures above 180 °C (Figure S 3.1).35 The indium halide 

used is indium chloride to offer the largest window for size control, because as the worst leaving 

group out of the halide series (i.e., chloride, bromide, and iodide) it facilitates the formation of the 

largest QDs. 

 

Scheme 3.1 Aminophosphine-based InP QD synthesis with ethylenediaminetetraacetic acid 

(EDTA) additive (x = 0, 0.25, 0.5, 0.75). 

 

Increasing the dose of EDTA from 0 to 0.75 equivalents per indium controls the final size 

of InP QDs as evidenced by a range of lowest energy electronic transitions (LEET) from ~590 to 

~400 nm in UV-vis absorbance data (Figure 1.1a). Fitting the low energy tail of each final 

absorbance spectrum to a gaussian peak to approximate the excitonic absorbance transition gives 

LEETs at 583, 558, 510 nm for 0, 0.25, and 0.5 equivalents of EDTA per indium, respectively. 

The approximate LEET for the InP QDs made with 0.75 equivalents of EDTA is estimated using 

a Tauc plot to be 393 nm (method in SI). Transmission electron microscopy (TEM) images reveal 
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a slight morphology change from spherical to a truncated tetrahedral nanocrystal shape as well as 

a size increase as the equivalents of EDTA decrease (Figure 1.1c-f). The nanocrystal size can be 

estimated from the LEET based off electron confinement and effects of shape.36 Due to stronger 

confinement in a tetrahedral nanocrystal, the upper size estimate for QDs with LEETs of 583, 558, 

510, and 393 nm are edge lengths of 5.9, 5.2, 4.2, and 2.4 nm while assuming a spherical 

nanocrystal gives diameters of 3.2, 3, 2.6, and 1.8 nm, respectively. The measured diameters from 

TEM images are 4.5 ± 0.6, 4.2 ± 0.8, 3.9 ± 0.6, and 2.3 ± 0.8 nm for syntheses using 0, 0.25, 0.5, 

and 0.75 equivalents of EDTA, respectively, agreeing with the identified morphology change from 

small spheres to larger tetrahedra (Figure S 3.2, Figure S 3.3). 

Powder X-Ray Diffraction (pXRD) data of the purified QDs show zinc blende phase InP 

(Figure 1.1b). Scherrer analysis was performed on the pXRD patterns with defined zinc blende 

peaks and confirms the size trend with average crystallite sizes of 3.5 ± 0.3 and 2.8 ± 0.4 nm for 

InP QDs made with 0 and 0.25 equivalents of EDTA, respectively. We note that the smaller QD 

samples have broad diffraction patterns as is typical of nanocrystals of that size.37 Additionally, 

analysis of the peak centered at 20 degrees two theta, which is attributed to the ordering of the 

surface ligands, offers insight into the size and composition of the QDs. Calvin and coworkers 

have recently shown through experimental diffraction patterns and theoretical models of different 

sized InP QDs that the peak from ligand ordering increases in relative intensity compared to the 

lowest index zinc blende peak as the nanocrystal size decreases.38 The diffraction patterns were fit 

to gaussian peaks to confirm that this ratio increases for the size decrease observed across the 

EDTA series (Figure S 3.4). 
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Figure 3.1 Optical, crystallographic, and morphological characterization of InP QDs. (a) Overlay 

of absorbance spectra of final reaction aliquots of InP QDs made using varying equivalents of 

EDTA per indium. (b) XRD pattern of InP QDs after purification to remove excess ligand. TEM 

images of InP QDs made using (c) 0, (d) 0.25, (e) 0.5, and (f) 0.75 equivalents of EDTA, with 

diameters 4.5 ± 0.6 nm, 4.2 ± 0.8 nm, 3.9 ± 0.6 nm, and 2.3 ± 0.8 nm, respectively. Insets (c-f) 

show representative QD morphology (scale bars are 2 nm). 
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3.2.2 Impact of Precursor Reactivity on Nucleation and Growth 

There are two options for how EDTA could be impacting the nucleation and/or growth 

processes to cause the size control effect. The first is surface binding, which stabilizes the surface 

and impedes nanocrystal growth.21 The second is interference with the precursor conversion 

reaction affecting the balance between nucleation and growth.14,32,33 Considering the first option, 

the observed size trend is consistent with increasing equivalents of EDTA acting as a strong indium 

chelating ligand, stabilizing the surface and decreasing the QD diameter until growth is prevented 

entirely. For this hypothesis to be likely, EDTA would be expected to be found on the surface of 

the QDs after purification as one of the capping ligands. However, by 1H NMR spectroscopy there 

is no identifiable surface bound EDTA present in the purified QD samples, only the expected 

oleylamine capping ligands are observed (Figure S 3.5).36,39 The broadening of the ligand 

resonances as the QD size decreases indicates an increase in ligand disorder caused by the 

morphology change from tetrahedral to quasi-spherical.40 The broad resonances centered around 

4.2 ppm that increase in intensity with more EDTA in the synthesis can be attributed to species 

from amine oxidation reactions such as imines and iminiums.41 IR spectroscopy was taken of 

purified and dried samples of the QD series and the expected strong carboxylate stretch from 

EDTA was not identified in any of the spectra (Figure S 3.6). Concluding that EDTA is not present 

on the surface to an extent that adequately explains the observed size control, we turned to the 

hypothesis that EDTA impacts precursor reactivity. 

Recent work on the mechanism of InP nucleation and growth in the aminophosphine 

system gives great insights on how to interpret the size trend through perturbation of precursor 

conversion.32,33 McMurtry and coworkers found that nucleation takes up a sizable fraction of the 

total reaction time, ranging from a half to less than a tenth of the reaction time.32 At lower reaction 
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temperatures, such as 180 °C used in the present study, nucleation of new nanocrystals occurs over 

about half of the reaction time. For aminophosphines of varying reactivities, the dependence of 

size on different initial growth rates was found to only become significant at higher temperatures. 

However, Valleix and coworkers separately observed a decreasing size trend by adding increasing 

equivalents of a diamine at a reaction temperature of 180 °C.33 They proposed that a 

diethylaminophosphine – diamine complex forms from the transaminated oleylaminophosphine, 

which acts as a competitive reaction to InP production. The crucial point seems to be that the 

competitive phosphorus precursor reaction both decreases the amount of active phosphorus 

available to convert to InP and decreases the InP production rate. A control done with a lower 

molar amount of the initial aminophosphine did not decrease QD size, which shows that the lower 

rate of InP formation is crucial to the size control effect. 

In this study, QD size decreases as equivalents of EDTA are increased, which is the same 

trend seen in the diamine dose-dependent size control study. To probe whether EDTA could be 

having a similar effect on indium availability as the diamine was found to have on phosphorus 

availability, we investigated initial rates. The initial rate of InP formation decreases with increasing 

equivalents of EDTA (Figure 3.2a). Initial rates based off absorbance increases in reaction 

aliquots are sometimes referred to as precursor conversion rates or monomer production rates. 

However, when the rate is calculated by attributing absorbance at high energy wavelengths to InP 

units through bulk zinc blende InP parameters, then it should more accurately be thought of as the 

initial growth rate of crystalline InP and not a measure of monomer production rate. Under the 

regime of burst nucleation, lower initial rates of monomer production cause less nuclei to form 

and then those nuclei experience more surface growth due to the mass balance of monomers left 

over in solution after the nucleation event (Figure 3.2c).23,24,27 In that scenario, low initial InP 



 

 

 

105 

formation rates lead to larger QDs but this is the opposite to what is observed with the EDTA 

series. This can be rationalized by pointing to the evidence that InP made using aminophosphines 

undergoes continuous nucleation rather than a burst nucleation event.32 During a longer nucleation 

period, lower initial InP growth rates could imply slower solute production leading to slower 

growth on existing nuclei (Figure 3.2c). Kinetics of initial InP growth and nucleation are likely 

affected similarly due to the redox reaction required for InP bond formation, which convolutes the 

identity of a monomer species and blurs the distinction between nucleation and surface growth. 

The extended nucleation period allows for many nuclei to form and grow slowly to be small QDs 

without loss of critical concentration when there are low initial InP formation rates. Similar logic 

follows that high initial growth rates lead to larger QDs. After the extended nucleation period, the 

QDs experience size dependent growth allowing for a monodisperse population.32 This is observed 

in the current system by the narrowing of the full width at half maximum of the LEET in a 

representative InP QD synthesis using 0.25 equivalents of EDTA (Figure S 3.7). The relative yield 

of InP is also seen to decrease with increasing equivalents of EDTA, which supports smaller QDs 

grown with lower initial rates (Figure 3.2b). Additionally, lower yields raise the option of 

precursor loss to some nonproductive route. With potential for initial rates to cause the observed 

size trend, we next examine the role of EDTA in perturbing the initial InP formation rates. 
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Figure 3.2 Nucleation and growth data and interpretation. Initial rates of InP growth (a) and InP 

yield (b) for InP QDs made using varying equivalents of EDTA. (c) Scheme showing size 

dependence on initial rates during burst nucleation compared to continuous nucleation scenarios. 

 

Due to its strong chelation to metal ions, it is possible that EDTA is simply sequestering 

indium cations, and the lower concentration and molar amount of indium in solution is causing 

smaller QDs to form. Syntheses with a reduced InCl3 stoichiometry of 0.5 and 0.25 equivalents 

were run as a control to compare to the 0.5 and 0.75 equivalents of EDTA experiments, 

respectively. Fitting the final absorbance traces shows only a ~50 nm blueshift in the LEET when 

equivalents of InCl3 are reduced from 1 to 0.25 (Figure 3.3) rather than the ~200 nm blueshift 
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observed when using EDTA. The yields of the lower equivalents of InCl3 syntheses decrease 

relative to the full stoichiometric equivalent as is expected for less indium (Figure S 3.8). The role 

of EDTA in the system is more complex than complete sequestration because simply less indium 

in solution does not provide the same magnitude of size control. The initial rates of the control 

InCl3 series also decrease with lower molar amounts added; however, the decrease is less than is 

seen with the corresponding EDTA equivalents (Figure S 3.9). Coupled with the slight size 

decrease seen as the amount of InCl3 decreases, this continues to point to an EDTA-specific effect 

on initial rates as the culprit for the observed size trend. Additionally, size control by varying the 

initial rates would be a kinetic effect and this can be confirmed by observing faster growth to larger 

QDs at higher temperatures. This was performed on the 0.75 equivalents of EDTA synthesis 

condition, and faster initial rates were observed as the temperature was increased up to 220 °C 

(Figure 3.4). However, the system becomes unstable above 180 °C after 1 hour (190 °C) or 20 

minutes (220 °C) as evidenced by a decrease in absorbance at high energy wavelengths pointing 

to QD decomposition (Figure S 3.1). EDTA is known to undergo thermal decomposition above 

180 °C in aqueous conditions.35 

 

Figure 3.3 Comparing EDTA-based size control to indium stoichiometry-based size control. (a) 

Overlay of absorbance spectra of final reaction aliquots of InP QDs made using varying 
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concentrations of InCl3. (b) Comparison of the lowest energy electronic transitions between lower 

InCl3 concentration and equivalents of EDTA additive. 

 

 

Figure 3.4 Temperature-dependent initial rate kinetics of InP QD synthesis with EDTA. (a) Initial 

rates of InP growth increase for InP QDs made using 0.75 eq. EDTA with increasing reaction 

temperatures of 180, 190, and 220 °C. (b) Absorbance spectra of initial reaction aliquots (red 30 

s, orange 2 min, yellow 5 min, green 10 min, blue 15 min) across the three reaction temperatures 

(180 °C solid, 190 °C dashed, 220 °C dotted) for InP QDs made using 0.75 eq. EDTA. 

 

To rule out significant influences of EDTA on the phosphorus precursor chemistry, 31P 

NMR spectroscopy was used to track molecular phosphorus byproducts.31 Reaction aliquots of the 

InP QD synthesis using 0.75 equivalents of EDTA show the active transaminated aminophosphine 

species disappearing over early time points (~10 minutes) as well as the tautomer species of the 

active transaminated aminophosphines at 14 and 11 ppm as they convert back to the more active 

phosphorus precursor (Figure 3.5). The phosphonium salt byproduct of InP bond formation (30 

ppm) appears over the first 10 minutes of the reaction accompanied by an increasing amount of an 

additional byproduct with a resonance at 18 ppm. This peak has been observed as a minor species 

in previous studies, but not nearly with the intensity seen here.31,42 The amide-forming reaction 
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between the carboxylic acids of EDTA and oleylamine produces water as a byproduct (observed 

by 1H NMR in the absence of phosphorus in Figure S 3.10), which taken alongside the chemical 

shift suggests an aminophosphine oxide.43 There is excess unincorporated phosphorus in the 

reaction because of the lower InP yields with higher equivalents of EDTA, and the increasing 

amount of aminophosphine oxide serves as a reasonable outlet. The phosphonium salt byproduct 

is observed in the 31P NMR spectra of the crude reactions before purification throughout the EDTA 

series, as well as increasing amounts of the resonance attributed to an aminophosphine oxide as 

the equivalents of EDTA increase from 0 to 0.5 per indium (Figure S 3.11). 

 

Figure 3.5 Phosphorus speciation over time of InP QD synthesis with EDTA. (a) 31P NMR 

(benzene-d6, 500 MHz, 298K) spectra of reaction aliquots of InP QDs made using 0.75 eq. EDTA. 

(b) Integrations of phosphonium salt (30 ppm, red), proposed aminophosphine oxide (18 ppm, 

orange), and tautomers of the active transaminated aminophosphine species (14, 11 ppm, green, 

blue). 
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3.2.3 Formation and Study of In-EDTA Complex 

EDTA was added to the InP QD synthesis for its multiple carboxylic acid functional groups 

to interact with the indium cations during InP nucleation and growth. The previous work using 

diamines to control phosphorus availability and reactivity pointed to a competitive precursor 

reaction as a means to lower initial rates and lead to size control.33 A potential competitive 

precursor reaction could involve partial or full binding of EDTA to indium species in the reaction. 

EDTA is known to form pentagonal bipyramidal complexes with In3+ among a plethora of other 

metal cations in aqueous environments with water occupying the seventh coordination site.13 

However, there are few reports describing the interactions between EDTA and indium or similar 

metals in organic solvents, likely due to low solubilities at room temperature. To show that EDTA 

can make complexes with indium chloride in aprotic solvents assisted by amines, 1H NMR 

spectroscopy was used to track the binding of EDTA to indium. To simulate the conditions of the 

initial reaction mixture before phosphorus addition, indium chloride and EDTA were reacted in 

equimolar amounts in deuterated dimethyl sulfoxide with four equivalents of oleylamine per 

indium. After allowing the mixture to stir overnight, the 1H NMR spectrum shows an AB quartet 

with coupling JH-H of 16 Hz at 3.1 and 2.9 ppm with integrations of 4 protons each, a singlet around 

2.7 ppm overlapping with the oleylamine alpha proton triplet with an integration for 4 protons, and 

resonances attributed to the oleylammonium protons (Figure 3.6). 



 

 

 

111 

 

Figure 3.6 Proton NMR of the indium EDTA complex. 1H NMR (DMSO-d6, 500 MHz, 298K) 

spectrum of 1 eq. InCl3, 1 eq. EDTA, and 4 eq. oleylamine, with integrations for the methylene 

peaks of EDTA at 3.09 and 2.87 ppm (JHH = 16 Hz). EDTA protons are labeled with purple circles, 

oleylamine protons are labeled with green dashes, and residual DMSO is at 2.50 ppm (*) and 

toluene around 7.2 ppm and 2.3 ppm (˟). The upfield spectrum portion from 6.3 to 8 ppm is 

magnified 10x to see the broad –NH3
+ resonance. 

 

Detailed 1H NMR spectroscopy studies of metal-EDTA complexes from the literature offer 

a framework to analyze these results. An initial study from Gennaro and coworkers describes the 

geminal coupling of the methylene protons in the acetyl groups of an octahedral metal-EDTA 

complex.44 With four unique methylene proton environments (in- and out-of-plane, axial and 

equatorial), the 1H NMR spectrum should exhibit two AB quartet patterns. However, variable 

temperature studies show that the AB quartets coalesce upon heating. This is rationalized by one 

or both intramolecular rearrangement processes as follows: nitrogen inversion which results in 

exchange of the in- and out-of-plane acetyl groups, and Δ, Λ conversion where the acetyl groups 

rotate coordination spots on the metal so that the protons switch in- and out-of-plane as well as 
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axial and equatorial environments (Scheme 3.2a).45,46 The stoichiometry of the resulting 

octahedral indium EDTA complex requires four amines to deprotonate EDTA to form four 

equivalents of oleylammonium, then one charge balances the negatively charged indium EDTA 

octahedral complex and the other three form oleylammonium chloride salts (Scheme 3.2b). The 

shift of the amine proton signal from 2.9 ppm when oleylamine is coordinated to InCl3 to a broad 

singlet around 7 ppm when EDTA is added supports the formation of oleylammonium (Figure S 

3.12).39 These control experiments indicate that a tightly chelated octahedral indium EDTA 

complex forms in the initial reaction mixture containing InCl3, EDTA, and oleylamine before the 

addition of the aminophosphine. 

 

Scheme 3.2 Formation and transformation of the octahedral indium EDTA complex. (a) 

Demonstration of intramolecular rearrangement processes in an octahedral metal-EDTA complex 

that lead to coalescence of AB quartets in the 1H NMR spectrum. In Δ, Λ conversion, the acetyl 

groups rotate coordination spots on the metal so the protons switch in-plane (blue) and out-of-

plane (red), and axial (cyan) and equatorial (green) environments. Nitrogen inversion results in 

exchange of the in- and out-of-plane acetyl groups. (b) Proposed chemical equation for reaction 

mixture before addition of phosphorus. 
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Investigating the reactivity of the octahedral indium EDTA complex can give insights into 

how EDTA causes the size difference in the InP QD synthesis. First, the indium EDTA complex 

is stable through the initial degassing step of the synthesis, as seen through the retention of the 

characteristic AB quartet after heating for one hour at 120 °C (Figure S 3.10). After heating at the 

QD synthesis temperature of 180 °C, the diagnostic AB quartet persists but is accompanied by the 

appearance of additional byproduct resonances and the formation of water (Figure S 3.10). 

Therefore, without phosphorus present at the reaction temperature, the octahedral indium EDTA 

complex undergoes only partial decomposition evidenced by the AB quartet persistence and the 

amide/water formation. 

With reasonable evidence suggesting that any EDTA added is chelating indium to form an 

octahedral complex at the time of phosphorus injection, it is important to determine the extent of 

reactivity with phosphorus of the chelated indium. When one equivalent of EDTA per indium is 

added to the InP QD synthesis to chelate all indium, UV-vis absorbance data shows an increase in 

broad, featureless absorption (Figure S 3.13a) relative to the equivalent reaction run in the absence 

of aminophosphine (Figure S 3.14). Despite the lack of clear InP QD formation with 1 equivalent 

of EDTA per indium, an initial rate can be extracted from the early reaction aliquot absorbance 

spectra and the result is slightly lower than the initial rate with 0.75 equivalents of EDTA per 

indium (Figure S 3.13b). Taking into account the low reactivity of the chelated indium, the 

molecular cause of the EDTA-dependent size control can be identified. The initial rates of InP 

growth decrease slightly with lower indium concentrations (Figure S 3.9), and the less reactive 

indium EDTA complex further decreases the initial InP growth rate leading to the drastic size 

decrease. This kinetically-informed competitive indium precursor system is summarized in 

Scheme 3.3 as an explanation for the EDTA dose-dependent InP QD size decrease. The size 
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control is generalizable to other indium salts as InP QDs made using indium iodide instead of 

indium chloride also exhibit a size decrease with increasing equivalents of EDTA (Figure S 3.15). 

 

Scheme 3.3 Proposed reaction scheme showing the influence of EDTA chelation on indium 

precursor reactivity. Increasing equivalents of EDTA lowers the initial InP growth rate. (R = 

C18H35, x = 0, 0.25, 0.5, 0.75). 

 

3.3 CONCLUSIONS 

In conclusion, we have explored the effects of a multidentate ligand on indium precursor 

reactivity and the consequences for InP QD synthesis. The aminopolycarboxylic acid EDTA 

chelates indium in solution by forming an indium EDTA octahedral complex using the amine 

solvent as a deprotonation agent and source of charge compensating counter cations. 

Substoichiometric amounts of EDTA per indium allow zinc blende InP QDs with low 

polydispersity to be grown with a diameter range of 4.5 to 2.3 nm. We propose that the balance 

between free indium (InCl3(oleylamine)3)
34 and chelated indium (In(EDTA)-) as precursors in 

solution causes the observed lower initial InP growth rates both because of the competitive 

sequestration of indium by EDTA and the lower reactivity of the indium EDTA complex. The 
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unusual trend of smaller nanocrystals caused by lower initial growth rates is explained through the 

balance between nucleation and growth in a continuous nucleation scenario. The possibility of size 

control through surface stabilization effects was considered but discounted due to the lack of 

EDTA on the surface of purified QDs. 

This study develops indium chelation as a synthetic handle in InP QD synthesis and shows 

a glimpse of the opportunities offered when metal cation reactivity and activity are controlled in 

QD synthesis. Analogues of synthetic control used in biomineralization, such as multidentate 

ligands, are sparsely used to control QD nucleation and growth but the unique regulation offered 

can overcome unresolved synthetic difficulties. For example, the non-ideal pre-nucleation clusters 

in PbS QDs were avoided by toggling lead ion reactivity using chelating ethers.47 Continuing to 

apply insights from nature on QD synthesis through precise control over precursor coordination 

and reactivity will both expand our fundamental understanding of nucleation and growth processes 

and the commercial use of QDs through precise synthetic control. 

3.4 EXPERIMENTAL METHODS 

3.4.1 General Practices 

All glassware was dried in a 160 °C oven overnight prior to use. All syntheses were performed 

under an inert atmosphere of nitrogen using a glovebox or standard Schlenk techniques. Indium 

chloride (98%) and ethylenediaminetetraacetic acid (98.5%) were purchased from MilliporeSigma 

and dried before being stored in a nitrogen glovebox. Oleylamine (≥98%) was purchased from 

MilliporeSigma, dried over CaH2, distilled, and stored over activated 3 Å molecular sieves in a 

nitrogen glovebox. Dimethylsulfoxide-d6 (99.9%), benzene-d6 (99.5%), and toluene-d8 (99.5%) 

were purchased from Cambridge Isotope Laboratories and were similarly dried and stored. 
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Anhydrous tris(diethyl)aminophosphine (97%) and anhydrous methanol (99.8%) were purchased 

from MilliporeSigma and used without further purification. Toluene (high-performance liquid 

chromatography grade) was purchased from Fisher and used as purchased for UV-vis absorbance 

spectroscopy of reaction aliquots. For QD purification, toluene was purchased from 

MilliporeSigma, collected from a solvent still, and stored over activated 3 Å molecular sieves in a 

nitrogen glovebox. UV-vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. 

3.4.2 Synthesis of InP QDs using InCl3 

Adapted from previously optimized conditions.31 In a nitrogen glovebox, 0.3 mmol InCl3, 0, 0.075, 

0.15, 0.225, or 0.3 mmol EDTA, and 5 mL anhydrous oleylamine were added to a 50 mL 3-neck 

flask. On the Schlenk line, the solution was then placed under vacuum at 120 °C and degassed for 

1 h. The vessel was then placed under an inert atmosphere and heated to 180 °C (unless alternate 

reaction temperature is specified). Once the reaction temperature was reached, 0.33 mL of 

tris(diethyl)aminophosphine (1.2 mmol) was rapidly injected. The reaction was monitored by UV-

vis absorbance spectroscopy of 20 μL reaction aliquots in 2 mL toluene. The reaction was allowed 

to proceed until the absorbance spectrum remained constant, observed at 2 h, or allowed to react 

overnight with little change in the absorbance spectrum. The flask was then cooled down to room 

temperature before being moved into a nitrogen glovebox for purification. The QDs were 

precipitated with anhydrous methanol, centrifuged for 10 min at 7830 rpm, and resuspended in 

toluene. This procedure was repeated 3 times to remove excess oleylamine before additional 

sample analysis was performed (confirmed by 1H NMR spectroscopy). 
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3.4.3 Synthesis of InP QDs using InI3 

InP QDs were synthesized using the same procedure as above but instead of 0.3 mmol InCl3, 0.3 

mmol of InI3 was used, and the reaction was allowed to proceed until the absorbance spectrum 

remained constant, observed at 30 minutes. 

3.4.4 Post-synthetic addition of EDTA to InP QDs 

In a nitrogen glovebox, 0.15 mmol of EDTA was added to 0.6 mL anhydrous oleylamine to form 

a slurry. InP QDs with 0 equivalents of EDTA were synthesized according to the procedure above 

and after 2 hours of reaction, the EDTA-oleylamine slurry was injected to the reaction mixture. 

The reaction was monitored by UV-vis absorbance spectroscopy of 20 μL reaction aliquots in 2 

mL toluene. The reaction was allowed to proceed until the absorbance spectrum remained constant, 

observed at 1 hour. The QDs were purified as described above before additional sample analysis. 

3.4.5 1H NMR Studies of InCl3 and EDTA 

In a nitrogen glovebox, 0.03 mmol InCl3, 0.03 mmol of EDTA, 0.5 mL anhydrous DMSO-d6, and 

0.12 mmol anhydrous oleylamine were added to a 20 mL scintillation vial and stirred overnight to 

allow for homogeneous mixing. The solution was transferred to an oven-dried airtight J. Young 

NMR tube and heated to 120 °C for 1 hour in a silicone oil bath, then 180 °C for 2 hours with 

removal for 1H NMR spectroscopy as needed. 

3.4.6 Transmission electron microscopy (TEM) 

All imaging was done on a FEI Tecnai G2 F20 SuperTwin microscope operated at 200 kV using 

bright field imaging. Samples were prepared in a nitrogen glovebox by drop-casting 5 L of dilute 

QD suspensions in toluene onto a suspended ultrathin carbon film on a lacey carbon support film, 
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400 mesh, copper grids purchased from Ted Pella Inc, and allowed to dry fully (10 min) then 

placed under vacuum overnight. TEM size analysis was performed using manual analysis in 

ImageJ based off images from at least two different grid locations and over 300 particle diameter 

measurements per sample. Due to the low contrast of InP under the electron beam, standard 

deviation of diameter measurements may be artificially high. 

3.4.7 Powder X-ray Diffraction (XRD) 

Powder XRD diffraction patterns were collected on solid films drop-cast onto a Si wafer using a 

Bruker D8 Discover diffractometer. 

3.4.8 NMR spectroscopy 

1H and 31P NMR spectra were recorded on 500 MHz Bruker Advance spectrometers. 1H NMR 

spectra were collected with 10 scans, 2 dummy scans, and a delay time of 30 s for QD samples or 

10 s for samples of molecular indium and EDTA species. 31P NMR spectra were collected with 

135 scans and a delay time of 2s for Figure S11 and 100 scans, delay time of 10s for Figure 5. 
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3.4.9 Supplementary Figures 

 

Figure S 3.1 Absorbance spectra for syntheses at 190 and 220 °C. InP QD synthesis with EDTA 

above 180 °C leads to decomposition shown by (a) comparing the final absorbance spectra of InP 

QDs made using 0.75 eq. of EDTA at reaction temperatures of 180, 190, and 220 °C and 

absorbance spectra of reaction aliquots of InP QDs made using 0.75 eq. of EDTA at (b) 190 °C 
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and (c) 220 °C. Note how the absorbance intensity decreases at 413 nm and there is an increase in 

scattering, showing a loss of colloidally stable crystalline InP. 

 

 

Figure S 3.2 TEM images of InP QDs made using (a) 0, (b) 0.25, (c) 0.5, and (d) 0.75 equivalents 

of EDTA, with diameters 4.5 ± 0.6 nm, 4.2 ± 0.8 nm, 3.9 ± 0.6 nm, and 2.3 ± 0.8 nm, respectively. 

Insets show histograms of QD diameter from the size analysis. 
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Figure S 3.3 Comparison of final InP QD size between manually measured diameter TEM images 

(particle count >300) and diameter calculated assuming a spherical nanocrystal shape versus edge 

length calculated assuming a tetrahedral nanocrystal shape from the lowest energy electronic 

transition extracted from fitting the final absorbance spectra. 
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Figure S 3.4 Fits of the pXRD patterns of the EDTA series InP QDs to gaussians centered at the 

bulk InP zinc blende diffraction pattern. The ratio of the intensity of the peak at 20 degrees two 

theta attributed to ligand ordering to the (111) InP zinc blende peak decreases as the QD size 

decreases as is expected. 
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Figure S 3.5 Proton NMR spectra InP QD series and indium EDTA complex . (a) 1H NMR 

(toluene-d8, 500 MHz, 298K) spectra of purified InP QDs made with 0 – 0.75 equivalents of 

EDTA. Resonances attributed to oleylamine are labeled. Residual solvent labeled (˟), grease 

impurity at 0.26 ppm, and additional byproducts from the oxidation of amines to iminium species 

as discussed in main text shown in magnified region to view broad peak at 4.2 ppm. (b) 1H NMR 

(DMSO-d6, 500 MHz, 298K) spectrum of EDTA for comparison, due to insolubility of EDTA in 

toluene. Residual solvent appears at 2.50 ppm. 
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Figure S 3.6 IR spectroscopy of InP QD series. IR spectroscopy does not identify EDTA on the 

surface of purified InP QDs. The IR spectrum of pure EDTA is shown and C=O stretches from 

EDTA and sodium edetate appear at 1690 and 1590 cm-1 respectively. There is no identifiable 

trend of increasing EDTA on the surface of the InP QDs across the EDTA series. 
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Figure S 3.7 Tracking the full width at half maximum (FWHM) of the lowest energy electronic 

transitions of aliquots from synthesis of InP QDs with 0.25 equivalents of EDTA. (a) Absorbance 

spectra of reaction aliquots from InP QD synthesis using 0.25 eq. EDTA, (b) example calculation 

of FWHM from an absorbance spectrum and its first derivative to find the local maximum and 

minimum and calculate the width of the first exciton transition (method described in reference 5).30 

(c) FWHM of the first exciton transition as the reaction progresses with a linear fit showing a slight 

lowering of the FWHM over the reaction time. 
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Figure S 3.8 Comparison of InP yield between lower InCl3 concentration and equivalents of 

EDTA additive. 

 

 

Figure S 3.9 Comparison of initial rates of InP growth between lower InCl3 concentration and 

equivalents of EDTA additive. 
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Figure S 3.10 Proton NMR spectra of heated indium-EDTA amine complex. (a) 1H NMR 

(DMSO-d6, 500 MHz, 298K) spectra of the reaction between 1 eq. InCl3, 1 eq. EDTA, and 4 eq. 

oleylamine after stirring overnight at room temperature, then heated at 120 °C for 1 hour, then 

heated to 180 °C for 1 hour and a second hour. (b) Magnified region of the spectra in (a) to show 

the persistence of the diagnostic AB quartets with JHH = 16 Hz signifying EDTA octahedrally 

coordinated to a metal. At 180 °C, JHH increases to 17 Hz indicating a slight change in bonding 

environments. Note that after heating to 180 °C, there is decomposition and water (3.33 ppm) 

production (from the reaction between carboxylic acid and oleylamine). Residual solvent appears 

at 2.50 ppm (*), and toluene impurity appears at 2.30 and 7.25 ppm (˟). 
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Figure S 3.11 31P NMR spectra of the crude reaction before purification of InP QDs made using 

0, 0.25, and 0.5 eq. EDTA and reaction time of overnight (500 MHz, 298K). There are no 

observable active transaminated phosphorus species, as is expected after overnight reaction. The 

InP bond formation byproduct phosphonium salt is observed at 30 ppm for all three reactions, and 

the resonance attributed to an aminophosphine oxide (see main text) is present in increasing 

amounts with increasing equivalents of EDTA. 
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Figure S 3.12 1H NMR spectrum comparing the reaction of indium chloride with oleylamine to 

the reaction of InCl3, EDTA, and oleylamine (DMSO-d6, 500 MHz, 298K). Residual solvent 

appears at 2.50 ppm (*), and toluene impurity appears at 2.30 and 7.25 ppm (˟). Light blue, orange, 

and dark blue arrows indicate the upfield shift of the beta, alpha, and –NH3
+ protons respectively 

when oleylamine is protonated to oleylammonium by EDTA. 

 



 

 

 

130 

 

Figure S 3.13 Absorbance spectra and initial rate of InP QDs made with 1 eq. EDTA. (a) 

Absorbance spectra of aliquots (30 s red – blue 2 hr) from the reaction of the octahedral indium 

EDTA complex with phosphorus (i.e. InP made with 1 eq. EDTA). Dotted blue trace is from the 

octahedral indium EDTA complex subjected to the same conditions without the injection of 

phosphorus, after heating at 180 °C for two hours. (b) Initial rates of InP growth for InP QDs made 

using varying equivalents of EDTA including 1. 

 

 

Figure S 3.14 Absorbance spectra of aliquots from the control reaction of 1eq.  InCl3, 1 eq. EDTA 

in oleylamine subjected to the InP synthesis conditions without injection of aminophosphine. 
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Figure S 3.15 EDTA-based size control for InP QDs made using InI3. The size control effect of 

EDTA on InP QDs is generalizable to other indium halides shown by (a) the final absorbance 

spectra and (b) pXRD patterns of InP QDs made using indium iodide and 0 or 0.5 equivalents of 

EDTA at 180 °C. Scherrer analysis results in average crystallite sizes of 2.1 ± 0.3 and 1.8 ± 0.4 

nm for QDs made using 0 and 0.5 equivalents of EDTA, respectively. 
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Figure S 3.16 Absorbance spectra and TEM image of QDs with a post-synthetic addition of 

EDTA. Adding 0.5 equivalents of EDTA to the reaction after the QDs have stopped growing (at 2 

hours) does not afford the same size control as when EDTA is added with the precursors. The 

LEET and the TEM image size analysis do not show significant size differences when EDTA is 

added post-synthetically. (a) Absorbance spectra of InP QDs after 2 hours of reaction and then 

aliquots after injection of 0.5 equivalents of EDTA in oleylamine. TEM images of InP QDs made 

using (b) 0 equivalents of EDTA and (c) with 0.5 equivalents of EDTA added post-synthetically. 
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Histograms represent diameters measured of >300 particles, with diameters of 4.5 ± 0.6 nm (left) 

and 4.3 ± 0.7 nm (right). 
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Chapter 4. ALTERNATE INDIUM PHOSPHIDE SYNTHESIS WITH 

AMINOPHOSPHINES: SOLUTION-LIQUID-

SOLID NANOWIRE GROWTH 

Adapted with permission from the Royal Society of Chemistry. Copyright 2025 Nanoscale. 

4.1 INTRODUCTION 

Indium phosphide is a high-performing semiconductor found in many current and 

emerging technologies. The relatively large, direct bandgap of 1.34 eV and high carrier mobilities, 

in particular, elevate InP above other semiconductors for use in high-speed electronics, such as 

heterojunction bipolar transistors and high-electron-mobility transistors, and optoelectronics, such 

as single-photon detectors and extraterrestrial photovoltaics.1–5 Beyond the bulk, InP nanowires 

are unique building blocks for electronic and optoelectronic devices due to additional properties 

like confined carrier transport in one dimension and a tunable band gap.1,6,7  For example, InP 

nanowires have a large polarization sensitivity helpful for photodetection and are amenable to 

hybrid architectures, which enable complex device architectures such as avalanche photodetectors 

and dot-in-wire telecom emission devices.1,8,9 Additionally, InP nanowires can be doped and 

assembled to build precise electronic or optoelectronic devices, as demonstrated by an 

electroluminescent p–n junction made of crossed InP nanowires from Lieber and coworkers.10 

Colloidal synthesis is a potential path to scalable InP nanowire growth. Solution-phase 

growth is more cost-effective, uses less substrate, and operates at lower temperatures than vapor-

phase nanowire manufacturing techniques.2,11 Solution-liquid-solid (SLS) growth is a nanowire 

growth mechanism that achieves anisotropy by confining nucleation and growth within a 

colloidally dispersed liquid metal nanodroplet.12,13 The precursors diffuse from solution into the 
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metal droplet, nucleate, and grow in one dimension constrained by the droplet interface. Buhro 

and coworkers discovered the SLS mechanism in 1995 as a solution phase analog of vapor-liquid-

solid nanowire growth, which gave rise to a broad investigation of SLS nanowire growth of many 

compositions.12,14 There were rapid developments in SLS-grown InP nanowires throughout the 

2000s, including improvements in diameter by controlling the metal nanoparticle size,15–18 length 

control by tuning precursor to metal nanoparticle ratios,7,19,20 optical properties,21 and self-seeded 

SLS.22,23 However, the majority of SLS InP nanowire syntheses use pyrophoric, highly-toxic 

tris(trimethylsilyl)phosphine, with a limited number of syntheses using other phosphorus 

precursors such as trioctylphosphine24 or solid hydrogen phosphide.25 There remains a need to 

investigate alternate phosphorus precursors to access InP nanowire synthesis that avoids 

tris(trimethylsilyl)phosphine.1,2 

Direct colloidal nucleation of anisotropic InP remains elusive.26,27 Typical colloidal 

synthesis uses tris(trimethylsilyl)phosphine and an indium carboxylate, and proceeds through a 

kinetically stable magic-sized cluster intermediate to achieve high-quality InP quantum dots 

(QDs).26,28,29 The resulting nanocrystals are quasi-spherical, with an indium-rich surface 

passivated by carboxylate ligands. Shapes other than spheres and tetrahedra have not been 

achieved.26 Dümbgen and coworkers proposed that this is due to the inability of anionic ligands to 

adequately charge balance surface indium on facets such as (100), which is required for elongated 

nanocrystals.27 The alternate InP chemistry based on aminophosphines, a non-pyrophoric, less 

hazardous phosphorus precursor, produces halide- and amine-capped tetrahedral QDs.30–33 The 

aminophosphine-based synthesis has proved to be a versatile system for tuning reaction kinetics 

as it follows temperature-dependent continuous or burst nucleation and avoids the kinetic trap of 

the magic-sized cluster.34–36 As in InP QD synthesis, aminophosphine is a great candidate for 
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expanding the SLS phosphorus precursor chemistry. To our knowledge, the only example of InP 

nanowire synthesis through the SLS growth mechanism using aminophosphine is an electrically 

controlled nanowire synthesis using InI3 and aminophosphine, where the metal catalyst particles 

were anchored to a solid electrode support.37 Another lower toxicity phosphorus precursor, 

trioctylphosphine, has been used to make InP nanowires through SLS where trimethylindium 

decomposes into indium metal which catalyzes trioctylphosphine decomposition.24 

In this study, we report the colloidal synthesis of approximately 11 nm diameter InP 

nanowires from tris(diethyl)aminophosphine and indium tris(trifluoroacetate) in oleylamine. The 

nanowires were characterized by transmission electron microscopy (TEM) and atomic force 

microscopy (AFM), revealing a flat, nanoribbon morphology. Microscopy analysis and powder X-

ray diffraction (PXRD) identified indium metal on the nanowire tip, pointing toward an SLS 

growth mechanism. The mechanism of indium metal formation was investigated with nuclear 

magnetic resonance (NMR) spectroscopy and was found to depend on the interaction of 

aminophosphine and the indium precursor. We observed variations in the morphology of the 

aminophosphine-based nanowires dependent on the reaction conditions, including length control, 

multipod formation, and QD formation. Microns-long bulk InP nanowires were formed using an 

alternate indium precursor, indium tris(trifluoromethanesulfonate). We present this 

aminophosphine-based SLS InP nanowire synthesis as a versatile method to access colloidal 

anisotropic InP that does not rely on the use of tris(trimethylsilyl)phosphine. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 Synthesis of InP Nanowires 

InP nanowires were prepared from indium tris(trifluoroacetate) (In(TFA)3) and 

tris(diethylamino)phosphine (P(NEt2)3). The nanowire synthesis conditions were adapted from 

aminophosphine-based InP QD synthesis by choosing a weakly binding indium–carboxylate 

pair.31 In(TFA)3 was made using a modified literature procedure by refluxing indium metal and 

neat trifluoroacetic acid.38 A 19F NMR spectrum containing a single peak at -75.8 ppm was 

obtained, and a mass spectrum was collected in methanol showing monomeric and dimeric indium-

trifluoroacetate species (Figure S 4.1). To synthesize InP nanowires, In(TFA)3 in oleylamine was 

heated under vacuum at 120 °C for one hour, followed by hot injection of aminophosphine at the 

reaction temperature of 180 °C (Scheme 4.1). TEM analysis revealed the main reaction product to 

be InP nanowires, approximately 11 nm in diameter with an average size dispersion of 50% across 

several replicate syntheses, with a length of hundreds of nanometers to microns (Figure 4.1a). 

 

Scheme 4.1 InP nanowire synthesis from indium tris(trifluoroacetate) and 

tris(diethylamino)phosphine in oleylamine, proceeding through the Solution-Liquid-Solid growth 

mechanism. 

 

Looking closer at some of the larger diameter nanowires with TEM, there is a stripe pattern 

reminiscent of the thin layer buckling of nanobelts reported in the literature (Figure 4.1b).39 The 

fast Fourier transform of the lattice showed a single crystalline lattice, ruling out the possibility 
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that the stripe pattern is from stacking faults (Figure S 4.2). AFM was employed to measure the 

height of these larger diameter (~100 nm) structures and found the height to be around 10-30 nm, 

with an average width-to-height ratio of 4 (Figure 4.1e, Figure S 4.3). Therefore, we can more 

accurately describe these nanowires as nanoribbons, a subclass of nanowires that are flat. This is 

interesting because anisotropy is unusual for InP nanocrystals, as discussed in the introduction. In 

the SLS literature for other crystal compositions, a nanoribbon morphology has been described 

and arises from favorable stabilization of flat facets during nanowire growth by surfactants.40,41 

With this in mind, the top facet of the nanoribbons is (110), identified as it is perpendicular to two 

facets observed in the TEM image, (111) and (220) (Figure 4.1b-d). The (110) facet is 

stoichiometric, unlike the cation-rich basal facets observed in cadmium chalcogenide 

nanoplatelets.42–45 This makes sense as the cadmium chalcogenide nanoplatelets are synthesized 

with strongly coordinating acetate and fatty acids, whereas the InP nanoribbons are prepared in a 

bath of oleylamine with trifluoroacetate as the only potential X-type ligand. Since trifluoroacetate 

is a weak Lewis base, observing a stoichiometric basal plane with only L-type ligand passivation 

is well rationalized. Previously reported SLS-grown InP nanowire syntheses do not discuss a 

nanoribbon structure, although similar buckling can be noted occasionally in the published TEM 

images.7,13–25,37 A (110) facet is also observed on the surface of InP nanoneedles made with 

trioctylphosphine as the phosphorus precursor.24 
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Figure 4.1 Morphological and crystallographic characterization of the InP nanowires. a) TEM 

image of InP nanowires with indium particles observed on some nanowire ends. b) TEM image of 

a nanoribbon buckling pattern in a continuous InP zincblende lattice, with the (111) (dark blue) 

and (220) (pink) lattice planes marked. Views of the InP zincblende lattice (c) matching the 

crystallographic orientation of b), and d) showing the stoichiometric (110) lattice plane in light 

blue. e) AFM image of an InP nanoribbon with the inset showing height (nm) profile along the red 

line. f) STEM EDS map showing indium located at the particle tip with both indium and 

phosphorus located along the nanowire. g) PXRD pattern of the purified reaction product revealing 

a zincblende InP crystallite size of 16.4 ± 1.4 nm, and large tetragonal indium metal. h) High-

resolution TEM image of InP nanowire/In metal interface (white lines show 111 lattice planes, d 

= 0.34 nm). 

 

Spherical nanoparticles of high contrast were observed on the tips of some of the nanowires 

by TEM. Scanning TEM Energy Dispersive X-Ray Spectroscopy (STEM-EDS) revealed that these 
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nanoparticle tips are primarily indium, while both indium and phosphorus are found localized on 

the nanowire (Figure 4.1f). This agrees with the PXRD pattern of the nanowires, which showed 

both zincblende InP with an average crystallite size of 16.6 ± 1.4 nm and tetragonal indium metal 

present in the isolated reaction product (Figure 4.1g). Zooming in on the interface between the 

indium nanoparticle and the InP nanowire, high-resolution TEM imaging revealed the zincblende 

InP lattice emerging from the indium metal, with lattice fringes showing that growth occurs along 

[111] (Figure 4.1h). The presence of indium metal nanoparticles at the tip of nanowires points 

toward the SLS mechanism for nanowire growth, where the indium nanoparticles are presumably 

formed in situ and then act as catalyzing ‘nanoreactors’ to propel the growth of the nanowires. Pre-

made indium metal nanoparticles can also be used to grow InP nanowires from the 

aminophosphine precursor, either in addition to or instead of the indium precursor (Figure S 4.4). 

UV-visible absorbance spectra collected over the course of the reaction initially show only 

a slight absorbance intensity in the high energy region, then an increase in scattering is observed 

around 10-15 minutes (Figure S 4.5a). This is attributed to initial precursor species and 

oleylamine, and then growth of long, less colloidally-stable nanowires. The production of indium 

metal nanoparticles is hypothesized to occur before the growth of the InP nanowires, as expected 

following the SLS mechanism.12 Although InP nanowires with diameters around 11 nm should 

experience quantum confinement to absorb around 866 nm16, clear absorbance peaks are not 

observed likely due to high polydispersity and scattering, and there is no observable 

photoluminescence (Figure S 4.5b). The peak around 400 nm is attributed to a plasmon resonance 

of the indium nanoparticles formed in the reaction.46 

It is interesting to note the continued necessity of the evacuation step at 120 °C to 

synthesize nanowires. This step was previously included in aminophosphine-based InP QD 
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synthesis to remove water from the hydrophilic indium halide salts. To investigate this, two control 

syntheses without evacuation were performed. The first control held at 120 °C under nitrogen for 

one hour, and the second control skipped the 120 °C step and heated straight to the reaction 

temperature under nitrogen. The UV-vis absorbance spectra of both control syntheses showed a 

drastic decrease in absorbance and scattering, consistent with a very low concentration of 

semiconductor in solution, and the TEM images revealed sparse, low-quality indium-InP particles 

with a tadpole-like morphology (Figure S 4.6). The evacuation step appears to have a significant 

impact on the nanowire yield. Diffusion-ordered 19F NMR spectroscopy of the reaction precursor 

mixture with and without the evacuation step shows a minor difference in the In(TFA)3 diffusion 

coefficients consistent with an increase in the solubilization of the precursor (Figure S 4.7). 

Therefore, the evacuation step likely contributes to nanowire formation by increasing the 

concentration of In(TFA)3 in solution available to form indium metal nanoparticles. 

The concentration of precursors was also investigated as a synthetic parameter. A lower 

overall reaction concentration was initially hypothesized to improve nanowire diameter dispersity 

as it could limit the coalescence of the indium nanoparticles after formation and decrease the 

resulting polydispersity. A nanowire synthesis with 0.03 M In(TFA)3 (opposed to 0.06 M for 

standard conditions) does produce nanowires; however, the average nanowire diameter increases 

to 37 nm, and the sample maintains a high dispersity of 115% (Figure S 4.8). Therefore, a higher 

indium precursor concentration is useful to access more monodisperse nanowires, potentially due 

to accelerated nanowire nucleation kinetics outcompeting coalescence of the indium nanoparticles. 
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4.2.2 Mechanism of Indium Reduction 

The SLS mechanism of colloidal nanowire growth is well-studied in the literature,12 and 

the key to accessing SLS growth is the presence of catalytic metal nanoparticles. Therefore, we 

investigated the production of indium metal in our synthesis by assessing potential reducing agents 

for In(TFA)3 (Scheme 4.2). The most obvious candidate for the indium reducing agent was the 

solvent oleylamine, known to act as a reducing agent in some nanocrystal syntheses.47–50 To test if 

oleylamine reduces In(TFA)3 to indium metal, a control reaction was run identical to the nanowire 

reaction described in Scheme 4.1 except without the aminophosphine injection. The product was 

nanocrystalline indium oxide by PXRD, and TEM showed a lack of the large, tens to hundreds of 

nanometers in diameter indium nanoparticles observed in the nanowire reaction (Figure S 4.9). 

Under these reaction conditions, oleylamine does not reduce indium to the extent seen when 

aminophosphine is present. This control reaction mimicked the nanowire reaction conditions until 

the hot injection of the aminophosphine, suggesting that P(NEt2)3 is necessary for the indium 

reduction. Diethylamine is released from P(NEt2)3 when it undergoes transamination with 

oleylamine and generally, secondary amines are stronger reducing agents than primary amines. 

However, a similar control reaction with the injection of aminophosphine replaced with three 

equivalents of diethylamine also produced indium oxide instead of indium metal (Figure S 4.9). 

Therefore, we concluded that the indium reducing agent was likely the aminophosphine itself. 

Aminophosphines are known to be redox active in the indium halide-based InP QD synthesis 

chemistry, where it reduces itself from P(III) to P(-III) through three subsequent two-electron 

reduction events.30,31 
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Scheme 4.2 Options for the reduction of indium. (R = C18H35, R’ = C17H33) 

 

The role of P(NEt2)3 as the indium reducing agent was investigated through analysis of the 

molecular byproducts of the nanowire synthesis. The 31P NMR spectrum of the crude nanowire 

reaction solution revealed only one major phosphorus-containing molecular byproduct, at 18 ppm, 

which is in the chemical shift range expected for oxidized phosphorus (V) (Figure 4.2b).51 A 

potential candidate for this byproduct is the aminophosphine oxide of the transaminated P(NEt2)3, 

OP(NHR)3 (R = C18H35). This can be separately synthesized by adapting a literature method for 

tris(dimethylamino)phosphine oxide51 and carrying out transamination with oleylamine52,53 

(Figure S 4.10, Figure S 4.11). The chemical shift of OP(NHR)3 is 20.5 ppm in deuterated toluene; 

however, when OP(NHR)3 was spiked into a sample of the crude nanowire reaction solution, there 

were no additional peaks observed except a slight broadening around the peak at 18 ppm (Figure 

S 4.12). This suggests that the major phosphorus-containing molecular byproduct is 

tris(oleyl)aminophosphine oxide, and phosphorus oxidation from (III) to (V) is likely the source 

of electrons to reduce In3+. 
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Figure 4.2 Evidence for a mechanism of indium reduction by aminophosphine. a) Balanced 

reaction equation for the reduction of In(TFA)3 by transaminated aminophosphine. b) 31P NMR 

spectrum of the crude nanowire reaction solution with the reaction byproduct identified as 

tris(oleylamino)phosphine oxide, starting material P(NHR)3, and a 2 weight% H3PO4 capillary 

reference (202 MHz, toluene-d8, DS 2, NS 40, D1 10 s). c) 19F NMR spectrum of the crude 

nanowire reaction solution with the reaction byproduct identified as N-oleyltrifluoroacetamide and 

a trifluorotoluene capillary reference (470 MHz, toluene-d8, DS 2, NS 40, D1 10 s). d) Proposed 

mechanism for indium reduction: concerted indium reduction and sacrificial phosphorus 

oxidation. (R=C18H35) 

 

The second clue to the indium reduction mechanism came from tracking the 

trifluoroacetate moiety of the indium precursor. The 19F NMR spectrum of the crude nanowire 
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reaction solution contained a single peak at -75.5 ppm, indicating one major fluorine-containing 

molecular byproduct (Figure 4.2c). This is in the chemical shift region for trifluoroacetic 

anhydride and does not match with either In(TFA)3 (-75.8 ppm) or trifluoroacetic acid (-75.9 ppm) 

(Figure S 4.13). If trifluoroacetic anhydride was produced during the indium reduction reaction, 

it is expected to continue to react with the solvent, oleylamine, through an aminolysis reaction to 

form N-oleyltrifluoroacetamide.54 A separate reaction between oleylamine and trifluoroacetic 

anhydride at the nanowire reaction temperature of 180 °C to produce N-oleyltrifluoroacetamide 

matches the chemical shift of the observed fluorine-containing byproduct (Figure S 4.14). 

Therefore, trifluoroacetic anhydride as a byproduct of the indium reduction is reasonable, and 

expected from a balanced reaction equation (Figure 4.2a). 

Considering the observed molecular byproducts of tris(oleyl)aminophosphine oxide and 

N-oleyltrifluoroacetamide, we propose that the initial step of indium reduction occurs via the 

mechanism shown in Figure 4.2d. Two equivalents of In(TFA)3 participate in a nucleophilic attack 

between two of the trifluoroacetate moieties to begin forming the trifluoroacetic anhydride, 

followed by reductive elimination of the indium-oxygen bond and concerted oxygen atom transfer 

to the aminophosphine releasing an indium(I) bis(trifluoroacetate) complex, 

tris(oleyl)aminophosphine oxide, and trifluoroacetic anhydride. Further indium reduction is 

expected to occur via a similar pathway. In this mechanism, the electrophilicity of the carbonyl 

carbon in the trifluoroacetate groups drives the chemistry. 

It is interesting to note that nanowires and the preceding indium metal nanoparticles have 

not been observed in aminophosphine-based InP QD syntheses from indium (III) halides. To 

confirm this, quantum dot syntheses were run with either InCl3 or InI3 as the indium precursor 

instead of In(TFA)3, and the same purification procedure was applied as for the In(TFA)3-
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nanowires to isolate any large colloidally unstable nanowire or indium metal products. The PXRD 

pattern of the resulting product revealed small InP QDs and a large peak likely related to organics 

around 20 degrees two theta and no indium metal (Figure S 4.15). We investigated the reduction 

potentials of InCl3, InI3, and In(TFA)3 in acetonitrile using cyclic voltammetry and observed 

features consistent with a nucleation loop, where there is higher current density on the reverse scan 

that represents electrodeposition of, in this case, indium metal (Figure S 4.16).55 Both InI3 and 

InCl3 were easier to reduce than In(TFA)3, therefore we believe that the above mechanism, which 

highlights the importance of the reactive carbonyl chemistry, is a better explanation for the 

formation of indium metal. 

4.2.3 Morphology Control 

Through modifications of the indium precursor, the phosphorus equivalents and addition 

rate, or the evacuation step, the aminophosphine-In(TFA)3 chemistry can access a multipod 

morphology, lower aspect ratio nanoplates, QDs, and large, bulk InP nanowires. The multipod 

morphology is when multiple nanowires emerge from a single metal catalyst particle. We observed 

multipods as the predominant synthesis product under two conditions related to the purity of the 

indium precursor and the ratio of indium to phosphorus. First, multipods were observed when the 

In(TFA)3 precursor contained excess trifluoroacetic acid (Figure S 4.17a,b). This is supported by 

a control experiment where 0.1 equivalent trifluoroacetic acid is added back into pure In(TFA)3, 

and similar multipods and shortened nanowires were observed (Figure S 4.17c). Second, even 

with a pure In(TFA)3 precursor, the standard synthesis conditions occasionally produced multipods 

(Figure S 4.17d,e). This reproducibility issue was solved by increasing the phosphorus equivalents 

from 4 to 4.4 per indium, which reliably produced long InP nanowires with an average diameter 
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of 11 nm (Figure S 4.18). Multiple nanowires growing from a single metal particle in SLS has 

been observed previously in InP nanowire literature and is attributed to either coalescence of the 

metallic tips of already-grown nanowires,13,56 or differences in the solubility57 or chemical 

potential58,59 of the component atoms as they diffuse into the liquid metal. Additionally, when the 

metal particle is solid instead of liquid (Solution-Solid-Solid growth), it can become favorable for 

multiple arms to nucleate off one particle.60,61 However, the latter case is not likely to occur in this 

study because the melting point of indium is well below the reaction temperature, especially 

considering the size-dependent melting point depression of nanoscale indium62. 

Adding additional aminophosphine is found to further control the InP morphology towards 

novel low aspect ratio anisotropic nanocrystals. The metal nanoparticle formation rate and the 

phosphorus chemical potential (in solution and dissolved in the liquid metal) affect the length of 

the nanowires, as found previously in SLS InP nanowire literature.7,12,15,20 However, in this 

chemistry, the aminophosphine acts both as the phosphorus precursor and the indium-reducing 

agent, so the exact metal nanoparticle to precursor ratio cannot be easily controlled. Therefore, we 

investigated the effects of adding additional aminophosphine into the reaction while the nanowires 

formed. A slow injection at 0.02 mL/min of an additional 10 mole percent P(NEt2)3 starting 15 

minutes after the initial hot injection resulted in shortening of the nanowire length and formation 

of rectangular nanoplate-like structures (Figure 4.3a,b). Increasing the amount of extra 

aminophosphine to 50 mole percent while maintaining the rate did not continue to shorten the 

aspect ratio, instead forming nanowires with wide triangular areas and irregular diameters (Figure 

4.3c,d). Nanowire length is controlled by balancing the ratio of metal catalyst particles to 

precursors available for growth.12 More catalyst nanoparticles lead to shorter nanowires while 

more precursors lead to a longer nanowires. Therefore, the addition of 10 mole % aminophosphine 
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appears to go primarily towards making indium metal because shorter, wider nanowires are 

observed, while the addition of 50 mole % appears to get used primarily as a nanowire precursor 

because longer nanowires are observed. It is interesting to find the anisotropy of the width and 

height in addition to the expected one-dimensional nanowire anisotropy of SLS growth. As 

discussed in the introduction, the surfaces of zincblende indium phosphide are not energetically 

favorable to take on a nanoplate or nanorod morphology.27 SLS is a method to coax InP into 

anisotropic morphologies largely inaccessible by traditional colloidal nanocrystal nucleation and 

growth. 

 

Figure 4.3 TEM images of variations on the InP nanowires with 10 (a, b) or 50 (c, d) mole % 

extra P(NEt2)3. 

 

The InP nanowire synthesis using aminophosphines can be expanded to another weakly-

binding indium complex, indium tris(trifluoromethanesulfonate) (In(OTf)3). 

Trifluoromethanesulfonate was chosen to explore the extreme limit of weak indium-ligand 
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coordination.63 When In(OTf)3 is used as the indium precursor replacing In(TFA)3, much larger 

bulk InP nanowires are formed, as observed with Scanning Electron Microscopy (SEM) and TEM 

(Figure 4.4a,b,d,f). These nanowires have an average diameter of 272 ± 144 nm, are 10s of 

microns in length, and the PXRD pattern showed bulk zincblende InP with a small amount of 

tetragonal indium metal (Figure 4.4c). A large spherical particle was observed occasionally on the 

end of the large nanowires which SEM-EDS confirmed contains indium and not phosphorus, 

which suggests a similar SLS growth mechanism to the In(TFA)3-nanowires (Figure 4.4e). 

 

Figure 4.4 Morphological and crystallographic characterization of bulk InP nanowires 

synthesized using In(OTf)3 including SEM images (a, b, d), c) PXRD pattern showing bulk 

zincblende InP and a relatively low amount of tetragonal indium metal, e) SEM-EDS map showing 

an InP nanowire growing out of an indium particle, and f) high-resolution TEM image showing 

the (111) lattice planes of the edge of a nanowire. 
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In both the syntheses using either In(TFA)3 or In(OTf)3, InP QDs are also made as a side 

product. In the reported conditions for the In(TFA)3-based nanowire synthesis, nanowire growth 

is significantly favored over QD growth, while for In(OTf)3, QD growth is favored. The QDs and 

the nanowires are separated by centrifugation of the crude reaction solution, where the nanowires 

crash out and the QDs and other reaction byproducts remain in the oleylamine supernatant. After 

further purification to isolate the QDs, they were characterized by TEM, PXRD, and NMR 

spectroscopy. The InP QDs made from In(TFA)3 are zincblende with a crystallite size of 2.2 ± 0.9 

nm by PXRD, and have a lowest energy excitonic transition around 475 nm (Figure S 4.19a-c). 

The QDs made using In(OTf)3 are small and poorly crystalline as evidenced by the broad peaks in 

the PXRD and the low contrast in the TEM (Figure S 4.19d-f). The small size of these QDs is 

consistent with aminophosphine-based InP reaction kinetics, where an indium halide precursor 

with a better leaving group produces smaller QDs.64 The PXRD pattern of these QDs is unique 

from zincblende InP and is more reminiscent of a quasi-wurtzite phase also observed in InP magic-

sized clusters.29,65 Looking closer at the QD surface could explain the deviation from the expected 

zincblende structure. Typically, aminophosphine-based InP QDs are tetrahedra capped with 

halides and amines to achieve a perfect mix of X- and L-type ligand binding to passivate the 111 

facet.33 However, switching the indium halide precursor to either In(TFA)3 or In(OTf)3 replaces 

the halide with a very weakly coordinating organic anion, which is not observed in the QD sample 

after purification by 19F NMR spectroscopy, only oleylamine is observed on the surface (Figure 

S 4.20). Additionally, by inductively coupled plasma optical emission spectroscopy, these QDs 

are more stoichiometric (1.1:1 In:P) than aminophosphine-based QDs made from indium chloride 

(1.5:1 In:P). This suggests that the QD surface is only passivated by oleylamine, and the lack of a 

strongly-binding X-type ligand favors the quasi-wurtzite phase over zincblende. 
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The QD product was favored over the nanowire product in the synthesis using In(TFA)3 

when the evacuation step was skipped. As discussed previously, the nanowire yield decreased with 

no evacuation step, resulting in more significant QD growth as noted by the prominent QD lowest 

energy excitonic transition in the UV-vis absorbance spectra (Figure S 4.6d). Another condition 

that favored QDs over nanowires is when the reaction was carried out using a heat-up method 

rather than an aminophosphine hot injection, which also does not involve the evacuation of 

In(TFA)3 and oleylamine. Similarly, the UV-vis absorbance spectra over the reaction showed a 

prominent QD population and an overall low absorbance intensity compared to the hot injection 

synthesis (Figure S 4.21). 

4.3 CONCLUSIONS 

We developed a synthesis for InP nanowires using the non-pyrophoric, low-toxicity 

phosphorus precursor P(NEt2)3 and In(TFA)3. The nanowires are zincblende InP, 11 nm in 

diameter on average, and exhibit a flat, nanoribbon morphology with the stoichiometric (110) facet 

exposed. These nanowires grow through the SLS mechanism, as evidenced by indium metal 

nanoparticles on the nanowire tips. The formation of indium nanoparticles occurs in situ through 

the reduction of In(TFA)3 with aminophosphine as the reducing agent. We proposed a mechanism 

in which two equivalents of In(TFA)3 participate in nucleophilic substitution through the reactive 

carbonyl, oxygen atom transfer to the aminophosphine, and reductive elimination to yield the 

initial two-electron reduction of indium, an oxidized aminophosphine oxide, and trifluoroacetic 

anhydride. We have demonstrated morphology control over the indium nanoparticle-InP nanowire 

system through modifications to the reactant concentration, injection amount and rate, and the 

evacuation step to access multipod morphologies, different nanowire lengths, and small InP QDs. 
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Additionally, we expanded the aminophosphine-based SLS chemistry to synthesize bulk InP 

nanowires from the reaction of In(OTf)3 and P(NEt2)3. 

This study introduces aminophosphine as a suitable phosphorus precursor for colloidal InP 

nanowire growth. This is important as the industrial relevance of InP and InP nanowires increases, 

especially while InP nanowire synthesis currently relies on the dangerous, toxic 

tris(trimethylsilyl)phosphine precursor.1,66–68 In addition to technological consequence, the 

anisotropic growth of InP through the SLS mechanism is fundamentally significant to the 

nanoscale synthesis field because it is a pathway to overcome the synthetic barriers to anisotropic 

InP nanocrystals. Well-defined InP quantum rods and wires have been achieved through SLS as 

described in the literature,7 and our work provides an example of InP nanoribbons and large, 

rectangular nanoplates. This shows that once the SLS mechanism steers InP into one-dimensional 

growth, additional width and height anisotropy can arise due to a neutral L-type amine ligand 

environment. Expanding the SLS mechanism for InP and this aminophosphine-based chemistry 

will open the possibility of achieving previously implausible anisotropic InP nanocrystals. 

4.4 EXPERIMENTAL METHODS 

4.4.1 General Practices 

All glassware was dried in a 160 °C oven overnight prior to use. All syntheses were performed 

under an inert atmosphere of nitrogen using a glovebox or standard Schlenk techniques. Indium 

chloride (98%) and indium metal pieces (99.99% trace metals basis) were purchased from 

MilliporeSigma and dried under vacuum before being stored in a nitrogen glovebox. Oleylamine 

(≥98%) and diethylamine (≥99.5%) were purchased from MilliporeSigma, dried over CaH2, 

distilled, and stored over activated 3 Å molecular sieves in a nitrogen glovebox. Toluene-d8 
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(99.5%) were purchased from Cambridge Isotope Laboratories and was similarly dried and stored. 

Anhydrous tris(diethyl)aminophosphine (97%), phosphorus(V) oxychloride (99%), trifluoroacetic 

acid (99%), and anhydrous methanol (99.8%) were purchased from MilliporeSigma and used 

without further purification. Trifluoroacetic anhydride (>98.0%) was purchased from TCI America 

and used without further purification. Indium(III) iodide (99.999%) and indium(III) 

trifluoromethanesulfonate (99%) were purchased air-free from Strem Chemicals, Inc. and used 

without further purification. Toluene (high-performance liquid chromatography grade) was 

purchased from Fisher and used as purchased for UV-vis absorbance spectroscopy of reaction 

aliquots. High-performance liquid chromatography grade toluene (used for purifications), 

dichloromethane, and tetrahydrofuran were purified and dried using a solvent still69, and stored 

over activated 3 Å molecular sieves in a nitrogen glovebox. For use in electrochemistry, 

benzonitrile (>99.0%) was purchased from TCI and dried over phosphorous pentoxide then 

fractionally vacuum distilled (discarding the first and last 5%). The drying and distillation was 

repeated. Tetrabutylammonium hexafluorophosphate ([TBA][PF6], 98%) was purchased from 

VWR Scientific and recrystallized twice from ethanol. UV-vis spectra were collected on a Cary 

5000 spectrophotometer from Agilent. 

4.4.2 Synthesis of In(trifluoroacetate)3 

Adapted from a reported synthesis of In(TFA)3.
38 In a nitrogen glovebox, 6 mmol (1 equivalent) 

indium metal and 9 equivalents trifluoroacetic acid were added to a 50 mL Schlenk flask equipped 

with a stir bar and sealed with a septum. The reaction was then placed under nitrogen on the 

Schlenk line with a reflux condenser and was heated until reflux and held overnight yielding a fine 

white powder and excess trifluoroacetic acid. The excess acid was removed under vacuum. In a 
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nitrogen glovebox, the white powder was washed with pentanes or hexanes and dried under 

vacuum. 19F (470 MHz, toluene-d8, 270 K): δ -75.81. ESI-MS m/z: [[In(O2CCF3)4]2]
2- calcd for 

C16F24In2O16 566.8, found 566.7. [In(O2CCF3)2[HOCH3]2]
+ calcd for C6H8F6In1O6 404.9, 

found 404.8. 

4.4.3 Synthesis of InP Nanowires using In(trifluoroacetate)3 

Adapted from aminophosphine-based InP QD synthesis conditions.31 In a nitrogen glovebox, 0.3 

mmol In(TFA)3 and 5 mL anhydrous oleylamine were added to a 50 mL 3-neck flask equipped 

with a stir bar. On the Schlenk line, the solution was placed under vacuum at 120 °C and degassed 

for 1 h, with 300 rpm stirring. The vessel was then placed under an inert atmosphere and heated to 

180 °C. Once the reaction temperature was reached, 0.33 mL of tris(diethyl)aminophosphine (1.2 

mmol) was rapidly injected. If multipods form instead of nanowires, increase the 

tris(diethyl)aminophosphine injection to 0.36 mL (1.32 mmol). The reaction was monitored by 

UV-vis absorbance spectroscopy of 20 μL reaction aliquots in 2 mL toluene. The reaction was 

allowed to proceed overnight for approx. 20 hr. The flask was then cooled down to room 

temperature before being moved into a nitrogen glovebox for purification. The nanowires were 

collected by centrifugation of the crude reaction solution for 10 min at 7830 rpm, and resuspended 

in 2-3 mL toluene. The nanowires were washed with toluene this way 3 times to remove excess 

oleylamine and the quantum dot coproduct before further characterization. The quantum dot 

product remained in the supernatant and was separately precipitated with anhydrous methanol, 

centrifuged for 10 min at 7830 rpm, and resuspended in toluene. This procedure was repeated 3 

times to remove excess oleylamine before additional sample analysis was performed. 
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4.4.4 Synthesis of InP Nanowires using In(trifluoromethanesulfonate)3 

InP nanowires were synthesized using the same procedure as above but instead of 0.3 mmol 

In(TFA)3, 0.3 mmol of In(OTf)3 was used, and the reaction was allowed to proceed until the 

absorbance spectrum remained constant, observed after 2 hours of reaction. 

4.4.5 Synthesis of InP Nanowires using External In0 Nanoparticles 

The indium nanoparticles were synthesized following a literature synthesis.70,71 The synthesis of 

InP nanowires including indium nanoparticles in addition to In(TFA)3 was ran similar to above 

except 0.1 mL of a 0.008 M solution of indium nanoparticles in oleylamine was injected alongside 

the aminophosphine.72 The synthesis of InP nanowires including indium nanoparticles without 

In(TFA)3 was ran as follows: 4.5 mL oleylamine was added to a 50 mL 3-neck flask under nitrogen 

on the Schlenk line and heated to 180 °C. Once the reaction temperature was reached, 0.33 mL of 

tris(diethylamino)phosphine (1.2 mmol) was rapidly injected, immediately followed by a rapid 

injection of a solution of 0.0449 g indium nanoparticles (0.3 mmol indium atoms) in 0.5 mL 

oleylamine. The reaction proceeds and was purified similar to above. 

4.4.6 Control Synthesis without Aminophosphine 

The reaction of indium tris(trifluoroacetate) and oleylamine was ran similar to the synthesis of InP 

nanowires using indium tris(trifluoroacetate) above, except without the hot injection of 

aminophosphine.  



 

 

 

159 

4.4.7 Control Synthesis with Diethylamine 

The reaction of indium tris(trifluoroacetate), oleylamine, and diethylamine was ran similar to the 

synthesis of InP nanowires using indium tris(trifluoroacetate) above, except in a closed system to 

avoid rapid evaporative loss of diethylamine. In a nitrogen glovebox, 0.06 mmol In(TFA)3 (0.0272 

g, 1 eq.) and 1 mL oleylamine (3 mmol, 51 eq.) was added to a 15 mL 3-neck flask equipped with 

a t-adapter and stopper. The flask was placed under vacuum at 120 °C and degassed for 1 h. Then, 

the flask was placed back under nitrogen, cooled to room temperature, and brought into the 

glovebox. 74.4 microliters of diethylamine was added, and the solution was transferred to a J. 

Young tube. Heat the solution at 180 °C for 2 hours in a silicone oil bath. The reaction was then 

cooled down to room temperature before being moved into a nitrogen glovebox for purification 

similar to the nanowire synthesis. 

4.4.8 Synthesis of Tris(oleylamino)phosphine oxide 

Tris(diethylamino)phosphine oxide was synthesized by adapting a literature procedure for 

tris(dimethylamino)phosphine oxide by substituting dimethylamine for diethylamine.51 1H (500 

MHz, toluene-d8); δ 2.91 (dq, JH-P = 14.1 Hz, JH-H = 7.1 Hz, 12 H), 0.91 (t, JH-H = 7.1 Hz, 18 H). 

31P {H} (202 MHz, toluene-d8); δ 26.68. Then, the tris(diethylamino)phosphine was transaminated 

by adapting previous literature methods.53,73 One equivalent of tris(diethylamino)phosphine was 

heated under nitrogen at 120 °C for two hours with 5 equivalents of oleylamine to produce 

tris(oleylamine)phosphine. 31P {H} (202 MHz, toluene-d8); δ 20.50. 
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4.4.9 19F NMR Study of Trifluoroacetic Anhydride 

N-oleyltrifluoroacetamide was synthesized by mixing 6.3 μL of trifluoroacetic anhydride (0.045 

mmol, 1.5 eq.) and 0.5 mL oleylamine (1.52 mmol, 51 eq) in a nitrogen glovebox in an oven-dried 

J. Young tube. The reaction was heated to 180 °C in a silicone oil bath for 1 hour, and characterized 

by 19F NMR spectroscopy. 

4.4.10 Synthesis of InP Quantum Dots from InI3 or InCl3 

InP QDs made from InI3 or InCl3 were synthesized as described previously in literature.36 The 

insoluble reaction product was collected by centrifugation of the crude reaction solution for 10 

min at 7830 rpm for characterization by PXRD. 

4.4.11 Transmission Electron Microscopy (TEM) 

All TEM imaging was done on a FEI Tecnai G2 F20 SuperTwin microscope operated at 200 kV 

using bright field, HAADF STEM, and Elite T EDAX EDS modes. Samples were prepared in a 

nitrogen glovebox by drop-casting 5 L of dilute suspensions in toluene onto a suspended ultrathin 

carbon film on a lacey carbon support film, 400 mesh, copper grids purchased from Ted Pella Inc, 

and allowed to dry fully (10 min) then placed under vacuum overnight. TEM size analysis was 

performed using manual analysis in ImageJ based off images from at least two different grid 

locations and over 300 diameter measurements per sample. 

4.4.12 Scanning Electron Microscopy (SEM) 

All SEM imaging was done on a ThermoFisher Scientific Apreo 1 SEM. 
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4.4.13 Atomic Force Microscopy (AFM) 

All AFM images were collected using ScanAsyst-Air probes (Bruker, CA) in Peakforce Tapping 

mode with a Dimension Icon AFM (Bruker, CA) at room temperature. Images were analyzed using 

Nanoscope Analysis v1.5 (Bruker, CA). 

4.4.14 Powder X-ray Diffraction (PXRD) 

Powder XRD diffraction patterns were collected on solid films drop-cast onto a Si wafer using a 

Bruker D8 Discover diffractometer. 

4.4.15 NMR Spectroscopy 

1H, 19F, and 31P NMR spectra were recorded on 500 MHz Bruker Advance spectrometers. Samples 

prepared for 19F NMR spectroscopy included a sealed capillary of 0.01 M trifluorotoluene in 

toluene for reference in accordance to literature.74 Samples prepared for 31P NMR spectroscopy 

included a sealed capillary of 2 or 80 weight % H3PO4 in H2O referenced to 0.72 or 0.00 ppm, 

respectively. Diffusion-ordered spectra were analyzed using Bruker’s TopSpin software. 

4.4.16 Mass Spectrometry 

Mass spectra were recorded on a Bruker EsquireLC – Ion Trap Mass Spectrometer. 

4.4.17 Cyclic Voltammetry 

All electrochemical experiments were performed in a nitrogen-filled glove box. The potentiostat 

used was an EC Epsilon from BASi. Glassy carbon disk electrodes with a diameter of 3.0 mm 

were polished using 5, 1, and 0.1 micron polishing powder with sonication in ultrapure water 
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between steps. The counter electrode was a platinum wire, and the pseudoreference electrode was 

a silver wire in a ceramic-fritted glass tube (Pine) filled with 0.1 M [TBA][PF6]. 

Inductively Coupled Plasma – Optical Emission Spectrophotometry (ICP-OES) 

ICP-OES of quantum dot samples was taken on a Perkin Elmer Optima 8300. QD solids were 

digested with H2O2 and nitric acid overnight and diluted with 18 MΩ water to prepare ICP samples. 

4.4.18 Supplementary Figures 
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Figure S 4.1 Characterization of In(TFA)3. a) 19F NMR spectrum of In(TFA)3 (470 MHz, toluene-

d8, DS 2, NS 40, D1 10 s). b) Negative mode mass spectrum of In(TFA)3 in methanol, with the 

main fragment observed at 566.7 m/z matching the isotope pattern and molecular weight of the 

dimer [[In(O2CCF3)4]2]
2-, calculated for C16F24In2O16 at 566.8 m/z. c) Positive mode mass 

spectrum of In(TFA)3 in methanol, with the main fragment at 404.8 m/z matching the isotope 

pattern and molecular weight of [In(O2CCF3)2[HOCH3]2]
+, calculated for C6H8F6In1O6 at 404.9 

m/z. 

 

 

Figure S 4.2 TEM images of buckled nanoribbon (a) with a lower magnification image (b) 

showing a continuous InP zinc blende lattice and a stripe pattern from buckling of the nanoribbon. 

The white lines highlight the 111 plane with a d spacing of 0.34 nm. c) The FFT of (b) confirms 

that the lattice is single crystalline. 
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Figure S 4.3 Additional AFM of InP NWs with inset graphs of the height profiles (height (nm) vs 

width (nm)) along the red line. 

 

 

Figure S 4.4 TEM images of NWs made using pre-made indium nanoparticles, one that uses 

indium nanoparticles in addition to In(TFA)3 (a,b), and the second that uses only pre-made indium 

nanoparticles as an indium source (c,d). 

 



 

 

 

167 

 

Figure S 4.5 Absorbance spectra over the course of a nanowire synthesis, and photoluminescence 

measurement. a) UV-vis absorbance spectra of aliquots taken over the course of the nanowire 

synthesis with 0 min at hot injection of the aminophosphine. b) UV-vis absorbance spectrum of 

purified InP nanowires from synthesis replicate 3 from 300 – 1500 nm, overlaid with 

photoluminescence spectra excited at 600 nm collected from 620 – 830 nm and 950 – 1100 nm. 

Collection between 830 and 950 is not feasible due to a detector crossover. 
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Figure S 4.6 TEM images and absorbance spectra of control syntheses varying the 120 °C 

evacuation step. TEM images of products from control syntheses with an hour long hold at 120 °C 

under nitrogen (a) and skipping the evacuation step at 120 °C (b). c) UV-visible absorbance spectra 

comparing the standard NW synthesis conditions (with an hour long evacuation step at 120 °C) to 

the two control syntheses. d) UV-visible absorbance spectra of the two control syntheses showing 

growth of quantum dot product primarily and overall low semiconductor absorbance. 
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Figure S 4.7 19F Diffusion-Ordered Spectra for aliquots taken a) at the beginning of the evacuation 

step at 120 °C with fits to extract the diffusion coefficients (b, c) and d) after one hour of 

evacuation at 120 °C with a fit to extract the diffusion coefficient (e). The two peaks before the 

evacuation step, one broader and with a lower diffusion coefficient than the other suggest that the 

indium-trifluoroacetate complex exists in two forms, one more soluble than the other. Then, after 
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the evacuation step is complete, only the sharper, higher diffusion coefficient peak remains 

implying that this step improves the solubility of the indium-trifluoroacetate complex. 

 

 

Figure S 4.8 TEM of diameter dispersity increases with lower precursor concentration ([In]=0.03 

M). a), b) TEM images showing large InP nanowires present as well as smaller expected 

nanowires, with overall average diameter measured as 37.1 ± 42.5 nm. c) UV-visible absorbance 

spectra comparing the standard nanowire synthesis (at 2 hr) to the lower precursor concentration 

condition (1 hr). 
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Figure S 4.9 TEM images and powder X-ray diffraction patterns of oleylamine and diethylamine 

control syntheses. Low (a) and high (b) magnification TEM images of In(TFA)3 in oleylamine 

after a 1 hour hold under vacuum at 120 °C and heating to 180 °C. c) Powder XRD patterns of 

purified nanoparticles resulting from the reaction of In(TFA)3 in oleylamine and the reaction of 

In(TFA)3 in diethylamine and oleylamine. 
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Figure S 4.10 Proton and phosphorus NMR spectra of O=P(NEt2)3. a) 1H NMR spectra of purified 

O=P(NEt2)3 and diethylamine (500 MHz, toluene-d8, DS 2, NS 10, D1 10 s). b) 31P {H} NMR 
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spectrum of purified O=P(NEt2)3 with an 80 weight % H3PO4 standard capillary (202 MHz, 

toluene-d8, DS 2, NS 40, D1 10 s). Tris(diethylamino)phosphine has a chemical shift at 118 ppm.30 

Tris(dimethylamino)phosphine oxide (also known as hexamethylphosphoramide) has a chemical 

shift at 20.6 ppm in CDCl3.
51 

 

 

Figure S 4.11 31P NMR spectrum of transaminated O=P(NHR)3 (dark blue) with an 2 weight % 

H3PO4 standard capillary which has a shift of 0.72 ppm vs an 80 weight % H3PO4 standard, 

compared to the 31P NMR spectrum of purified O=P(NEt2)3 (lighter blue) with an 80 weight % 

H3PO4 standard capillary (202 MHz, toluene-d8, DS 2, NS 40, D1 10 s). R= C18H35. 
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Figure S 4.12 Phosphorus NMR spectra of crude nanowire solution spiked with 

tris(oleylamine)phosphine oxide. 31P NMR spectrum of the crude nanowire reaction solution 

compared with the 31P NMR spectrum of the same sample spiked with separately synthesized 

tris(oleylamino)phosphine oxide. The spectra are referenced to the peak at 0.72 ppm which is a 2 

wt % H3PO4 standard, added as a sealed capillary. (202 MHz, toluene-d8, DS 2, NS 40, D1 10 s) 
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Figure S 4.13 1H NMR spectra of In(TFA)3, trifluoroacetic acid, and trifluoroacetic anhydride in 

oleylamine. (470 MHz, toluene-d8, DS 2, NS 40, D1 10 s) 
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Figure S 4.14 19F NMR spectra of the crude nanowire reaction solution compared to aliquots of a 

control reaction between trifluoroacetic anhydride and oleylamine hypothesized to produce N-

oleyltrifluoroacetamide. Trifluorotoluene was added as a reference. (470 MHz, toluene-d8, DS 2, 

NS 40, D1 10 s) 
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Figure S 4.15 UV-vis absorbance spectra of aliquots from control syntheses with InCl3 and InI3 

(a, b, respectively). c) Powder X-ray diffraction patterns of the colloidally unstable fractions of 

both these controls to illustrate there are no InP nanowires or indium metal present. 

 

 

Figure S 4.16 Cyclic voltammetry data of indium salts. a) Cyclic voltammogram of InCl3 with an 

arrow marking the inflection point of the indium nucleation loop reduction event. b) Cyclic 

voltammograms of the reduction events of the indium(III) salts of iodide, chloride, 

trifluoromethanesulfonate, and trifluoroacetate. Note how the reduction of the indium halide salts 

is more facile than the indium(III) trifluoromethanesulfonate or trifluoroacetate. (10 mL MeCN, 

0.1 M TBAPF6, glassy carbon WE, Pt wire CE, Ag pseudo reference electrode, in N2 glovebox) 
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Figure S 4.17 TEM images of multipod products formed when (a,b) the In(TFA)3 is not pure, (c) 

0.1 equivalent of trifluoroacetic acid is added, and (d,e) the reaction is P starved. 
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Figure S 4.18 Additional TEM images showing reproducibility over three replicate InP nanowire 

syntheses (1:a-c, 2:d-f, and 3:g-i). The nanowire diameter distribution is described well with a 

lognormal distribution, giving mean diameters of (j) 14.7 ± 9.0, (k) 9.6 ± 5.4, and (l) 7.4 ± 2.5 nm. 
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Figure S 4.19 Absorbance spectra, powder X-ray diffraction patterns, and TEM images of InP 

QDs made using In(TFA)3 and In(OTf)3. Characterization of InP QDs made using In(TFA)3 

including (a) UV-vis absorbance spectra deconvoluting the QD product from the NW product, (b) 

a pXRD pattern revealing zinc blende InP QDs with a crystallite size of 2.2 ± 0.9 nm, and (c) a 

TEM image of representative QDs. Characterization of InP QDs made using In(OTf)3 including 

(d) UV-vis absorbance spectra deconvoluting the QD product from the NW product, (e) a pXRD 

pattern revealing small quasi-wurtzite InP QDs compared to the quasi-wurtzite In37P20 MSC 

pattern, and (f) a TEM image of representative QDs. 
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Figure S 4.20 Proton and fluorine NMR spectra of InP QDs made using In(OTf)3. a) 1H NMR 

spectrum of InP QDs made using In(OTf)3 showing oleylamine both bound and free in the QD 

solution (500 MHz, toluene-d8, DS 2, NS 10, D1 30 s). b) 19F NMR spectrum of purified InP QDs 

made using In(OTf)3 showing no triflate signal, suggesting there is no triflate found on the surface 

of the QDs after purification (470 MHz, toluene-d8, DS 2, NS 40, D1 10 s). 

 

 

Figure S 4.21 Characterization from the heat-up nanowire synthesis from In(TFA)3 and P(NEt2)3 

including a) UV-vis absorbance spectra of aliquots throughout the reaction with 0 minutes when 

the reaction temperature was achieved; b) TEM image showing an InP nanowire with an indium 

particle attached; c) pXRD pattern of the reaction product revealing bulk-like zinc blende InP and 

tetragonal indium metal. 
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APPENDIX A: COLLABORATIVE EFFORTS 

Transmission electron microscopy (TEM) offers unparalleled information for nanomaterial 

characterization. It is incredible to be able to obtain images that visualize products of a synthesis. 

This is not a luxury afforded to synthetic chemists making small organometallic or organic 

molecules. On top of morphological information gained by measuring the shape of nanoparticles 

and assemblies, the electron microscope can also illuminate information about nanocrystalline 

structure by resolving the stacks of atoms in a crystal. Fast Fourier transforms of an image with 

resolved lattice planes precisely determines the spacing between nanocrystal lattice planes in a 

high resolution TEM image, which can be compared to d-spacings measured by powder X-ray 

diffraction or to calculated crystal structures in a database.  A specialized beam arrangement can 

also produce and capture the diffraction pattern made by the electron beam being diffracted by the 

nanocrystal, a technique called electron diffraction. In some instruments, electron diffraction does 

not have high enough spatial resolution to measure diffraction of a single >10 nm diameter 

nanocrystal, and in these instances analyzing the lattice planes through the FFT becomes crucial. 

Analyzing crystal structure of single nanocrystals or regions of heterostructured 

nanocrystals can be paired with elemental analysis obtained with Energy-Dispersive X-Ray 

Spectroscopy (EDS) in scanning transmission electron microscopy (STEM). This allows 

microscopists to determine detailed, spatially resolved information about nanocrystalline material 

or phase identity and growth mechanisms of heterostructures. For example, in Chapter 4, the 

solution-liquid-solid nanowire growth mechanism was identified because of indium metal 

nanoparticles observed on the tips of indium phosphide nanowires. 

Therefore, TEM is crucial to describe a nanocrystalline or hybrid nanomaterial system 

when taken in complement to solution phase or ensemble measurement techniques such as X-ray 
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diffraction or dynamic light scattering (DLS). The development of TEM imaging of cryogenic 

samples in particular, in concert with high resolution TEM and STEM, and DLS, is crucial to study 

assembly structures in their liquid state conformation through flash freezing. In the following 

collaborative studies, I have used TEM and related techniques to reveal and support new 

discoveries for novel nanocrystal synthesis techniques, characterization of nanocrystals exhibiting 

innovative properties, as well as hybrid assemblies of inorganic nanoparticles and biomolecules 

where TEM can give high resolution information of the nanoparticle component and 

comprehensive information about the assembly. The following data and analysis represent my 

contributions to works published through collaborations at the University of Washington, through 

the DOE EFRC Center for the Science of Synthesis Across Scales, and with other universities, 

along with two unpublished studies of nanocluster assembly and stability. 
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TEM studies of hybrid inorganic nanoparticle–peptide, protein, or peptoid assemblies 

[1] Towards Computation-Guided Design of Tunable Organic-Inorganic CdS Quantum Dot 

Binary Superlattices1: bright-field TEM reveals structure of quantum dot – peptoid superlattices 

 

 Binary superlattices or amorphous assemblies formed from cadmium sulfide quantum dots 

and di-block amphiphilic peptoids (NbrpexDig). Assemblies were formed in a chloroform solution 

of quantum dots and 1 equivalent of peptoid with varying length of hydrophobic segment. TEM 

images a and b represent square and hexagonal quantum dot packing identified for assemblies 

including peptoids with a shorter hydrophobic segment, Nbrpe4Dig. However, for assemblies 

including peptoids with a longer hydrophobic segment, Nbrpe8Dig, mostly amorphous deposition 

of quantum dots was observed by TEM (c, d). We hypothesize that the shape and flexibility of the 

peptoid drives superlattice packing and the shape and flexibility of NbrpexDig peptoids were 

predicted using molecular dynamics simulations. 
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[2] Biomimetic Mineralization of Positively Charged Silica Nanoparticles Templated by 

Thermoresponsive Protein Micelles: Applications to Electrostatic Assembly of Hierarchical and 

Composite Superstructures2: high-resolution TEM reveals SiO2 and Au nanoparticle surface 

interactions 

 

 Thermoresponsive elastin-like polypeptides modified with a Car9 silica-binding peptide 

form 30 nm micelles that mineralize monodisperse silica nanoparticles (a-c). High-resolution TEM 

imaging supported a spherical raspberry model used for describing scattering data for the sample, 

where it was hypothesized that the ~ 3 nm protrusions corresponded to primary units from silica 

mineralization. The high-resolution TEM images were also used to support the hypothesis that the 

silica grows around the polypeptide mineralization template due to the lack of bulky organic 

features observed on the silica surface. 

 

 



 

 

 

193 

 

 The mineralized silica was found to have a positive surface charge, unusual for silica 

nanoparticles. Therefore, by including negatively charged Au nanoparticles, an electrostatically-

driven binary assembly forms. Bright-field and high-resolution TEM images show the structure of 

the binary assembly (a inset) and the specific intimate interaction of the Au and silica nanoparticles 

(a-d). 
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[3] Induced Chirality in QDs Using Thermoresponsive Elastin-like Polypeptides3: bright-field, 

scanning, and cryogenic TEM reveals assembly structure of quantum dots and thermoresponsive 

elastin-like polypeptides 

 

 As-synthesized oleate-capped cadmium sulfide quantum dots (a) are 4.8 ± 0.4 nm in 

diameter and undergo slight etching to 4.1 ± 0.4 nm after ligand exchange with glycine for water-

solubilization (b). 
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 TEM images of CdS quantum dots ligated with (VPGVG)54-Cys prepared at (A) 20 °C and 

(B) 45 °C. Scanning TEM (C) and cryogenic TEM (D) images of (VPGVG)54-Cys capped 

quantum dots prepared at 45 °C. Higher-magnification insets have a 20 nm scale bar. The elastin-

like polypeptide, (VPGVG)54-Cys, reversibly forms coacervates when the solution temperature is 

above a specified transition temperature, 38 °C for (VPGVG)54-Cys. In this study, we measured 

the binding of (VPGVG)54-Cys to the surface of CdS quantum dots by measuring the induced 

chirality in the CdS by visible circular dichroism spectroscopy. Then, the hybrid (VPGVG)54-

Cys:CdS unit was shown to reversibly form quantum dot-dense coacervates when the solution was 

raised above 38 °C. The TEM samples were prepared specially to ensure the solution remained 
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above 38 °C during deposition and drying. The cryogenic TEM images in particular revealed the 

structure of the (VPGVG)54-Cys:CdS coacervates in solution by preparing the sample through 

plunge-freezing in liquid ethane to form vitreous ice.  

 

TEM images of (VPGVG)96-Cys:CdS prepared at 20 °C (A) and at 40 °C (B and C), with 

insets of higher magnification, 20 nm scale bars. Below the transition temperature, (VPGVG)96-

Cys:CdS is observed in monolayers or small (<20 nm) aggregates. Above the transition 

temperature, 1-2 μm coacervates are observed with densely packed interiors (B). The coacervates 

appear to have some structuring of small aggregates (C) similar to those observed below the 

transition temperature. 
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TEM studies of nanocrystal morphology, size, and crystal structure 

[4] Connecting Nanoseed Defect Structure and Crystallinity with Resulting Nanoparticle 

Products4: high-resolution TEM images with Fast Fourier Transform Analysis of lattice structure 

reveals Au nanoparticle defect structures 

 

 High resolution TEM image of a pentatwinned gold nanocrystal exhibiting a five-fold 

twinning axis (A). Analysis of the Fast Fourier transforms (FFTs) was performed to highlight the 

twin boundaries (a-e). 
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 High resolution TEM images (a, b, e) of a representative gold truncated bitetrahedral 

nanocrystal allow for FFT analysis to determine twin planes (c-e). 

 

High resolution TEM images (a, b, e) of a representative gold triangular nanoplate allow 

for FFT analysis to identify the presence of stacking faults (c-e). 

 



 

 

 

199 

[5] Extremely Long-Lived Charge Donor States Formed by Visible Irradiation of Quantum Dots5 

 

 This work studied the nature of long-lived charge donor states in CdS QDs, and part of the 

investigation included QDs with three different surface chemistries. Bright field TEM images of 

QDs with native oleate ligands (A), the carboxylic acid 2-(2-methoxyethoxy)ethoxy acetic acid 

(B),  or (2-[2-(2-methoxyethoxy)ethoxy]ethyl)phosphonic acid (C), along with images after 

etching of oleate ligands (D) and following exchange with 2-(2-methoxyethoxy)ethoxy acetic acid 

(E) allowed for sizing analysis to support arguments regarding the role of ligand headgroup and 

surface stoichiometry across similar sized particles. 
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[6] Pathways of CdS Quantum Dot Degradation during Photocatalysis: Implications for 

Enhancing Stability and Efficiency for Organic Synthesis6: Energy-dispersive X-ray Spectroscopy 

with Scanning Transmission Electron Microscopy reveals catalyst speciation. 

 

(A) Bright-field TEM image displaying faceted microcrystals formed during catalysis. 

Scanning TEM image of microcrystals (B) alongside elemental mapping with energy-dispersive 

spectroscopy shows primarily cadmium colocalization on the microcrystals. 
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[7] Leveraging Cation Exchange in InP Magic-Sized Clusters To Access Coinage Metal Phosphide 

Nanocrystals7: High-resolution TEM images help characterize nanocrystals of novel compositions 

 

High-resolution TEM was used to characterize the conversion of InP magic-sized clusters 

(MSCs) treated with 37 equivalents of Cu (A, D), Ag (B, E), or Au (C, F) and converted into 

coinage metal phosphide nanocrystals through hot injection (G, H, I respectively). 
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Unpublished Studies on Revealing Assembly and Stability of Nanoclusters with TEM 

Ordered Sheet Formation of Cd3P2 Magic-Sized Clusters 

 

 Bright-field TEM images (A, B) revealed thin rectangular sheets of Cd3P2 magic-sized 

clusters (MSCs). The Cd3P2 MSCs were capped with tert-butylphenylacetate ligands, and formed 

glittery suspensions in tetrahydrofuran (THF), which were diluted and dropcast on the TEM grid. 

Interestingly, the fast Fourier transform (FFT) of the TEM images containing the sheets showed 

evidence of a repeated pattern (C, inset – note faint white dots). By increasing the contrast of the 

FFT spots and performing an inverse FFT , the pattern was overlaid on a higher magnification 

image of the sheets (D) and the MSCs were observed to align with the pattern. This hints that there 

is a higher-order assembly process occurring that adopts a square-packing framework – also 

explaining the sharp edges of the nanosheets. Of the components of the system, the tert-

butylphenylacetate ligands are the most likely candidate to direct the assembly, perhaps through π 



 

 

 

203 

– π stacking. The organic template was observed by close inspection of the nanosheets (see B), 

where the rectangular shape is maintained even without regular spacing of the inorganic 

component. 

 

Assembled structures of Cd3P2 MSCs capped with phenylacetate ligands were also 

observed by TEM (A-D), and in solution where again the MSCs in THF produced a glittery 

solution. However, the assemblies with phenylacetate-capped MSCs were less clearly ordered in 

rectangular sheets, appearing to perhaps roll into tubes (A) or form thicker structures (B-D). 
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Investigating the Stability of Phosphonic acid-capped InP Clusters under the electron beam: 

 

High resolution TEM images of phosphonate-capped InP clusters were taken as a time 

series over 10 minutes of beam exposure at 200 kV, with ‘0 min’ as the initial exposure to the 

beam for the particular region of particles. The red and yellow circles orient the same particles in 



 

 

 

205 

each image because slight drift occurred over the time series. In the white box, two clusters can be 

seen moving together and sintering under the electron beam. The blue box allows for multiple 

clusters to be tracked over the time series, and excitingly shows clusters moving around under the 

beam and more instances of sintering. In general, there are less defined lattice fringes after around 

8 minutes (except sintered particle) although some remain in 10 minute image, indicated good 

stability under the electron beam. This study provides the initial framework for future studies of 

these clusters using high beam intensity TEM methods such as scanning TEM. 
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