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The structural and compositional variety of materials afforded by nanocrystal synthetic 

chemistry has established a foundation for developing high quality and tailored materials for a 

broad spectrum of applications, including photovoltaics, display and lighting, biological imaging, 

and catalysis. In all of these applications, colloidal processing presents a low-cost, highly scalable 



 

strategy for manufacturing. Quantum-confined semiconductor nanocrystals, or quantum dots 

(QDs), have size-dependent optical and electronic properties that have been successfully exploited 

in commercial display technologies that require phosphors with high color purity and emission 

tunability. Cadmium-based materials have dominated the field with respect to efficient syntheses 

that can produce monodisperse and highly emissive QDs, but the toxic nature of cadmium has led 

to environmental regulations that limit the amount of cadmium permitted in consumer products in 

many countries. Indium phosphide nanomaterials, InP, have thus gained interest as lower toxicity 

phosphors that emit in the visible region.  

The synthetic development of emissive InP QDs has encountered obstacles related to the 

more covalent nature of the crystal lattice and a lack of diverse precursor compounds. Furthermore, 

as-synthesized InP QDs are characterized by prohibitively weak emission that requires a non-

trivial effort involving synthetic re-design or post-synthetic processing to improve 

photoluminescence quantum yields (PL QYs). This thesis works seeks to develop methods for 

overcoming this challenge. Chapter 1 summarizes the current state of InP QDs as viable 

commercial phosphors, including the strategies chemists use to improve PL QYs, and sets the stage 

for the following four chapters that target the rational design of PL enhancement strategies. 

Chapter 2 describes the interaction between InP QD surfaces and exogenous M2+ Lewis acids, 

revealing that M2+ cations (cadmium and zinc) undergo Z-type ligand exchange with surface 

indium, and through this shallow degree of alloying and surface passivation, impart distinct 

electronic properties and PL enhancement.  In Chapter 3, the state of InP QD surface oxidation is 

discussed wherein adventitious side-reactions occur in common InP syntheses, resulting in the 

presence of oxidized phosphorus species that contribute to the non-radiative trap landscape that 

limits the obtainable QYs of surface-modified InP QDs. X-ray emission spectroscopy was used as 



 

a powerful technique to systematically and rapidly assess the degree of oxidation imparted in a 

series of InP syntheses and industrially-relevant shelling reactions.  

In an alternative approach to direct and improve InP QD properties, InP magic-sized 

clusters (MSCs) were used as scaffolds for cation exchange where once again, surface chemistry 

plays a critical role in facilitating partial or complete cation exchange. Motivating these studies 

was an interest in developing a fundamental understanding of cation exchange mechanisms in the 

larger InP quantum dots, described in Chapter 2, and the appeal of employing alloyed clusters as 

single-source precursors to access emergent properties in InP QDs. Chapter 4 outlines the cation 

exchange reaction that takes place between InP MSCs and cadmium carboxylates, where 

incorporation of cadmium induces a complete structural rearrangement and full cation exchange 

to cadmium phosphide clusters. The findings from this study revealed the distinct reactivity 

differences between larger QDs and clusters, leading to the development of zinc alloyed clusters 

in Chapter 5 and their role as precursors for InP QDs. 
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Chapter 1. Introduction  

1.1 Commercial Application of Luminescent Quantum Dots 

Colloidal semiconductor nanocrystals, or quantum dots (QDs), are a valuable class of 

materials that are widely applicable in catalysis,1 bioimaging,2 photovoltaic devices,3–5 and display 

technologies.6,7 Nanocrystals achieve this broad versatility through the quantum confinement 

effect, a phenomenon that directly relates the size of the particle with the semiconductor band gap. 

Size-tunable band gaps are especially useful for display applications that utilize QDs as 

downconversion chromophores, in which red- and green-emitting particles are deposited in a film 

layer that is pumped by a high energy (blue) LED that can excite the QDs and induce radiative 

recombination.7,8 QDs are additionally appealing materials for display devices because of their 

increased thermostability, solution-processability, and narrow luminescence linewidths as 

compared to more traditional molecular chromophores.9  
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Figure 1.1. Depiction of semiconductor quantum confinement (left) and a simplified 

version of QD downconverters used in a light-emitting device (right).  

 

To be a viable candidate for display materials, QDs must satisfy at least two criteria: 1) 

efficient radiative recombination, i.e. high photoluminescence quantum yields (PL QYs), meaning 

that every photon used to excite the semiconductor should be ejected as a lower energy photon, 

and 2) narrow emission linewidths, i.e. the sample is composed of monodisperse particles, 

resulting in high color purity. Thus far, cadmium selenide (CdSe) and other II-VI materials have 

dominated early exploration and commercial efforts and have been the leading materials to meet 

these requirements. CdSe QDs have been processed in display devices from companies such as 

LG, Phillips, Sony, Amazon, and others, from as early as 2013.9 There has been growing concern 

over the environmental impact of such cadmium-containing materials, especially with the 

Restriction of Hazardous Substances limitations in Europe, thus a search for cadmium-free QDs 
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has been gaining momentum.10 Of these Cd-free materials, indium phosphide (InP), a III-V 

semiconductor, possesses several properties that make it an attractive alternative, such as a wider 

emission range, larger Bohr exciton radius, and lower toxicity.11–13 However, current InP QD 

colloidal syntheses do not benefit from the same ease and reproducibility of metal chalcogenide 

syntheses. This difference has been attributed to the more covalent nature of the crystal lattice and 

the general scarcity of phosphorus precursors.14 

 

1.2 Synthetic Challenges of InP QDs 

Although various phosphorus precursors have been explored (e.g. P4, TOP/TOPO, PH3),
13 

P(SiMe3)3 has remained a frontrunner dating back to 2002 in which the standard colloidal 

conditions, reaction between P(SiMe3)3 and long chain indium carboxylates and excess acid, were 

reported by Peng and co-workers.15 Unfortunately, a long-standing issue accompanying this 

synthetic approach has been the rapid reaction of P(SiMe3)3 at elevated temperatures that depletes 

molecular precursors almost immediately, resulting in broader particle size distributions. In 

classical LaMer type growth, the separation of particle nucleation and growth affords 

monodisperse QD ensembles with narrow luminescence linewidths.16,17 Efforts to tune the 

reactivity of P(SiMe3)3 resulted in the realization that InP QDs do not conform to LaMer growth 

kinetics and that growth proceeds through stable InP intermediates, known as magic-sized 

clusters.18,19 Our lab has pursued the development of magic-sized InP clusters as precursors to 

quantum dots which will be discussed in greater detail in Chapter 5. 

 While the high reactivity of P(SiMe3)3 poses a barrier to producing samples with desirable 

luminescence linewidths, ideally in the range of 20-30 nm to compete with II-VI materials,20 a 

greater issue lies in the fact that as-synthesized InP QDs exhibit PL QYs <1%. The lack of band 
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edge emission has been attributed to the presence of surface defects, such as un-passivated atoms 

or oxidized species, that act as electronic trap sites with a high activation barrier for detrapping.21–

23 InP QD syntheses are performed under cation-rich conditions (2:1) to favor colloidal stability 

from the indium long-chain ligands, thus surface phosphorus atoms are considered highly suspect 

as the source of most non-radiative recombination. While the identification and depth of specific 

trap sites associated with electron or hole trapping was performed by Nozik and co-workers, the 

InP materials they studied were synthesized by an obsolete preparation that does not provide 

insight to modern InP QD materials.21,24 Thus, a joint study between the Cossairt lab and the 

Gamelin lab at the University of Washington is underway in which a series of InP samples with 

various surface treatments are examined by time-resolved and ultra-fast spectroscopies.   

1.3 Strategies to Enhance InP QD Emission 

Due to the intrinsic lack of radiative emission in as-prepared InP QDs, a variety of 

approaches, such as fluoride etching, shelling, and alloying, have been examined (Figure 2). 

Synthetically, chemists have moved away from the use of highly corrosive HF in favor of fluoride-

containing ionic liquids that can be utilized in the microwave synthesis of InP QDs and achieve 

PL QYs up to 50%.23,25,26 There remains some controversy regarding the mechanism of etching 

with regard to which trap sites are affected and how fluoride ions interact with the surface, thus 

limiting the rational design of emissive materials due to the poor understanding of the underlying 

mechanism.27,28 Conversely, the development and optimization of InP shell materials has grown 

considerably to meet the demand for thermo-, photo- and air-stable cadmium-free materials. 
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Figure 1.2. Strategies to improve InP QD PL. Most synthetic routes to InP QDs 

coincidentally oxidize the surface which is conserved following surface cation exchange or shell 

growth. Both fluoride-based etching and alloyed cluster conversion are in their early 

developmental stages. 

 

Core/shell systems are classified as Type I, in which the shell has a wider band gap and 

effectively confines the exciton to the core, and Type II, where the band edges are offset and one 

of the carriers is delocalized into the shell. Regardless of the target carrier location, shells 

simultaneously provide a passivating layer for the core surface to enhance PL QYs and improve 

the chemical stability of the particle. Shell materials must be carefully selected for lattice 

compatibility, otherwise shell growth can result in strain-related defects at the mismatched 

interface and through compression of the core, even under optimized epitaxial deposition 

conditions.29,30 Thus far, ZnS and ZnSe with lattice mismatches of 7.7% and 3.3%, respectively, 
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have been the focus of InP shelling studies due to the absence of more toxic elements, i.e., lead, 

cadmium, and arsenic. Successive ionic layer adsorption and reaction (SILAR) is the typical 

strategy for shell deposition in which cation/anion precursors are added alternatingly to the core 

InP particles in dilute concentrations to avoid homonucleation of the shell material. Interestingly, 

the initial addition of cationic precursor alone was reported to enhance of PL QYs but the 

accompanying hypotheses were inconsistent.31–33 These conflicting reports motivated the research 

described in Chapter 2 in which we pursued an understanding of the underlying pathway for PL 

enhancement through the simple addition of Lewis acids, or metal carboxylates.  

Even with the most sophisticated shelling syntheses, InP QD quantum yields plateau at 

85%.34,35 While minimizing defects in the core and shell materials is necessary, perhaps the most 

crucial aspect of design is at the core-shell interface. InP QDs have been shown to be incredibly 

susceptible to surface oxidation from in-situ and ex-situ sources during both core and shell 

syntheses, resulting in oxidized phosphorus species that likely perturb conformal shell 

growth.22,36,37 Chapter 3 outlines our efforts to quantify the oxidized phosphorus species across a 

series of common, but chemically distinct InP synthetic methods, and the impact these defects 

have on the optical properties of subsequently shelled InP QDs. 

 Finally, the last route to PL turn-on addressed in this manuscript is through compositional 

tailoring of nanoscale colloids, which has been highlighted as an aspect of synthetic chemistry that 

can access emergent properties of materials that would normally be unattainable in the binary 

semiconductor. This facile reaction employs the anionic sublattice as a template while cations 

partially or fully exchange, typically retaining the original crystallite size and shape. Experimental 

conditions have been developed to access a wide variety of doped nanocrystals, anisotropic 

structures, alloyed nanocrystals, nanocrystalline heterostructures, and semiconductor nanocrystals 
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that are synthetically challenging to produce via a direct route.38–40 Chemists have continued to 

develop this technique by extracting general design principles through examination of ion 

exchange thermodynamics and consideration of the shared similarities with solid-state ion 

exchange occurring over a reaction zone and by probing mechanism using a combination of theory, 

dynamic simulations, and experiment.41–45 

1.4 Cation Exchange in InP QDs 

Attempts to tune the cationic composition of InP QDs through alloying have taken two 

distinct approaches, the first of which involves the mixing of multiple metallic monomer species 

before the QD nucleation event and necessitates that the reactivity of the precursors is well-

matched.46–49 Thus far, this approach has sacrificed control of the dopant atom location (e.g. 

surface vs core) in favor of a straightforward synthetic method that offers control over InP optical 

properties. The second method takes a reverse approach to InP cation exchange by utilizing pre-

formed metal phosphide nanostructures as the anionic template for insertion of indium. These 

examples encompass Cu3-xP and Cd3P2 as the foundation for this reverse-type of cation exchange 

where nearly composition-pure InP nanostructures were achieved.50,51 The authors noted that in 

the case of the Cd3P2 to InP phase transformation, the reverse ion exchange reactions (InP to Cd3P2) 

were highly irreversible as the diffusion of In3+ for Cd2+ already required elevated temperatures.51 

In chapter 2, we similarly observed a high activation barrier of cation exchange through the Z-type 

ligand exchange of cadmium and zinc Lewis acids on InP QDs. 

In an effort to directly probe the mechanism and structural consequences of alloying, 

magic-sized clusters can be employed as a model system. Magic-sized clusters (MSCs) represent 

the interface between small molecules and quantum-confined nanostructures. MSCs are atomically 

precise clusters with elevated thermodynamic stability compared to structures of similar size that 
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can play a role in nanocrystal nucleation and growth. Beyond the application of clusters as quantum 

dot precursors, atomically precise clusters provide a unique opportunity to take advantage of the 

spectroscopic handles that accompany the their perfect monodispersity and homogeneity of their 

surface chemistry. Often, alloyed nanocrystals need to be characterized as the “average” ensemble 

of nanocrystals that contain some amount of dopant atom that impart the new observed properties. 

In this regard, atomically precise clusters serve as ideal models for elucidating the interaction and 

position of the substituted atoms in a host lattice that directs the resulting properties.  

A principal example of an atomically precise cluster model system is the work surrounding 

cation exchange in tetrameric metal thiolate cluster.52,53 Using tetrameric metal thiolate clusters as 

models for metal chalcogenide nanocrystals, Kittilstved and co-workers were able to assign the 

site-specific incorporation of dopant Mn2+ ions (surface vs core) and accompanying outwards-

diffusion of dopants over time, contributing invaluable insight to the rational design of larger 

doped nanocrystals.54 Other noteworthy research has centered on the doping and alloying of 

stoichiometric (CdSe)n nanocluster species, whose specific compositions are inferred by mass 

spectrometry. These clusters have been examined as not only Mn2+-doped and alloyed precursors 

to nanomaterials,55 but as a model to probe the co-operative nature of Cu+ cation exchange 

observed in larger CdSe nanocrystals.56 In spite of the unidentified crystal structure of these 

(CdSe)33,34 nanoclusters, these types of fundamental studies that utilize species with distinct 

spectroscopic and structural handles can further enhance our understanding and development of 

compositional tailoring in larger nanostructures. 

The advent of an atomically precise InP cluster was appealing to further probe the potential 

of cation exchange in materials with more covalent character compared to the breadth of more 

ionic metal chalcogenide nanocrystal lattices. A diffraction-quality single crystal of 
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In37P20(O2CCH2Ph)51, an InP MSC, revealed a strained [In21P20]
3+ inorganic core ligated by 16 

additional indium atoms and an interconnected network of 51 bidentate and mostly bridging 

carboxylate ligands.57 Our lab has observed that the InP MSC displays site-selective reactivity 

when exposed to moist air, leading to a carboxylate ligand shift (bidentate to monodentate) in order 

to accommodate a water molecule bound to an indium. Furthermore, exposure to Lewis bases, i.e. 

amines, initiated indium carboxylate desorption and ultimately structural rearrangement of the 

cluster.58 Thus, utilizing InP MSCs as templates for cation exchange reactions toward new cluster 

materials with the ability to predict the progression of the reaction was of great interest to us. The 

related chemistry will be described in Chapters 4 and 5. 
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Chapter 2. Luminescent InP Quantum Dots with Tunable Emission by Post-

Synthetic Modification with Lewis Acids 

Adapted with permission from the Journal of Physical Chemistry Letters. Copyright 2016 

American Chemical Society. 

2.1 Note Regarding Collaborator Contributions:  

This work was performed in collaboration with Dr. Elizabeth Mader, who at the time was a 

research scientist with Professor Jim Mayer’s group at Yale University. Part of this work was 

performed at sector 10-BM, a beamline part of the Materials Research Collaborative Access Team 

at the Advanced Photon Source located at Argonne National Lab. Dr. Mader had extensive training 

on this beamline and was able to provide training and assistance in preparing samples, data 

collection, and data analysis. In particular, I am grateful for her resourcefulness with regard to 

appropriate air-free solution vessels and her ability to extract meaningful fits from Athena and 

WinXAS. All of the following EXAFS quantitative fits for experimental data and reference 

compounds were prepared by Dr. Mader. Additionally, in an ongoing collaboration to examine the 

exciton dynamics upon various surface treatments, the time-resolved photoluminescence data 

reported in this chapter was collected by Kira Hughes, working under Professor Daniel Gamelin 

in the Department of Chemistry at the University of Washington. 

2.2 Introduction 

In order to meet the rapidly increasing global energy demand, it is important not only to 

find new and renewable forms of energy, but to use energy more efficiently. One market that could 

make a significant impact on energy consumption is solid state lighting (SSL). A switch from 

incandescent lighting to SSL could save 217 TWh by 2025 in the US alone.1,2 Semiconductor 
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quantum dots (QDs) are a promising class of chromophores for this application because their 

wavelength tunability and narrow luminescence linewidths have the potential to give SSL the 

appropriate color rendering index and correlated color temperature to compete aesthetically with 

incandescent lighting.3 As such, CdSe QDs have dominated early exploration and commercial 

efforts in the area of down-conversion fluorophores for SSL and displays, however the toxicity of 

cadmium presents a marked barrier to wide-scale commercialization efforts and a significant 

environmental concern. Indium phosphide (InP) is an attractive alternative due to its lower toxicity, 

larger intrinsic extinction coefficient,4 larger Bohr exciton radius, wider emission range, and 

enhanced optical stability.5–7 However, current InP QD colloidal syntheses have 

photoluminescence quantum yields (PL QY) of <1% due to surface defects that introduce mid-gap 

trap states, and a high activation barrier for detrapping.8–10 

One successful strategy to increase InP PL QY has been to shell InP cores with ZnS, 

leading to PL QYs as high as 60%.11 The increased PL QY has been attributed to passivation of 

surface defects on the InP core and a relatively low lattice mismatch (7.6%) between the ZnS and 

InP. Shell growth is achieved through a variety of methods that range from decomposing a ZnS 

single-source precursor, one-pot InPZnS synthesis, or the synthesis of InP cores followed by a 

second discrete shell growth step.12–18 In the case of step-wise shell growth from Zn2+ and S2- 

precursors on an InP core, an increased QY (ranging up to 20%) was seen after the initial addition 

of zinc carboxylate.12,14,15 A similar observation was also noted in the stepwise addition of Cd2+ 

and S2- precursors for InP/CdS core-shell QDs with a 36% PL QY after addition of cadmium 

acetylacetonate.19 Varied proposals have emerged to explain the improvement in PL QY including 

surface passivation, etching in the case of zinc,15 or doping in the case of cadmium.19 However, a 
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detailed understanding of this phenomenon is lacking and more data are needed to gain insight into 

the mechanism of PL QY enhancement.  

In this paper we report the systematic investigation of the mechanism of PL turn-on by the 

post-synthetic addition of metal carboxylates, specifically zinc and cadmium, to InP QDs. 

Although cadmium is toxic, precedent in the literature for cadmium salts to passivate quantum dot 

surfaces and improve photoluminescence has made it of academic interest in this study and may 

be used to devise a general strategy with other soft Lewis acids.20 We hypothesize that exogenous 

Lewis acids bind to under-coordinated surface phosphorus atoms leading to bonding interactions 

that lower the energy of the relevant orbitals below the valence band edge. We have observed PL 

enhancement of InP particles with QYs up to 49% with the addition of cadmium oleate and up to 

19% with zinc oleate. An additional feature of these treatments is the ability to tune the absorbance 

and emission profiles of the QDs with no apparent change in particle size. The addition of zinc 

oleate tunably blue-shifts the optical features of the InP while addition of cadmium oleate causes 

a tunable red-shift in the optical features. Given the difficulty in synthetically accessing InP of 

different sizes,21,22 this observation opens up a new approach to tune the emission color of this 

quantum confined material.  

2.3 Results and Discussion 

To investigate the effect of metal carboxylates on the PL QY of InP QDs, cadmium or zinc 

oleate were mixed with as-synthesized InP QDs in 1-octadecene and heated. Further synthetic 

details and optimization experiments are included in the experimental section. The as-synthesized 

InP QDs exhibit weak band edge luminescence and broad, red-shifted trap emission, with an 

overall PL QY <1% (Figure 2.1). After addition of Zn2+ or Cd2+, we observed quantum yields in 
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the range of 10-20% with zinc oleate and 20-50% with cadmium oleate. This range in QY depends 

on the Lewis acid concentration, particle size, duration, and temperature of thermal treatment. 

Maximum PL QYs were obtained at 200 °C for 3 hours with 2:1 Cd:In and 1.4:1 Zn:In 

concentrations. 

 

Figure 2.1. Normalized absorbance and emission of as-synthesized InP QDs. The emission 

profile with a quantum yield <1% is a combination of band edge luminescence at 586 nm and 

broad red-shifted defect emission. 

  A bathochromic shift was observed in the optical features of cadmium treated particles 

(referred to as Cd-InP) relative to the as-synthesized InP. Conversely, a hypsochromic shift in the 

optical features of zinc treated particles (Zn-InP) relative to as-synthesized InP was observed. The 

extent of these shifts were found to be a function of the amount of Lewis acid added, with larger 

magnitude shifts observed at higher concentrations (Figure 2.2). Figure 2.3 shows the UV-Vis and 

emission spectra of the initial and optimal Lewis acid-modified InP. It is important to note that the 

observed PL enhancement and optical tuning is not universal to all carboxylate salts or the 

carboxylate anion itself. Addition of indium myristate results in negligible PL enhancement, 

consistent with reports of poor luminescence in In-rich InP QDs,23–25 while addition of 

tetrabutylammonium carboxylate has no impact on PL QY. The inability of In(O2CR)3 to 
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completely passivate the particle surface and turn on luminescence stands in contrast to what is 

found for the M(O2CR)2 salts and may be associated with the higher coordination number and 

larger steric profile of trivalent Lewis acids with their associated anionic ligands. PL lifetimes were 

fit to biexponential decay kinetics yielding a weighted lifetime of 21 ns, 56 ns, and 178 ns for InP, 

Zn-InP, and Cd-InP, respectively (Figure 2.4). The time constant for InP is consistent with 

previous literature reports of InP QDs whereas the increase with either Zn-InP or Cd-InP indicates 

that hole traps associated with phosphorus dangling bonds are quenched through M2+ 

coordination.16,25  

 

Figure 2.2. Absorbance (solid) and PL (dashed) spectra of InP QDs treated with increasing 

concentrations of zinc or cadmium. Zinc blue-shifts the optical properties (dark blue to light blue 

corresponds to increasing [Zn]), while cadmium red-shifts InP optical properties (dark red to light 

red corresponds to increasing [Cd]. 
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Figure 2.3. Absorbance (solid) and PL (dashed) spectra of Zn-InP (abs 498 nm, em 545 nm, 

PLQY 16±4%), InP, and Cd-InP (abs 530 nm, em 590 nm, PL QY 30±11%). Quantum yields 

represent an average of 3 independent samples. The red line indicates the lowest energy electronic 

transition (LEET) of the original InP QDs (513 nm). Particle sizes were determined for each 

sample by measuring 200 independent particles using TEM. 
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Figure 2.4. Time-resolved photoluminescence spectra of InP, InP/Zn, and InP/Cd QDs, 

collected and analyzed by Kira Hughes, Gamelin Lab. 

To form a better understanding of the observed luminescence tuning we characterized the 

structure and composition of both the core and surface of the QDs using a combination of 

transmission electron microscopy (TEM), powder X-ray diffraction (XRD), elemental analysis, X-

ray absorption spectroscopy and chemical etching. All measurements were performed on purified 

samples (as described in the experimental section). Notably, the PL QY of Lewis acid treated QDs 

is retained following purification indicating that the added metal cations are either strongly 

coordinated to the surface or incorporated into the crystal lattice. 

TEM imaging indicates that the size of the particles remains unchanged by the Lewis acid 

treatment (Figure 2.3), despite the observed changes in the LEET and emission maxima that were 

initially attributed to the quantum confinement effect. The average size of the as-synthesized InP 

particles, 2.5 ± 0.4 nm, is maintained after treatment with metal carboxylates (2.6 ± 0.3 nm for Zn-

InP and 2.5 ± 0.3 nm for Cd-InP). Powder X-ray diffraction data shows that In2O3 is generated as 

a coproduct upon treatment of InP with Cd2+ and Zn2+ salts (Figure 2.5). The average size of the 
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In2O3 particles in these samples was predicted to be 11.4 nm by Scherrer analysis of the In2O3 

diffraction peak at 35° 2θ. This is consistent with TEM data where new, larger particles with an 

average size of 9.8 ± 1.1 nm are observed. Purification of the modified particle solutions by 

filtering through Celite removes most of the In2O3 as determined by the observed decrease of the 

In2O3 peak magnitude in the XRD patterns. The mechanism of In2O3 formation remains unclear, 

although it may result from exchange between added metal ions and surface In carboxylate where 

the displaced In carboxylate would have the potential to thermally decompose to In2O3.
26 After 

removing In2O3, the powder diffraction patterns in Figure 2.5b agree with those of nanocrystalline 

InP with a slight shift in the peak at 44° 2θ towards smaller diffraction angles. Since the shift is 

the same in both cadmium and zinc-treated samples, we attribute this to lattice strain introduced 

upon moving from an In3+ to a M2+ rich surface, however formation of a thin shell cannot be 

explicitly ruled out. In either case, significant strain is expected since the lattice constants of InP 

(zinc blende a = 5.86 Å) versus Zn3P2 (tetragonal phase a = 8.09 Å, c = 11.45 Å) and Cd3P2 

(tetragonal phase a = 8.75 Å, c = 12.26 Å) differ considerably. Otherwise, the lack of any additional 

features indicates that no other crystalline compounds, such as separate populations of Zn3P2 or 

Cd3P2 particles, have been formed. The breadth of the InP diffraction peaks, while consistent 

across all samples, prevents additional commentary on expansion or contraction of the lattice that 

may arise from minor alloying. 
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Figure 2.5. X-ray diffraction pattern of InP, Zn-InP, Cd-InP a) before filtering, b) after filtration 

through Celite, with bulk InP (pdf #01-070-2513 ICSD) and In2O3 (pdf #01-071-2194 ICSD). 

The elemental composition of the as-prepared InP QDs and the Lewis acid-treated QDs 

were analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES). The 

molar ratios obtained for four different samples are shown in Table 2.1 along with a comparison 

of the initial M2+:In ratios in the reaction. The initial molar ratios suggest the InP QDs have a 

stoichiometric core and an indium-rich surface. We hypothesize that the small increase of M2+:In 

ratio in the purified samples as compared to the amount in the reaction itself confirms the 

displacement of In(O2CR)3, and consequent formation of In2O3 as M2+ carboxylates coordinate to 

the surface. The measured ratios indicate that the number of cations is in excess of what is needed 

to fully passivate the surface phosphorus atoms.  In order to account for the large excess of M2+, 
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we additionally propose that the exogenous metal carboxylates form a disordered, interconnected 

surface coating given the diversity of binding modes possible.27 This has been suggested 

previously for metal-rich II-VI QDs.20,28 

Table 2.1. Molar ratios of M2+:In:P added to the reaction and for purified products 

 Reaction molar ratios 

(M2+:In:P) 

ICP molar ratios 

(M2+:In:P) 

InP - -:2:1 

Cd-InP A 0.5:2:1 0.8:2:1 

Cd-InP B 1:2:1 1.5:1.7:1 

Zn-InP A 0.4:2:1 0.6:2:1 

Zn-InP B 3:2:1 3.2:2:1 

 

To better understand how metal carboxylates interact with InP, X-ray absorption spectra 

were collected in order to determine the coordination environment of In, Zn, and Cd. The indium 

K-edge spectra are identical in all samples indicating the local InP structure is largely retained 

(Figure 2.6). Extended X-ray absorption fine structure (EXAFS) data was used to examine the 

coordination environment of the M2+ ion in Zn-InP and Cd-InP. Qualitatively, examination of the 

EXAFS region demonstrates a contrast between InP QDs that feature a broad distribution of 

indium bound to phosphorous and oxygen (i.e. core and surface indium), and the Zn-InP and Cd-

InP QDs that show Zn/Cd most likely exist in surface sites (Figure 2.7). The calculated bond 

distances and coordination numbers from EXAFS fitting results most closely resemble a 

combination of M—P and M—O bonding (Figure 2.8 and Table 2.2), consistent with surface-

bound metal carboxylates. As the metal concentration in the purified sample increases, the ratio of 
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M—O: M—P increases (Table 2.2). This provides further evidence for a model of metal-

passivated surface phosphorus atoms with excess metal carboxylates forming a disordered network 

with varied M—O binding modes. 
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Figure 2.6. XANES region of InP with no(black), low (red), med (blue), high (green) amounts 

of cation added at the A) In K-edge for InP nanoparticles with Zn cations added. B) In K-edge for 

InP nanoparticles with Cd cations added. C) Zn K edge for InP nanoparticles with Zn cations added 

D) Cd K-edge for InP nanoparticles with Cd cations added.   
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Figure 2.7. EXAFS Fourier Transform of (A) In K-edge of InP, (B) Cd K-edge, and (C) Zn K-

edge. The metal chlorides are representative of metal phosphorous bond lengths. Metal oleates 

(OA) represent metal oxygen bond lengths. 
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Table 2.2. Results of EXAFS fitting.CN = coordination number, R = bond length, σ2 = XAFS 

Debye-Waller factor, and E0 = energy shift.  *a: Two Zn-O bonds measured in zinc oleate standard 

and in Zn-InP QDs. We interpret the shorter bond length as a mixed O/P coordination environment. 

Compound Edge Scatterer EXAFS Fit 

CN (±0.4) R, Å 

(±0.02) 

σ2 

(±0.0005) 

E0, eV 

(±0.2) 

Zn-InP A Zn-K Zn-O (1)a 5.9 1.95 0.002 -5.1 

Zn-O (2)a 2.0 1.71 0.002 -7.6 

Zn-P 1.0 2.12 0.002 -7.9 

In-K In-O 3.0 2.13 0.0008 -1.1 

In-P 3.2 2.48 0.0016 4.1 

Cd-InP A Cd-K Cd-O 3.47 2.30 0.038 -8.67 

Cd-P 2.52 2.43 0.0075 -9.47 

In-K In-O 3.3 2.14 0.0008 0.34 

In-P 2.9 2.48 0.0016 2.90 
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Figure 2.8. (A) Zn K-edge EXAFS region of Zn-InP and (B) Cd K-edge EXAFS region of Cd-

InP. Experimental data (black) and quantitative fits (red) of the first coordination shell are shown 

for both the Fourier transform magnitude and inverse magnitude (─, solid lines) and imaginary 

components (---, dashed lines). Fitting parameters are provided in Table 2.2. 

Chemical etching of the bound M2+ was attempted to confirm surface coordination between 

the cadmium and zinc carboxylates and InP. Owen et al. demonstrated the removal of Z-type 

ligands, M(O2CR)2, from CdSe nanocrystals using L-type Lewis bases.20 They showed that 

N,N,N’,N’-tetramethylethylene-1,2-diamine (TMEDA) displaces Cd(O2CR)2 from the surface of 

CdSe and hypothesized the formation of (κ2-TMEDA)Cd(O2CR)2. In analogy to the work by Owen 

et al., addition of TMEDA to Cd-InP or Zn-InP QDs should serve to remove surface cadmium/zinc 

carboxylate, yield particles with lower photoluminescence, and shift the LEET back towards the 

original InP QD LEET maximum.  We found that the QY of Zn-InP dropped from 18% to 4% and 

the LEET red shifted from 520 nm to 525 nm after addition of TMEDA (300 equiv. relative to 

[Zn]) to a solution of Zn-InP (Figure 2.9). Similarly, for Cd-InP the quantum yield dropped from 

33% to 4% and the LEET blue-shifted from 528 nm to 522 nm after the addition of TMEDA (2600 

equiv. relative to [Cd]) to a solution of Cd-InP. The difference between the concentrations of 

TMEDA necessary to quench PL in the two samples is consistent with an equilibrium binding 

model with interaction strength as predicted by Hard-Soft Acid-Base theory (HSAB); a greater 
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excess of base may be necessary to disrupt the stronger cadmium-phosphorus interaction. 

Complete reversibility of the optical shifts was unachievable indicating either that some metal 

cations are strongly coordinated to the surface or minor alloying is occurring. Stern-Volmer 

analysis (Figure 2.10) shows nonlinearity in the PL as a function of TMEDA concentration in both 

cases, however the overall trend is consistent with a monotonic decrease in the overall 

luminescence intensity. Stern-Volmer analyses assume the interaction of a single quencher with 

the fluorophore and may not take into account the dynamic and complex nature of a quantum dot 

surface in which multiple quenching and fluorescence pathways exist.29–31  

 

 

 

Figure 2.9. (A) Proposed reaction between TMEDA and surface metal carboxylates bound to 

InP QDs. The black (absorbance solid/PL dashed) traces are the Zn-InP (B) and Cd-InP (C) 

samples before adding Lewis base. As the concentration of TMEDA increases, the PL decreases 

and the absorbance shifts slightly (red solid) to resemble the original InP optical features. 
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Figure 2.10. Stern-Volmer plot of PL quenching by formation of TMEDA-M(O2CR)2 complex 

2.4 Conclusions 

In summary, it is possible to both enhance the photoluminescence of InP QDs and tune the 

absorption and emission wavelengths using post-synthetic treatment with Lewis acids. Zinc oleate 

treated InP leads to quantum yields up to 19% while the addition of cadmium oleate results in 

quantum yields up to 49%. TEM, ICP, XAS, and chemical etching experiments have indicated that 

cadmium and zinc carboxylates predominantly displace native In3+ from the QD surface in order 

to bind to P and that this effect is largely responsible for the observed PL enhancement. A similar 

conclusion has been proposed by Nann and co-workers after they observed improved quantum 

yields (30%) of InP QDs that were synthesized by a single pot approach in which zinc carboxylates 

and hexadecylamine (HDA) are included in the initial InP core synthesis14 rather than added post-

synthetically as in this study. Although they hypothesize that the presence of zinc carboxylate 

molecules stay on the surface and confine excited electrons in the energy band, they also require 
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the addition of HDA to observe QY’s above 1% indicating that significant differences exist 

between these two synthetic approaches.  

The origin of the optical shifts remains unresolved although we hypothesize that the QD 

LUMO may be significantly localized and hence its energy may be modified by the presence of 

surface-bound M2+. Characterization methods surrounding ligand engineering of trap states in II-

VI systems may be useful in the ongoing work to elucidate this phenomenon.  The difference in 

the ability of the Lewis acids to enhance PL QY and bind the QD surface is proposed to be 

governed by HSAB theory but further examination of other metal ions will be essential in 

formulating a complete picture regarding the mechanism and scope of this effect. Importantly, the 

ability to color tune the luminescence of InP QDs post-synthetically without an associated change 

in particle size may offer a versatile new strategy to access chromophores for solid state lighting 

and display applications. 

2.5 Experimental Methods 

2.5.1 General Considerations:  

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless 

otherwise noted were run under an inert atmosphere of nitrogen using a glovebox or using standard 

Schlenk techniques. Indium acetate (99.99%), myristic acid (≥99%), tetrabutylammonium 

hydroxide (40 wt % in H2O) and anhydrous oleic acid (99%) were purchased from Sigma-Aldrich 

Chemical Co. and used without further purification. Omni Trace nitric acid was purchased from 

EMD Millipore and used without further purification. 18.2 MΩ was collected from an EMD 

Millipore water purification system. Celite 545 was purchased from Sigma Aldrich Chemical Co. 

and heated at 150 °C under vacuum overnight and stored in a nitrogen glove box. All solvents, 
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including 1-octadecene (≥95%), TMEDA (≥99.5%), toluene, pentane, ethyl acetate, and 

acetonitrile, were purchased from Sigma-Aldrich Chemical Co., dried over CaH2, distilled, and 

stored over 4 Å molecular sieves in a nitrogen-filled glove box. C6D6 was purchased from 

Cambridge Isotope Labs and was similarly dried and stored. Diethyl zinc (95%) and dimethyl 

cadmium (97%) were purchased from Strem Chemicals and stored in a -35 °C freezer in a nitrogen-

filled glove box. 1H NMR spectra were collected on a 300 MHz Bruker Avance spectrometer. UV-

Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence 

measurements were taken on a Horiba FL3021tau fluorescence spectrophotometer. Quantum 

yields were measured with a Hamamatsu integrating sphere. Powder XRD spectra were collected 

on a Bruker D8 Discover with GADDS 2-D XRD system. ICP-OES was performed using a Perkin 

Elmer Optima 8300. TEM images were collected on an FEI Tecnai G2 F20 microscope. 

Luminescence decay experiments were recorded on a PicoQuant FluoTime 100 instrument in a 

time-correlated single-photon-counting arrangement. P(SiMe3)3, zinc oleate, and 

tetrabutylammonium myristate were prepared following literature procedures.32,33 

2.5.2 Synthesis of InP Quantum Dot Stock Solution:  

InP QDs were synthesized following a modified preparation from Gary and Cossairt.32 

Briefly, indium acetate (4 mmol) and oleic acid (14.5 mmol) were heated at 100 °C overnight 

under reduced pressure in 1-octadecene (10 g). P(SiMe3)3 (2 mmol) was measured into 1-

octadecene (4 g) and injected into the indium oleate at 315 °C. The temperature was lowered to 

285 °C and particle growth was monitored by UV-Vis. 

A known amount of InP solution was dried down to a powder and 15 mg ferrocene was 

added. The powder mixture was dissolved in C6D6 and a 1H scan was run with a delay time of 20 

seconds. The ferrocene peak at 4.0 ppm and the olefin resonance at 5.6 ppm were integrated and 
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an approximate molar amount of indium was determined. The stock solutions had an average 

indium concentration of 0.2 M. 

2.5.3 Post-synthetic Modification of InP QDs 

Optimal experimental conditions (200 °C for 3 hours 2:1 Cd:In or 1.4:1 Zn:In) were 

determined by measuring the PL QY of M-InP stock solutions. Optimal concentrations of metal 

varied between batches of InP with different particle sizes. In a typical reaction, 250 μL of InP 

stock solution was dried and resuspended in 5 mL of 1-octadecene (ODE). The InP/ODE solution 

was injected into a flask containing zinc or cadmium oleate and heated up to 200 °C at a rate of 

10-15 °C/minute with stirring. In order to measure absorbance and PLQY over time, aliquots were 

taken and injected into cuvettes containing anhydrous toluene prepared in the glovebox and sealed 

with a septum cap. After 3 hours, the flask was removed from the heating mantle and allowed to 

cool down. The solutions were purified as described in the supporting information document to 

remove unreacted metal carboxylates that would interfere with composition measurements. The 

solution was also filtered through Celite to remove any insoluble In2O3 particles. Variation with 

reaction conditions are shown in Figure S8. 
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Figure 2.11. PL QY vs time (A), temperature (B), and amount of metal (C). The temperature 

was varied from 0-250 °C with a 2:1 Cd:In ratio present in each reaction. The PL was tracked over 

at least 4 hours at each temperature and the reaction at 200 °C was monitored over 12 hours. 

Cadmium oleate and zinc oleate ratios were varied at 200 °C and monitored over time. 

2.5.4 Ligand Removal Experiments 

A dried powder of each sample (20 mg InP, Zn-InP, and Cd-InP) was suspended in 15 mL 

toluene. In order to maintain QD concentration, aliquots were removed from these stock solutions 

and added to varying amounts of TMEDA and toluene. After each addition, the sample was stirred 

overnight to ensure equilibration of the reaction mixture. Aliquots were removed to measure UV-

Vis and PL QY. TMEDA additions continued until the PL no longer changed. Formation of the 

(κ2-TMEDA)M(O2CR)2 complex was associated with a sharpening of the olefin proton signal in 

the 1H NMR spectrum. 

A B 

C 
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2.5.5 Sample Preparation for Characterization 

UV-Vis/Photoluminescence: All samples were aliquoted into dry toluene and kept at 

concentration values close to 0.1 absorbance due to the sensitivity of the fluorometer. Absolute 

quantum yields were measured with a Hamamatsu integrating sphere. PL Decay: A 470 nm LED 

with a pulse repetition rate of 500 KHz was used as the light source. The instrument response 

function (FWHM~1.4 ns) was collected by using a scatterer (non-dairy creamer).  ICP-OES: An 

aliquot of QD solution was precipitated and centrifuged to collect solid powder. The supernatant 

was discarded and trace metal grade nitric acid (67%) was added to the powder and digested 

overnight. 18.2 MΩ was added to the sample to dilute to a total of 2% acid concentration. TEM: 

A few drops of QD solution was added to a 1:1 pentane:toluene solution. One drop of this was 

placed on a TEM grid (Ultrathin carbon on holey carbon support film, 400 mesh Ted Pella) and 

then put under vacuum overnight to remove any residual organic solvents. XRD: The worked up 

QD solution was centrifuged to provide a solid powder which was placed on a silicon <100> 

single crystal wafer piece as a solid paste. 

2.5.6 Scherrer Analysis 

The full-width half maximum (fwhm) of the In2O3 peak at 35.5 (2θ) was measured to 

determine the particle diameter by the following equation:32  

 

𝐿 =
0.9𝜆

Δ(2𝜃)cos(𝜃0)
 

𝐷 =
4

3
𝐿 
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2.5.7 X-ray Absorption Spectroscopy 

Transmission and fluorescence X-ray absorption measurements at the Cd, In, and Zn K-

edges were acquired at sector 10-BM, a bending magnet beamline that is part of the Materials 

Research Collaborative Access Team (MRCAT) at the Advanced Photon Source, Argonne, IL.34 

Photon energies were selected using a water-cooled, double-crystal Si(111) monochromator, 

which was detuned by approximately 50% to reduce harmonic reflections. The pure foils (Cd = 

26713.3 eV, In = 27940.4 eV, Zn = 9660.76 eV)35 were run concurrently with experimental 

samples and used for energy calibration. Measurements at the In K-edge used 5 vol% nitrogen in 

argon in the incident (Io), transmission (It), and reference (Iref) ionization chambers. Cd 

measurements used 15 vol% nitrogen in argon in Io and 5 vol% nitrogen in argon in It and Iref.  Zn 

measurements used 40 vol% helium in nitrogen in Io and 30 vol% argon in nitrogen in It and Iref. 

Fluorescence signals were measured on a 4-element Vortex detector calibrated to a single 

elemental region of interest. 

Fluorescence data points were acquired in five separate regions (energies relative to the 

elemental edge): a pre-edge region (-250 to -30 eV, 10 eV steps, dwell time = 0.25 s), the XANES 

region (-30 to -10 eV, 1 eV steps, dwell time = 0.25 s; and -10 to +30 eV, 0.5 eV steps, dwell time 

= 1 s), and the EXAFS region (2.8 Å-1 to 6 Å-1, 0.05 Å-1 steps, dwell time = 0.7 s; 6 Å-1 to 9 Å-1, 

0.05 Å-1 steps, dwell time = 3 s; and 9 Å-1 to 13 Å-1, 0.05 Å-1 steps, dwell time = 10 s). The detector 

settling time was 0.4 s prior to each measurement with a beam size of 1.2 mm × 0.5 mm. Signals 

from the four channels of the detector were summed for each scan, and at least three scans were 

taken per sample and averaged.  

Reference spectra done in transmission mode had data points similarly acquired in five 

separate regions (energies relative to the elemental edge): a pre-edge region (-250 to -30 eV, 10 
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eV steps, dwell time = 0.5 s), the XANES region (-30 to -12 eV, 5 eV steps, dwell time = 0.5 s; 

and -12 to +30 eV, 0.5 eV steps, dwell time = 1 s), and the EXAFS region (2.8 Å-1 to 6 Å-1, 0.05 

Å-1 steps, dwell time = 0.7 s; 6 Å-1 to 10 Å-1, 0.05 Å-1 steps, dwell time = 3 s; and 10 Å-1 to 15 Å-

1, 0.05 Å-1 steps, dwell time = 10 s). The detector settling time was 0.4 s prior to each measurement 

with a beam size of 0.5 mm × 0.5 mm. Three scans were taken per sample and averaged. 

All sample manipulations were done in an argon-filled glovebox or glove bag.  The 

solutions were then loaded into a PEEK cell (~ 1 cm path length) and sealed from exposure to air 

with a stainless steel Swagelok VCO fitting and removed from the glovebox.36 Solid reference 

samples were prepared as dilute mixtures in BN containing 40% Cd or In or 13 wt% Zn. Mixtures 

(~ 50-100 mg) were homogenized with a mortar and pestle. A 10-15 mg aliquot was then loaded 

into a 4 mm diameter cylindrical stainless-steel holder and hand pressed into a self-supporting 

pellet. The holder was sealed in a quartz tube with kapton windows. Samples were then placed in 

the beamline mounted on a Parker X, Y, Z stage with µm directional resolution. An X,Y positional 

scan at a single energy was used to optimize the sample position. 

Spectra were calibrated to the pure foil and normalized using standard procedures in 

Athena.37 Edge positions were determined by locating the maximum of the first peak in the first 

derivative spectrum. EXAFS quantitative fitting of the first coordination sphere was done in 

WinXAS using the phase shifts and backscattering amplitudes from external experimental 

references.38 Reference compounds (run as solids) were Na2PdCl4 (CN = 4 at 2.31 Å)39 for Cd-

P/Cl scatterers, 2-3 nm PdO particles (CN = 4 at 2.05 Å)40 for Cd-O scatterers, bulk ZnO (CN = 4 

at 1.98 Å)41,42 for Zn-O scatterers, and anhydrous ZnCl2 (CN = 4 at 2.05 Å)43 for Zn-P scatterers. 

Indium reference compounds were InCl3 (CN = 6 at 2.42 Å)44,45 and In(Myristate)3 (CN = 6 at 

2.18 Å)46. The coordination numbers and distances were confirmed by independent fits with the 
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Pd references mentioned above. The EXAFS coordination parameters were obtained by a 

simultaneous least-squares fit in R-space of the first shell M‒O/P k2 and k-weighted Fourier-

transformed data with k = 2.43-11.1 Å-1 and R = 0.9 – 2.4 Å. Higher-shell and multiple-scatterer 

scattering paths consistent with the longer-range M‒C distances of the capping ligands are 

observed but have not been quantitatively fit. 

 

Figure 2.12. Cd K-edge EXAFS region of A) CdCl2 and B) Cd(OAc)2•2H2O as room 

temperature solid in BN.  Experimental data (black) and quantitative fits (red) of the first 

coordination shell are shown for both the fourier transform magnitude and inverse magnitude (─, 

solid lines) and imaginary components (---, dashed lines). 

 

Figure 2.13. Zn K-edge EXAFS region of A) Zn(OAc)2•2H2O and B) Zn(Oleate)2•2H2Oas 

room temperature solid in BN.  Experimental data (black) and quantitative fits (red) of the first 

coordination shell are shown for both the fourier transform magnitude and inverse magnitude (─, 

solid lines) and imaginary components (---, dashed lines). 
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Figure 2.14. In K-edge EXAFS region of A) InCl3 B) In(Myristate)3 C) In2O3 and D) bulk InP 

as room temperature solid in BN.  Experimental data (black) and quantitative fits (red) of the first 

coordination shell are shown for both the fourier transform magnitude and inverse magnitude (─, 

solid lines) and imaginary components (---, dashed lines). 
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Table 2.3. EXAFS fitting results for molecular compound solids in BN. These compounds 

were used to verify the choice of experimental reference. 

a Fit results using single-shell standard. Where multiple scatterers are listed for the same molecule 

at the same edge, all single shells listed were refined simultaneously. Cd-Cl and In-Cl/P fit with 

experimental Pd-Cl scatterer. Cd-O fit with Pd-O scatterer. In-O fit with In(MA)3 In-O 

experimental reference. In(MA)3 coordination confirmed by independent fit with Pd-O scatterer. b 

Crystallographic distances reported in reference 47.47 c Crystallographic distances reported in 

reference 48.48 d Crystallographic distances reported in reference 49.49 e Crystallographic unit cell 

reported in reference 47.47 Typical In-Cl bond distances from reference 48.48  f Crystallographic 

distances reported in reference 49.49 
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Chapter 3. Probing Surface Defects of InP Quantum Dots Using Phosphorus K 

and K X-ray Emission Spectroscopy 

3.1 Note for Collaborative Work 

This work was performed in collaboration with William Holden, a graduate student 

working under Professor Gerald Seidler in the Department of Physics at the University of 

Washington. They developed and built a benchtop X-ray emission spectrometer that enabled these 

measurements that would typically require a synchrotron source. All XES measurements and XES 

spectra fits and analyses were performed by Will Holden. I am especially grateful to Will for 

valuable discussion and his willingness to restrain himself from re-fitting the data at least ten times. 

Furthermore, I am indebted to Amrit Venkatesh, a graduate student working under Professor Aaron 

Rossini in the Department of Chemistry at Iowa State University, who was responsible for 

collecting all the solid-state NMR data. I have run these types of acquisitions before, but without 

a dedicated solids instrument in the UW NMR facility, running scans for 30 consecutive days 

would have been a difficult feat. 

 

3.2 Introduction 

Indium phosphide (InP) quantum dots (QDs) are the leading cadmium-free emissive 

material for luminescence downconversion applications, such as LED-backlit displays, and 

lighting technologies.1–5 Display manufacturers including Samsung, Sony, Vizio, LG, and Apple 

have devoted significant resources to investigating methods to narrow the size distributions of InP 

QD samples and increase the photoluminescence quantum yields (PL QYs) up to 100%.6 Despite 

these efforts, state-of-the-art syntheses produce QD ensembles that are characterized by 
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luminescence linewidths in the green and red region that range between 40-80 nm and quantum 

yields that max out at 85% in the most sophisticated shelled samples.7–9 While minimizing defects 

in the core and shell materials is necessary, perhaps the most crucial aspect of design is at the core-

shell interface. InP QDs have been shown to be incredibly susceptible to surface oxidation from 

in-situ and ex-situ sources during both core and shell syntheses, resulting in oxidized phosphorus 

species that likely perturb conformal shell growth.10–12 We hypothesize that surface phosphorus 

oxidation plays a leading role in limiting our ability to access higher quality samples. 

Even under synthetic conditions in which extreme care is taken to exclude oxygen and 

water, surface phosphorus oxidation often arises as the result of undesired side-reactions that occur 

during the nucleation, growth, and shelling of InP QDs. Although there has been debate concerning 

the potential benefits of an amorphous oxidized interface between an InP core and its shell material 

with respect to reducing lattice strain between materials,13,14 the detrimental impact of water on 

particle nucleation and growth has directed efforts towards removing any source of surface 

oxidation.15–17 Furthermore, oxidized phosphorus that is present at the core-shell interface may 

serve as an electronic trap site or prevent conformal deposition of shell material, both of which 

have the effect of reducing PL QYs. In this study, we chose three different synthetic methods that 

are expected to produce InP QDs with minimal or no oxidation. Furthermore, each InP QD sample 

prepared with these methods was shelled with either ZnS or ZnSe with the hypothesis that samples 

that are initially more oxidized or that are subjected to processes that oxidize the surface will result 

in particles with lower PL QYs. 

X-ray photoelectron spectroscopy (XPS) and magic angle spinning solid-state NMR (MAS 

SSNMR) spectroscopy have been the traditional routes to measure the degree of oxidized 

phosphorus present in InP quantum dots.11–13,17–19 These measurements can be challenging due to 
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the low sensitivity of SSNMR spectroscopy which traditionally require large amounts of sample 

and long acquisition times. XPS analysis is generally impeded by its surface-sensitive nature and 

the presence of common long-chain surface ligands that further limit the escape depth of the 

photogenerated electrons and reduce the signal resolution.20 Extremely high energy resolution 

wavelength dispersive X-ray fluorescence spectroscopy, more commonly called X-ray emission 

spectroscopy (XES), is an appealing alternative method for characterizing the oxidation of 

phosphorus in a bulk sample because it does not face these obstacles. Recent progress in benchtop 

XES instrumentation holds the potential to develop XES of sulfur and phosphorus into an 

accessible and powerful technique for probing oxidation state and bonding electronic structure, 

achieving synchrotron-level energy resolution and count rates with a spectrometer illuminated by 

only a conventional X-ray tube.21 The same instrument was used in a recent study of sulfur 

speciation in biochars as a first analytical application,22 and the present study reinforces and, in 

many ways, exceeds the message of that earlier work in emphasizing new potential for XES for 

routine application in analytical chemistry.   

A number of recent studies have demonstrated the capability of synchrotron and 

laboratory-based XES to measure speciation in phosphorus, sulfur, and chlorine compounds.22–27 

In particular, P Kα XES has been used to quantitatively determine the fraction of phosphorus 

species with different local charge densities (i.e. oxidation states). The Kα emission line 

corresponds to a transition of an electron between the deep, atomic-like 2p and 1s orbitals. In the 

simplest treatment, the sensitivity of this transition to changes in the valence electron population 

comes from the different changes in the screening of the nuclear charge as observed from the 2p 

and 1s orbitals. As these effects are only weakly perturbative for phosphorus (but can be much 

more complex for, e.g., 3d transition metals) the Kα emission spectra typically show only a shift 
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of the peak position from lower to higher energy with increasing oxidation state, while the spectral 

shape remains unchanged (Figure 3.1). For a compound containing phosphorus in multiple 

oxidation states, the proportion of each oxidation state can be determined quantitatively by simple 

linear-combination fitting to multiple line shapes, although this benefits from prior knowledge of 

a suitable reference spectrum set.  

For information beyond oxidation state determination by the P Kα emission, P Kβ XES 

enables a more detailed interrogation of the electronic structure. The Kβ emission line results from 

electronic transitions from the 3p shell, suitably hybridized with valence and semi-core ligand 

electrons, to the 1s core hole. Due to the direct relevance of such a characterization of the bonding 

electronic density of states for chemistry, this type of valence to core (VTC) XES is seeing growing 

use, such as in studies of organometallic systems.28–31 Thus, the Kβ emission has increased 

chemical sensitivity and can provide information about bonding, symmetry, and ligand type.24  A 

full interpretation of the various spectral features requires quantum chemistry calculations.24,28,32,33  

Here, we focus on the ligand fingerprinting capability of the Kβ spectral features, specifically the 

Kβ’ satellite feature near 2123.5 eV in the phosphate spectrum. This feature results from mixing 

of P valence states with an O 2s orbital,24,34 and thus serves as a clear indicator of the presence of 

phosphate. P Kβ spectra are shown for reference compounds in Figure 3.1.  
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Figure 3.1. P Kα and Kβ X-ray emission spectra of reference compounds. The Kα spectra of 

the three compounds are nearly identical, with shifts in energy towards higher energy with 

increasing oxidation state. Nominal oxidation states of the reference compounds are indicated 

above the given spectra. The Kβ spectra is a valence to core transition, and a number of different 

spectral features are observed.  Of particular importance is the strong Kβ’ peak at 2123.5 eV in the 

Na2HPO4 spectra, which is due to mixing of the P 3p and O 2s orbitals, and thus serves as a 

fingerprint of P–O bonds from the phosphate. 

3.3 Results and Discussion 

To validate the use of Kα XES as a method to determine P speciation in InP QDs, a series 

of three samples was used in a head-to-head comparison of oxidation state distributions inferred 

from P Kα XES and from 31P MAS SSNMR. Notably the InP and InP/ZnS samples have in part 

been previously characterized by Chaudret et al. via XPS and SSNMR spectroscopies with the 

primary conclusion that oxidation occurs during both synthesis and shell growth.12 Here, samples 

including InP QDs, InP QDs that have been post-synthetically treated with zinc (InP/Zn), and InP 

QDs that have been shelled with ZnS (InP/ZnS) were studied. The results for all samples are 

presented in Table 3.4 and a comparison of the quantification of phosphorus oxidation state by 

both 31P SSNMR and P Kα X-ray emission spectroscopy for the InP/ZnS sample is shown in Figure 

3.2. Additional spectra are presented in Figure 3.3.  Excellent agreement is found between the two 

techniques, and the results fall within the range of values reported by Chaudret et al.12  The 31P 

SSNMR spectra generally show resonances centered at ca. 0 ppm, assigned to oxidized phosphate 

species, and –200 ppm, assigned to the core phosphide species. Cross polarization magic angle 

spinning (CP-MAS) and direct excitation 31P SSNMR experiments have previously demonstrated 
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that the oxidized phosphorus species are located at the surface of the nanocrystals.35,36 Using the 

fitting procedure described in the Experimental section, the P Kα XES signal for each of the three 

samples is fit well using two oxidation state components, one with an average Kα1 energy position 

of 2013.56 eV identified as InP and one higher in energy with an average position of 2014.41 eV.  

Although the SSNMR identifies the oxidized species as phosphate-like, the Kα1 energy position is 

somewhat lower in energy than that of the disodium phosphate reference standard used (2014.55 

eV). Though phosphides and sulfides are known to have small shifts in the Kα1 energy position 

due to differing degrees of covalency,24,25 this has not previously been observed in phosphates or 

sulfates and could be worthy of future investigation. That being said, with the identification of 

phosphate from the SSNMR resonance at ca. 0 ppm and the agreement between the SSNMR and 

XES results, this confirms the oxidized component at 2014.41 eV corresponds to phosphate. 

 

 

Figure 3.2. Comparison of 31P SSNMR spectrum (left) and P Kα XES (right) of the same batch 

of InP/ZnS QDs. The SSNMR signal near 0 ppm corresponds to surface phosphate, and this 

component shows up at a Kα1 energy position of ~2014.41 eV. The relative peak areas in both 

types of spectra are indicated as percentages. 
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Figure 3.3. Full comparison of 31P SSNMR (left) and P Kα spectra (right) collected on InP, 

InP/Zn, and InP/ZnS (all from C-InP QDs) to verify that quantitative measurements were 

comparable. 

 

Table 3.4. Comparison of SSNMR and P K XES for Determination of Phosphorus Oxidation 

State in InP QDs 

Sample SSNMR 

(% red) 

SSNMR (% ox) P K XES (% red) P K XES (% ox) 

InP 93 7 89 ± 3 11 ± 3 

InP/Zn 87 13 83 ± 4 17 ± 4 

InP/ZnS 54 46 51 ± 5 49 ± 5 
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These measurements demonstrate that P Kα XES is a reliable tool for measuring 

phosphorus oxidation having significant advantages over 31P SSNMR spectroscopy. Each XES 

measurement required <5 mg of material and speciation could be determined within the first 30 

minutes, though the measurements were extended to improve the resulting spectra and monitor for 

possible radiation damage (Figure 3.4, Figure 3.5). The SSNMR measurements required ca. 10-20 

mg of material to prepare the samples for measurements (although within the 1.3 mm rotor there 

is likely less than 1 mg of material). Regardless, the SSNMR spectra required multiple days of 

collection time to obtain spectra that can be reliably integrated. Based on this promising data, we 

proceeded by measuring the extent of phosphorus oxidation as a function of synthetic method 

using XES for rapid feedback, augmented by SSNMR and other methods when appropriate. Our 

goal is to obtain a uniquely detailed picture of the existence and origin of synthesis-specific 

adventitious phosphorus oxidation and its correlation with QD QY. A detailed understanding of 

phosphorus speciation and the degree of oxidation induced by different synthetic procedures is a 

critical first step to devising new synthetic routes to high performance InP QDs.  

 
Figure 3.4. Calculated oxidized fraction versus measurement time determined by 2-component 

fitting, used to monitor for changes in the signal which may indicate radiation-induced damage to 

the sample.  For samples C-InP, InP/Zn, and C/ZnS, we believe that a vacuum leak contributed to 

the large monotonic changes in the oxidized fraction.   
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Figure 3.5. Calculated oxidized fraction for the ZnSe-shelled samples versus measurement 

time using three-component fitting and normalizing out the TOPO contribution. 

3.3.1 Surface Oxidation as a Function of Initial InP Synthesis 

Here, we evaluate the extent of oxidation that can occur in a core synthesis by studying InP 

quantum dots synthesized via three different routes. All reactions were performed under air-free 

conditions in a nitrogen-atmosphere glovebox or on a Schlenk line. All reagents and glassware 

were rigorously dried as described in the experimental section. A summary of particle 

characterization for this series of InP QDs including optical peak positions, composition, particle 

size, and powder diffraction patterns, can be found in Table 3.5 and Figure 3.6.  
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Table 3.5. Absorbance and emission peak positions, emission FWHM, PL QYs, particle sizes, and 

particle compositions are summarized for the series of InP, InP/ZnS, and InP/ZnSe samples. 

Sample Absorbanc

e λmax (nm) 

Emission 

λmax (nm) 

Emission 

FWHM 

(nm/meV)a 

PL QY 

(%) 

Particle 

diameter 

(nm) 

Molar ratios 

(In:P:Zn:E) 

C-InP 530 579 - <1 2.4 ± 0.4 2.3:1 

M-InP 555 591 - <1 2.2 ± 0.3 1.5:1 

A-InP 573 618 - 3 2.9 ± 0.4 1:1:0.45 

C/ZnS 522 578 66/213 7 2.9 ± 0.4b 3.7:1:4.8:3 

M/ZnS 546 584 56/177 28 2.7 ± 0.3 2:1:3:1.5 

A/ZnS 575 621 69/200 25 3.6 ± 0.3 2.2:1:8.7:3.2 

C/ZnSe 560 600 61/206 10 8.2 ± 2.1 1:2:20:12 

M/ZnSe 588 602 59/186 44 10.0 ± 1.4c 2:1:26:20 

A/ZnSe 626 659 84/246 30 8.3 ± 1.3 

11.7 ± 1.0d 

1:1:32:27 

aThe full width at half maximum was measured in eV and is shown in both meV and nm in order 

to readily compare to literature reported FWHM values 
b Sample set included larger particle aggregates on the order of 8-10 nm diameters and particle 

measurement reflects the InP/ZnS particles 
c Tetrahedral particle “diameters” were measured from one vertex to the base 
d The majority of particles were amorphous so the length and width were both measured 
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Figure 3.6. Representative powder X-ray diffraction patterns of purified InP and InP/ZnE QDs 

with corresponding bulk patterns 

The first synthesis is the most common approach to produce crystalline InP QDs through 

the reaction between indium carboxylates, excess carboxylic acid, and 

tris(trimethylsilyl)phosphine, P(SiMe3)3, at elevated temperatures.9,37,38 In future reference and 

plots, InP QDs prepared by this route (indium carboxylates + P(SiMe3)3) will be referred to as C-

InP. Although this approach is well-established, water is generated as a by-product from carboxylic 

acid ketonization at elevated temperatures and thus, the InP QDs are detrimentally impacted 

through surface oxidation. This oxidation has previously been implicated in the inability to grow 

InP QDs to large diameters.14,39 Thus far, water has been identified as the most likely primary 

source of oxygen atoms involved in phosphate formation.35,40 Chaudret and co-workers 
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characterized the amorphous surface oxide layer that is produced by the concurrent oxidation 

through a combination of XPS, IR, and SSNMR spectroscopy.11  

C-InP was synthesized following a literature procedure in which P(SiMe3)3 was injected 

into a 300 ºC 1-octadecene (ODE) bath of indium myristate and excess myristic acid.41 The 

resulting particles shown in Figure 3.7 have a lowest energy electronic transition (LEET) at 

530 nm and weak emission features comprised of a peak at 579 nm and a broad red-shifted 

shoulder that corresponds to band edge and radiative surface defect emission, respectively. The 

normalized PL spectrum is shown in Figure 3.8 and corresponds to a PL QY <1%.  
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Figure 3.7. The final absorbance trace (solid) and photoluminescence (dashed) of (a) C-InP, 

(b) M-InP, (c) A-InP, (d) C/ZnS, (e) M/ZnS, (f) A/ZnS, (g) C/ZnSe, (h) M/ZnSe, (i) A/ZnSe with 

TEM image insets (20 nm scale bar) of purified material. 
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Figure 3.8. Normalized photoluminescence spectra of initial C, M, and A-InP QDs. PL QYs 

are <1% for the C and M-InP while the incorporation of zinc in the nucleation solution of A-InP 

QDs resulted in a 3% PL QY. 

In the second synthesis, atomically-precise In37P20(O2CR)51 magic-sized clusters (MSCs) 

were used as single-source precursors.42,43 Carboxylate-capped InP MSCs can be purified to 

remove any freely diffusing carboxylic acid, ensuring that the reaction solution is a homogeneous 

mixture of only the MSCs. We found this an appealing choice for this study since the removal of 

acidic protons would ideally prevent decarboxylative coupling and aqueous by-products. In future 

reference, the quantum dots derived from InP MSCs are referred to as M-InP.  

The production of M-InP requires two steps, with the first step being the synthesis and 

isolation of In37P20(O2CR)51. This can be done by following the conditions to make C-InP QDs as 

described above but dropping the injection/growth temperature to 100 ºC and running the reaction 

in toluene.43 The MSCs were purified through gel permeation chromatography (GPC) and 

analyzed by 1H NMR spectroscopy to ensure the removal of excess acid (Figure 3.9). At this point, 

a portion of MSCs, which exist in the form of a waxy solid, can be dissolved in ODE and injected 

into a 300 ºC solution of ODE. Depending on the concentration of MSCs in the growth solution, 

particle size can be modified.43 In this instance, a 60 mg injection of MSC produced particles with 

a LEET at 555 nm and emission features similar to C-InP with the band edge emission at 591 nm 
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(Figure 3.7b and Figure 3.8). The advantages to using this 2-step route over traditional 

indium/phosphorus monomer nucleation are two-fold in that the synthesis can be performed more 

reproducibly with a homogeneous precursor and the monodispersity of the resulting sample 

ensemble is improved. TEM images of M-InP QDs show this with more ordered packing due to 

the more uniform particle morphologies. 

 

Figure 3.9. 1H NMR spectrum of purified InP MSC stock taken in C6D6  (7.16 ppm) showing 

the absence of acidic proton remaining from excess acid used in synthesis. 

In the final synthesis method, we examined InP QDs prepared from indium halides and 

aminophosphines in a primary amine solvent. Aminophosphines have been introduced as reliable 

phosphorus precursors for the synthesis of size-tunable InP QDs when paired with indium 

halides.44 The reaction between metal halides and aminophosphines is driven by the dual role of 

aminophosphines as a phosphorus source and as a reducing agent.19,45 More importantly for the 

present work, the aminophosphine synthesis does not involve any oxygen-containing reagents, 
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eliminating the possibility of oxidation via reagent decomposition products. In future reference 

and plots, InP QDs synthesized with an aminophosphine P-source will be referred to as A-InP.  

The aminophosphine-based InP QD synthesis diverges from indium 

carboxylate/silylphosphine chemistry in that the solvent, a primary amine, is coordinating and so 

acts as a solvent, ligand, and even plays a role in the precursor conversion reactions. Furthermore, 

Zn(II) was added to the precursor mixture prior to particle nucleation and has been observed to 

improve the resulting particle crystallinity and monodispersity. Further details can be found in the 

Experimental section but briefly, zinc chloride and indium chloride were heated to 180 ºC in 

oleylamine followed by injection of tris(diethylamino)phosphine. The final A-InP particles have a 

LEET at 573 nm and an emission peak at 618 nm (3% PL QY) shown in Figure 3.7c and Figure 

3.8. Replacing carboxylates as surface ligands with chlorides and amines also impacts particle 

morphology by preferentially binding to the (111) face as seen by the tetrahedral shape of the 

resulting particles.14 

Kα XES measurements were used to measure phosphorus speciation as described in the 

Experimental section.  The P Kα emission spectra of C, M, and A-InP QDs are shown in Figure 

3.10 with corresponding peak positions and speciation percentages summarized in Table 3.6. The 

lower energy component is described as ‘reduced’ and the higher energy component is described 

as ‘oxidized’. We attribute the 11% oxidized component measured in C-InP to the previously 

characterized ketonization reaction that occurs during particle growth, which is supported by the 

two phosphorus resonances in the 31P SSNMR spectrum (Figure 3.11). At elevated temperatures, 

the excess acid undergoes decarboxylative coupling in which a ketone, carbon dioxide, and water 

are products. Our initial expectation from the M-InP was to circumvent water formation through 

the removal of acid. As can be seen from the 16% oxidized component of M-InP, this process was 
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difficult to avoid. A solution 13C NMR spectrum of the M-InP QDs before purification shows an 

apparent peak in the expected region for a ketone carbon at 210 ppm (Figure 3.12); formation of 

ketone in the synthesis would be accompanied by the formation of water. There is a notable lack 

of an acidic proton in the 1H NMR spectrum of the initial MSCs, suggesting no free carboxylic 

acid is present prior to synthesis. Furthermore, the P Kα emission spectrum of the stock MSCs 

shows that the starting material was not oxidized, which agrees with the single-crystal structure 

that is fully saturated with surface indium carboxylates (Figure 3.13).42 However, we hypothesize 

that in the case of long-chain carboxylate ligands, carboxylic acid is difficult to remove due to 

hydrogen bonding interactions and entanglement of the aliphatic side-chains with the carboxylate 

ligand shell.  
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Figure 3.10. P Kα and Kβ XES spectra for the InP-QD samples. The spectra of the reference 

compounds are reproduced from Figure 3.1 for convenience of comparison.  Solid vertical lines in 

the Kα spectra indicate the InP component (2013.59 eV) and the identified phosphate component 

(2014.41 eV).  In the Kβ spectra, dashed lines indicate the Kβ’ peak of phosphate (2123.5 eV), 

and the Kβ1,3 peak of bulk InP (2138.6 eV).  
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Table 3.6. Phosphorus Speciation as Determined by Linear Combination Fitting to K XES 

Spectra 

 

Main 

Result Estimated uncertainties from different sources 

Final 

Uncertainty 

estimate 

   

Statistical 

Variation 

over time 

Varying Kα1,2 ratio  

(1.7-2.3) 

Varying Voigt 

widths (±2%) 

Sample 

Red 

(%) 

Oxid 

(%) Red (%) Oxid (%) Red (%) Oxid (%) 

C-InP 89 11 ± 1.4 -- 87.8 - 90.4 9.6 - 12.2 

89.2-

90.7 9.3-10.8 ± 2.8 

M-InP 84 16 ± 0.4 ± 1.0 82.8 - 85.7 

15.3 - 

17.2 

84.1-

85.5 14.5-15.9 ± 2.3 

A-InP 83 17 ± 0.6 ± 2.2 80.9 - 84.5 

15.5 - 

19.1 

82.2-

84.7 15.3-17.8 ± 3.7 

C/ZnS 51 49 ± 1.4 -- 48.7 - 54.7 

45.3 - 

51.3 

51.3-

53.4 46.6-48.7 ± 4.5 

M/ZnS 62 38 ± 0.6 ± 2.3 59.6 - 65.0 

35.0 - 

40.4 

61.9-

63.9 36.1-38.1 ± 4.3 

A/ZnS 57 43 ± 0.8 ± 2.0 54.5 - 60.4 

39.6 - 

45.5 

57.0-

59.1 40.9-43.0 ± 4.5 

InP-Zn 17 83 ± 1.8 -- 80.8 - 84.7 

15.3 - 

19.2 

82.4-

84.3 15.7-17.6 ± 3.9 
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Figure 3.11. 31P SSNMR spectra of (A) C-InP QDs (B) A-InP QDs and (C) A/ZnSe QDs. 

Dashed lines are to guide the eye to -200 ppm (phosphide resonance), 0 ppm (phosphate 

resonance), 30 ppm (phosphonium salt resonance), and 55 ppm (TOPO resonance). 
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Figure 3.12. 13C {1H} NMR spectra taken at room temperature in C6D6 of the crude reaction 

of M-InP QDs  (black). Unidentified peaks correspond to residual ODE and myristate ligands. For 

reference, the 13C {1H} NMR spectrum of purified myristate-capped InP magic-sized clusters is 

shown in red. 

 

Figure 3.13. P Kα emission spectrum of InP magic-sized clusters overlaid with bulk InP to 

show that the oxidized population is negligible. In the first several scans, the measured P species 

were 100% P3- but over time a 3% population of phosphate was introduced.  
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Unexpectedly, we measured a 17% oxidized component in the A-InP QDs, a synthesis 

lacking any oxygen-containing precursors. The Kα1 energy position of the oxidized population 

was notably lower in energy than the component near 2014.41 eV identified above as phosphate, 

which led us to investigate further. P Kβ XES can be used for exactly this question of ligand 

identity.  The strong Kβ’ satellite feature at 2123.5 eV in the phosphate reference standard serves 

as a fingerprint of the presence of P–O bonds. P Kβ spectra of C, M, and A-InP QDs are shown in 

Figure 3.10. The C-InP and M-InP show clear peaks at the phosphate energy position, in 

qualitative agreement with their relative proportion of oxidized component (11% vs 16% 

respectively).  In contrast, the absence of the Kβ’ feature in the A-InP spectrum implies that the 

17% oxidized component is not due to phosphate. 

To investigate the identity of this component, we utilized XPS and solution 31P NMR 

spectroscopy to aid in the detection of potential reaction by-products. Following multiple rounds 

of precipitation and GPC purification, we initially found that the solution 31P NMR spectrum of 

the stock solution contained no detectable resonances. Over the period of several weeks of storage 

in a nitrogen atmosphere glovebox however, the solution 31P NMR spectrum revealed P-containing 

impurities at 80 and 30 ppm (Figure 3.14). The peak at 80 ppm lies in the region of transaminated 

species produced during this reaction that likely exist in equilibrium with phosphonium salt by-

products.19,45 Phosphonium salts, P(NHR)4Cl in which R is an oleyl group, is the dominant reaction 

by-product, forming 3 equivalents for every InP unit formed, and has been previously identified 

in the 31P NMR spectrum to have a peak at 29 ppm. Although alternative routes to remove P-

containing impurities exist, of which ligand exchange with thiols has met with success, subjecting 

the InP particle surface to further modification was not an ideal pathway with the goal of probing 
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the surface defects intrinsic to the synthesis. The direct excitation 31P SSNMR spectrum identified 

that there was a mixed environment of core InP, 91%, centered at –200 ppm and phosphonium 

salt, 9%, at 30 ppm with a notable absence of signal at 0 ppm that would correspond to surface 

phosphate species (Figure 3.11). The P2p XPS spectrum shown in Figure 3.15 further supports the 

identification of a mixed phosphide/phosphonium environment when compared to the peak 

position of a commercial phosphonium salt (aminotris(dimethylamino)phosphonium chloride). 

Lastly, we measured the P Kα XES spectrum of the commercial phosphonium salt, and observed 

a Kα1 energy position at 2014.35 eV, which agrees well with the shift of Kα1 position to lower 

energy for the A-InP sample. Taken together, this evidence supports the conclusion that the 17% 

oxidized component is a result of electrostatically interacting phosphonium impurities and the A-

InP particle surface can be considered unsullied P3-. 

 

 

Figure 3.14. Solution 31P NMR spectra of (a) A-InP QDs taken immediately following 

purification and (b) A-InP QD stock solution (toluene) stored in nitrogen atmosphere glovebox 

after 3 weeks.  Molecular impurities are visible at 80 and 30 ppm and the broad resonance centered 

at –190 ppm corresponds to indium phosphide.  
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Figure 3.15. P2p XPS spectra of commercial phosphonium salt (top) and A-InP QDs 

(bottom). 

As demonstrated by the P Kα emission spectra of InP QDs formed in the presence of 

carboxylate groups (C and M samples), ketonization is difficult to prevent, even following 

attempts to remove excess acid in the case of MSC precursors. Alternatively, utilizing 

aminophosphines effectively reduces in-situ oxidation while also minimizing the cost and hazard 

of the phosphorus precursor. Progress has been made toward other oxide-free syntheses in which 

InP is formed by heating indium carboxylates and P(SiMe3)3 in a 1.8 bar H2 atmosphere.17 The 

authors conclude that H2 molecules are activated at the QD surface and yield P–H bonds which 

protect the surface through the concurrent water-forming condensation reactions. At this point, 

oxidative-defect-free surfaces are accessible if running a synthesis under H2 or utilizing 

aminophosphines with indium halides, while offering different options for surface chemistry or 

particle morphologies. The general consensus in the field of InP QD chemistry is that the presence 
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of surface phosphorus-oxygen bonds will detrimentally impact subsequent shell growth. We 

extend the characterization of InP QD oxidation through the addition of ZnE (E=S, Se) shells to 

gauge the effect further chemical transformations may have on the optical properties and oxidized 

populations of the InP samples. 

3.3.2 Impact of Oxidative Surface Species on Optical Properties  

We chose to examine the resulting properties of the C/M/A-InP series shelled with either 

a thin ZnS shell or a thick ZnSe shell. With regard to the ZnS shell, we refer back to the work 

Chaudret and co-workers performed in characterizing the InP/ZnS interface.12 ZnS was grown by 

the successive ion layer adsorption and reaction (SILAR) approach in which zinc carboxylate and 

sulfur powder were added separately at elevated temperatures in order to drive reaction with the 

InP surface and prevent nucleation of ZnS nanoparticles.37 Through extensive optimization, thin 

ZnS shells (<2 nm) have been able to enhance the QYs of InP QDs up to 60-70%. The Chaudret 

group found that InP is even further oxidized during shell growth due to a series of side reactions. 

First, elemental sulfur has been observed to form hydrogen sulfide through activation by the 

solvent, ODE.46 H2S then reacts with zinc carboxylate to form carboxylic acids which promote 

ketonization and water production as seen in the initial InP core syntheses (C-InP). They found 

that the oxidized percentage of phosphorus in the core InP increased from 8% to 21% following 

shell growth. This approach to ZnS shell growth was selected to compare the impact of an 

established oxidation chemistry across the series of InP QDs.  

The second comparison we focus on is the growth of a thick (>5 nm) ZnSe shell. In addition 

to minimizing the surface defects to improve the core-shell interface, selecting materials with 

similar lattice constants aids in reducing strain. ZnSe has a 3.4% lattice mismatch with InP, which 

is smaller than that of ZnS at 7.7%, and thus may improve InP optical properties. Recently, thicker 
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ZnSe shells have been reported in the literature to suppress the single-dot PL intermittency of InP 

QDs associated with nonradiative Auger processes, with QYs reaching 60%.47,48 While the thick 

shell effectively cuts off carrier interaction with the environment, the compressive strain induced 

upon the core nanoparticle can often lead to further lattice strain-related defects.49 Some of the 

detrimental effects of thick shells have been offset by alloying, particularly at the interface, or by 

stacking materials with a gradient lattice, as observed in chalcogenide-based materials.50–52 

Following purification by GPC, solutions of C, M, and A-InP were dissolved in either ODE 

or squalane for shell growth. Rather than optimize conditions for maximum QY, we emphasized 

the comparison across initial InP syntheses by matching the concentration of the InP samples by 

standardizing the absorption at 310 nm across pre-shelled solutions in order to add the same 

amount of Zn and chalcogenide precursors. It should be noted that the particles are not precisely 

the same size made evident by TEM and the λmax, in addition to particle polydispersity, which may 

contribute to differences among the observed shell thicknesses. A summary of particle 

characterization for this series of InP/ZnE QDs including optical peak positions, composition, 

particle size, and powder diffraction patterns, can be found in Figure 3.6 and Table 3.5. 

ZnS shells were grown following a literature procedure in which zinc myristate and sulfur 

powder were added individually over 10 minute intervals to InP QDs at elevated temperatures. 

This layer by layer approach was performed a second time for an intended 2 monolayer ZnS shell. 

The resulting InP/ZnS particles exhibit a minor blue-shift in their features, which we attribute to a 

combination of zinc passivation and etching by H2S produced in the synthesis (Figure 3.7). The 

measured PL QYs and emission linewidths for C/ZnS, M/ZnS, and A/ZnS were 7% (66 nm), 28% 

(56 nm), and 25% (69 nm), respectively. Comparatively, the emission linewidths of highly 

optimized core-shell InP syntheses are 40-60 nm.9 
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The P Kα emission spectra of the InP/ZnS samples demonstrate that each InP core was 

significantly oxidized (Figure 3.10). Peak positions, given in Table 3.6, are in line with our 

identified phosphate and phosphide components and show that the phosphate population for all 

samples increased to a range of 38-49%. The P Kβ spectrum supports the identification of the 

oxidized component as phosphate, with strong Kβ’ peaks at 2123.5 eV (Figure 3.10). From 

previous reports of a shell growth-coupled oxidation event, we expected a substantial increase in 

phosphorus oxidation. Surprisingly, the extent of phosphorus oxidation is apparently not 

dependent on the initial InP surface environment. Along those lines, it is difficult to correlate the 

amount of oxidized defects with the optical properties since in each case a majority of the surface 

phosphorus were converted to phosphates. The important conclusion from this series of samples 

is that even when starting with an ideally oxidative defect-free surface, adventitious side reactions 

during shell growth will still significantly impact the InP surface and thus the core-shell interface. 

With regard to InP/ZnSe, chemists have postulated that incomplete blinking suppression 

and low quantum yields (40-60%) originate from point defects at the core-shell interface, which 

was a motivating aspect of studying these samples. Similarly to the ZnS shell growth, InP QD 

solutions were matched in concentration across C, M, and A in order to reliably compare across 

the three. Again utilizing a SILAR approach, zinc myristate and trioctylphosphine-selenide (TOP-

Se) were added to InP QDs at elevated temperatures at varying time intervals (see Experimental 

section for specific details). Two distinct features arise in the absorbance spectra, one of which is 

a significant increase in higher energy absorbance due to the ZnSe shell. Secondly, the LEET 

experiences a red-shift due to the near overlap of the InP and ZnSe conduction band edges (Figure 

3.7). The emission linewidths range from 59 to 84 nm with the M-InP giving the most narrow 

linewidth (59 nm) likely due to the improved monodispersity of the starting InP cores.  
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Compared to the InP/ZnS samples, the PL QY of these un-optimized syntheses were 

slightly greater with a maximum of 44% from the M/ZnSe and 10% and 30% for C/ZnSe and 

A/ZnSe, respectively. At least in the case of the C/ZnSe, there was a mixture of thick-shelled 

particles and what could be partially shelled or unshelled InP QDs that limit the measured quantum 

yield (Figure 3.7). For a majority of the C and M/ZnSe, the morphology of the shelled particles 

was tetrahedral while the A/ZnSe appeared to shell less uniformly and typically looked bulbous, 

suggesting shell nucleation occurred separately at each vertex of the InP tetrahedron as opposed 

to conformal shell deposition on the more spherical cores observed in C and M. Shell uniformity 

will also play a role in optimizing emissive properties due to the detrimental impact of structural 

defects. Furthermore, because of the substantial shell thickness, XPS analysis of the InP/ZnSe only 

revealed the phosphate peak, most likely because photoelectrons generated in the core phosphide 

have a lower probability of escaping (Figure 3.16). In this context, XPS becomes an imprecise and 

unreliable technique. 

 

Figure 3.16. P2p XPS spectrum of thick-ZnSe shelled InP QDs with a single population signal 

corresponding to phosphate.  Any signal from core InP (128 eV) is negligible. 
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The P Kα emission spectra of the InP/ZnSe, shown in Figure 3.10, were distinctive in that 

the peak positions from two-component fitting did not overlap with our identified phosphide and 

phosphate components.  The oxidized Kα1 were shifted lower in energy and the reduced Kα1 were 

shifted to higher energy (Table 3.7). These shifts, combined with the higher reduced-χ squared 

statistic of the A/ZnSe and M/ZnSe fits, suggest that the two-component fitting procedure does 

not sufficiently explain the observed spectra.  Furthermore, we observed several differences in the 

Kβ emission spectra from typical InP such as the shift of the Kβ1,3 peak to lower energies and a 

pronounced shoulder at 2140.5 eV (Figure 3.10).  

Table 3.7. Attempted two-component fitting for the ZnSe-shelled samples 

Sample Reduced 

(%) 

Oxidized 

(%) 

Reduced Kα1 

energy (eV) 

Oxidized Kα1 

energy (eV) 

Reduced-

χ2 

C/ZnSe 15.4 84.7 2013.67 2014.27 1.12 

M/ZnSe 19.6 80.4 2013.71 2014.35 1.70 

A/ZnSe 47.8 52.2 2013.64 2014.37 1.80 

 

To reconcile these clear changes in the Kα and Kβ spectra for the ZnSe-shelled samples, 

we considered the possibility of a third significant phosphorus species present in the sample.  

Fortunately, the main decomposition product of TOP-Se has been previously identified as 

trioctylphosphine oxide (TOPO) through precursor evolution studies of cadmium chalcogenide 

nanocrystals.53,54 The Kβ emission spectrum of TOPO (shown in Figure 3.10) qualitatively 

matched the distinctive features observed in the InP/ZnSe samples. Although sample purification 

focused on the removal of excess ligands and by-products, complete removal is often complicated 

because of entanglement of long chain hydrocarbons, and in this case by weak binding of the 

TOPO to the particle surface. Thus, in order to evaluate the reduced and oxidized populations 

excluding the TOPO component, the Kα spectra were fit with three P Kα1,2 doublets as described 

in the Experimental section. This procedure results in improved fits for the A/ZnSe and M/ZnSe 
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samples (Figure 3.17) and improved Kα1 energy positions for all three samples (Table 3.8).  Our 

analysis was further supported by the 31P SSNMR spectrum of the A/ZnSe sample in which three 

populations of phosphorus are measured; phosphide at –200 ppm, phosphate at 0 ppm, and TOPO 

at 55 ppm, of which the integrated areas agree qualitatively with the three-component fitting results 

(Table 3.8). The presence of a significant phosphate species in each of these samples also agrees 

qualitatively with the Kβ spectra, each of which has a significant phosphate Kβ’ peak near 2123.5 

eV, much stronger in proportion than the spectral features exhibited in the TOPO spectrum. 
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C/ZnSe 

 
M/ZnSe 

 
A/ZnSe 

 
Figure 3.17. Comparison of 2-component and 3-component fitting for the InP/ZnSe 

samples 
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Table 3.8. Three-component fitting for the InP/ZnSe samples, with the third component fixed 

based on the measured TOPO Kα1 energy position. Note that each value is rounded independently, 

so that the total may not add up to exactly 100%. 

 

Normalized 

without TOPO     

 

Reduc

ed 

(%) 

Oxidiz

ed (%) 

TOPO 

(%) 

Reduced 

(%) 

Oxidized 

(%) 

Reduced 

Kα1 

energy 

(eV) 

Oxidized 

Kα1 

energy 

(eV) 

TOPO 

Kα1 

energy 

(eV) 

Reduc

ed-χ2 

C/ZnSe 10 63 26 14 86 2013.55 2014.32 2014.07* 1.02 

M/ZnSe 12 63 26 16 84 2013.53 2014.41 2014.07* 1.24 

A/ZnSe 41 39 21 51 49 2013.58 2014.45 2014.07* 1.06 

* Energy position fixed to the measured reference TOPO sample. 

 

X-ray emission spectra of InP/ZnSe samples show very high oxidized components. In the 

case of the A/ZnSe, roughly 51% of the phosphorus remain as phosphide while a mere ~15% of 

the phosphide component in the C/ZnSe or M/ZnSe was retained. We estimated that the core InP 

particles would have roughly 55-70% of the total phosphorus exposed to the surface, thus while 

the pathway of oxidation during ZnSe shell growth is unknown, it is reasonable that nearly all 

surface sites are oxidized. Additionally, we would not expect oxidative defects to penetrate beyond 

the surface of the InP core so we suggest that anion diffusion occurs during shell growth (in the 

case of thick shells) that allows core phosphides to migrate to the surface of the shell. Evidence 
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supporting this proposed anion diffusion mechanism was presented by Rosenthal et al. in which 

the energy dispersive X-ray chemical maps of InP/ZnSe particles demonstrate alloying of In/P 

atoms into the Zn/Se shell.48 They hypothesized that alloying helps mitigate the increasing strain 

induced by the growth of a thick shell.  

Our goal to examine the correlation between surface oxidation and luminescence properties 

in the InP/ZnSe samples was similarly obstructed by excessive oxidation that prevented a careful 

analysis of these key factors. As with the InP/ZnS particles, the core-shell interface is thoroughly 

oxidized regardless of the defect-free surface of the starting materials (i.e. A-InP). These results 

emphasize the importance of critically examining the chemistry occurring after the InP core growth 

phase, especially when rigorous care is taken to improve the quality of the core particles. There 

has been a growing awareness to address the issue of introducing oxidative defects during shell 

growth. For example, Jeong et al. targeted the growth of a ZnS shell in the absence of acid-

containing precursors and reported a phosphate-free interface, but the PL QYs of these samples 

still plateaued at 60%.14 If indeed the particles experienced no oxidation through core/shell growth, 

which was assessed with XPS, non-radiative recombination defect sites likely still formed as a 

combined result of compressive strain because of the growth of a >5 nm shell and the lattice 

mismatch between InP and ZnS. 

3.4 Conclusions 

Using a recently developed benchtop X-ray emission spectrometer, we have demonstrated 

the viability of phosphorus Kα XES measurements as a quantitative analytical tool to characterize 

the extent of oxidation in InP quantum dots through a comparative analysis with 31P SSNMR 

spectroscopy.  Complemented by measurements of the valence-to-core P Kβ emission using the 
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same spectrometer, we were able to identify the presence of phosphate species and 

phosphine/phosphonium salt by-products, which was also confirmed by 31P SSNMR. XES 

measurements gave us the capability to rapidly measure a high volume of samples with excellent 

resolution from only a few milligrams of deposited material. This demonstration strongly suggests 

a future in which benchtop XES serves a role in the routine analysis of phosphorus compounds 

and materials. We examined the impact of phosphorus oxidation on InP optical properties by 

measuring surface phosphorus oxidation as a function of synthetic method and shelling strategy. 

While there are routes to achieving a phosphate-free surface, these result in the specific ligation 

environment and particle morphology associated with indium halides and aminophosphine 

precursors. To expand upon the available options, it may serve the field to develop chemical 

methods to remove phosphate defects from InP QD surfaces. Side reactions occurring during shell 

growth further oxidize the interface to the extent that the initial condition of the core surface is 

inconsequential. Current industry patents cite the usage of the same precursors examined in this 

study, implicating the presence of oxidized surfaces and rationalizing the lower than expected PL 

QYs.6 This strongly motivates a push towards designing shelling syntheses involving innocent 

precursors in an effort to minimize interfacial defect sites and optimizing conditions to prevent 

significant diffusion of phosphorus from the QD core. 

3.5 Experimental 

3.5.1 X-ray Emission Spectroscopy 

P Kα and Kβ XES measurements were performed on a recently developed laboratory 

spectrometer, reported in detail in Holden et al.21 The spectrometer uses a low-powered, unfocused 

X-ray tube (Varex VF50, 50W) to illuminate the sample, whose emitted X-rays are analyzed by a 
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10 cm radius of curvature cylindrical crystal analyzer and detected using a new home-made CMOS 

direct-exposure color X-ray camera.21,55 The spectrometer makes use of the dispersive refocusing 

Rowland (DRR) geometry, in which the sample is placed within the Rowland circle and 

illuminated with an unfocused beam of incident radiation while a position-sensitive detector is 

placed tangential to the circle at the location of the refocused fluorescence. This method of 

illumination allows efficient collection of signal from the sample, and the entire energy region of 

interest is measured simultaneously by the CMOS camera functioning as a position-sensitive 

detector with sufficient single-photon energy resolution to reject background scatter and chamber-

wall fluorescence. The wavelength dispersing component is a Si(111) cylindrically-bent Johann 

analyzer having a 10 cm radius of curvature (XRSTech). The Si(111) analyzer provides Bragg 

angles of 79° for P Kα (~2014eV) and 67.6° for P Kβ (~2138eV). To prevent air contamination 

during XES measurements, the sample and crystal are inside a small vacuum chamber which was 

pumped to <100 mTorr pressure during the measurements. For improved resolution at P Kα, the 

crystal analyzer was masked using aluminum foil to a 10×2 mm2 region (along Rowland plane × 

out of Rowland plane). For the weaker P Kβ signal the crystal was unmasked in order to improve 

count rates at the expense of increased Johann error. The Johann error causes weak tails on the 

high-energy side of the spectrum. These distortions do not significantly affect the analysis of the 

P Kβ spectra used here. The energy scale of P Kα and Kβ measurements is calculated based on the 

instrumental geometry with Na2HPO4 as a reference standard having Kα1 and Kβ1,3 energy 

positions at 2014.55 eV and 2137.80 eV, respectively.24 

The InP QD samples were prepared for XES measurements by drop-casting onto silicon 

wafers with a spot size ~3-4 mm in diameter with <5 mg of material. The drop-cast samples were 

stored in an inert nitrogen atmosphere and were briefly exposed to air during loading into the 



 

 

78 

instrument. The wafers were mounted in the instrument and the drop-cast spot exposed directly to 

the incident beam. With the current instrumental configuration, switching between Kα and Kβ 

measurements requires manually repositioning the crystal analyzer and re-tuning, thus the 

measurements were done in batches to separately measure Kα and Kβ.  Fresh InP QD samples 

were drop-cast for each measurement. 

The P Kα emission spectra were analyzed using linear-combination fitting with the non-

linear least-squares fitting Python package LMFIT.56 With a few exceptions discussed below, 

spectra were fit with two oxidation state components, each consisting of two Voigt profiles 

representing the spin-split Kα1/Kα2 peaks. The widths and height ratios of these peak shapes were 

constrained to the values obtained from fitting the bulk InP and Na2HPO4 reference compounds, 

and the energy position of the two peak shapes were allowed to vary. The fits were weighted 

assuming Poisson statistics. The speciation was calculated from the relative intensity of the fit 

components.  

The primary source of systematic uncertainty in this approach is due to limited prior 

knowledge of the number of distinct oxidation states in the sample. For the InP QDs, our primary 

expectation is a superposition of a low-energy Kα1,2 spin-orbit split doublet representing the 

reduced phosphorus in the InP cores and a higher-energy Kα1,2 doublet due to surface oxidized 

phosphorus species. If an appreciable amount of a third phosphorus species exists in an oxidation 

state between these two extremes, the energy positions and results of the phosphide-vs-phosphate 

speciation based on the erroneous two component fit will be skewed. As discussed in the Results, 

this effect was observed for samples where TOP-Se was used as a precursor, producing TOPO as 

a by-product. To analyze the spectra for those samples, linear combination fitting was performed 

with three components, where the energy positions of the reduced and oxidized components were 
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allowed to vary, but the TOPO component was fixed to be at 2014.07 eV, as determined by 

measurement of a pure reference TOPO sample.  

Another source of systematic uncertainty is variations in the detailed shape of the Kα1,2 

doublet for the components of the fitting procedure. Though these variations have not been 

reported in detail for phosphorus, variations in the Kα1,2 intensity ratio in the range of 1.7-2.3 have 

been reported for a variety of sulfur compounds.25 In addition, variations in the Voigt widths of 

the line shapes on the order of 2% are observed for the reference compounds measured here. The 

effect of these variations on the systematic uncertainty were estimated by performing the fitting 

procedure over a range of intensity ratios and widths, and the results are given in Table 3.9 and 

Table 3.10.  
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Table 3.9. Estimated uncertainties in the speciation calculation from different sources. 

 Main Result Estimated uncertainties from different sources 

Final 

Uncertainty 

estimate 

   

Statistical 

Variation 

over time 

Varying Kα1,2 ratio  

(1.7-2.3) 

Varying Voigt widths 

(±2%) 

Sample 

Red 

(%) 

Oxid 

(%) Red (%) Oxid (%) Red (%) Oxid (%) 

C-InP 89 11 ± 1.4 -- 87.8 - 90.4 9.6 - 12.2 89.2-90.7 9.3-10.8 ± 2.8 

M-InP 84 16 ± 0.4 ± 1.0 82.8 - 85.7 15.3 - 17.2 84.1-85.5 14.5-15.9 ± 2.3 

A-InP 83 17 ± 0.6 ± 2.2 80.9 - 84.5 15.5 - 19.1 82.2-84.7 15.3-17.8 ± 3.7 

C/ZnS 51 49 ± 1.4 -- 48.7 - 54.7 45.3 - 51.3 51.3-53.4 46.6-48.7 ± 4.5 

M/ZnS 62 38 ± 0.6 ± 2.3 59.6 - 65.0 35.0 - 40.4 61.9-63.9 36.1-38.1 ± 4.3 

A/ZnS 57 43 ± 0.8 ± 2.0 54.5 - 60.4 39.6 - 45.5 57.0-59.1 40.9-43.0 ± 4.5 

InP-Zn 17 83 ± 1.8 -- 80.8 - 84.7 15.3 - 19.2 82.4-84.3 15.7-17.6 ± 3.9 

* Statistical uncertainty: Estimate based on propagation of the uncertainty of the amplitudes of the components in 

the fits. The uncertainty in the amplitude is estimated as 2× the standard error as estimated by the covariance matrix 

from the non-linear least squares fit output. 

Variation over time: Uncertainty from variations in the signal during the measurement, possibly by radiation-induced 

damage to the sample. Numbers in the table are estimated as 2× the standard deviation of the calculated speciations 

vs. time shown in Figure S2.  

(--) For sample C-InP, C/ZnS, and InP/Zn the large monotonic trend is believed to be accelerated radiation damage 

due to a vacuum leak. For those samples, only the first scan was used in the final calculation.  

Varying Kα1,2 ratio: Though the Kα1,2 spectral shape is nearly unchanged for different oxidation states, there are 

some minor variations. Though these variations have not been reported in detail in the literature for phosphorus, 

variations of the Kα1,2 intensity ratio in the approximate range of 1.7-2.3 were observed by Mori et al. in a study 

of Kα peakshapes for different sulfur compounds. The ranges are reported for a series of fits with each oxidation 

state component independently fixed to different values throughout the range 1.7-2.3. 

Varying Voigt widths: Variation in the Voigt widths on the order of ± 2% are observed for the reference compounds 

measured here. The ranges are reported for a series of fits with each oxidation state component independently fixed 

to different values varied ± 2% relative to the peakshapes used in the main result. 
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Final estimate: The final estimate was obtained by adding in quadrature half the widths of the ranges from varying 

peakshapes along with the variation over time and then adding the result directly to the statistical uncertainty. 

Table 3.10. Estimated uncertainties in the speciation calculation from different sources. 

 Main Result Estimated uncertainties from different sources 

Final uncertainty 

estimate    
Statistical 

Variation over 

time 

Varying Kα1,2 ratio 

(1.7-2.3) 

Varying Voigt widths 

(±2%) 

Sample 

Red 

(%) 

Oxid 

(%) Red (%) Oxid (%) Red (%) Oxid (%) 

C/ZnSe 14 86 ±1.9 ±1.4 5 - 18 82 - 95 14 - 15 85 - 86 ± 8.7 

M/ZnSe 16 84 ±1.4 ±2.0 13 - 19 81 - 87 16 - 17 83 - 84 ± 5.3 

A/ZnSe 51 49 ±1.1 ±2.7 48 - 54 46 - 52 51 - 53 47 - 49 ± 5.2 

* After the reduced and oxidized fractions were calculated by normalizing out the contribution from the third 

component, uncertainties were estimated by the same procedures described in Table 3.9. The third component of the 

fit representing TOPO was fixed to the shape measured for the reference compound. 
 

  During the P Kα measurements, changes in speciation due to possible radiation damage 

were checked by performing the speciation calculations on subsets of the accumulated data. The 

results are shown in Figures S2 and S4. The majority of the samples changed speciation by less 

than ± 2% during the measurements and vary non-monotonically. For the three samples which 

show large monotonic changes, C-InP, C/ZnS, and InP/Zn, it is believed that a vacuum leak may 

have contributed. For those samples, only the first scan was kept for the final results. The vacuum 

leak was addressed before the remaining samples were measured. 

To obtain a final estimate of the uncertainty from the XES fitting results, the uncertainty 

from signal variation over time was combined with the uncertainties estimated by varying the Kα1,2 

intensity ratio and Voigt widths and added to the statistical uncertainty. The full details are given 

in Table 3.9 and Table 3.10, and the final uncertainty estimates are given in Table 3.6. 
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3.5.2 31P MAS Solid State NMR Spectroscopy 

All quantum dot samples were prepared for SSNMR analysis from concentrated colloidal 

solutions (ca. 50 mg of dried quantum dots in 1 mL anhydrous toluene) by impregnating 150-450 

µL of the colloidal solutions in 8-12 mg of boron nitride, in 50 µL aliquots. The mixture was 

allowed to dry on a watch glass for an hour before packing into a 1.3 mm rotor. In order to confirm 

that there is a minimal increase in oxidation induced by this procedure, 31P SSNMR spectra were 

obtained from InP QDs after 10 days of air exposure (Figure S6). These tests indicated that there 

should be minimal oxidation over the course of several hours that are required to prepare the 

samples for SSNMR experiments.  

MAS 31P SSNMR spectra were recorded using a Bruker Avance III HD console on a wide-

bore 9.4 T magnet (0(
31P) = 162.1 MHz). All experiments were performed using a 1.3 mm fast 

MAS broadband HX SSNMR probe and the rotors were spun with nitrogen gas to prevent 

additional oxidation of the QDs during the course of the measurements. 31P MAS NMR spectra 

were obtained using a rotor synchronized Hahn echo (90°--180°--acquire) pulse sequence with 

continuous wave 1H heteronuclear decoupling applied during acquisition. The pulse widths for 90° 

and 180° pulses were 1.3 s and 2.6s, respectively (192 kHz RF field) and the rotor synchronized 

 periods were set such that the total echo delay was 2 rotor cycles. The MAS frequency was 50 

kHz in all cases. Fast MAS helps to provide quantitative NMR spectra by eliminating spinning 

sidebands and focusing signal into the isotropic peaks. The 1H RF power for continuous wave 

heteronuclear decoupling was set to the HORROR condition [1(
1H) = 25 kHz]. All 31P SSNMR 

spectra were acquired with 500 s recycle delay to ensure there was adequate relaxation delay ≥ 

3×T1 to give quantitative SSNMR spectra. This was confirmed by acquiring a 31P SSNMR 

spectrum of C-InP QDs with a 750 s recycle delay, which showed a comparable intensity for the 
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phosphide signal. The spectral width was set to 200 kHz and the number of digitized points to 8 k, 

corresponding to a total acquisition time of 20.48 ms. 31P spectra were acquired in steps of 32 

scans (4.4 hour experiment time), and multiple spectra were acquired until the sum of all spectra 

provided a spectrum with reasonable signal to noise ratio. Each spectrum was processed by zero 

filling up to 8k real data points and by adding a simple exponential window function with 1000 

Hz line broadening. All data processing was performed on Topspin 3.5. 

3.5.3 X-ray Photoelectron Spectroscopy 

All XPS spectra were taken on a Surface Science Instruments S-Probe photoelectron 

spectrometer. This instrument has a monochromatized Al Kα X-ray source which was operated at 

20 mA and 10 kV and a low-energy electron flood gun for charge neutralization. X-ray analysis 

area for these acquisitions was approximately 800 μm across. Pressure in the analytical chamber 

during spectral acquisition was less than 5 x 10-9 Torr. All included figures are high-resolution 

spectra. The pass energy for high-resolution spectra was 50 eV, and data point spacing was 0.065 

eV/step. The takeoff angle (the angle between the sample normal and the input axis of the energy 

analyzer) was 0°. Service Physics Hawk version 7 data analysis software was used to fit high-

resolution spectra. The binding energy scale was calibrated from hydrocarbon ligands using the C 

1s peak at 284.6 eV. P2p peaks were analyzed using a linear background and fits were constrained 

with a 0.84 eV splitting value. 

All InP samples were drop-cast solutions on a Si wafer while solids were brushed onto a 

strip of double-sided tape on a Si wafer. Sample preparation was performed in a nitrogen glovebox 

and transported in sealed containers to the instrument but transfer into the instrument chamber did 

require a minor degree of exposure to air/moisture. 



 

 

84 

3.5.4 General Nanoparticle Characterization 

UV-vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. 

Fluorescence and absolute quantum yield measurements were taken on a Horiba Jobin Yvon 

FluoroMax-4 fluorescence spectrophotometer with the QuantaPhi integrating sphere accessory. 

Quantum dot solids were digested in 67% nitric acid overnight and diluted in 18 MΩ water in 

order to collect ICP-OES compositional data using a PerkinElmer Optima 8300. Powder X-ray 

diffraction data was collected on solid films drop-cast onto a Si wafer using a Bruker D8 Discover 

diffractometer. TEM images were collected on a FEI Tecnai G2 F20 microscope. Samples for 

TEM imaging were prepared by spotting a 50/50 toluene/pentane solution of nanoparticles onto 

an ultrathin carbon on holey carbon support film purchased from Ted Pella. Solution NMR spectra 

were recorded on a 700 MHz Bruker Avance III spectrometer. 

All glassware were dried in a 160 °C oven overnight prior to use. All reactions, unless 

otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using standard 

Schlenk techniques. Myristic acid (≥99%), indium acetate (99.99%), anhydrous acetonitrile 

(99.8%), trioctylphosphine (97%), tris(diethylamino)phosphine (97%), indium chloride 

(99.999%), zinc chloride (99.999%), trioctylphosphine oxide (90%), InP (mesh pieces, 99.998%), 

sulfur powder (99.5% sublimed), and selenium powder (99.99%) were purchased from Sigma-

Aldrich Chemical Co. and used without further purification. Diethyl zinc (95%) was purchased 

from Strem Chemicals and stored in a nitrogen atmosphere glovebox. Toluene was purchased from 

Sigma Aldrich Chemical Co. was collected from a solvent still and stored over activated 3 Å 

molecular sieves in a glovebox. 1-octadecene (90%), oleylamine (70%), and squalane (96%) were 

purchased from Sigma Aldrich Chemical Co. and were dried by stirring overnight with CaH2, 

distilled, and stored over activated 3 Å molecular sieves in a glovebox. C6D6 was purchased from 
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Cambridge Isotope Labs and similarly dried and stored. Bio-Beads S-X1 were purchased from 

Bio-Rad Laboratories and were dried under vacuum before storage in a glovebox. Omni Trace 

nitric acid was purchased from EMD Millipore. 18.2 MΩ water was collected from an EMD 

Millipore water purification system. Tris(trimethylsilyl)phosphine was prepared by modifying a 

literature procedure in which Na-napthalene was used in place of Na/K alloy.15 Zinc myristate was 

prepared from diethyl zinc and myristic acid using a modified literature procedure.57 

3.5.5 Synthesis of C-InP QDs 

C-InP QDs were prepared following a literature procedure15 in which indium acetate (1. 

167 g, 4 mmol) and myristic acid (3.31 g, 14.5 mmol) were heated to 100 °C overnight under 

reduced pressure in 12 mL of ODE. P(SiMe3)3 is a very reactive and pyrophoric source of 

phosphorus and should be handled with care. P(SiMe3)3 (590 μL, 2 mmol) was measured into 

ODE (5 mL) and injected into the indium myristate solution at 315 °C. Particle growth was 

maintained at 285 °C and monitored by UV-vis spectroscopy. The reaction was halted by cooling 

down to room temperature after ca. 20 minutes of growth and the ODE was removed through 

distillation under reduced pressure. The resulting QD paste was transferred into a glovebox for 

purification by re-dissolving in a minimal amount of toluene, centrifuging to remove insoluble 

products, then precipitating the particles with acetonitrile. The flocculated solution was centrifuged 

at 7,000 rpm and the clear supernatant was discarded. After a single precipitation to remove 

residual ODE, the particles were dissolved in toluene and purified by gel permeation 

chromatography (GPC), which has been demonstrated as an effective purification technique for 

these types of materials.58,59 For all following quantum dot samples, standard purification entails 

the removal of high-boiling point solvents through distillation and a combination of precipitation 

cycles and GPC. 
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3.5.6 Synthesis of InP/Zn QDs 

InP/Zn QDs were prepared following a literature procedure using C-InP QDs.60 Briefly, 

zinc myristate (335 mg, 0.64 mmol) was heated to 80 °C in 5 mL of ODE until the solution was a 

cloudy white suspension. InP QDs (0.42 mmol of In) suspended in 5 mL of ODE were added to 

the suspension and heated to 200 °C for 3 hours. Particles were purified by the standard procedure. 

3.5.7 Synthesis of M-InP QDs 

First, InP magic-sized clusters (MSCs) were synthesized following a modified preparation 

from our lab.43 Indium acetate (5.605 g, 19.2 mmol) and myristic acid (15.9 g, 69.6 mmol) were 

heated neat at 100 °C under reduced pressure overnight. Dry toluene (50 mL) was added to the 

reaction flask at room temperature under N2 the following day, after which P(SiMe3)3 (2.8 mL, 9.6 

mmol) was measured into 10 mL of toluene and injected into the indium myristate solution at 100 

°C. Cluster growth was complete within 1 hour as indicated by the characteristic absorbance peak 

at 386 nm. The particles were concentrated down to a minimal volume of toluene, centrifuged to 

remove insoluble products, and purified by GPC. Following purification, the absence of free acid 

was confirmed by 1H NMR spectroscopy and the MSCs were stored as a solid. 

M-InP QDs were synthesized from InP MSCs through a modified procedure.43 Myristate-

capped InP MSCs (60 mg) were dissolved in 3 mL of ODE and transferred to a syringe. In a 3-

neck flask under N2 on a Schlenk line, 12 mL of ODE was heated to 300 °C at which point the 

MSCs were rapidly injected. Particle growth was held at 285 °C until complete (15-20 minutes) 

and then cooled down to room temperature. Particles were purified by the standard procedure. 
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3.5.8 Synthesis of A-InP QDs 

A-InP QDs were synthesized following a modified procedure as described by Brainis et 

al.47 Indium chloride (50 mg, 0.23 mmol) and zinc chloride (150 mg, 1.1 mmol) were stirred in 

oleylamine (2.5 mL, 7.5 mmol) under reduced pressure at 120 °C for an hour. The reaction was 

placed under N2 and at 180 °C, tris(diethylamino)phosphine (0.23 mL, 0.8 mmol) was injected and 

particle growth was complete within approximately 20 minutes. After cooling down to room 

temperature, particles were removed from oleylamine by precipitation with ethanol. GPC 

purification was performed once particles were re-dissolved in toluene. 

3.5.9 ZnS Shelling of C, M, and A-InP QDs 

ZnS shelling of InP QDs was performed following a modified procedure as described by 

Peng et al.37 A purified solution of InP QDs (0.04 mmol indium) was dissolved in 7 mL of ODE 

and heated to 150 °C under inert atmosphere. Initial solutions of InP QDs (C, M, and A) were 

standardized to each other by matching absorption at 310 nm. Stock solutions of zinc myristate 

(28.8 mg in 10 mL ODE, 5.6 mM) and sulfur (22.4 mg in 10 mL ODE, 0.07 M) were prepared and 

heated to 100 °C in Schlenk flasks in an oil bath. For the first monolayer, a 2.17 mL aliquot of the 

zinc myristate stock (0.012 mmol) was added to the InP particles at 150 °C. After 10 minutes, 170 

µL (0.012 mmol) of the sulfur stock solution was added, then the reaction was heated at 220 °C 

for 30 minutes. The second monolayer was added in the same fashion with 2.89 mL (0.016 mmol) 

of zinc myristate and 230 µL (0.016 mmol) of sulfur. After 30 minutes at 220 °C, the reaction was 

cooled down and purified through the standard procedure. 
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3.5.10 ZnSe Shelling of C, M, and A-InP QDs 

ZnSe shelling was performed following a modified procedure as described by Brainis et 

al.47 A purified solution of InP QDs (0.04 mmol indium) was dissolved in 10 mL of squalane and 

heated to 180 °C. Zinc myristate (100 mg, 0.192 mmol) suspended in squalane was injected and 

held at 180 °C for 20 minutes. Then, a stoichiometric TOP-Se solution was prepared by sonicating 

1.755 g (22.2 mmol) of selenium in 10 mL of TOP (2.23 M) and 87 µL (0.192 mmol) of this stock 

was slowly injected into the reaction flask. After 140 minutes, a second addition of zinc myristate 

was added (300 mg, 0.576 mmol). At this point, the reaction was set to 320 °C and during heat-

up, the second injection of TOP-Se was added drop-wise (262 µL, 0.576 mmol). Particle 

luminescence was monitored at 320 °C and the reaction was cooled when the PL ceased to change 

(ca. 1 hour). Particles were purified using the standard procedure. 
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Chapter 4. Cation Exchange Induced Transformation of InP Magic-Sized 

Clusters 

Article was adapted with permission from Chemistry of Materials. Copyright 2017 American 

Chemical Society 

4.1 Note for Collaborative Work 

  My undergraduate student at the time, Molly Steimle, was an immense help in the initial 

stages of this project. She spent countless hours preparing and purifying sample for me and was 

an excellent companion to have for the summer. All theoretical calculations were performed by 

Dr. Alessio Petrone, working under Professor Xiaosong Li in the Department of Chemistry at the 

University of Washington. Alessio was a true pleasure to work with and his efforts are greatly 

appreciated. PDF measurements and analysis were performed by Maxwell Terban working under 

Professor Simon Billinge, in the Department of Applied Physics and Applied Mathematics at 

Columbia University. PDF measurements were conducted at Brookhaven National Laboratory. 

4.1 Introduction 

Cation exchange is a widely-utilized tool for accessing colloidal nanomaterials with unique 

or emergent properties that may be difficult to directly synthesize using conventional nucleation 

and growth mechanisms. This facile reaction employs the anionic sublattice as a template while 

cations partially or fully exchange, typically retaining the original crystallite size and shape. 

Experimental conditions have been developed to access a wide variety of doped nanocrystals,1–4 

anisotropic structures,5–8 alloyed nanocrystals,4,9,10 nanocrystalline heterostructures,10–13 and 

semiconductor nanocrystals that are synthetically challenging to produce via a direct route.14 
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Chemists have continued to develop this technique by extracting general design principles through 

examination of ion exchange thermodynamics and consideration of the shared similarities with 

solid-state ion exchange occurring over a reaction zone, and by probing mechanism using a 

combination of theory, dynamic simulations, and experiment.15–23 

Magic-sized clusters (MSCs) represent the interface between small molecules and 

quantum-confined nanostructures. MSCs are atomically-precise clusters with elevated 

thermodynamic stability compared to structures of similar size that can play a role in nanocrystal 

nucleation and growth.24 MSCs may serve as a unique tool for studying both the mechanism and 

structural consequences of cation exchange in nanoscale materials because of their perfect 

monodispersity and the homogeneity of their surface chemistry. Utilizing clusters as models to 

provide insight into the nature of cation exchange in nanocrystals has most recently been 

demonstrated by the Jain group in their examination of the progression of CdSe MSCs to Cu2Se 

clusters.25 Due to the presence of a metastable cluster intermediate, they demonstrated that the 

Cd2+ sublattice experienced reorganization to a six-coordinate structure upon initial introduction 

of Cu+ dopant ions. The six-coordinate structure had a greater affinity for further Cu+ dopants, 

supporting the co-operative nature of cation exchange observed in the analogous nanocrystal-scale 

reaction.25,26 This work adds to the growing body of information on cation exchange in metal 

chalcogenide lattices,16,18 however much remains to be explored with other lattice types. 

Among the few reports of cation exchange in non-chalcogenide lattices,11,27–29 Beberwyck 

and Alivisatos reported the use of Cd3P2 and Cd3As2 quantum dots as templates to In/Ga pnictides 

through cation exchange and highlighted the significant differences that exist between ion 

exchange reactions in nanocrystal lattices with different levels of ionic and covalent character.14 

While many II-VI ion exchange reactions can be performed reversibly at room temperature, the 
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III-V reactions shown in their work were irreversible and required sequential exchanges at higher 

temperatures to drive the reaction to completion, with Cd2+ cations remaining in the final material 

even under optimized conditions. Interested in learning more about cation exchange in phosphide 

lattices, we sought to extend the MSC approach to this system.  

Recently, a diffraction quality single crystal of In37P20(O2CCH2Ph)51, an InP MSC, was 

isolated and structurally characterized to reveal a strained [In21P20]
3+ inorganic core ligated by 16 

additional indium atoms and an interconnected network of 51 bidentate and mostly bridging 

carboxylate ligands.30 Our lab has observed that the InP MSC displays site selective reactivity 

when exposed to moist air, leading to a carboxylate ligand shift (bidentate to monodentate) in order 

to accommodate a water molecule bound to an indium. To explore this site-selective modification 

further, we examined the reactivity of the InP MSC in the presence of other Lewis bases; exposure 

to primary amines indicated that these ligands initiate indium carboxylate desorption and 

ultimately lead to structural rearrangement of the cluster.31 Thus, utilizing InP MSCs as templates 

for cation exchange reactions towards new cluster materials with the ability to predict the 

progression of the reaction was of great interest to us.  

4.2 Results and Discussion 

Herein we report the transformation of InP MSCs to Cd3P2 MSCs at room temperature 

where full conversion to Cd3P2 can be achieved at a 500:1 excess of cadmium carboxylate per InP 

cluster. The final product is physically and electronically indistinguishable from the Cd3P2 MSC 

prepared independently from molecular precursors (Figure 4.1).32 The Cd3P2 MSC is characterized 

by narrow absorption and emission features at 450 and 455 nm, respectively, and weak band-edge 

photoluminescence (<3% quantum yield). Although the crystal structure of Cd3P2 MSCs is 
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unknown, it is characteristically different from the bulk tetragonal crystal.32,33 To probe potential 

intermediates during this cation exchange process, the reaction between In37P20(O2CCH2Ph)51, 

(O2CCH2Ph = PA), with stoichiometric amounts of cadmium carboxylate was monitored. Using a 

combination of optical and nuclear magnetic resonance (NMR) spectroscopy together with a 

variety of structural and analytical characterization tools, we outline the step-wise mechanism by 

which InP MSCs undergo cation exchange with Cd2+ (Figure 4.2). 

 

Figure 4.1. UV-Vis and 31P NMR spectra of Cd3P2 synthesized via injection of P(SiMe3)3, 

Cd3P2 via cation exchange, and InP MSCs. Structurally, the 31P NMR of Cd3P2 clusters via 

P(SiMe3)3 injection and cation exchange have a peak at –366 and –364 ppm, respectively, which 

demonstrates the similarity in phosphorus environments.  
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Figure 4.2. Proposed mechanism of the conversion of InP MSCs to Cd3P2 MSC via cation 

exchange. Three distinct phases are proposed: phase 1 is a topotactic process that is dominated by 

Z-type ligand exchange, phase 2 involves a relaxation of the strained cluster lattice on further 

incorporation of cadmium, and phase 3 is the final structural transformation that accompanies 

complete exchange of cadmium for indium in the lattice. The Cd3P2 MSC has an unknown crystal 

structure, thus the authors have chosen to visually represent the final structure as a tetragonal 

portion derived from the bulk Cd3P2 lattice (pdf #01-070-3099 ICSD).  

We propose that cation exchange is initiated through Z-type ligand exchange between 

indium and cadmium carboxylates. Z-type ligands (Lewis acids or two-electron acceptors) have 

been shown to reversibly bind and exchange with anionic sites on nanocrystal surfaces with no 

impact on crystal structure or strain, although both examples are isovalent cases in which ligand 

density remains unchanged.34,35 This initial topotactic phase (phase 1) conserves the structure of 

the In21P20 charged core while the metal carboxylates on the surface undergo exchange. We then 

observe relaxation of the crystal lattice to a structure consistent with a zinc blende assignment, 

which we designate as phase 2. Through the addition of excess Cd2+, we hypothesize that 
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increasing amounts of cadmium replacing indium in the core induces structural relaxation of the 

initially strained pseudo-tetrahedral coordination environments. Finally, phase 3 is characterized 

by the distinct transition to Cd3P2 which can occur abruptly with no indication of an intermediate 

product.Phase 1: Topotactic Cation Exchange 

The evolution of the absorption spectra as cadmium phenylacetate (Cd(PA)2) was 

progressively added to a solution of In37P20(PA)51 is shown in Figure 4.3. Each spectrum in this 

titration represents the thermodynamic endpoint of the reaction between the two reagents at a given 

cadmium concentration at room temperature. Although absorbance measurements do not provide 

insight on the precise structural changes occurring, they are a diagnostic fingerprint of the cluster 

evolution. During phase 1, the InP MSC peak at 386 nm is broadened with a more pronounced 

shoulder at 430 nm that is present up to 37 equivalents of Cd(PA)2. 
31P NMR has proven to be a 

useful tool to examine structural evolution of the cluster because the unique phosphorus 

environments in the pseudo-C2-symmetric In37P20(O2CCH2Ph)51 cluster have allowed peak 

assignment based on chemical shielding arguments and integration, and may be telling of specific 

site reactivity with cadmium.31 With one equivalent of cadmium, the original anionic sublattice 

appears to be maintained with slight changes in the chemical shielding tensors as is expected upon 

a change in surface ligation (Figure 4.4). The addition of up to 5 equivalents lead to a broadening 

and slight upfield shift of all resonances. In accordance with the characteristic chemical shift of 

Cd3P2 MSCs at –364 ppm, we suggest that the upfield shift is evidence for the formation of 

cadmium-phosphorus bonds. 
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Figure 4.3. UV-Vis absorbance traces (solid, offset) of InP MSCs exposed to increasing 

equivalents of Cd(PA)2 relative to a single InP MSC. Photoluminescence of Cd3P2 final product 

(dashed). The dashed black line is to direct the eye towards the shift from the initial InP MSC peak 

at 386 nm. 

 

Elemental analysis was necessary to help corroborate the spectroscopic data and more 

importantly, to confirm that cadmium was coordinating to the cluster. To purify the samples of 

excess metal carboxylate, multiple rounds of gel permeation chromatography were carried out with 

the purification endpoint confirmed by unchanging molar ratios upon analysis by inductively 

coupled plasma optical emission spectrometry (ICP-OES). The molar ratios extracted from ICP-

OES analysis are shown in Table 3.4 and have all been normalized to 20 P to allow comparison 
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with the composition of the initial In37P20 cluster. These data support the hypothesis that the core 

[In21P20]
3+ composition is maintained up to the addition of 16 equivalents of Cd(PA)2 with the 

surface indium atoms being progressively replaced by cadmium. 

 

 

 

Figure 4.4. 31P NMR (283.5 MHz, C6D6) spectra of clusters and increasing cadmium 

equivalents taken at room temperature. Trace colors correspond to the assignment of phase 1, 2, 

or 3. The sharp peak at –240 ppm is a PH3 impurity (< 0.1% of total P). Inset of In37P20(PA)51 

crystal highlighting apical indium atoms with ligands removed for clarity  
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Table 4.11. Molar ratios of InP, intermediate, and Cd3P2 cluster species by ICP-OES.  

Sample Cd In P 

In37P20 0 40 20 

1 1.8 46 20 

5 12 34 20 

16 28 28 20 

37 55 36 20 

75 82 33 20 

100 68 28 20 

200 69 5 20 

Cd3P2 

via P(SiMe3)3 

60 0 20 

 

Additionally, matrix-assisted laser desorption/ionization coupled with time-of-flight mass 

spectrometry (MALDI-TOF) was performed on the InP MSC and on the Cd-treated intermediates 

(Figure 4.5). Due to the unknown nature of how the clusters fragment, the broad distributions of 

fragment masses were analyzed with Gaussian fits to extract characteristic trends (  
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Table 4.12). The InP MSC shows a parent fragment ion with m/z 8570, as seen in similar 

ranges previously for mass spectral characterization of InP clusters,36 with the narrowest Gaussian 

distribution (FWHM = 980). The mass of an intact fully ligated cluster is 11,759 g/mol so we 

expect that a portion of the surface ligands are lost in fragmentation. While the mass distribution 

consistently broadens, the addition of ≤16 equivalents of Cd2+ results in no significant change in 

the parent fragment ion mass. Consistent with the ICP-OES interpretation, this suggests the parent 

fragment ion is unaffected by initial surface cation exchange. While the former data certainly 

suggest that the original cluster crystal remained intact, more precise structural characterization 

was necessary to ascertain whether this phase was topotactic in nature.  

 

Figure 4.5. Low-mass MALDI-TOF spectra of purified InP MSC and cluster intermediates. 

No signal was measured for Cd3P2. The InP MSC has a distinct and reproducible single peak at 

8500 m/z that we hypothesize corresponds to a [In31P20(O2CCH2Ph)32]
+ fragment. 
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Table 4.12. Gaussian fit results performed on MALDI-TOF mass spectra.  

Sample Peak 

position 

(m/z) 

FWHM 

In37P20 8570 980 

1 8638 2031 

5 8390 2752 

16 8573 3679 

37 9531 4873 

75 9786 3053 

100 9398 5841 

 

 

Comparing the physical structures of cadmium-coated or cadmium-alloyed intermediates 

is possible through powder X-ray diffraction (pXRD) and atomic pair distribution function (PDF) 

analysis. PDF has previously been used to reveal that InP MSCs with different ligand sets 

(phosphonate terminated vs carboxylate terminated) have very different internal structures.37 PDF 

analysis of In37P20 and the resulting Cd-treated products demonstrates that the core structure is 

maintained up to the addition of 16 equivalents of Cd(PA)2 (Figure 4.6, Figure 4.7). Furthermore, 

we used the predicted structure of Cd16In21P20, in which the 16 surface indium were exchanged 

with cadmium, to simulate the PDF. This computed pattern correctly predicts many of the minor 

changes experimentally measured by the cluster reacted with 16 equivalents of cadmium (Figure 

S4). Direct analysis of the pXRD data demonstrates that no shifts are present that would correspond 
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to additional lattice strain/relaxation or alloying. In fact, the powder diffraction pattern of InP 

MSCs already differs from larger QDs and bulk InP due to the low-symmetry and strain present 

in the core thus pXRD can be very telling of changes in the InP cluster lattice.30 

 

Figure 4.6. Comparison of simulated PDFs from refinement of the InP cluster structure to 

the measured samples A) pure InP MSC, B) 1 equiv. Cd2+, C) 16 equiv., and D) 75 equiv. The fit 

is very good for the pure InP clusters but becomes less good for 1 and 16 respectively. This shows 

that while the overall structure is maintained, some reorientation is taking place as a small amount 

of cadmium is exchanged. For 75 equivalents, it is clear that the fit is very poor, indicating that 

some critical concentration of Cd2+ has been exchanging inducing a drastic restructuring of the InP 

cluster structure. 
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Figure 4.7. Comparison of the structural changes from pure InP to 16 equivalents Cd2+ (A) 

shown by changes in the measured PDF and compared to (B) the simulated PDFs from structures 

predicted using the HSE06/LANL2DZ Cd16In21P20(O2CCH3)35(HO2CCH3)2 optimized cluster (C). 

For the PDF from the 16 Cd-containing optimized cluster, we see that it correctly predicts an up-

shift and loss of intensity in the first peak at about 2.17 Å (the O-In or O-Cd peak). It also predicts 

the down-shift and broadening of the large peak at 4.1 Å, and significant broadening of the smaller 

one at 5.0 Å. The higher regions also match fairly well in the broadening and slight downshift of 

the peaks at about 8.5 Å and 10.0 Å. Ball and stick representation of the HSE06/LANL2DZ 

Cd16In21P20 optimized cluster has ligands removed for clarity (Cd-yellow, In-grey purple, P-

orange). 

 

The data thus far suggests that cation exchange occurs in a topotactic fashion, conserving 

the structure of the inorganic core. We expect that the exchange initially takes place at the most 

reactive indium sites, especially because these reactions are performed at room temperature. More 

specifically, based on our prior work with the addition of Lewis bases to InP MSCs,31 we envision 
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cation exchange beginning with Z-type ligand exchange to replace the apical indium atoms (In1/2 

in Figure 4.4).  

Computational analysis of an InP cluster with cadmium replacing the apical indium 

(In1/In2) resulted in a slight red-shifted absorbance shoulder, consistent with our experimental 

observations (Figure 4.8). In comparison, the model where equatorial indium atoms were 

exchanged by cadmium leads to a calculated absorbance spectrum with a significantly red-shifted 

lowest energy electronic transition (Figure 4.8). In this last model, the Cd2+ atoms are now situated 

in the physical region where most of the electronic density of the HOMO is spatially localized 

(Figure 4.9) and therefore the two electronic transitions responsible for the first peak absorption 

(HOMO-1 to LUMO and HOMO to LUMO) are strongly impacted. These data are indicative that 

cation exchange likely begins by Z-type ligand exchange at these apical sites while the structure 

of the phosphide sublattice is largely unperturbed. Without a diffraction quality single crystal, it is 

difficult to identify whether some cadmium has intercalated into the [In21P20]
3+ core before 

stoichiometric exchange on the surface has completed but we hypothesize that it would be a minor 

amount before the next phase of the cation exchange process occurs, which involves a structural 

rearrangement (phase 2). 
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Figure 4.8. TD-HSE06/LANL2DZ optical spectra obtained from the first 10 individual 

optical transitions for the optimized acetate analog structures In37P20(O2CCH3)51 (black) and the 

ones where two In were replaced by two Cd atoms and two carboxylate ligands, the closest to the 

substituted atoms, were removed to preserve the charge compensation, Cd2In35P20(O2CCH3)49. The 

substitution strategy mostly retained the molecular symmetry, therefore in the resulting models 

two In atoms, located either on top of the pseudo C2 symmetry axis (namely axial and spectrum in 

red) of the molecule or in the plane (namely equatorial and spectrum in green) orthogonal to this 

axis, were replaced by two Cd atoms, respectively. A Gaussian smoothing function (width 0.12 

eV) has been used and all intensities are normalized respect to the highest peak in the figure. Only 

the transitions relative to the first peaks have been shown for clearness. 
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Figure 4.9. HSE06/LANL2DZ molecular orbital (MO) diagrams of the occupied (HOMO-1 

and HOMO) and unoccupied (LUMO) orbitals involved in the two brightest transitions calculated 

for the optimized acetate analog structure In37P20(O2CCH3)51. The positions used to build the Cd 

doped models are also highlighted in red (axial) and green (equatorial) in the figure, respectively. 

The MOs were plotted with an isosurface value of 0.025. 

 

Figure 4.10. (A) Measured PDFs for the series of InP MSCs with increasing equivalents of 

cadmium added starting with pure InP. (B) powder X-ray diffraction patterns of corresponding 

PDF samples with bulk InP (pdf #01-073-1983 ICSD). 
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4.2.2 Phase 2: Structural Relaxation 

We categorize phase 2 as a distinct event due to the structural changes observed by PDF 

and XRD. By 75 equivalents of Cd2+, alteration of the scattered intensities and drastic changes in 

the PDF signal indicate structural reconstruction, suggesting the exchange of cadmium into the 

core (Figure 4.10). Furthermore, this PDF matches well with a zinc blende tetrahedron containing 

35 Cd and 20 P atoms, similar to that seen for CdSe MSCs (Figure 4.11).38 PXRD analysis suggests 

that the lattice has relaxed to a zinc blende structure (represented by the bulk InP powder 

diffraction pattern) with major reflections at 26, 43.6 and 51.6 2θ, correlating with the PDF fits. 

 

Figure 4.11. The measured PDF for the 75 Cd2+ cluster sample compared to the PDF simulated 

from the CdSe tetrahedral structure38 where Se atoms have been replaced with P, and the structure 

has been isotropically contracted to best match the measured signal. We see that it matches the 

measurement well, while the missing peaks at low-r likely result from O-Cd and O-P correlations 

from the ligands. 
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Absorbance measurements show that above 37 equivalents of cadmium, the excitonic 

feature blue-shifts to an intermediate that is reproducibly observed between 360-370 nm depending 

on the specific identity of the ligand (Figure 4.3). By 31P NMR spectroscopy, this phase is not 

characterized by precisely defined phosphorus chemical environments, rather we observe a 

continuous upfield shift and broadening of all resonances as the cadmium content in the phosphide 

sublattice continues to increase (Figure 4.4). This may indicate that cadmium exchange into the 

core is non-selective, giving rise to a range of structures in which varying specific indium atoms 

have been replaced by cadmium. Quantitative 31P NMR spectroscopy indicates that the amount of 

phosphorus contained in these cluster species is conserved through the course of the cation 

exchange, supporting an anionic rearrangement step without anion loss (Figure 4.12). The presence 

of additional cadmium is verified by compositional analysis in which the molar ratios show an 

increasing amount of cadmium. Further interpretation of the ICP data is somewhat unclear (likely 

due to the presence of a large excess of cation loosely interacting with the cluster surface),39,40 but 

suggests that significant concentrations of indium remain in the sample with super-stoichiometric 

addition of Cd(PA)2. Mass spectrometry supports the incorporation of additional cadmium at 

higher concentrations in which a domain of larger masses is observed, relative to the phase 1 mass 

distributions (Figure 4.5, Table 4.12,). The mass of the parent fragment ion rises by approximately 

1 kDa and remains nearly invariable thereafter, consistent with a structural change initiated above 

16 equivalents of Cd2+ that impacts the cluster fragmentation.  
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Figure 4.12. 31P NMR (283.5 MHz, room temperature, C6D6) spectra taken of InP MSC (red), 

5 equivalents Cd2+ (blue), and 75 equivalents Cd2+ (green) with triphenylphosphine. Delay time 

was 20 seconds. Integrated areas corresponded to 3.53x10-5, 2.63 x10-5, and 2.98 x10-5 moles of 

phosphorus in the InP MSC, 5 equiv. Cd2+, and 75 equiv. Cd2+, respectively, demonstrating the 

majority of P remains in the cluster species. 

Although we attribute the progression of cluster species in phase 2 as a continuation of 

cation exchange between core indium and cadmium that results in structural reorganization to a 

relaxed zinc blende species, the pathway by which this occurs is still unknown. Accounting for the 

difference in charge additionally introduces complications in assigning a diffusion pathway, 

beyond surface-related exchanges, through interstitial sites or by a vacancy-assisted 

mechanism.7,15,23 The extent of a detailed mechanistic examination is beyond the scope of this 

current study but certainly of interest to the authors. 

4.2.3 Phase 3: Reconstruction to Cd3P2 

At high equivalents of Cd(PA)2 (100, 200, and 500 equivalents), a new absorbance feature at 

450 nm appears in the UV-Vis spectrum (Figure 4.3), which is characteristic of a known Cd3P2 

MSC.32 The InP cluster has negligible room temperature photoluminescence (PL) but once 
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conversion to Cd3P2 is complete, weak band-edge PL (<1% quantum yield) is measured. In order 

to compare the Cd3P2 produced via cation exchange (CE), Cd3P2 clusters were independently 

synthesized following the literature procedure described by Yu and co-workers with slight 

modifications.32 Briefly, cadmium carboxylate was dissolved in toluene and P(SiMe3)3 was 

injected at room temperature. The reaction proceeded at room temperature but could be carried out 

up to 120 °C. 

Monitoring the in-situ growth of Cd3P2 following P(SiMe3)3 injection supports a homogeneous 

growth mechanism with a continuous increase in cluster size towards the thermodynamically 

stable product with an absorption maximum at 450 nm (Figure 4.13a). Slight shifts in the 

absorption maxima occur depending on the precise identity of the supporting ligands (oleate or 

phenylacetate). Monitoring the in-situ synthesis of Cd3P2 via introduction of 500 equivalents Cd2+ 

to InP MSCs also shows a continuous transition from the InP MSCs to the Cd3P2 MSCs with no 

observable intermediates (Figure 4.13b) and demonstrates that InP MSCs do not re-dissolve to 

form new Cd-P monomers. This continuous growth appeared to conflict with the evolution of 

absorbance features at <100 equivalents Cd2+, but we hypothesize that a supersaturated solution of 

Cd2+ with InP MSCs likely precludes the buildup of any kinetic products and that rapid exchange 

and rearrangement occurs without cluster dissolution. Notably, if the stable phase 2 intermediate 

with diagnostic UV-Vis absorption at 360/370 nm formed by addition of 75 equivalents Cd2+ is 

treated with additional Cd2+, a continuous progression towards Cd3P2 is observed, demonstrating 

that the intermediates are viable precursors on the pathway towards Cd3P2 (Figure 4.14). The 

alternative possibility that clusters re-dissolve in the presence of excess cadmium to form a short-

lived monomer species was strongly considered, but the lack of spectroscopic evidence, especially 
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from in-situ absorbance measurements, lead us to the conclusion that the crystal lattice is 

conserved during rearrangement.  

 

Figure 4.13. (A) In-situ UV-Vis measurements of Cd3P2 demonstrating that growth 

proceeds through continuous size increases. Clusters were synthesized by room-temperature 

injection of P(SiMe3)3 into Cd(OA)2 (OA = oleate) dissolved in toluene. (B) In-situ monitoring of 

InP MSC in the presence of 200 excess Cd(OA)2 also shows a continuous red-shift towards Cd3P2 

without any apparent dissolution of clusters 
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Figure 4.14. In-situ UV-Vis measurements showing that intermediate cluster species are 

likely on-path to Cd3P2 formation. 75 equivalents of Cd(OA)2 are added to InP MSCs which 

formed a stable intermediate at 360 nm (red). After allowing the reaction to equilibrate, 100 

equivalents of Cd(OA)2 dissolved in toluene was added to the solution (dilution decreased the 

measured intensity) which drove the product towards Cd3P2 (green). 

Structurally, the two products are comparable by 31P NMR spectroscopy (Figure 4.1). 

Cd3P2 clusters synthesized by P(SiMe3)3 injection show a single peak in the 31P NMR spectrum at 

–364 ppm, consistent with literature reports,32 which indicates that the Cd3P2 cluster has a very 

symmetric structure with contributions to the broad linewidth likely arising from differences in 

surface and core Cd-P environments. The final Cd3P2 product produced by cation exchange has a 

single peak at –366 ppm demonstrating that there are likely no residual In-P bonds remaining. As 

expected, following purification, the composition of in-situ synthesized and cation exchange 
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produced Cd3P2 are nearly identical with the presence of a negligible amount of indium in the 

cation exchange sample (Table 4.11).  

Since the bulk and cluster phosphorus NMR differ greatly, it is no surprise that by pXRD 

the measured pattern does not overlay well with the reported bulk Cd3P2 patterns (Figure 4.15).32,33 

This is consistent with previous characterization of the Cd3P2 cluster, which shows a similarly 

broad powder pattern.32,41 Previous measurements of Zn3P2 nanocrystal powder diffraction 

patterns, which shares the tetragonal lattice, have shown a divergence from the bulk structure at 

small nanocrystal sizes, consistent with the complexity of the 40-atom tetragonal unit cell.42,43 

Furthermore, PDF analysis indicates that the final product of cation exchange is demonstrably 

different from the other measured samples, indicating a final structural transformation has occurred 

on complete conversion to Cd3P2 (Figure 4.10, Figure 4.16). Although the use of transmission 

electron microscopy (TEM) would help reveal changes in particle morphology throughout this 

transformation, the poor contrast of InP and sub-2 nm particles limits the application of this 

technique.37,44 
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Figure 4.15. (A) PDF measurement of two Cd3P2 samples. Cd3P2 via CE is consistent with 

the expected cluster size with the signal diminishing by 15-20 angstroms. The sample produced 

via monomer injection has signal corresponding to larger nanocrystalline content. During 

purification, multiple re-dissolution and precipitation cycles can unintentionally induce growth to 

larger nanoparticles as seen by a color change and red-shifted shoulder in the absorbance spectrum 

(C). (C) and (D) are measurements of Cd3P2 via P(TMS)3 injection but the same type of partial 

growth was observed for Cd3P2 clusters produced via cation exchange after several cycles of 

purification. Assumedly, ligand binding strength on Cd3P2 is weak enough that purification strips 

off stabilizing ligands. The powder diffraction pattern (B) of these samples also shows less broad 
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peaks indicating larger particles are present. Some features similar to the cluster are conserved in 

this pattern (broad peak 30-35 2θ) but the pattern still does not overlay with bulk Cd3P2. D) TEM 

images of the purified nanocrystalline Cd3P2 particles (representative examples highlighted in red) 

shows striations in the dispersity of particles and even nanorods (outlined in red) that appear to 

have formed as a result of cluster assembly. We hypothesize that Cd3P2 anisotropic shapes are a 

product of both ligand removal and irradiation under the electron beam and the resulting dipole 

induces preferential coordination among opposite facets. 

 

Figure 4.16. (A) The first two peaks in the measured PDFs shown for the sample series 

InP, 1, 16, 75, and Cd3P2. The two peaks have been fit with two Gaussians and a sloping baseline 

to track the change of the bond lengths with Cd2+ exchange. The peak positions found from the 

fitting are shown for the second peak (B) and first peak (C). We see a roughly monotonic change 

from InP through 75 Cd2+, but there is a drastic change going to Cd3P2. 
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4.2.4 Unique Reactivity of InP MSC 

In many examples of cation exchange reactions, hard-soft acid-base theory is used to 

design experimental conditions that will favor the extraction of the Lewis acid from the solid to 

solution in cases where the formation energy of the desired product is favored.15,18 This technique 

was utilized by Beberwyck and Alivisatos to irreversibly produce InP QDs from Cd3P2 QDs at 

high temperatures in tandem with the addition of soft Lewis bases.14 In our work, the formation of 

Cd3P2 occurs at room temperature from InP MSCs, which we propose is driven by the formation 

of the more stable Cd3P2 cluster. Under harsher synthetic conditions, the structural integrity of the 

cluster anionic sublattice is completely disrupted. Analogous to the room temperature reactions, 

varying concentrations of cadmium heated to 100 °C with InP MSCs produce what are likely 

alloyed nanoparticles due to the decrease of the bandgap with increasing amounts of cadmium 

(Figure 4.17). The distinction between InP MSC and QDs is that the inherent strain present in the 

InP MSC lattice likely lends itself to significantly different reactivity relative to a crystalline QD. 

Each phase discussed previously involves to some degree a surface reorganization or structural 

reconstruction that we propose corresponds to an energetic stabilization from the distorted InP 

MSC lattice. 
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Figure 4.17. Stacked UV-Vis traces of final reaction products of 1 (blue), 37 (red), and 75 

(green) equivalents of cadmium oleate were added to InP MSC at room temperature in toluene and 

immediately heated to 100 °C. This series of reactions demonstrates the difference in products if 

heat is added and shows the loss of clusters in favor of polydisperse nanocrystalline products. The 

band gap differences between InP (1.34 eV) and Cd3P2 (0.55 eV) support our hypothesis that 

increasing the cadmium content leads to alloyed nanoparticles. 

 

Evidence for the presence of significant strain in the InP MSC in provided by analysis of 

the metrical parameters from the single crystal X-ray diffraction data and is consistent with 

observed shifts in the measured powder diffraction pattern which show that the lattice is only 

pseudo-tetrahedral.30 X-ray photoelectron spectroscopy (XPS) demonstrates the differences 

between nanocrystalline and cluster-sized InP as well. The In 3d region shown in Figure 4.18 

shows a distinct asymmetric peak shape with a main peak at 445.4 eV and a shoulder at 448.0 eV, 

diverging from the typical Gaussian line shape common to InP QDs.45,46 This is mirrored in the 
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second feature resulting from spin-orbit splitting, indicating these features arise from the indium 

core electrons. As more Cd2+ reacts with the cluster, the shoulder shifts to lower binding energies 

and diminishes. This trend is also observed in the Cd 3d spectra (Figure 4b). Previous reports of 

core/shell and alloyed structures have described a similar shoulder peak, in which the presence of 

peak asymmetry corresponds to the presence of a different “surface” component as seen in 

InP/ZnS47 and multiple other materials.48–50  

 

Figure 4.18. Experimental intensity (black dashed) and fitted profile (red/blue solid) of core 

level In 3d and Cd 3d. Samples are InP MSCs, 5 and 37 equivalents of Cd2+, and PA-Cd3P2 is a 

product of cation exchange with 200 equivalents of Cd(PA)2. Peak fits and atomic percentages are 

in Table 4.13. 
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Table 4.13. XPS fits (binding energy and atomic percentage) of In 3d and Cd 3d spectra. 

 In 3d Cd 3d 

 BE atomic % BE atomic % 

In(O2CCH3)3 444.9 100   

     

InP 445.4 73.5   

 448 26.5   

5 Cd 444.7 57.1 405 70.3 

 446.7 42.9 407.1 29.7 

16 Cd 445.2 75.6   

 447.2 24.4   

37 Cd 444.8 93.9 405 80.6 

 446.3 6.1 406.4 19.3 

PA-Cd3P2 445.4 100 405.5 100 

 

 

We hypothesize that the inherent strain of the [In21P20]
3+ core contributes to diversifying 

the surface and core components. As structural rearrangement proceeds towards a more symmetric, 

and presumably less strained Cd3P2 structure, the differences between core and surface 

environments is significantly reduced, leading to coalescence of the signal to one peak in the final 

Cd3P2 MSC. It should be noted that while the final phenylacetate-ligated Cd3P2 cluster obtained by 

CE exhibits some signal from indium, compositional analysis of this sample indicates almost 

negligible concentrations of indium in the sample, which is likely present as loosely associated 

metal carboxylates. 
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The reversibility of the cation exchange reaction has been examined as well, further 

supporting our claim that InP MSCs exist in a higher energy state and re-formation of the original 

structure is unlikely. Interestingly, addition of In3+ to solutions of purified Cd3P2 clusters does lead 

to reaction consistent with indium incorporation, but the observed products are distinct from the 

intermediates we’ve characterized here likely due to the nature of the structural evolution described 

in Scheme 1 (Figure 4.19, Figure 4.20). 

 

Figure 4.19. UV-Vis spectra of In(OA)3 (A-approx. a 1:1 In:Cd molar ratio, B-100:1 In:Cd) 

added to a solution of purified Cd3P2 MSCs at room temperature then heated to 100 °C. Although 

other absorbance features appeared during the reaction, there was no formation of InP MSCs. 
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Figure 4.20. UV-Vis spectra of InP MSCs and Cd3P2 clusters mixed at room temperature in an 

approximate 1:1 Cd:In (A) and 10:1 Cd:In molar ratio (B) then heated to 100 °C. The peak 

broadness of the final product indicates there is a mixture of undetermined cluster species present. 

4.3 Conclusions 

From the combined data, we suggest the conversion of InP MSCs into Cd3P2 MSCs 

proceeds according to the mechanism depicted in Scheme 1. Up to 16 surface indium cations are 

progressively and stoichiometrically replaced by cadmium cations with a requisite lowering in the 

total ligand density at the cluster surface that is not accompanied by significant structural changes 

(phase 1). Beyond this point, a large excess of cadmium in solution is required to push progressive 

exchange with core indium and that this exchange is accompanied by a structural relaxation to the 

zinc blende structure (phase 2). During titration with Cd2+, we observe that the structural 

rearrangement to a tetragonal lattice occurs in an abrupt, and potentially irreversible step, with 

subsequent cation exchange being rapid, leading to the diagnostic optical signatures of the Cd3P2 

MSC (phase 3). These identifiable steps can be bypassed through the addition of a considerable 

excess of cadmium to the InP MSCs, which prevents the formation of intermediate kinetic products 

and progresses directly to Cd3P2.  
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With respect to previous work on III-V cation exchange in which the reverse reaction of 

Cd3P2 quantum dots to give InP was designated irreversible,14 we consider the differences in 

quantum dot and cluster structure to be significant. The strain inherent in the InP MSC lattice likely 

leads to significant differences in its relative reactivity with Cd2+ versus a crystalline zinc blende 

QD. However, the general principle that stoichiometric Z-type exchange with ligand 

reorganization precedes thermodynamically-driven cation exchange is likely to be conserved in 

these systems. 

4.4 Experimental  

4.4.1 General Considerations 

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless 

otherwise noted were run under an inert atmosphere of nitrogen using a glovebox or using standard 

Schlenk techniques. Warning: dimethyl cadmium is a volatile and extremely toxic reactant and 

was handled with care within a nitrogen glovebox. Both dimethyl cadmium and P(SiMe3)3 are 

pyrophoric, extremely reactive, and should be handled with caution. Indium acetate (99.99%), 

anhydrous oleic acid (≥99%), phenylacetic acid (99%), and trans-2-[3-(4-tert-Butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB) (≥99.0%) were purchased from Sigma-Aldrich 

Chemical Co. and used without further purification. Dimethyl cadmium (97%) was purchased 

from Strem chemicals and stored in a nitrogen glovebox. Bio-Beads S-X1 were purchased from 

Bio-Rad Laboratories. Omni Trace nitric acid was purchased from EMD Millipore and used 

without further purification. 18.2 MΩ was collected from an EMD Millipore water purification 

system. All solvents, including toluene, pentane, ethyl acetate, and acetonitrile were purchased 

from Sigma-Aldrich Chemical Co., dried over CaH2, distilled, and stored over 4 Å molecular 
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sieves in a nitrogen-filled glove box. C6D6 was purchased from Cambridge Isotope Labs and was 

similarly dried and stored. P(SiMe3)3 was prepared following literature procedures.51  

31P NMR spectra were collected on a 700 MHz Bruker Avance spectrometer. UV-Vis spectra 

were collected on a Cary 5000 spectrophotometer from Agilent or in-situ with an Ocean Optics 

TI300-Series absorbance dip probe. Data collected from the dip probe were smoothed in Igor Pro 

with binomial smoothing algorithms. Fluorescence and quantum yield measurements were taken 

on a Horiba Jobin Yvon FluoroMax-4 fluorescence spectrophotometer with the QuantaPhi 

integrating sphere accessory. ICP-OES was performed using a Perkin Elmer Optima 8300. TEM 

images were collected on an FEI Tecnai G2 F20 microscope using an ultrathin carbon film on 

holey carbon purchased from Ted Pella Inc.  

4.4.2 Synthesis of InP MSCs 

 InP MSCs were synthesized following a modified preparation from Gary et al..37 Briefly, 

indium acetate (934 mg, 3.2 mmol) and phenylacetic acid (1.58 g, 11.6. mmol) were heated at 100 

°C overnight under reduced pressure. Dry toluene (10 mL) was added to the reaction flask at room 

temperature the following day. P(SiMe3)3 (465 μL, 1.6 mmol) was measured into 5 mL of toluene 

and injected into the indium phenylacetate at 110 °C. Cluster growth was typically complete within 

20-40 minutes. Purification of the particles was achieved through successive precipitation/re-

dissolution cycles using toluene and pentane as the solvent and non-solvent, respectively. 

4.4.3 Cadmium Phenylacetate Synthesis:  

Dimethyl cadmium (559 μL, 7.8 mmol) was added dropwise to a chilled solution of 

phenylacetic acid (2.12 g, 15.6 mmol) in a 4:1 pentane/toluene mixture. After 3 hours of stirring, 

volatile solvents were removed under vacuum and the product was washed 3 more times with 
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pentane. The same procedure was used to synthesize cadmium oleate with oleic acid in place of 

phenylacetic acid and product washes were performed with ethyl acetate instead of pentane. 

4.4.4 Cd2+ Titrations  

Stoichiometric amounts of cadmium oleate dissolved in toluene, or cadmium phenylacetate 

dissolved in acetonitrile, were added to solutions of InP stirring at room temperature. Solutions 

were monitored by UV-Vis until changes were no longer observed (typically 12-24 hours). The 

solutions were purified by gel permeation chromatography; preparation of the column in the 

glovebox was performed following a literature procedure.52 Purified samples were characterized 

by ICP, PDF, XRD, TEM, XPS, and MALDI-TOF.  

4.4.5 Cd3P2 MSC via Molecular Precursors 

Cadmium phosphide MSCs were synthesized using a modified literature procedure.32 

Cadmium oleate (0.135 g, 0.2 mmol) was dissolved in 10 mL dry toluene in a reaction flask under 

nitrogen. P(SiMe3)3 (15 μL, 0.05 mmol) was measured into 2 mL of toluene and injected into the 

flask at room temperature. Cluster growth was monitored by UV-Vis until no further changes 

occurred. Purification was achieved through successive precipitation/re-dissolution cycles using 

toluene and ethanol as the solvent and non-solvent, respectively. Particle growth was observed 

with excess purification, further relevant details are discussed in the SI (Figure S11). 

4.4.6 MALDI-TOF  

Mass spectra were collected on a Bruker Autoflex II instrument using DCTB as the matrix. 

Cluster samples dispersed in toluene were mixed with toluene solutions of the matrix and spotted 

on a stainless-steel plate in a glovebox. Desorption and ionization of samples was achieved by 

irradiation with a pulsed nitrogen laser. Mass spectra were measured with the detector in linear 
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positive mode with a laser intensity between 5-15%. Calibration was performed using external 

standards ubiquitin I, myoglobin and cytochrome C. Data was smoothed and fitted in Igor Pro 

using binomial smoothing algorithms. 

4.4.7 XPS Acquisition 

All XPS spectra were taken on a Surface Science Instruments S-Probe photoelectron 

spectrometer. This instrument has a monochromatized Al Kα X-ray source which was operated at 

20 mA and 10 kV, and a low energy electron flood gun for charge neutralization. The samples 

were drop-cast solutions on a Si wafer while the indium acetate was brushed onto two-sided tape 

mounted on a Si wafer. X-ray analysis area for these acquisitions was approximately 800 μm 

across. Pressure in the analytical chamber during spectral acquisition was less than 5 x 10-9 torr. 

All included figures are high resolution spectra. Pass energy for high resolution spectra was 50 eV 

and data point spacing was 0.065 eV/step. The take-off angle (the angle between the sample normal 

and the input axis of the energy analyzer) was 0° (~100 Å sampling depth). Service Physics Hawk 

version 7 data analysis software was used to peak fit high resolution spectra. 

4.4.8 Computational Methods  

Computational studies were performed using the Gaussian electronic structure package.53 

The HSE06 range-separated hybrid DFT functional was used to perform both the linear-response 

TDDFT absorption spectra and geometry optimizations.54–56 This method is appropriate for 

describing charge-transfer excitations and has been previously shown to correctly compute the InP 

quantum dot electronic structure.30,31,57 TDDFT was used to compute both the excitation energies 

and corresponding oscillator strengths of the first 10 electronic transitions.58–60 The LANL2DZ 

basis set is used, in which core electrons are replaced by an effective core potential, and only O 
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(1s, 2s, 2p), C (1s, 2s, 2p), In (5s, 5p), Cd (4d, 5s, 5p) and P (3s, 3p) atomic orbitals are described 

with explicit basis functions.61–64  

All calculations were performed on structures where the phenyl moieties were replaced by 

acetate, In37P20(O2CCH3)51, Cd2In35P20(O2CCH3)49, and Cd16In21P20(O2CCH3)35(HO2CCH3)2, to 

investigate the effect of the presence of cadmium atoms on the UV-Vis spectrum, the electronic 

properties and structural rearrangement. Starting from the optimized In37P20(O2CCH3)51 structure, 

the Cd-containing models were prepared, and further optimized, by replacing two In atoms with 

two Cd atoms and removing two carboxylate ligands, the closest to the substituted atoms, to 

preserve the charge compensation, Cd2In35P20(O2CCH3)49. The substitution strategy mostly 

retained the overall molecular symmetry, therefore in the resulting models two In atoms, either 

located on top of the pseudo C2 symmetry axis (namely axial) of the molecule or in the plane 

(namely equatorial) orthogonal to it, were substituted by two Cd atoms, respectively. For the 16 

Cd-containing structure, starting from the optimized In37P20(O2CCH3)51 structure, 14 negative 

charged ligands were removed and another two were protonated (located at the opposite sides of 

the molecule equatorial plane) to preserve both the charge compensation and simultaneously 

preserve full cadmium coordination and the overall cluster symmetry. 

4.4.9 PDF Analysis  

X-ray total scattering experiments were conducted on beamline 28-ID-2 at the National 

Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory. An X-ray beam of 

energy 67.563 keV (λ = 0.18351 Å) was focused on samples loaded into Kapton capillaries cooled 

to 100 K using a liquid nitrogen cryostream. Scattered intensities were collected in rapid 

acquisition mode65 on a Perkin-Elmer 2D flat panel detector (2048 × 2048 pixels and 200 × 200 

μm pixel size) mounted orthogonal to the beam path at a distance of 205.4850 mm from the sample. 
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Final Cd3P2 products were measured on a separate date using a similar setup. A Ni standard sample 

was measured to calibrate the detector geometry, and 2D intensities were azimuthally integrated 

to 1D intensity versus the magnitude of the scattering vector Q using Fit2D.66 Scattering from an 

empty Kapton tube was measured and subtracted as a background.  

The PDF gives the scaled probability of finding atom-pairs in the material at a distance r 

apart. The program xPDFsuite with PDFGetX366,67 was used to convert the diffracted intensities 

to the real-space pair distribution function (PDF), G(r), by 

 

𝐺(𝑟) =
2

𝜋
∫ 𝐹

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

(𝑄)𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄 

where F(Q) is the total scattering structure function which is generated after normalization and 

reduction of the coherent scattering intensities, and Qmin and Qmax are the minimum and maximum 

values of the scattering momentum transfer considered. 

 Structure refinements were carried out using the Diffpy-CMI complex modeling 

framework.67 The starting model for InP clusters was obtained from Gary et al. from which ligand 

atoms were removed except for oxygen.30 Model PDFs were generated as in Jensen et al.,68 by 

first simulating the structure function from the Debye scattering equation,  

𝐹(𝑄) =
1

𝑁⟨𝑓(𝑄)⟩2
∑ 𝑓𝑖𝑖,𝑗≠𝑖 (𝑄)𝑓𝑗(𝑄)

𝑠𝑖𝑛(𝑄𝑟𝑖𝑗)

𝑟𝑖𝑗
, 

which was then Fourier transformed over a range of 0.85-23.1 Å-1, and subsequently refined using 

isotropic thermal parameters Uiso for each atomic species, a scale factor, an expansion coefficient, 

an r-dependent peak sharpening coefficient δ2 to account for correlated motion. 
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Chapter 5. Dual Role of InP Magic-Sized Clusters: Cation Exchange 

Platform and Single-Source Precursor 

5.1 Note for Collaborative Work 

This work was supported in part by a sponsored project agreement with Merck KGaA. All 

content in the following chapter is confidential and subject to the terms of the agreement. 

5.2 Introduction 

Magic-sized clusters (MSCs) have proven to be useful models for assessing the 

mechanistic pathway and structural impacts of chemical reactions that occur in larger 

semiconductor nanoparticles due to the perfect monodispersity and well-defined stoichiometry of 

MSCs.1–3 Our work with cadmium cation exchange demonstrated that the InP MSC undergoes 

facile cation exchange and structural rearrangement with full conversion to Cd3P2. Using this 

model, we investigated the analogous reaction with zinc, noting the differences in polarizability, 

ionic radius, and charge of these cations. Whereas Cd2+ is a softer acid than In3+, with a chemical 

hardness η of 10.29, Zn2+ (10.88) lies closer to In3+ (13) as an intermediately hard acid.4 In addition 

to this less favorable replacement in a soft P anionic lattice, the single bond covalent radius 

difference between In (142 pm) and Zn (122 pm) may induce structural contraction.5 While the 

fundamental importance of examining a unique model for cation exchange in a covalent III-V 

lattice interests us, this work is strongly motivated by the commercial aspect of developing new 

methods to access and integrate shelled zinc alloyed InP QDs as phosphors for display 

technologies. 

Presently, the majority of modern InP QD syntheses contain zinc as a secondary metal 

precursor in the nucleation solution.6 The mechanistic role of zinc remains generally unclear, but 
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it has been observed to improve size distributions and quantum yields of as-synthesized particles.7–

11 The cause of photoluminescence (PL) enhancement, as suggested in our work with post-

synthetic zinc treatment, is derived from surface phosphorus passivation.12 Recent reports that 

have implicated zinc as an active agent in forming a Zn-P complex, previously used for Zn3P2 

syntheses, which serves to inhibit the rapid reactivity of P(SiMe3)3 and indium precursors.9 The 

Zn-P complex is suggested to be more stable at higher temperatures than the In-P complex, thus 

at a critical temperature, a more uniform burst of nucleation occurs resulting in more desirable size 

distributions compared to syntheses without zinc additives. Naturally, the question remains 

whether zinc is incorporated homogeneously into the InP lattice or is driven to the surface through 

InP self-purification. Houtepen and co-workers interrogated this system with an emphasis on the 

structural manifestation of zinc additives and reported that zinc alloys into the InP QD lattice, 

discernable by the lattice contractions seen by powder X-ray diffraction (pXRD).10 Furthermore, 

emissive properties of InP core-shell nanostructures can be optimized by reducing interfacial strain 

through composition tuning and consequential adjustment of the InP lattice parameter.10,13  

 We hypothesized that the InP cluster would serve as a viable platform for zinc cation 

exchange and the resulting compounds would be intriguing precursors for InP QDs that would be 

more susceptible to epitaxial-like shell growth of ZnE (E=S, Se). Selecting an appropriate zinc 

source for these reactions was paramount. Unlike the immediate reaction we observed between 

cadmium carboxylate and InP MSCs, zinc carboxylates could be considered fairly inert with 

additional complications arising from solubility in compatible solvents. We investigated three 

viable zinc precursors with a range of reactivities: zinc myristate [Zn(MA)2], a pentanuclear zinc 

cluster [Zn5(O2CH3)6(Et)4] denoted Zn5 cluster, and diethyl zinc (ZnEt2). The predicted range of 

reactivity is based on previous NMR studies performed between these precursors and P(SiMe3)3 
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in the synthesis of Zn3P2 QDs.14,15 Our initial experiments evaluated the reactivity of these species 

with InP MSCs by tracking the UV-Vis absorption and analyzing the structural composition of the 

resulting products with pXRD and 31P NMR spectroscopy. From this series of zinc precursors, 

varying the concentration and reaction temperature led us to assess that the Zn5 cluster, added to 

the InP MSC at room temperature, resulted in the most robust and isolable products. Proceeding 

forward, cation exchange reactions were performed by titrating a solution of Zn5 cluster into InP 

MSCs and stirring at room temperature until the reaction was gauged complete by 31P NMR after 

3 days. We characterized the modified electronic and physical properties of alloyed clusters using 

UV-Vis/NMR spectroscopy and MALDI-TOF/XRD/ICP. 

5.3 Results and Discussion 

5.3.1 InP Clusters as a Scaffold for Zinc Cation Exchange 

The optical transitions of the In37P20 MSC can be diagnostic of reactions taking place at 

the surface, including with amines, water, and cadmium carboxylates.2,16,17 We find that the room 

temperature titration of Zn5 leads to negligible shifts of the absorbance maximum up to 37 

equivalents of Zn2+ relative to the MSC, shown in Figure 5.1. Above 37 equivalents, the cluster 

peak starts to blue-shift and broaden, which we assign as the gradual dissolution of InP through 

zinc incorporation into the core that leads to cluster destabilization. In prior work, the surface 

interaction of exogeneous ligands or Lewis acids strongly impacted the electronic transitions 

(HOMO-1 to LUMO and HOMO to LUMO) responsible for the lowest energy absorption feature 

given that much of the electronic density of these orbitals is localized near the surface. The 

following data and characterization support our hypothesis that zinc does indeed exchange with 

indium on the surface of the cluster, thus one possibility for the unchanging absorbance feature is 
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that the energetic overlap between zinc and the cluster is minimal or otherwise closely aligned 

with indium. 

 

Figure 5.1. UV-Vis spectrum (left) and PL spectra of InP MSC with increasing zinc 

concentrations. The middle plot shows a normalized comparison of InP MSC PL and a zinc-treated 

InP PL while the right plot shows the emission of all zinc species corresponding to the colored 

traces in the absorbance spectrum. 

 While the absorbance maximum is persistent at 386 nm, the PL of the cluster tells a 

different story. At 298 K, the InP MSC consistently exhibits weak emission, shown in the middle 

panel of Figure 5.1, that is associated with structural distortions of the cluster upon excitation.16 In 

larger as-synthesized InP quantum dots, the photoluminescence quantum yields (PL QYs) are <1% 

due to non-radiative pathways arising from under-coordinated or oxidized surface sites. As 

discussed previously, in the case of InP QDs, the replacement of zinc for indium and concurrent 

passivation of phosphorus improved the PL QYs, thus we might expect an analogous enhancement 

of InP MSC PL through the exchange of zinc for indium. The InP cluster presents a unique example 

lacking un-passivated surface atoms so it has been suggested energy loss occurs through non-

radiative vibrational relaxation in the lattice.16 After several days, all samples stirring with Zn5 

cluster exhibited growth of a distinct broad emission feature centered at 526 nm (90 nm fwhm), 

shown in Figure 5.1. The weak intensity did not significantly change by increased relative zinc 
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equivalents between 4-37, while at concentrations above 37 equiv., the PL decreased, 

corresponding to the diminishing absorbance feature and gradual dissolution of the cluster. We 

hypothesize that growth of this proposed PL band edge feature is related to the Z-type ligand 

exchange of zinc for indium exclusively between the 16 indium ions on the surface of the cluster, 

comparable to our observations with InP QDs. This effect is likely satisfied with the replacement 

of just a few surface indium ions while further zinc addition up to 37 equivalents suggests that the 

energy loss pathways still originate from the core lattice vibrations. The broadness of the emission 

feature is also related to the non-selective nature of cation exchange and what is likely an average 

population of clusters with similar but variable structures and compositions. 

 Discerning the structural impact of indium-to-zinc exchange is aided by 31P NMR 

spectroscopy. The pseudo-C2v-symmetric InP cluster has 11 unique phosphorus environments 

(two P atoms reside on the molecular C2 axis, and the remaining 18 P atoms are related by the C2 

axis resulting in nine additional resonances), shown in Figure 5.2, which can be assigned to 

different sites based on their proximity to In-O neighbors and shielding arguments.17 The addition 

of 4 eq. Zn slightly broadens the distinct resonances as expected with a difference in shielding 

tensors and this effect is observed with further equivalents of zinc due to the non-site selective 

nature of the exchange. Zinc phosphide nanocrystals have a phosphorus resonance at –200 ppm 

which would be consistent with the lack of significant shifts in this series of alloyed clusters.15 In 

comparison, a progressive upfield shift was observed with cadmium cation exchange as the alloyed 

cluster took on increasing cadmium-phosphide character, where Cd3P2 clusters have a phosphorus 

resonance at –364 ppm.2  
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Figure 5.2. 31P NMR (283.5 MHz, C6D6) spectra of clusters and increasing zinc equivalents 

taken at room temperature. 

Mass spectrometry has proven to be a valuable technique for the identification of 

semiconductor nanoclusters and their alloyed derivatives.3,18,19 Previously, the mass spectrum of 

phenylacetate-capped In37P20 MSCs obtained by our group using MALDI-TOF showed that the 

largest mass peak was centered at 8,500 m/z, indicating that a portion of the intact cluster (mass 

11,759 g/mol) must be displaced during ionization.2 Since then, we have characterized a series of 

carboxylate-ligated In37P20 MSCS to identify a consistent fragmentation pattern that can aid in the 

identification of alloyed intermediates. Shown in Figure 5.3 are the mass spectra of phenylacetate, 

oleate, and myristate-capped InP MSCs with the zoom inset highlighting the largest and most 

apparent mass peak. The masses of these fragments correspond closely to a parent fragment ion 
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that retains an [In21P20]
3+ core, 10 surface-coordinated In(O2CR)3, and 2 -O2CR, with the respective 

carboxylate ligands. 

 

Figure 5.3. MALDI-TOF spectra of InP MSCs ligated with oleate (OA), myristate (MA), 

or phenylacetate (PA). The largest mass peak in each sample matches with the calculated mass 

(red dashed line) of a [In31P20(O2CR)32]
+ fragment. 

We sought to extract a mass profile through the exchange of zinc and indium, as shown in 

Figure 5.4. Following addition of any amount of zinc to cluster, the largest mass peak broadens 

significantly. We attribute this to the non-selectivity of exchange in which zinc does not 

preferentially replace the 10 In(O2CR)3 remaining on the parent fragment, in addition to the strong 

probability that there is a distribution of clusters with less or more zinc exchanged for indium. 

Also, we cannot disregard that any potential zinc intercalating into the core would need to account 

for charge balance. Noticeably, the 4 Zn sample has a broad peak that is not shifted beyond that of 

the pure InP MSC which may be telling of more preferential exchange with the indium 

carboxylates that are lost during irradiation and ionization. Conversely, samples with 8 Zn and 

higher were shifted to smaller masses. Envisioning a cluster with partial surface exchange of zinc 

for indium and replacing half of the ten In(O2CR)3 with Zn(O2CR)2 corresponds to a fragment 

mass of 10,070 m/z, as indicated by the dashed black line that crosses through the broad peak of 8 

Zn. Furthermore, in the case of hypothetical complete surface exchange with zinc, the fragment 

mass would be 8,684 g/mol, shown by the second dashed line, intersecting with the 16 Zn and 37 
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Zn sample peaks. These mass fragment distributions strongly support our assignment of primarily 

surface exchange with zinc, i.e. topotactic exchange. At higher concentrations of added zinc, 

interpretation of cluster fragmentation becomes more challenging as the cluster dissociates in a 

less predictable manner, consistent with cluster dissolution.  

 

Figure 5.4. Low-mass MALDI-TOF spectra of InP MSC with increasing zinc equivalents. 

The dashed lines correspond to fragment masses of 10,070 g/mol and 8,684 g/mol. 

To complement these findings, compositional analysis of purified samples was performed. 

To verify removal of free Zn5, alloyed cluster samples were purified by gel permeation 

chromatography (GPC) in which two consecutive columns were completed with aliquots taken 

after each column fraction for ICP analysis. The molar ratios of each aliquot verified that free Zn5 

was removed following a single GPC purification. The plot in Figure 5.5 shows the Zn:P molar 

ratio of purified samples measured by ICP versus the initial reaction stoichiometry. The dashed 

line is representative of 1:1 cation exchange, at least to 37 equivalents, beyond which an excess of 

zinc was useful to evaluate the role of zinc concentration and verify if conversion to Zn3P2 
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nanomaterials was accessible. At lower equivalents, exchange appears to occur nearly 

stoichiometrically while above 4 equivalents, the composition deviates from stoichiometric 

exchange and seemingly plateaus at 37 equivalents (see zoomed out plot).  

 

Figure 5.5. ICP and pXRD data of zinc treated clusters. Measured molar ratios of Zn:P 

versus the stoichiometric addition of zinc (left) Data points highlighted in the blue circle 

correspond to QD samples. The dashed line represents the complete 1:1 exchange of zinc for 

indium based on the added stoichiometry and the zoomed out plot (middle, top) highlights the 

plateau of zinc incorporated in the clusters. The pXRD of InP MSC, 4 Zn, and 16 Zn samples is 

shown (right) in comparison to bulk InP where a zoom-in of the peaks at 46 and 51 2θ (middle, 

bottom) may have shifted to higher angles. The dashed red line is to guide the eye through the InP 

MSC peak maxima.  

 

Based on the gradual disappearance of the cluster absorbance feature and significant 

broadening of the 31P NMR cluster resonances, the measured molar ratios of samples with 50, 75, 

and 100 zinc equivalents represent an amorphous mixed metal phosphide series of compounds. 

This data indicates that beyond the exchange of surface indium carboxylate, it is likely that only a 

few zinc atoms diffuse into the In21P20
3+ core before destabilization. The powder X-ray diffraction 

pattern hints at this eventual dissolution as well. The distinct cluster crystal twist-boat phase20 is 
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primarily conserved at 4 and 16 zinc equivalents but there is a minor shift to higher diffraction 

angles in the 16 Zn sample which would correspond to lattice contraction (Figure 5.5).10 We find 

it highly unlikely that the InP MSC would be a suitable environment for extensive zinc exchange 

considering the difference in ionic radius and charge.  

Together, these data support a mechanism of exchange between the 16 surface indium and 

zinc from the Zn5 cluster, after which several zinc atoms may exchange within the In21P20
+ core 

but a threshold is reached leading to destabilization of the cluster. The formation of a zinc 

phosphide cluster was not observed under these conditions and was deemed unlikely based on the 

synthetic strategies our lab has developed for the chemistry of Zn3P2 nanocrystals.14,15 A similar 

initial progression of cation exchange was observed between cadmium and InP MSCs as well, but 

differences between the HSAB profile and ionic radius of cadmium and zinc, and the lattice energy 

of the resulting II-V cluster limit further stable intercalation of zinc atoms into the strained InP 

cluster core. 

 As described in the introduction, previous literature reports have evaluated the evolution 

of InP QDs synthesized with zinc, indium, and phosphorus molecular precursors. Isolated InP 

MSCs are a distinct approach to InP QD formation wherein the active monomer species are 

necessarily different from molecular monomers, forcing non-identical nucleation pathways. We 

sought to then investigate the role that alloyed clusters could play as single-source precursors to 

alloyed InP QDs. 

5.3.2 Alloyed Cluster Single-Source Precursors for Quantum Dots 

InP QDs were grown via a hot injection of InP alloyed clusters (40 mg dissolved in 1 mL 

1-octadecene [ODE]) into a bath of ODE (5 mL) at 290 °C under a nitrogen atmosphere. Unlike 

other MSC materials that progress towards larger nanomaterials via Ostwald staging, i.e. quantized 
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monomer addition, or oriented attachment, InP particle evolution occurs by cluster dissolution and 

re-nucleation by monomer species distinct from those derived from molecular precursors involving 

P(SiMe3)3.
21 Growth reactions were monitored by UV-Vis and PL spectroscopy (Figure 5.6) and 

we observed that over all concentrations of zinc (0-100 equivalents), growth was complete within 

5-10 minutes. Based on the absorbance values at high energy wavelengths,18 the concentration of 

InP particles was consistent across reactions performed under these conditions. We hypothesize 

that across this series, the initial number of nuclei is similar but the monomer species active in 

particle growth is inhibited by the presence of less reactive zinc complexes. With increasing zinc 

content, the final LEET blue-shifted from 580 nm (0 Zn) to a less defined feature at 490 nm (100 

Zn). Furthermore, the samples with 50+ equivalents of zinc continued to blue-shift at room 

temperature in the day following QD growth, indicating that the product obtained at elevated 

temperatures could not maintain a stable crystal phase. 
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Figure 5.6. Stacked UV-Vis spectra of hot-injection reactions to convert alloyed InP 

clusters into QDs. 

 The trend observed in the absorbance spectrum is reflected by the particle sizes measured 

by transmission electron microscopy (TEM). A representative TEM image of 1 Zn, 4 Zn, and 16 

Zn is shown in Figure 5.7 where measured particle diameters are 2.6 nm, 2.3 nm, and 2.1 nm, 

respectively. Particle diameters were not measured for the 37 Zn sample due to the observed 

morphology variation and it is possible that amorphous Zn3P2 exists among the diverse population 

of particles present. Other groups that have imaged InP QDs nucleated in the presence of zinc 

additives also observe less uniform particle morphologies with higher zinc concentrations, i.e. 

greater than 1:1 Zn:In ratio.10 Additionally, the pXRD pattern of the 37 Zn sample was 

significantly broadened, indicating a loss of crystallinity (Figure 5.7). For the remainder of this 

study, we focused our efforts on InP QDs with a ratio of 0, 4, 8, and 16 Zn:MSC. 
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Figure 5.7. pXRD of alloyed QD products and representative TEM images of select 

samples. 

 

 Notably, only QD reactions that included some amount of zinc were accompanied by the 

formation of ca. 11 nm diameter In2O3 nanocrystals (shown in Figure 5.7 TEM images), as 

confirmed by lattice fringe analysis and pXRD. In2O3 by-products have been previously observed 

as a thermolysis product of indium carboxylates that were displaced from InP QD surfaces by zinc 

and cadmium carboxylates.12,22 We hypothesize that in an analogous fashion, zinc substitutes into 

indium sites and the ejected indium carboxylates decompose as In2O3. We believe this process is 

initiated during cluster dissolution and growth since In2O3 was observed regardless of the extent 

of alloyed cluster precursor purification.  

 In2O3 diffraction peaks overlap with two of the major InP diffraction peaks at 43 and 53 

2θ. While most of the In2O3 can be removed through careful size selective precipitation, a thorough 

analysis of the InP diffraction patterns has been limited. A cursory examination of the InP pXRD 

data does reveal that no other crystalline phosphide phases are present. Homogeneous zinc 
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alloying, or lattice contraction, would be distinguishable by shifts to higher angles which is not 

apparent in the strongest peak at 26 2θ. Thus, we propose that the extent of zinc alloying that 

occurs is limited to the outer layer of the InP QD. 

 In agreement with surface zinc passivation, the measured InP PL QYs increase from 0.15% 

up to 19% in 0 Zn and 16 Zn, respectively (Figure 5.8), although this quantification includes both 

InP band edge emission and the non-suppressed trap emission. These QYs are also comparable to 

the range reported for zinc-alloyed InP QDs prepared by a one-pot molecular precursor synthesis. 

As expected, the compositional analysis of our particles (4, 8, and 16 Zn equivalents) shows that 

zinc, indium, and phosphorus are all present. The measured Zn:P ratio nearly doubles from that of 

the measured Zn:P in the alloyed clusters (Figure 5.5). It has been posited by Houtepen et al. that 

phosphorus vacancies form to balance charge as zinc is incorporated which would be consistent 

with our experimental data.10  
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Figure 5.8. UV-Vis and PL spectra of QD products from 0, 4, 8, and 16 Zn and InP 

precursors. 

 Although there is no discernable lattice contraction suggested by the X-ray diffraction 

patterns, we sought to study the impact of zinc alloying on the lattice parameter of these InP QDs. 

ZnS and ZnSe have a 7.6% and 3.4% lattice mismatch with InP, respectively, but the detrimental 

impact of lattice strain can be alleviated through the formation of a gradient alloy at the interface 

and consequently, improve core-shell optical properties. We selected a ZnSeS gradient alloy shell 

to mitigate direct contact between ZnS and InP and to confine the exciton in the core more 
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effectively than ZnSe with ZnS. Experimental conditions were optimized by Lee and co-workers 

to afford PL QYs up to 65% and 70 nm fwhm emission linewidths.23 Briefly, zinc stearate was 

added in excess of InP (10:1 Zn:In) at elevated temperatures after which a solution of TOPSe and 

TOPS was added over a gradual heat-up. Further details regarding shell growth can be found in 

the Experimental section.  

 The plot in Figure 5.9 summarizes the measured PL QYs of InP/ZnSeS particles with an 

initial Zn:MSC ratio of 0, 4, 8, and 16. There is a direct correlation between improved PL QYs 

and increasing Zn:MSC ratios where the highest QY, 85%, was measured for the 16Zn sample. In 

contrast, a 55% PL QY was measured for the non-alloyed InP QD control sample. While the 

emission linewidths are broad in comparison to other shelling procedures that report linewidths in 

the range of 40-60 nm, there is a consistent decrease from 0Zn, 85 nm fwhm at 586 nm, to 16Zn, 

66 nm fwhm at 556 nm, which likely corresponds to more uniform shell deposition.  

 

Figure 5.9. Plot of QYs versus the amount of zinc added to InP clusters. 

 We wanted to verify that these results are relevant to the formation of a zinc alloyed cluster, 

so InP QD growth reactions were performed in a fashion analogous to the molecular precursor 

approach. InP MSCs were stirred with Zn5 for only 2 hours, over which we did not observe 
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evidence of alloying by PL or 31P NMR spectroscopy, then converted these compounds to InP QDs 

via hot-injection at 290 °C. The QD optical properties of the 2 hour cation exchange reaction were 

comparable to that of the 3 day cation exchange but following shell growth, a stark difference can 

be seen between the two experiments (Figure 5.9). Clusters that were only given 2 hours to react 

with Zn5 before QD growth had consistently lower PL QYs with a maximum of 70%. We consider 

this as direct evidence identifying the importance of equilibrating to an alloyed cluster end-product 

before utilizing these materials as single-source precursors. 

5.4 Conclusions 

We observe a topotactic exchange of zinc for the 16 surface indium of the In37P20 MSC along with 

gradual cluster dissolution as zinc initially diffuses into the core. The replacement of indium with 

this divalent cation with a shortened M-P bond length contributes to structural instability. The 

formation of robust InP clusters with pre-formed Zn-P bonds can be utilized as a single-source 

precursor for alloyed InP QDs. Since nanocrystal growth proceeds via dissolution of the cluster, 

rather than oriented attachment or Ostwald staging, this synthetic route benefits from monomer 

species unique from those in the molecular nucleation pathways. Upon shelling, a clear trend was 

observed in which the QYs of InP/ZnSeS increased from 55% to 85% on the basis of Zn:MSC 

concentration. We attribute the improved InP QD optical properties to zinc alloying at the surface 

considering the absence of significant lattice contraction. Notably, the optical properties of 

InP/ZnSeS core/shell nanocrystals are greatly improved, indicated by an increase in PL QY of 

approximately 10%, following equilibration of the alloyed cluster precursors prior to QD growth. 

Atomically precise InP MSCs provide a robust model for cation exchange studies and have now 

been applied as viable precursors towards larger alloyed nanocrystals, expanding upon the valuable 

chemistry of composition tailoring in covalent III-V materials. 
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5.5 Experimental 

5.5.1 General Considerations 

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless otherwise 

noted were run under an inert atmosphere of nitrogen using a glovebox or using standard Schlenk 

techniques. Warning: Diethyl zinc and P(SiMe3)3 are both pyrophoric reactants and were handled 

with care within a nitrogen glovebox. Indium acetate (99.99%), myristic acid (≥99%), 

trioctylphosphine (97%), sulfur powder (99.5% sublimed), selenium powder (99.99%), zinc 

acetate (99.99%), zinc stearate, and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) (≥99.0%) were purchased from Sigma-Aldrich Chemical 

Co. and used without further purification. Diethyl zinc (95%) was purchased from Strem 

Chemicals and stored in a nitrogen atmosphere glovebox. All solvents, including toluene, pentane, 

and acetonitrile, were either purchased anhydrous from Sigma-Aldrich Chemical Co. or collected 

from a solvent still and stored over 4 Å molecular sieves in a nitrogen-filled glove box. 1-

octadecene was dried over CaH2, distilled, and stored over 4 Å molecular sieves in a nitrogen-

filled glove box. C6D6 was purchased from Cambridge Isotope Labs and was similarly dried and 

stored. Bio-Beads S-X1 were purchased from Bio-Rad Laboratories. Omni Trace nitric acid was 

purchased from EMD Millipore and used without further purification. 18.2 MΩ was collected from 

an EMD Millipore water purification system. P(SiMe3)3 was prepared following literature 

procedures.24  

31P and 1H NMR spectra were collected on a 700 MHz Bruker Avance spectrometer. UV-

Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence and 

quantum yield measurements were taken on a Horiba Jobin Yvon FluoroMax-4 fluorescence 

spectrophotometer with the QuantaPhi integrating sphere accessory. ICP-OES was performed 
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using a Perkin Elmer Optima 8300. Powder X-ray diffraction data was collected using a Bruker 

D8 Discover diffractometer. TEM images were collected on an FEI Tecnai G2 F20 microscope 

using an ultrathin carbon film on holey carbon purchased from Ted Pella Inc. MALDI-TOF data 

was collected on a Bruker Autoflex II instrument using DCTB as a matrix. All XPS spectra were 

collected using a Surface Science Instruments S-probe spectrometer. 

5.5.2 Synthesis of InP MSCs 

InP magic-sized clusters (MSCs) were synthesized following a modified preparation.16 

Indium acetate (1.40 g, 4.8 mmol) and myristic acid (3.98 g, 17.4 mmol) were heated neat at 100 

°C under reduced pressure overnight. Dry toluene (40 mL) was added to the reaction flask at room 

temperature under N2 the following day, after which P(SiMe3)3 (698 µL, 2.4 mmol) was measured 

into 5 mL of toluene and injected into the indium myristate solution at 100 °C. Cluster growth was 

complete within 1 hour as indicated by the characteristic absorbance peak at 386 nm. The particles 

were concentrated down to a minimal volume of toluene, centrifuged to remove insoluble products, 

and purified by GPC. 

5.5.3 Zn5 Cluster Synthesis 

Zn5(O2CCH3)6(CH2CH3)4 was synthesized following a literature procedure where zinc 

acetate (1.107 g, 6.03 mmol) was dissolved in toluene (5 mL) and then diethyl zinc (413 uL, 4.02 

mmol) was added drop-wise to the stirring solution.25 The reaction was allowed to complete at 

room temperature overnight. The toluene was concentrated under vacuum and then the Zn5 cluster 

was precipitated with the addition of heptane. The white solid was dried down and confirmed pure 

by 1H NMR. 
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5.5.4 Zn2+ Titrations 

Typical titration experiments were conducted by dissolving 40 mg of In37P20(O2C14H27) in 

toluene (2 mL) and adding varying equivalents (1, 4, 8, 16, 24, 37, 50, 75, and 100) of Zn2+ from 

a stock solution of Zn5 to stir at room temperature. The Zn5 stock solution was prepared by 

dissolving 54 mg (7 x 10-3 mol) of Zn5 in 2 mL of toluene to make a 0.034 M solution. The reaction 

was monitored by UV-Vis aliquots taken over 2, 20, 48, and 84 h intervals. Reactions to examine 

the products of InP MSCs and diethyl zinc or zinc myristate were conducted in a similar fashion 

either at room temperature or heated to 50 °C under N2 on a Schlenk line. Samples were purified 

by GPC by loading the reaction solution directly into a toluene-based column. For the 2 h reaction 

time samples, clusters were dissolved in 1 mL of ODE rather than toluene to prepare for hot-

injection. 

5.5.5 Alloyed InP QD Growth 

In a typical QD growth reaction, the alloyed clusters were resuspended in 1 mL of 1-ODE 

and rapidly injected into a flask containing 5 mL of ODE at 290 °C under active N2 on a Schlenk 

line. The reaction was monitored by UV-Vis and PL aliquots to determine the endpoint of growth, 

at which point the heating mantle was removed and the flask was placed into a silicone oil bath to 

rapidly cool down. For sample characterization, ODE was removed under vacuum distillation and 

the remaining QD paste was resuspended in a minimal amount of toluene inside a glovebox. 

Acetonitrile was added to precipitate the particles and centrifuged at 7500 rpm for 10 minutes. 

After removing the clear supernatant, the film of QDs was resuspended in toluene and purified by 

GPC. For ZnSeS growth, InP QDs were kept in the same flask following the hot-injection reaction 

in order to keep stoichiometry and volumes consistent. 
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5.5.6 ZnSeS Shell Growth 

Shell growth was performed using a modified literature procedure from Lee et al.23 TOPSe 

and TOPS stock solutions (1 M) were prepared by dissolving either 128 mg of sulfur powder (4 

mmol) or 316 mg of selenium (4 mmol) in 4 mL of TOP. InP QDs that had previously been formed 

from clusters solutions were estimated to have 0.09 mmol of In3+, assuming a 100% conversion 

of cluster to QD. The InP QD solutions, in approximately 6 mL of ODE, were heated to 220 °C. 

A suspension of zinc stearate, Zn(st)2, was prepared by placing 570 mg (0.9 mmol) in 2 mL of 

ODE and then injected into the QDs. A blue-shift was observed, corresponding to zinc surface 

passivation, which appeared to stop changing after 15 minutes. At this point, TOPS (810 µL, 0.81 

mmol) and TOPSe (90 µL, 0.09 mmol) were measured out into 1 mL of ODE and then injected 

into the InP/Zn solution. The temperature was set to 300 °C and the PL was monitored until no 

further increases were measured (40 minutes following TOPS/Se injection). The reaction was 

cooled down by placing the flask in an oil bath. For characterization, ODE was removed under 

vacuum distillation, resuspended in toluene, filtered through a syringe filter (PTFE), and purified 

by precipitation cycles with toluene/EtOH as the solvent/non-solvent. 
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