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 Interest in the synthesis of colloidal semiconductor nanocrystals has boomed over the last 

thirty years. This is, in part, due to the tunable optoelectronic properties of these colloids, which 

stems from the quantum confinement effect where the electronic structure evolves as a function of 

crystal volume. The other promising attribute of these colloidal semiconductors is their ability to 

be prepared and processed in solution, allowing device fabrication under ambient conditions and 

enabling deposition onto a wide variety of substrates. Most research to date has focused on 

synthesizing materials in the II-VI, IV-VI, and III-V families. 

 The II-V class of semiconductors, including Zn3P2, Cd3P2, Zn3As2, and Cd3As2, have not 

been given much attention from the colloidal nanocrystal community despite their enormous 

promise for light harvesting applications. These four semiconductors have bulk band gaps ranging 



between 1.5 eV (Zn3P2) and 0 eV (Cd3As2). They are also completely soluble within each other, 

meaning an alloy of any composition is achievable and thus the bulk band gap is completely 

tunable over this 1.5 eV range. As a result, these semiconductors may offer advantages for a wide 

variety of light absorbing applications including the high earth abundance of zinc and phosphorus 

for cost effective light absorbing layers in solar cells, or less toxic alternatives to cadmium mercury 

telluride alloys for IR light detection applications. This thesis dissertation describes our efforts to 

elucidate and exploit novel precursor chemistry for the synthesis of Zn3P2, larger Zn3P2, and alloys 

of composition (CdyZn1-y)3As2. 

 Chapter 1 serves as an introduction into the synthesis of II-V colloidal nanocrystals as well 

as describing typical synthetic challenges and structural differences among the products that result 

from the various methodologies. Chapter 2 describes a novel synthesis of 3 nm Zn3P2 nanocrystals 

that utilizes an activated intermediate, [Zn5(O2CR)6(Et)4], to promote reactivity with P(SiMe3)3. A 

novel P-Zn containing species then forms in a rate-limiting step prior to the nucleation and growth 

of the 3 nm Zn3P2 quantum dots. Chapter 3 will describe efforts to grow larger Zn3P2 particles 

from 3 nm seeds, which led to the identification of a different P-Zn containing intermediate with 

lower relative reactivity that afforded access to either bulk zinc phosphide or large 5 nm particles 

depending on the supporting ligands present. This chapter will also discuss the structural evolution 

that occurs as the particles grow from 3 to 5 nm in diameter. Chapter 4 discusses an extension of 

these synthetic methods for the synthesis of (CdyZn1-y)3As2 alloys. Lastly, Appendix B serves as a 

reference towards the synthesis of a family of arylsilylphosphines with varying electron 

withdrawing or electron donating groups in the para position of the aryl rings to serve as a library 

of potential phosphide precursors where the electronics of the P-Si bonds could be toggled. 
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Chapter 1. II3V2 (II: Zn, Cd; V: P, As) Semiconductors: From Bulk Solids to Colloidal 

Nanocrystals 

 

1.1 Introduction 

 

The synthesis of colloidal nanocrystals has progressed dramatically since the landmark 

contribution from Murray, Norris and Bawendi on the preparation of cadmium chalcogenide 

quantum dots.1 Several recent reviews are available discussing the synthesis of II-VI, III-V, IV-

VI, and ternary and quaternary chalcogenide nanocrystals.2-7 While these reports offer a detailed 

reference on comparisons between different synthetic methods to access these classes of 

semiconductors, similar accounts for II-V semiconductors are lacking.8-9 This review seeks to 

highlight the progress that has been made in both the synthesis and characterization of colloidal 

II-V semiconductors with an emphasis on structural differences that arise as a function of crystal 

size, as well as detailing potential avenues of research still needed to generate high quality II-V 

nanocrystals for translation to a variety of light utilizing applications. 

  The II-V semiconductors Zn3P2 (1.5 eV), Zn3As2 (1 eV), Cd3P2 (0.5 eV), and Cd3As2 (0 

eV)10 are attractive candidates for use in a wide variety of light utilizing applications given their 

band gaps span the visible through the infra-red, as well as their ability to form alloys of all 

compositions.11-14 These remarkable materials are characterized by a complex crystalline structure 

with unit cells of 40 or 160 atoms (Figure 1.1).15 
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Figure 1.1. Representative unit cells of II3V2 metal phosphides (A) and arsenides (B). Reprinted 

with permission from Ref.15 Copyright 1994 American Physical Society. 

 
The two unit cells shown above, characteristic of the phosphides and arsenides, respectively, differ 

only by how the cation vacancies are arranged.15 Given the complexity of the defect structure of 

these materials, debate over their precise crystalline structure is ongoing with reports of the metal 

arsenides crystallizing in both unit cells (Figure 1.2).16 Regardless of the vacancy structure, the 

effect of crystal domain size on the presentation of these tetragonal lattices is certain to add an 

additional level of complexity that will impact our interpretation of the structures of these 

semiconductors on the nanometer length scale. This concept will be explored further in later 

sections of this review. 

A) B)
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Figure 1.2. A) Bulk PXRD patterns of Zn3As2 characterized by the 160-atom unit cell (PDF 01-

089-6345) and the 40-atom unit cell (PDF 01-089-3431). B) Bulk PXRD patterns of Cd3As2 

characterized by the 160-atom unit cell (PDF 44-818) and the 40-atom unit cell (PDF 73-809). 

 

The bulk electronic structure of II-V semiconductors has been studied in depth.15, 17-31 

However, our understanding of the electronic structure of these materials depends on our ability 

to assign the physical structure accurately, as demonstrated by evaluation of the computed band 

structure using two different approximations for the unit cells (Figure 1.3).15 It is important to note 

that the tight binding sp3 approximation (solid line) does not take into account the spin-orbit 

interaction or the tetragonal distortion. Notably, these calculations demonstrate that our 

expectation of both band curvature, and hence reduced carrier mass, and band gap depends on the 

structure we assign to these solids. 

20 30 40 50 60
Angle (2 Theta)

Zn3As2

160 atom unit cell 40 atom unit cell

20 30 40 50 60
Angle (2 Theta)

Cd3As2

160 atom unit cell 40 atom unit cell
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Figure 1.3. Calculated band structures derived using a tight-binding sp3 approximation based on 

a zincblende structure model (solid line) and the Lin-Chung pseudopotential model (dashed line). 

Reprinted with permission from Ref.15 Copyright 2016 American Physical Society. 
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1.2 Zn3P2 Nanocrystals 

 

To date there have been 11 reports, dating back as early as 1985, on the synthesis of zinc phosphide 

nanocrystals (Table 1.1).8, 32-41 

Table 1.1. Summary of Zn3P2 nanocrystal syntheses. Species in brackets are the active species formed in-situ. 

P precursor Zn precursor Temperature (°C) Solvent / Additive Results 

PBr5 [(PH)x] ZnCl2 [Zn0] 200 OLA, LiBH4 6 nm polydisperse crystalline 
particles41 

TOP ZnMe2 I: 320, G: 350 1-ODE, TOP 9 nm crystalline nanoparticles36 
  I:320, G: 348 1-ODE, TOP 3-7 nm crystalline 

nanoparticles37 

HPtBu2 ZnMe2 150 or 250 TOPO, TOP 4 nm particles of mixed 
crystallinity33 

  167 4-ethylpyridine 4 nm particles of mixed 
crystallinity33 

P4 ZnCl2 [Zn0 NPs] 60 THF, toluene, sodium 
naphthalenide, TOP 

1-5 nm particles, no structural 
data34 

  60 THF, toluene, sodium 
naphthalenide, TOA 

2-10 nm particles, no structural 
data34 

PH3 Zn(ClO4)2 varied H2O, sodium 
hexametaphosphate 

1-2 nm particles, no structural 
data32 

 ZnEt2 20-80 1-ODE, TOP 5 nm particles of ambiguous 
crystallinity35 

 Zn(N(SiMe3)2)2 20-80 1-ODE, TOP No physical characterization35 
P(SiMe3)3 Zn(OMe)2 Not Given Not Given 4-7 nm polydisperse 

amorphous particles8 
 Zn(OCHMeCH2NMe2)2 Not Given Not Given 2 nm polydisperse amorphous 

particles8 
 Zn(St)2 20-80 1-ODE, TOP 5 nm particles of ambiguous 

crystallinity35 
 ZnMe2 I: 20, G: 150 TOP 15 nm crystalline particles37 
 ZnEt2 300 1-ODE, HDA 3-9 nm crystalline particles39 
 Zn(OA)2, ZnEt2 

[[Zn5(OA)6(Et)4]] 
I: 100, G: 255-315 1-ODE 3 nm crystalline particles38 

 Zn(OA)2, ZnEt2 
[[EtZnP(SiMe3)2]3] 

I: 100, G: 315 1-ODE, Na(OA) 5 nm crystalline particles40 

OLA, oleylamine; 1-ODE, 1-octadecene; TOP, trioctylphosphine; TOPO, trioctylphosphine oxide; NPs, nanoparticles; TOA, 
trioctylamine; St, stearate; HDA, hexadecylamine; OA, oleate; I, inject; G, grow 

 

Syntheses of Zn3P2 have implemented phosphorus precursors ranging between 8 oxidation 

states (5+ to 3–). Early reports were only able to produce materials of low crystallinity or with 

limited available structural characterization. However, the electronic structure of the resulting 
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particles has been shown to vary considerably as a function of the synthetic conditions. The earliest 

report produced clusters with an excitonic transition at 300 nm, but precursor reactivity limited 

particle size to 1-2 nm; these particles displayed weak photoluminescence (PL), but no quantum 

yield (QY) was given.32 Green and O’Brien reported a synthesis of 4 nm particles with a broad 

excitonic feature below 500 nm, but further analysis of these particles indicated the sample was 

polydisperse and had poor crystallinity. These particles displayed size tunable PLwith a reported 

Stokes shift of at least 0.18 eV (for 4-ethylpyridine capped QDs) or at least 0.6 eV (for TOPO 

capped QDs); again no QY was reported.33 More recently there have been several reports of 

solution absorption data without a clear excitonic feature either indicating that these samples are 

perhaps no longer highly quantum confined or are characterized by broad ensemble size 

distributions.35-36, 39-40 These reports either do not mention the PL, or show tunable emission with 

QYs below 3%. Our lab has reported the synthesis of 3 nm particles with a size dependent excitonic 

transition that could be tuned between 424 and 535 nm based on slight variations in particle size.38 

These particles displayed size independent PL that was attributed to recombination from a trap 

state to the valence band, with a QY of around 1%. A unique feature of this synthesis is the 

generation of metal-rich nanocrystals passivated by a shell of Z-type zinc carboxylates instead of 

weaker L-type ligands (neutral Lewis bases), such as trioctylphosphine or an amine, which likely 

influences the electronic structure of these particles and is perhaps why these particles displayed a 

size tunable excitonic transition.42  

Prior to 2013, no report on the synthesis of Zn3P2 nanocrystals reported powder X-ray 

diffraction (PXRD) data.8, 32-34 Later reports have shown some differences in the observed 

crystallinity of the resulting particles. Figure 1.4 shows three examples of reported PXRD data of 

Zn3P2 nanocrystals. Figure 1.4A shows a Zn3P2 pattern unusually similar to ZnO besides a peak at 
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19 2T, which is not the typical reported pattern for bulk α-Zn3P2.35 The authors report that as the 

synthesis progresses the intensity of this peak changes, indicating that the particles are most likely 

shelled by ZnO. In our report of 3 nm Zn3P2 quantum dots we show the PXRD data with a 

comparison to the 40 atom tetragonal zinc phosphide pattern (Figure 1.4B), but the intensity of the 

major <400> reflection is diminished, which we hypothesized could be due to the very small size 

of these particles as well as potential surface strain induced from the strongly binding Zn(O2CR)2 

surface ligands.38 For reference, a 1 nm diameter spherical particle has enough volume for 70% of 

one unit cell—however this accounts for total volume, not complete number of tetragonal cells 

that could fit in a sphere so the disparity is even worse. Therefore, if the particles are extremely 

small, it is unlikely that the PXRD pattern would match that of bulk zinc phosphide regardless of 

crystallinity. Lastly, many reports show a complete match between the PXRD of their nanocrystals 

and bulk Zn3P2 (Figure 1.4C). These particles are for the most part >4 nm in diameter and/or 

synthesized with weakly bound surface ligands.36-37, 39-41 What these reports show is that it is 

possible to make structurally unambiguous zinc phosphide nanocrystals, but they must be large 

enough, or without strain, to not cause deviations in the structure.  
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Figure 1.4. Representative PXRD data for (A) ZnO@Zn3P2,35 (B) small (3 nm), strained Zn3P2 

quantum dots,38 and (C) Zn3P2 nanocrystals of varying size (5-9 nm) that match well with the bulk 

powder pattern.39 (A) was reprinted with permission from Ref.35 Copyright 2013 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. (B) was reprinted with permission from Ref.40 Copyright 

2016 American Chemical Society. (C) was reprinted with permission from Ref.39 Copyright 2015 

American Chemical Society. 

 

Phosphorus NMR spectroscopy, both solid and solution state, has been utilized to 

characterize both the final structures as well as the precursor conversion reactions involved in the 

synthesis of these nanocrystals. Figure 1.5 highlights examples of using 31P magic angle spinning  

(MAS) NMR to characterize Zn3P2. The bulk 31P MAS NMR spectrum of Zn3P2 has 3 distinct 

peaks, two of which overlap at room temperature consistent with the 40 atom tetragonal unit cell 

(Figure 1.5A).43 Buriak and co-workers were able to use 31P MAS NMR to characterize the amount 

of P(0), P(3+), and P(3–) present in their samples when TOP was used as the phosphorus source 

to synthesize 6.5 nm particles (Figure 1.5B) or when P(SiMe3)3 was used to synthesize 15 nm 

particles (Figure 1.5C).37 What these two spectra show is that by changing the phosphorus 

precursor from TOP to P(SiMe3)3 the amount of oxidized phosphorus and P(0) shell observed 

dramatically decreased. They were also able to identify both peaks characteristic of bulk Zn3P2 in 

their samples. Our lab has shown that we can monitor the growth of 3 nm Zn3P2 seeds, with 

A) B) C)
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observable strain in the PXRD, into larger 5 nm particles that better match both the NMR and 

PXRD properties of bulk zinc phosphide (Figure 1.5D).40 This data shows that as these particles 

grow the phosphorus environment approaches that of the bulk structure, suggesting particles with 

diameters > 4 nm can support the complex defect structure of the tetragonal lattice. 

 

Figure 1.5. 31P MAS NMR spectra of (A) bulk Zn3P2, spinning side bands labeled with a prime 

symbol,43 (B) 6 nm particles synthesized with TOP,37 (C) 15 nm particles synthesized with 

P(SiMe3)3, and (D) the growth and crystallization of particles synthesized with P(SiMe3)3 where 

the dashed lines represent the bulk Zn3P2 31P NMR spectrum.40 (A) was reprinted from Ref.43 

Copyright 1992 with permission from Elsevier. (B) and (C) were reprinted with permission from 

Ref.37 Copyright 2014 American Chemical Society. (D) was reprinted from Ref.40 Copyright 2016 

American Chemical Society. 

 
NMR spectroscopy has not only been used to study the environment of phosphorus atoms 

in the core and on the surface of the synthesized particles, but also to track the precursor conversion 

chemistry during the synthesis (Figure 1.6).38, 40 P(SiMe3)3 has been the most common phosphorus 

precursor for zinc phosphide synthesis given it is reactive, in the correct oxidization state, and is 

A) B)

C)

D)
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an easily handled liquid. However, we have shown that the reactivity between P(SiMe3)3 and either 

alkyl zinc species or zinc carboxylates is slow.38 The precursor reactivity can be enhanced by 

having both alkyl zinc and zinc carboxylates present in the reaction mixture.38, 40 NMR 

spectroscopy shows the formation of two different molecular intermediates prior to the formation 

of Zn3P2 quantum dot nucleation when P(SiMe3)3, ZnEt2, and Zn(O2CR)2 are combined.37-38, 40 

Depending on the ratio of zinc precursors, the speciation differs, which leads to a change in the 

final particle size.40 Figure 1.6A shows that in the presence of 3:1.5 Zn(O2CR)2:ZnEt2, the zinc 

precursors react first to form a [Zn5(O2CR)6(Et)4] cluster which then rapidly reacts with P(SiMe3)3 

prior to nucleation.38, 44 Figure 1.6B shows that in a mixture of 0.2:1.5 Zn(O2CR)2:ZnEt2, the Zn5 

cluster does not form and instead [EtZnP(SiMe3)2]3 is generated, which converts at a much slower 

rate as compared with the phosphorus containing intermediate generated using more Zn(O2CR)2.40, 

45 These examples of NMR spectroscopic characterization serve to demonstrate the power of 

tracking and identifying the fate of the phosphorus atoms in these syntheses to better characterize 

the reaction mechanisms and to determine how the particles evolve during growth. Additionally, 

NMR can be used to study ligand exchange on QD surfaces to gain insight into how different 

ligand motifs impact the physical and electronic structure, of which there is a single report by 

Buriak and co-workers specifically examining particles ligated with TOP, will be an invaluable 

step forward in expanding the fundamental understanding of these particles.46 
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Figure 1.6. (A) 31P and 1H NMR spectra showing the formation of [Zn5(O2CR)6(Et)4] and 

(Et2Zn)P(ZnAc)2(SiMe3) prior to 3 nm Zn3P2 quantum dots.38 (B) 31P NMR showing the 

conversion of P(SiMe3)3 (–252 ppm) into [EtZnP(SiMe3)2]3 (–247 ppm) which could be used to 

either grow on Zn3P2 seeds or independently nucleate 5 nm particles where the numbers above the 

peaks represent the relative integrations of the amount of each present.40 (A) was reproduced from 

Ref.38 with permission from The Royal Society of Chemistry. (B) was reprinted with permission 

from Ref.40 Copyright 2016 American Chemical Society. 

 

There have been several reports of bulk Zn3P2 utilized in heterojunction devices.47-50 

However, there is only one report on the use of colloidal nanocrystals being used in such a device36 

and two reports demonstrating a proof of principle experiment where Zn3P2 nanocrystals could be 

used to generate electricity from light.35, 38 This collection demonstrates that the body of literature 

on colloidal zinc phosphide has primarily focused on designing the synthesis and understanding 

the structure and properties of the resulting particles instead of their translation to practical device 

application. 

 

 

A) B)
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1.3 Cd3P2 Nanocrystals 

 

 The development of cadmium phosphide nanocrystals has followed a similar trajectory to 

Zn3P2 and also dates back to 1985 (Table 1.2).32, 51-64 

 

Table 1.2. Summary of Cd3P2 nanocrystal syntheses. Species in [ ] are the active species formed in-situ. 

P Precursor Cd Precursor Temperature 
(°C) 

Solvent / Additive Results 

TOP [Na3P] CdCl2 250 DMF, TOP 20-30 nm crystalline (hexagonal) 
particles57 

 Cd(Ac)2 250 DMF, TOP 20-30 nm crystalline (hexagonal) 
particles57 

[MeCdPtBu2]3 [MeCdPtBu2]3 90-250 TOPO, TOP 5 nm particles matched to Cd3P2 by TEM 
and IR54 

  167 4-ethylpyridine 4 nm particles, no PXRD observed55 

Cd[P(SiMe3)2]2 Cd[P(SiMe3)2]2 20 methanol Amorphous material, no size reported51 
Cd[P(SiPh3)2]2 Cd[P(SiPh3)2]2 I: 20 G: 60 toluene or pyridine, 

methanol 
3-4 nm particles of low crystallinity52 

Cd3P2 MSCs Cd3P2 MSCs + HOA 150, 180 1-ODE, TOP, OLA 2 nm crystalline particles63 
InP MSCs Cd(O2CR)2 20 toluene and MeCN Small MSCs64 

PH3 Cd(ClO4)2 varied H2O, sodium 
hexametaphosphate 

1-4 nm particles (estimate), no structural 
data reported32 

 Cd(O2CCH2CH3)2 20 n-propanol, MMA, 
TEA 

2.7 nm crystalline (ED, not shown) 
particles*53 

 CdO [Cd(OA)2] 120-250 1-ODE 2-6.5 nm crystalline (cubic, Cd6P7) 
particles61 

 CdO [Cd(OA)2 + 
HOA] 

120 1-ODE Small MSCs63 

P(SiMe3)3 Cd(Ac)2 
[Cd(Ac)(OA)] 

I: 40, G: 240 1-ODE Small MSCs, PXRD did not resemble 3D 
structure56 

 CdO [Cd(OA)2] 25-150 1-ODE, TOP, OLA 3.5-4.5 nm crystalline (cubic) particles58 
 CdO [Cd(OA)2 + 

HOA] 
I: 230, 
G: 250 

1-ODE 1.6-12 nm crystalline (2 peaks in the 
PXRD) particles59 

  I: 210, 
G: RT 

1-ODE 3nm crystalline (tetragonal) particles62 

 Cd(O2CCH3)2(OAm)x 30 toluene 4-7 nm crystalline (2 peaks in the PXRD) 
particles60 

TOP, trioctylphosphine; Ac, O2CCH3; TOPO, trioctylphosphine oxide; MSCs, magic-sized clusters; HOA, oleic acid; 1-ODE, 1-
octadecene; OLA, oleylamine; MMA, methyl methacrylate; TEA, triethylamine; ED, electron diffraction; OA, oleate; OAm, 
octylamine; I, inject; G, grow 
*Report mentions additional reaction parameter which yielded nanoparticles, but no specific details are given 
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Synthesis of cadmium phosphide has been accomplished with phosphorus precursors 

ranging between 6 oxidization states (3+ to 3–). Sodium was necessary to reduce trioctylphosphine 

(P in the 3+ oxidization state) to an active P3- source.57 For the use of cadmium diorganophosphide 

precursors (P in the 1+ oxidization state), it was found that the organic groups on the phosphorus 

must have β-hydrogens in order to yield Cd3P2 rather metallic cadmium.55 It was found that it was 

possible to form Cd3P2 nanoparticles using cadmium disilylphosphido dimers (P in the 3– 

oxidization state) through an alcoholysis mechanism.51-52 Notably, the analogous zinc dimers could 

not be used in the synthesis Zn3P2.51 Additional studies have reported making varying sizes of 

nanoparticles using PH3 or P(SiMe3)3 (both with P in the 3– oxidization state) with a metal 

carboxylate (either cadmium acetate or cadmium oleate).32, 53, 56, 58-62, 65 While using alkyl zinc 

reagents is common in the zinc phosphide literature, there have been no literature reports using 

CdMe2 as the cadmium precursor towards Cd3P2 nanocrystals. 

 Cadmium phosphide magic sized clusters (MSCs) have also been synthesized and 

examined as single source precursors for Cd3P2 nanocrystal synthesis.63 These clusters were first 

synthesized and studied by Wang et al.,56 and have also been accessed through cation exchange 

starting from InP MSCs.64 While cadmium phosphide MSCs were first isolated and characterized 

in 2009, it was not until 2014 that their use as a single-source precursor towards the synthesis of 

cadmium phosphide nanoparticles was demonstrated.63 MSCs of Cd3P2 have also been identified 

in the early time points of a synthesis of cadmium phosphide nanoparticles suggesting that the 

MSCs may be intermediates that  build up in concentration during the synthesis of Cd3P2 under 

select conditions.7, 61 

Similar to what has been seen for zinc phosphide, there has been a range of PXRD data 

reported for Cd3P2 nanocrystals (Figure 1.7). Structure types assigned by PXRD have included 
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hexagonal, cubic (Cd6P7), and tetragonal. Among the reports suggesting a tetragonal structure, data 

have varied in terms of agreement with the bulk pattern, again likely because of the small crystal 

size and the presence of strain leading to deviations from the bulk 40 atom unit cell. This 

discrepancy appears to be consistent with the reported 31P MAS NMR data showing the lack of 

agreement compared to the bulk spectrum. 

 

Figure 1.7. Representative experimental PXRD of Cd3P2 nanocrystals that are reported to be the 

(A) hexagonal unit cell,57 (B) cubic unit cell,58 (C) partial tetragonal unit cell,60 and (D) complete 

tetragonal unit cell. Note that the data in (D) was collected using cobalt, not copper, as the X-ray 

source.62 (A) was reprinted from Ref.57 Copyright 2009 with permission from Elsevier. (B) was 

reprinted with permission from Ref.58 Copyright 2010 American Chemical Society. (C) was 

reprinted with permission from Ref.60 Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (D) was reprinted with permission from Ref.62 Copyright 2012 American Chemical 

Society. 

A) B)

C) D)
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The 31P MAS NMR spectrum of bulk Cd3P2 has three peaks at –140, –162, and –178 ppm 

which is expected for a tetragonal unit cell.43 The MSCs isolated by Yu and co-workers were 

characterized by a singlet at –366.3 ppm in the 31P NMR spectrum.56 This indicates the structure 

of these clusters is very different from that of bulk Cd3P2. Reports of 31P MAS NMR spectra of 

crystalline Cd3P2 nanoparticles show a 31P chemical shift at –227 ppm (–240 ppm in solution)52 or 

–263 ppm.60 This discrepancy in peak position could either be due to a difference in crystal phase, 

chemical environment, or due to quantum confinement.66 Unlike Zn3P2, there have been no reports 

of cadmium phosphide nanocrystals with a 31P MAS NMR pattern matching that of the bulk 

tetragonal material. 

Even though the structure of Cd3P2 nanocrystals deviate from the bulk, their electronic 

structure is extremely well behaved. Photoluminescence quantum yields have been reported to be 

as high as 70%59 and when shelled with ZnS, Ojo et al. have reported air stable quantum yields of 

approximately 50%.60 Not only have very high quantum yields been reported, but the size 

dependent PL maximum can be tuned to cover the entire visible and NIR range (450-1500 nm, 

Figure 1.8).59 Kietzmann et al. showed that small cadmium phosphide QDs attached to TiO2 

particles through wet chemical routes were able to inject excited electrons with a time constant 

less than 1 picosecond.67 With regard to device applications, Cd3P2 QDs have also demonstrated a 

photoresponse, been translated into a functional solid state LED, been successfully incorporated 

into a microcavity device, and encapsulated into microspheres for use in biological imaging.58, 61, 

68-69 



16 
 

 

Figure 1.8. (A) Photoluminescence of particles ranging from <1.5 nm to 7.6 nm. (B) Relationship 

between PL peak and particle size.59 Reprinted with permission from Ref.59 Copyright 2010 

American Chemical Society. 

 

1.4 M3As2 (M: Zn, Cd) Nanocrystals 

 

Thus far, there has only been one report on the synthesis of Zn3As2 QDs.70 Our lab modified 

our previous procedure for the synthesis of Zn3P2 (vide supra) to obtain 3 nm zinc arsenide QDs. 

In this report, we were also able to access (CdyZn1-y)3As2 alloys through the replacement of 

Zn(OA)2 with Cd(O2CCH3)2 in the synthesis (Figure 1.9). Evidence for alloying was provided by 

dramatic shifts in the excitonic transition to lower energy at a constant particle size (Figure 1.9A), 

and from a combination of PXRD (Figure 1.9B) and elemental analysis. The addition of cadmium 

into the zinc arsenide lattice enhanced the PL QY from <1% (pure zinc arsenide) up to 60% (when 

25% Cd(O2CCH3)2 was used).70 
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Figure 1.9. (A) UV-Vis, PL, and (B) PXRD data of the nanocrystals obtained when 0 – 35% 

percent of the zinc oleate was replaced with cadmium acetate compared to bulk patterns of Zn3As2 

and Cd3As2 (PDF 01-089-3431 and 73-809 respectively).70 *ZnO impurity (PDF 01-074-0534) 

arises from decomposition of unreacted zinc carboxylate under these conditions.71 
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Despite the dearth of synthetic methods for Zn3As2 nanocrystals, Cd3As2 has garnered more 

attention, most likely because of the better matched reactivites of the utulized cadmium and arsenic 

precursors (Table 1.3).63, 72-76 

Table 3. Summary of Cd3As2 nanocrystal syntheses. Species in [ ] are the active species formed in-situ. 

As Precursor Cd Precursor Temperatur
e (°C) 

Solvent / Additive Results 

As(NMe2)3 CdCl2 I:130, 
G: 140-250 

OLA, DIBAL-H (in 
toluene) 

4.5-15 nm crystalline particles76 

[(Me3Si)2N]2AsCl Cd(Ac)2 
[Cd(OA)2 + 

HOA] 

I: 30, 
G: 230 

1-ODE, OLA 4 nm crystalline particles75 

Cd3As2 MSCs Cd3As2 MSCs + 
HOA 

120-250 1-ODE, TOP, OLA 1-20 nm crystalline particles63 

AsH3 Cd(ClO4)2  varied H2O, sodium 
hexametaphosphate 

Range of sizes, no PXRD or TEM 
reported72 

 CdO [Cd(OA)2 
+ HOA] 

120 1-ODE MSCs, no structural data reported63 

 CdO [Cd(OA)2] varied TOPO, 1-ODE 1.7-4 nm particles, no structural data 
reported74 

As(SiMe3)3 Cd(MA)2 175 1-ODE, TOP 2-5 nm crystalline particles73 

OLA, oleylamine; DIBAL-H, diisobutylaluminium hydride; Ac, O2CCH3; OA, oleate; HOA, oleic acid; 1-ODE, 1-
octadecene; MSCs, magic sized clusters; TOP, trioctylphosphine; MA, myristate; I: inject; G: grow 

 

 Given the lack of alternative commercially available arsenic precursors in the 3– 

oxidization state, most work has been done using AsH3, either directly in the gas phase or 

synthesized in situ via the addition of a strong acid to bulk metal arsenide powders.63, 72, 74 More 

recently, innovation in precursor chemistry has led to the successful implementation of As(NMe2)3 

(a commercially available reagent with As in the 3+ oxidation state) to synthesize crystalline 

particles ranging from 4.5 to 15 nm in diameter.76 Similarly, AsCl3 has been used as a precursor 

(after chemical transformation to [(Me3Si)2N]2AsCl) leading to 4 nm crystalline particles.75 This 

chemistry only produced Cd3As2 when using Cd(OA)2 as the source of Cd2+, whereas the use of 

CdCl2 or Cd(O2CCH3)2 resulted in the formation of Cd0. 

 Unlike the metal phosphides, there is only one procedure that utilizes the tris(trimethylsilyl) 

precursor to synthesize 2-5 nm crystalline particles.73 This is most likely due to the fact that unlike 
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P(SiMe3)3, the arsenic analogue is not commercially available. This procedure relied on an initial 

rapid injection of As(SiMe3)3 into a hot solution of Cd(OA)2, followed by a slow continuous 

injection of more As(SiMe3)3 to modulate growth. Based on calculations on the change in volume, 

the authors found that all subsequent growth was due to the slow addition of As(SiMe3)3 and not 

due to Ostwald ripening.73 Figure 1.10 shows the wide range of excitonic absorption and PL (530 

– 2000 nm) that was achieved through modulation of how much As(SiMe3)3 was added during the 

second injection step.73 

 

Figure 1.10. Absorption (A) and emission (B) spectra from 11 aliquots removed from a single 

synthesis of Cd3As2. Sizes range from 2 nm to 5 nm. Reprinted with permission from Ref.73 

Copyright 2011 American Chemical Society. 
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Based on all the reported PXRD data, there is good agreement between the structure of the 

nanocrystals and that of the tetragonal M3As2 structure. However, in terms of whether the data 

agree better with the 40 or 160 atom unit cell (Figure 1.2B) is a point of debate. Three reports on 

Cd3As2 compare their data to the 160 atom unit cell,63, 73, 75 and one report compares their data to 

the 40 atom unit cell.76 Our lab also found that for Zn3As2, our PXRD compared better to the 40 

atom unit cell.70 Given the similarity in the 40-atom and 160-atom unit cell powder patterns and 

given how broad the diffraction peaks are for these small nanocrystals, coalescence around a single 

structure type may not be possible. 

Cadmium arsenide QDs are extremely luminescent with the maximum reported QY of 85% 

for a sample emitting at 900 nm.73 Harris et al. were also able to replace As(SiMe3)3 with P(SiMe3)3 

to grow a Cd3P2 shell on their Cd3As2 QDs. While this shell was able to preserve the PL in water 

(~1%) as well as increase the shelf-life, the authors observed shell deterioration over time.73 Fojtik 

et al. were able to synthesize their particles in aqueous media with a QY of 10%.72 While the 

optical properties of these materials are very promising, there is only one report of examining the 

photoresponse of a film of Cd3As2 on ITO in an ITO/QD/metal architecture with a 15 times current 

enhancement under AM1.5 illumination and a 5.0 V bias.63 In another notable application of this 

material, Beberwyck and Alivisatos were able to take pre-formed Cd3As2 QDs and, through a 

cation exchange procedure, produce high quality GaAs and InAs QDs.62  
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1.5 Conclusions and Outlook 

 

 While robust syntheses of Zn3P2, Cd3P2, Zn3As2, and Cd3As2 exist to produce nanocrystals 

over a range of sizes, the resulting structures are poorly understood and the relationship between 

nanocrystal size and material structure remains underdeveloped. Given the complexity of the 

tetragonal unit cells of this material class, structural variations likely occur at small domain sizes 

as complex defect structures are unlikely to be supported. This leads to an interesting question on 

how the variation in physical structure may impact the electronic structure of these materials and 

at what crystal size these properties converge with the bulk materials. Given the somewhat limited 

utility of traditional X-ray diffraction analysis of these complex defective structures when small 

domain sizes are involved, coupling such measurements with solid-state NMR and X-ray 

absorption spectroscopic analysis would be beneficial. Theoretical models of structure variation 

as a function of crystal size would also be an excellent complement to the growing body of 

experimental knowledge. 

 In terms of synthetic strategies, there has been significant innovation in methodologies for 

the formation of colloidal II-V semiconductor nanocrystals that make use of phosphide and 

arsenide reagents that span a wide range of oxidation states. In general, synthetic strategies for the 

zinc-based materials are more limited than for the analogous cadmium-based materials likely due 

to the large disparity in reactivity between traditional zinc and cadmium precursors with 

conventional pnictide sources. For Zn3P2, Cd3P2, and Cd3As2 a range of sizes are accessible from 

a single synthesis: 3-9 (Zn3P2), 1.6-12 (Cd3P2), and 1-20 nm (Cd3As2). Interestingly the mechanism 

for these three reactions are notably different and no generalizable synthetic strategy has yet been 

devised. For Zn3P2, this tunable synthesis was achieved by simultaneously injecting P(SiMe3)3 and 
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ZnEt2 into a hexadecylamine/1-ODE solution at 300 °C.39 A range of sizes was achieved for Cd3P2 

by varying the concentration of oleic acid used to convert CdO to Cd(OA)2 followed by the 

injection of P(SiMe3)3 at 230 °C and heated up to 250 °C.59 With respect to Cd3As2, the size range 

was achieved by injecting Cd3As2 MSCs into a mixture of 1-ODE/TOP/OLA and grown at various 

temperatures.63 Preliminary work on using Cd3P2 MSCs with the same synthetic conditions yielded 

roughly 2 nm particles with little difference in diameter.63 There have not been any reports of zinc 

pnictide MSCs, which could potentially serve as a valuable alternate route way to synthesize these 

materials via single-source precursors. Developing an understanding of the detailed mechanisms 

by which II-V nanocrystals grow and of how their defect structures evolve would likely lead to 

progress in the development of a generalizable synthetic strategy for II-V materials. In addition, 

exploration of precursor libraries that span a range of reaction rates could also aid in developing 

kinetically controlled crystallization strategies. Finally, gaining insight into how different ligand 

motifs impact the physical and electronic structure of colloidal II-V nanocrystals is an area ripe 

for development. Comprehension gained from such studies on synthesis, mechanism, and surface 

chemistry will enable the practical application of these nanocrystals in a host of optoelectronic 

technologies given the broad range of band gaps, from the UV down to 0 eV, spanned by this class 

of semiconductors. 
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Chapter 2. Ternary Synthesis of Colloidal Zinc Phosphide Quantum Dots 

 

2.1 Introduction 

 

Rising global energy demands and diminishing fossil fuel reserves necessitate innovation 

in alternative energy sources.  Solar radiation is promising given it is environmentally benign and 

abundant, but the high cost of solar cell fabrication and materials, particularly high quality 

crystalline silicon, prevents wide-spread deployment into the power grid.1-2 A recent cost-benefit 

analysis was performed on 23 semiconducting materials with electronic structures suitable for 

photovoltaic applications to determine possible alternatives to crystalline silicon. The study used 

the earth abundance of the semiconducting materials, raw material extraction costs, and theoretical 

efficiency of solar energy conversion based on band gap to determine their energy production 

potential.  Of the 23 materials examined, nine were found to have the capacity to meet or exceed 

annual worldwide electricity consumption with a significant cost-reduction over crystalline 

silicon.3 Among the most promising of these nine materials was zinc phosphide.  

Zinc phosphide (Zn3P2) is ideally positioned as a next generation photovoltaic material as 

it has a direct band gap of 1.50 eV, which allows it to absorb a high percentage of the solar 

spectrum.4 Zinc phosphide also has a high extinction coefficient,5 and a long minority-carrier 

diffusion length (5-10 μm); properties that are desirable in efficient photovoltaic materials.6 High-

quality epitaxially grown Zn3P2 was first reported in 1992,7  and heterojunction optoelectronic 

devices made with zinc phosphide have been fabricated, demonstrating the viability of industrial 

scale development of zinc phosphide semiconductor technologies.8-11 However, for cost-effective 



33 
 

large-scale synthesis, solution processable device fabrication, and control over the optical and 

electronic band gap, a colloidal quantum dot (QD) synthesis is desirable.12-13 

As of 2014, there have been seven accounts of colloidal syntheses of Zn3P2.14-20 The earliest 

study showed formation of zinc phosphide clusters with a distinct lowest energy excitonic 

transition (LEET) at 300 nm, indicative of relatively uniform crystalline particles, with an 

approximated 1 nm diameter. However, larger particles could not be obtained by this method.14 

Green and O’Brien describe a synthesis that gives a broad excitonic feature below 500 nm, but 

analysis showed a high degree of polydispersity and a mixture of crystalline and amorphous 

material.16 Recent investigations have yielded zinc phosphide with no clear excitonic features in 

the absorption spectra and conflicting powder diffraction data, suggesting isolation of different 

crystal phases of zinc phosphide with a broad size distribution and lack of quantum confinement.18-

19 These inconsistencies highlight the need for new, robust, and reproducible synthetic methods to 

obtain colloidal zinc phosphide quantum dots that are phase-pure, absorb in the visible region of 

the electromagnetic spectrum, and have low polydispersity.21  

The reported synthetic approaches to colloidal zinc phosphide utilized a zinc precursor 

(zinc perchlorate,14 zinc alkoxide,15 zinc nanoparticles,17 dialkylzinc,16, 18-20 zinc stearate,18 or zinc 

silylamide18), a phosphorus precursor (phosphine gas,14, 18 tristrimethylsilylphosphine,15, 18, 20 

ditertbutylphosphine,16 white phosphorus,17 or trioctylphosphine19-20), and excess ligands such as 

hexametaphosphate,14 pyridine,15-16 trioctylphosphine,16-20 or stearate.18 This chapter discusses a 

novel synthesis that relies on the in situ generation of a highly reactive pentanuclear zinc cluster 

from ZnEt2 and Zn(O2CR)2 (R = (CH2)12CH3 [MA] or C(CH2)7CH=CH(CH2)7CH3 [OA]) followed 

by its in situ reaction with P(SiMe3)3 to generate (Et2Zn)P(ZnO2CR)2(SiMe3) prior to conversion 

to zinc phosphide. The molecular precursor conversion is probed using 1H and 31P{1H} NMR 
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spectroscopy. Through control of the reaction temperature during nanocrystal growth, crystalline 

particles with clear excitonic transitions in the visible are obtained. Detailed characterization of 

the structure and composition of the resulting zinc-rich zinc phosphide nanocrystals by HRTEM, 

TEM, ICP-OES, TGA, NMR, and powder XRD are presented. 

 

2.2 Results and Discussion 

 

2.2.1 General Synthetic Strategy and Optical Properties of the Resulting Quantum Dots 

 

 Our strategy to avoid the difficulties in forming this covalent material was to pre-form a 

cluster containing Zn−P bonds, with initial focus on silylphosphine and alkylzinc reagents inspired 

by an unusual Zn6P4 cluster observed by Arno Pfitzner and co-workers.22 Our best results were 

obtained by injecting a mixture of ZnEt2 and P(SiMe3)3 into Zn(O2CR)2 at 100 °C followed by 

heating to the growth temperature (Scheme 2.1). UV-vis spectra of timed aliquots for a typical 

synthesis (Figure 2.1A) show the progression of the LEET as a function of temperature and time. 

Particles with a clear excitonic feature only formed when utilizing this heat-up method and all 

three precursors (Figure 2.2). 

 

Scheme 2.1 Synthesis of zinc-rich zinc phosphide quantum dots from ZnEt2, Zn(O2CR)2 where R 

is (CH2)12CH3 or (CH2)7CH=CH(CH2)7CH3, and P(SiMe3)3. 
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Figure 2.1. (A) UV-Vis spectra showing the temporal evolution of zinc phosphide quantum dots 

formed using Scheme 1. (B) Absorbance and room temperature photoluminescence of isolated 

zinc phosphide quantum dots. 

 

Figure 2.2. 60 minute trace for a 0.2 mmol P(SiMe3)3 reaction where ZnEt2 was not used. 

  

The position of the final LEET is dependent on the final growth temperature achieved and 

ranged from 424 to 535 nm, with absorption onsets extending beyond 600 nm (Figure 2.3).23  
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Figure 2.3. Final temperature effect on LEET for particles synthesized by Scheme 2.1 and 

modulating the final temperature (200-315 °C). Each synthesis used 0.2 mmol P(SiMe3)3 and was 

repeated three times. 

 

Photoluminescence (PL) was observed for all samples grown to temperatures ≥ 255 °C and was 

red shifted from the absorbance peak by at least 0.37 eV (Figures 2.1B) and was independent of 

the energy of the LEET. The red shift in fluorescence and the lack of correlation of the emission 

profile from the absorption maxima suggests luminescence from mid-gap trap states.18 The PL 

quantum yields were around 1%, typical of related metal phosphide systems.18, 24-25 

 Experiments probing the effect of concentration on the synthesis indicated that a lower 

total concentration dramatically increased the energy of the LEET (Figure 2.4). This is in line with 

classical nucleation theory whereby a greater fraction of the available monomer reserves is 

consumed during the nucleation event leaving less available monomers for further growth in a low 

total concentration scenario.26-27 
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Figure 2.4. Concentration effect on absorption of particles grown to 315 °C, determined by 

altering the amount of reagents and keeping the total volume (8 grams of 1-ODE) the same to 

preserve the ramp rate. 

 

2.2.2 Probing the Precursor Conversion with NMR Spectroscopy 

 

 NMR experiments were conducted to elucidate the mechanism of precursor conversion and 

to understand the synergistic role of using two different zinc precursors. A series of control 

experiments were first performed to determine the individual roles of each molecular precursor. 

When P(SiMe3)3 and ZnEt2 were combined in C6D6 in a J-Young tube, the 1H and 31P{1H} NMR 

spectra reveal no change over the course of 24 hours at room temperature. There is also no change 

at 80 °C over the course of one hour (Figure 2.5). These results suggest that P(SiMe3)3 does not 

directly react with ZnEt2 under these conditions. In C6D6, P(SiMe3)3 and Zn(O2CR)2 react over the 

course of hours (half-life of 5 hours for R = CH3) at room temperature and do not form any 

resolvable phosphorus containing intermediates (Figure 2.6). Zinc carboxylates and diethyl zinc, 
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however, are known to react to form [Zn5(O2CR)6(Et)4] clusters in non-coordinating solvent, and 

we have identified this species in our the 1H NMR data (Figure 2.7).28 When P(SiMe3)3 is 

combined with this pre-formed zinc cluster, it reacts on the order of minutes (half-life of < 5 

minutes) to form a phosphorus-containing intermediate with a chemical shift of −276 ppm (Figure 

2.8). 

 

Figure 2.5. 1H NMR spectra of a control mixing 1.5 ZnEt2 and 1 P(SiMe3)3 showing no reaction 

between these two species in C6D6 at room temperature or even 80 °C. The triplet at 1.19 and 

quartet at 0.19 ppm are from ZnEt2 and the doublet at 0.29 is from P(SiMe3)3. 

P(SiMe3)3 ZnEt2ZnEt2

Initial

2 hours

24 hours
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Figure 2.6. 1H and 31P{1H} NMR spectra of a control showing 3 Zn(O2CCH3)2 and 1 P(SiMe3)3 

reacting very slowly over the course of hours. The half-life was determined to be around 5 hours. 

 

Figure 2.7. 1H NMR data showing the formation of [Zn5(O2CCH3)6(Et)4] by mixing 3 

Zn(O2CCH3)2 and 1.5 ZnEt2 in C6D6 at room temperature. 

15 minutes

125 minutes

180 minutes

17 hours

2 days



40 
 

      
Figure 2.8. 1H and 31P{1H} NMR spectra showing the very fast reaction (half-life <5 minutes) 

between [Zn5(O2CCH3)6(Et)4] and P(SiMe3)3 in C6D6 at room temperature. 

 

To probe the molecular transformation of all three precursors, Zn(MA)3, P(SiMe3)3, and 

ZnEt2 were mixed in a J-Young tube at room temperature in C6D6 and was monitored by 31P{1H} 

and 1H NMR spectroscopy. The time resolved 31P{1H} NMR spectra show the disappearance of 

the P(SiMe3)3 singlet at −252 ppm along with the concomitant appearance of a new singlet at −276 

ppm, which suggests that P(SiMe3)3 is converting to a new molecular species over the period of 

hours at 22 °C (Figure 2.9). The 1H NMR spectra are difficult to analyze due to the overlapping 

peaks from the myristate ligands, however the complexity of the 1H NMR spectra can be 

significantly reduced by replacing Zn(MA)2 with Zn(O2CCH3)2. 
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Figure 2.9. 31P{1H} NMR data showing the room temperature reaction between 3 Zn(MA)2, 1.5 

ZnEt2, and P(SiMe3)3. 

 

When Zn(O2CCH3)2, P(SiMe3)3, and ZnEt2 are combined in C6D6 in a J-Young NMR tube 

at room temperature, the reaction mixture is initially heterogeneous due to the insolubility of 

Zn(O2CCH3)2 in C6D6, but becomes homogenous over time. The time resolved 31P{1H} NMR 

spectra show the formation and disappearance of a singlet at −276 ppm, as observed when using 

Zn(MA)2 (Figure 2.10A). This reaction also has a corresponding resolvable 1H NMR spectrum 

which shows the formation and disappearance of the proposed phosphorus-containing intermediate 

in addition to the pentanuclear [Zn5(O2CCH3)6(Et)4] cluster, and the silylacetate co-product 

(Figure 2.10B). Based upon the integration of a 1H NMR spectrum taken two hours after all three 
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precursors were mixed together (Figure 2.11), we propose that the smallest unit of the long lived 

phosphorus containing intermediate is (Me3Si)P[Zn(O2CCH3)]2 with a ZnEt2 group datively bound 

(Figure 2.10C). The assignment of P-bound ZnEt2 is based on the observation of the downfield 

shift and broadening of free ZnEt2 concomitant with the appearance of the phosphorus-containing 

intermediate in addition to its subsequent shift back and sharpening on loss of this intermediate. 

There is literature precedent for related tetrahedrally-coordinated phosphorus species displaying 

31P{1H} NMR signals at −318.529 and −270.330 ppm. We were unable to isolate and purify the 

proposed (Et2Zn)P[Zn(O2CCH3)]2(SiMe3) species due to its limited lifetime and instability under 

reduced pressure. 
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Figure 2.10. (A) 31P{1H} NMR spectra showing time evolution of the zinc phosphide precursor 

conversion reactions at 22 °C. (B) 1H NMR spectra showing the corresponding time evolution of 

the zinc phosphide precursor conversion reactions at 22 °C. (C) Proposed scheme for the zinc 

phosphide precursor conversion reactions. 
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B)
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Figure 2.11. Fitting of the 125 minute time trace of the 1H NMR data of the room temperature 

reaction between 3 Zn(O2CCH3)2, 1.5 ZnEt2, and 1 P(SiMe3)3. These integrations show the 

formation of our proposed intermediate. 

 

2.2.3 Probing the Relevance of the Identified Molecular Intermediate in the Nucleation and Growth 

of the Zinc Phosphide QDs 

 

The observed intermediate with a 31P{1H} NMR peak at −276 ppm was also implicated as 

the species directly responsible for the formation of QDs in a typical heat-up synthesis. This 

intermediate was the only molecular species containing phosphorus observed by 31P{1H} NMR in 

an aliquot taken 30 seconds post injection from a typical synthesis (Figure 2.12) and no phosphorus 
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containing molecular species were observed by 31P{1H} NMR in an aliquot taken after Zn3P2 QD 

formation. These observations indicate the loss of the intermediate observed at −276 ppm by 

31P{1H} NMR directly correlates with the formation of QDs and is not a by-product of the reaction. 

 

Figure 2.12. 31P{1H} NMR spectrum of a 30 second aliquot showing that the only molecular 

species present is the intermediate at –276 ppm. The inset is a close-up of the peak showing it is 

the only molecular species present. 

 

To further support this hypothesis, a QD synthesis was performed in a J-Young tube to 

monitor the formation and disappearance of the observed molecular intermediate during QD 

formation. In this experiment, 3 Zn(MA)2, 1.5 ZnEt2, and 1 P(SiMe3)3 were mixed in 1-ODE in a 

J-Young tube and heated up in a sand bath and 31P{1H} NMR spectra were taken after the NMR 
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tube had been heated to various temperatures. This series of 31P{1H} NMR spectra show the 

growth of the intermediate species at −276 ppm followed by its gradual disappearance, suggesting 

that this species is active in QD formation and is the only long-lived phosphorous containing 

molecular precursor observable prior to QD formation (Figure 2.13). 

 

Figure 2.13. 31P{1H} data for a typical QD reaction performed in a J-Young NMR tube left at the 

labeled temperatures for 1 minute each. 

 

Further evidence in support of this hypothesis resulted from pre-mixing all three molecular 

precursors (Zn(MA)2, ZnEt2, and P(SiMe3)3) in 3 grams of 1-ODE at room temperature until 

complete conversion to the molecular species with a 31P{1H} NMR resonance at –276 ppm was 

observed (8 hours). This solution, containing the pre-formed precursor, was injected into 5 grams 
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of 1-ODE at 100 °C and heated to 315 °C. The formation of Zn3P2 QDs was observed, similar to 

a typical synthesis in which this species was not purposely pre-formed (Figure 2.14). To 

corroborate our hypothesis that the pentanuclear zinc cluster (Figure 2C) forms first in a typical 

synthesis, a QD reaction was performed in which there was a 15 minute delay between injecting 

ZnEt2 and P(SiMe3)3 into a Zn(OA)2 solution in 1-ODE in a three neck flask prior to heating up to 

315 °C (Figure 2.15). The size and spectroscopic characteristics of the particles formed in this 

experiment were within error of particles formed when ZnEt2 and P(SiMe3)3 are introduced 

simultaneously. 

 

Figure 2.14. UV-Vis spectra of aliquots taken during a reaction where the 3 precursors were 

premixed in 3 grams of 1-ODE for 8 hours to fully form the molecular intermediate prior to 

injection into 5 grams of 1-ODE and heated up to 315 °C. 
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Figure 2.15. UV-Vis data showing there is no difference in adding P(SiMe3)3 and ZnEt2 

simultaneously versus pre-forming the pentanuclear zinc cluster [Zn5(O2CCH3)6(Et)4] prior to 

injecting P(SiMe3)3. 

 

The results of these experiments are consistent with the postulate that in the ternary 

synthesis, a pentanuclear zinc cluster is initially formed via reaction of Zn(O2CR)2 with ZnEt2.  

The rate of reaction between [Zn5(O2CR)6(Et)4] with P(SiMe3)3 is greatly enhanced relative to 

ZnEt2 or Zn(O2CR)2 alone, and this reaction leads to formation of the long-lived 

(Et2Zn)P(ZnO2CR)2(SiMe3) intermediate with a 31P NMR signal at −276 ppm. This species is the 

key molecular precursor preceding nucleation and growth of the reported Zn3P2 QDs. 

 

2.2.4 Structural Characterization of the Resulting QDs 

 

Transmission electron microscopy (TEM) images were collected to determine the average 

particle size of the Zn3P2 QDs. Quantum dots grown to 315 °C (LEET at 535 nm) had an average 
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diameter of 2.9 ± 0.6 nm based upon measurements made on 300 individual particles using 

ImageJ31 (Figure 2.16, histogram found in Figure 2.17),32 while quantum dots grown to 255 °C 

(LEET at 424 nm) had an average diameter of 2.6 ± 0.5 nm (Figure 2.18). QDs grown to the two 

temperatures had average particle diameters within 0.3 nm, however the energy of the LEET from 

the UV-vis spectra differed by 0.6 eV, indicative of a high degree of quantum confinement. 

 

Figure 2.16. (Left) High resolution TEM image of a single zinc phosphide quantum dot with the 

FFT as an inset and (Right) low resolution TEM image of zinc phosphide quantum dots. 

 

Figure 2.17. Size distribution of particles grown to 315 °C in a synthesis using 0.2 mmol of 

P(SiMe3)3, which were found to have an average size of 2.9 ± 0.6 nm. 300 particles were measured. 
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Figure 2.18. (A) TEM and (B) size distribution of particles grown to 255 °C in a synthesis using 

0.2 mmol P(SiMe3)3, which were found to have an average size of 2.6 ± 0.5 nm. 300 particles were 

measured. The image contrast was increasing in Photoshop. 

 

Calculation of the expected average particle size based on the energy of the LEET using 

the Brus equation with a range of reported reduced electron and hole masses predict this behavior, 

with a maximum difference in expected radius of 0.4 nm between the two samples.33 Using the 

same range of electron and hole masses, the exciton Bohr radius of Zn3P2 was calculated to range 

between 3 and 7 nm.34 This is consistent with our assignment of the Zn3P2 prepared here as 

quantum confined semiconductor nanocrystals. Particles formed without ZnEt2 had an average 

diameter of 2.6 ± 0.5 nm (Figure 2.19), however these particles exhibit no excitonic features in the 

visible and the sample is likely largely amorphous (vide infra). High resolution TEM (HRTEM or 

phase-contrast TEM) was used to confirm the crystallinity and lattice spacing of QDs grown to 

315 °C with all three precursors. FEI TrueImage software was used to reconstruct the exit 

wavefunction using a series of images taken at different focus points. Analysis of the particle 

shown in Figure 2.16 (left) showed lattice plane spacings of 2.6 and 1.6 Å which are consistent 

with the (301) and (051) planes of the tetragonal α-Zn3P2 phase, respectively.35 
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Figure 2.19. TEM and size distribution of particles synthesized with 0.6 mmol Zn(OA)2 and 0.2 

mmol P(SiMe3)3. The average diameter was determined to be 2.6 ± 0.5 nm. 300 particles were 

measured. 

 

 Air-free X-ray diffraction (XRD) was performed by sealing a solid sample of synthesized 

particles under a Kapton® film. The collected diffraction pattern (Figure 2.20) agrees favorably 

with the pattern for Zn3P2 (tetragonal α-Zn3P2; COD 1010287). Upon air oxidization, there is a 

change in diffraction pattern indicating these particles are air sensitive (Figure 2.21). An air-free 

pattern of particles synthesized without ZnEt2 shows a very intense peak at 19° 2θ which could be 

indicative of poor crystallinity (Figure 2.22). Sherrer analysis was performed on the particles 

grown using all three precursors using both the peaks at 32° and 45° 2θ36 and yielded an average 

particle diameter of 1.1 and 2.8 nm, the second of which is consistent with the TEM data (Figure 

2.23) for a 0.4 mmol P(SiMe3)3 reaction.37-38 The peak at 32° 2θ was analyzed assuming one 

reflection was the sole cause of the intensity, which may not be the case. Also, given the small 

particle size, the surface will have a larger impact on lattice strain which would broaden the peak 

width.  
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Figure 2.20. Air-free XRD data collected from a dried sample of particles synthesized using 0.4 

mmol of P(SiMe3)3 and sealed under a Kapton film. The data was collected for four hours and 

the signal from the Kapton film was subtracted off. The data is compared to Zn3P2, ZnO, Zn, 

and P (COD 1010287, 1011258, 9012345, and 4307698). 

 

Figure 2.21. Sample used for XRD was left out in air for several weeks and was re-analyzed 

showing air oxidization had occurred. 
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Figure 2.22. Air-free XRD of particles synthesized with 0.6 mmol Zn(OA)2 and 0.2 mmol 

P(SiMe3)3. 

 

Figure 2.23. (A) TEM and (B) size distribution of particles grown to 315 ◦C in a synthesis using 

0.4 mmol P(SiMe3)3, which were found to have an average size of 3.0 ± 0.5 nm. 300 particles were 

measured. 

 

Due to the similarity in the solubility of the zinc phosphide QDs and zinc myristate, 

particles synthesized with this zinc reagent could not be separated from excess zinc myristate. Zinc 

phosphide QDs were therefore prepared using more soluble zinc oleate for complete excess ligand 

removal. 1H NMR data confirmed clean isolation of zinc-rich particles capped only by oleate 

ligands (Figure 2.24). Particles grown to 255 °C had a zinc to phosphorus ratio of 7.6:2 and 
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particles grown to 315 °C had a zinc to phosphorus ratio of 5:2 as determined by inductively 

coupled plasma atomic emission spectroscopy (ICP-OES). Thermogravimetric analysis (TGA) 

was performed under nitrogen on particles grown to 315 °C, showing a single weight loss transition 

centered near 400 °C. Following TGA, 46% inorganic mass remained, consistent with a 

Zn(O2CR)2-capped zinc phosphide formulation with less than a mono-layer of zinc oxide included 

at the surface (Figure 2.25, see Appendix A for particle model).  

 

Figure 2.24. 1H NMR taken on a 300 MHz spectrometer in C6D6 of worked up QDs showing only 

oleate ligands. 
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Figure 2.25. TGA data and derivative of zinc phosphide particles synthesized with zinc oleate and 

grown at 315 ◦C using a ramp rate of 10 °C/min. 

 

2.2.5 Photoresponse Measurements of Particle Films 

 

 In order to assess the potential of these particles for photovoltaic applications, their 

photoresponse was measured. A film of particles was electrodeposited onto a conductive 

mesoporous nanoITO substrate39 using electrophoretic deposition at 45 V from a 

toluene/acetonitrile solution of QDs under argon, followed by a one hour anneal under vacuum at 

350 °C (Figure 2.26). Controlled potential electrolysis was performed under chopped white light 

(Figure 2.27) and showed a 100 nA current increase with light irradiation indicating the possibility 

of using these particles as visible light absorbers.32  
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Figure 2.26. SEM images of the (A) bare nanoITO substrate and (B) the film of annealed 

electrodeposited particles on the nanoITO substrate. 

 

 

Figure 2.27. Controlled potential electrolysis of Zn3P2 nanocrystals on nanoITO under chopped 

white light illumination. 
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2.3 Conclusion 

 

 In conclusion, this work describes a novel three precursor synthesis of colloidal crystalline 

Zn3P2 quantum dots that have clear excitonic absorbance features ranging from 424 to 535 nm, 

depending on the final growth temperature. NMR experiments revealed a critical molecular 

transformation that only occurs when ZnEt2, Zn(O2CR)2, and P(SiMe3)3 are all present. The 

observed (Et2Zn)P(ZnO2CR)2(SiMe3) intermediate was conclusively shown to be a direct 

precursor to the crystalline zinc phosphide quantum dots obtained in this study. TEM, ICP-OES, 

TGA, NMR, and XRD experiments showed that the resulting particles were crystalline and 

confirmed their identity as zinc-rich zinc phosphide QDs that ranged from 2.6 to 2.9 nm in 

diameter. In contrast to the synthesis of Zn3P2 QDs recently reported by Buriak and co-workers 

which yields 15 ± 2 nm particles from a combination of ZnMe2 and P(SiMe3)3 with no strongly 

passivating ligands present, our synthesis yields relatively monodisperse colloidal solutions of 

small size nanocrystals as a result of carboxylate ligand passivation.20 The stark contrast between 

the nanocrystal sizes reported here and by Buriak highlights the critical role of precursor reactivity 

and ligand binding strength on final particle size, and suggests a strategy for achieving nanocrystals 

of intermediate size.40 Initial photoresponse measurements demonstrated the possibility of using 

these particles as visible light absorbers. 
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2.4 Experimental 

 

2.4.1 General Considerations 

 

 Sodium (dry stick, ACS reagent), potassium (in mineral oil, 98%), red phosphorus 

(99.999%), myristic acid (≥99), Rhodamine 6G, tetrabutylammonium hexafluorophosphate (for 

electrochemical analysis, ≥99%), and hexanes (a mixture of isomers, CHROMASOLV) were 

purchased from Sigma-Aldrich Chemical Company and used without further purification. Omni 

Trace nitric acid was purchased from EMD Millipore and used without further purification. 18.2 

MΩ water was collected from an EMD Millipore water purification system. Acetonitrile was 

purchased from Burdick and Jackson® (<5ppm low-water brand) and stored in an argon 

pressurized stainless steel drum plumbed directly into a glove-box. Celite 545 and zinc acetate 

(99.99%) were purchased from Sigma-Aldrich Chemical Company and heated at 150 ◦C under 

vacuum overnight and stored in a nitrogen filled inert glove box prior to use. Oleic acid (90%) was 

purchased from Sigma-Aldrich Chemical Company and stirred over sieves overnight prior to being 

freeze-pump-thawed three times and stored in a nitrogen filled inert glove box prior to use. ZnEt2 

(95%) was purchased from Strem Chemicals and stored in a -35 ◦C freezer in a nitrogen filled inert 

atmosphere glove box. All solvents, including 1-octadecene (≥95%), 1,2-dimethoxyethane (99%), 

and pentane were purchased from Sigma-Aldrich Chemical Company, dried by stirring overnight 

with CaH2, distilled, and stored over 4 Å molecular sieves. C6D6 and was purchased from 

Cambridge Isotope Labs and was similarly dried and stored. 1H (Field: 300 MHz) and 31P{H} 

(Field: 121 MHz) NMR spectra were collected on a 300 MHz Bruker Avance spectrometer. UV-

Vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. Fluorescence 
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measurements were taken on a Horiba FL3-21tau Fluorescence Spectrophotometer. 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. TEM analysis was performed using manual analysis with the help of the ImageJ 

software package.41 HRTEM analysis was performed using the Fei True Image software package. 

TGA data was collected on a TA Instruments TGA. SEM images were collected on a FEI Sirion 

SEM. P(SiMe3)3 was prepared following a literature procedure.42 

 

2.4.2 Synthesis of Zn(O2C(CH2)12CH3)2 

 

 8.78 grams (38.4 mmol) of myristic acid was added to a 250 mL Schlenk flask and 

transferred into a nitrogen filled glove box. 100 to 150 mL of pentane was added to the flask to 

dissolve the acid. The flask was sealed with a septum and was transferred onto a Schlenk line. In 

the nitrogen filled glove box, 2.25 grams (18.2 mmol) of diethyl zinc was weighed out and mixed 

with 2 milliliters of pentane and drawn into a syringe outfitted with a needle. The needle was then 

capped with a septum. Warning, the next step is very dangerous and should be performed under 

supervision with extreme care. The diethyl zinc solution was added drop-wise slowly to the 

myristic acid solution in an ice bath and under nitrogen. After addition, the solution was removed 

from the ice bath and left to stir overnight. The solution was transferred into a nitrogen filled glove 

box and the white solid was collected in a frit. The white solid was washed with copious amounts 

of pentane to remove any excess myristic acid prior to being dried. The yield was 8.78 grams. The 

average percent yield was 88% (average of two runs). 
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2.4.3 Synthesis of Zn(O2C(CH2)7HC=CH(CH2)7CH3)2 

 

 8.99 grams (31.8 mmol) of oleic acid was added to a 250 mL Schlenk flask in a nitrogen 

filled glove box. 100 to 150 mL of pentane was added to the flask. This open port was sealed with 

a septum. This flask was transferred onto a Schlenk line. In the nitrogen filled glove box, 2.17 

grams (17.6 mmol) of diethyl zinc was weighed out and mixed with 10 milliliters of pentane and 

drawn into a syringe outfitted with a needle. The needle was then capped with a septum. Warning, 

the next step is very dangerous and should be performed under supervision with extreme care. The 

diethyl zinc solution was added drop-wise slowly to the oleic acid solution over ice and under 

nitrogen. After addition, the solution was removed from the ice bath and left to stir overnight. The 

solution was transferred into a nitrogen filled glove box and the white solid was collected in a frit. 

The white solid was washed with copious amounts of pentane to remove any excess oleic acid 

prior to being dried. The yield was 7.89 grams. The average percent yield was 80% (average of 

two runs). 

 

2.4.4 Synthesis of Zinc Phosphide Quantum Dots 

 

 0.312 grams (0.6 mmol) of Zn(MA)2 is dispersed in 5 grams of 1-octadecene in a nitrogen 

filled glove box and pulled into a syringe and stoppered with a septum. The slurry was injected 

into a 25 mL 3-neck flask outfitted with a reflux condenser, septum, and thermowell under 

nitrogen. A temperature controller with a probe inside the thermowell was used to control the 

temperature. The flask was degassed overnight at 100 ºC under vacuum. The flask was put under 

nitrogen and heated to 101 ºC. In a nitrogen filled glove box, 30.75 μL (0.3 mmol) of diethyl zinc 
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and 58 μL (0.2 mmol) of P(SiMe3)3 were added to 3 grams of 1-octadecene and drawn into a 

syringe and its needle was capped with a septum. In the reaction where there is a delay in P(SiMe3)3 

addition, both reagents were injected into the zinc carboxylate solution in 1.5 grams 1-ODE. The 

heating was turned off. At 100.2 ºC the temperature controller was turned on to its highest volume 

setting (>2L) and set at 315 ºC. At 100.0 ºC, the zinc/phosphorus solution was rapidly injected into 

the flask. The solution was allowed to heat up and run for 60 minutes. Aliquots of 50 μL were 

taken out and injected into 6 mL of hexanes for UV-Vis monitoring. Alternatively, the desired 

amount of zinc myristate can be made by degassing the desired amount of myristic acid and 

injecting diethyl zinc into the flask to provide Zn(MA)2 in situ. Additionally, analogous particles 

can be made with zinc oleate by weighing out the same mmol of zinc oleate into a reaction flask 

prior to putting the reaction vessel under nitrogen on a Schlenk line. 74.5 mg of particles were 

collected after work-up when using 0.6 mmol of zinc oleate. Using the TGA model of the mass % 

coming from the zinc phosphide core (28.46%) the 74.5 mg of particles is an 82% yield. 

 

2.4.5 Zinc Phosphide Quantum Dot Work-up Procedure 

 

 All work up was done under nitrogen using dry solvents. To halt particle formation, the 

reaction flask was removed from the heating mantle and placed in a RT oil bath. The reaction 

mixture was cannula transferred to a 25 mL Schlenk flask and the solvent was distilled off. The 

flask was brought into a nitrogen filled glove box and the QDs were dissolved in pentane. The 

solution was centrifuged to remove any insoluble byproducts. To the pentane solution 15 mL of 

ethyl acetate and 7 mL of acetonitrile were added to crash out the dots. The heterogeneous solution 

was centrifuged and the solution was decanted off. This was repeated until mostly solid was 
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collecting at the bottom (usually 3 to 4 iterations). Next, toluene was used to dissolve the particles 

and they were crashed out with minimal acetonitrile. This was repeated once or twice. The clean 

particles could be stored in either pentane or toluene. 

 

2.4.6 NMR Experiments 

 

 In a nitrogen filled glove box, 0.0795 grams (0.15 mmol) of Zn(MA)2 was added to a J-

Young NMR tube. C6D6 was added to the solid. The NMR tube was put in a freezer overnight. 

While the solvent was still frozen, 14.5 μL (0.05 mmol) of P(SiMe3)3 was added via syringe. This 

was put back in the freezer. Next, 7.75 μL (0.075 mmol) of ZnEt2 was added and the tube was 

sealed. The 31P{H} NMR data was monitored on a 121 MHz spectrometer taking 256 scans with 

one minute of shaking in between spectra. This was also performed with 0.0275 (0.15 mmol) grams 

of Zn(O2CCH3)2 instead of Zn(MA)2. For this reaction, ZnEt2 and P(SiMe3)3 were pre-mixed with 

C6D6. For the monitoring reactions, an internal standard of PPh3 in Dowtherm® or C6D6 within a 

sealed capillary was used for referencing. If not, the phosphorus spectra were externally calibrated 

with a H3PO4 solution. 

 

2.4.7 Photoresponse Measurements 

 

 A FTO coated glass slide (5 × 1 cm) with nanoITO deposited on one end (1.5 × 1 cm) 

was used as a conductive substrate.39 Electrophoretic deposition was used to deposit oleate capped 

particles onto the nanoITO. Particles were in a toluene/acetonitrile solution. The desired substrate 

was situated roughly 1 cm from a counter nanoITO electrode. A 45 V potential was applied across 
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the two electrodes with a DC power source and was held for roughly 5 minutes. The film was 

annealed at 350 ºC for one hour under vacuum. Chopped light controlled potential electrolysis was 

performed using a BASi Epsilon EC potentiostat. A 3-electrode set-up was used with the quantum 

dot film was the working electrode, a platinum wire was the auxiliary electrode, and a silver wire 

was used as the reference electrode. A 0 V bias versus the silver wire was maintained. A 0.1M 

tetrabutylammonium hexafluorophosphate acetonitrile solution was used as the electrolyte. A 

white light source was used as the chopped light source. The light was manually blocked and 

unblocked for ten second increments. 

 

2.4.8 Sample Preparation for Characterization 

 

 TEM: A 50/50 solution by volume of pentane and toluene was used as the solvent. A 

few drops of the QD solution was added to this. The TEM grid (Ultrathin carbon on holey carbon 

support film, 400 mesh Ted Pella; Graphene support on Lacey Carbon, 300 mesh Ted Pella; Ultra-

thin carbon with removable Formvar, 400 mesh Ted Pella) was suspended and 1-2 drops was added 

and left to dry. The grid was put under vacuum overnight to remove any residual solvent. XRD: 

Particles were worked-up and dried into a paste. This paste was placed on the center of a silicon 

<100> single crystal wafer. A syringe was used to draw a square of Apiezon H grease around the 

sample and a piece of Kapton film was placed down and sealed with the grease. ICP-OES: A small 

pipette tip of worked up particle solution was crashed out. The solvent was removed. Enough 

concentrated high purity nitric acid was added to dissolve the particles so the final solution could 

be diluted with 18.2 MΩ water in a volumetric flask. TGA: worked-up particles were dried 
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overnight and brought to the instrument room under nitrogen and scraped onto a TGA platinum 

boat. 

 

2.4.9 Sample Calculation Using the Brus Equation33 

 

𝐸∗ = 𝐸𝑏𝑢𝑙𝑘 +
ħ2𝜋2

2𝑅2 × (
1

𝑚𝑒
∗ +

1
𝑚ℎ

∗ ) −
1.8𝑒2

4𝜋𝜀𝑟𝜀0𝑅
 

 
Where E* is the LEET, Ebulk is the band gap of the bulk semiconductor, R is the radius of the 
particle, me

* and mh
* are the reduced electron and hole masses, e is the charge of an electron, εr is 

the dielectric of the bulk semiconductor, and ε0 is the permittivity of free space. 
 

3.833×10−19 = 2.403×10−19 +
ħ2𝜋2

2𝑅2 × (
1

0.2×9.109×10−31 +
1

0.22×9.109×10−31) −
1.8𝑒2

4𝜋(11)𝜀0𝑅
 

 
Mathematica was used to solve for R. 
 

𝑅 = 1.905 𝑛𝑚 
𝐷 = 3.81 𝑛𝑚 

 
 

Table 2.1. Summary of Brus analysis results. 

me
* mh

* 255ºC particle diameter (nm) 315ºC particle diameter (nm) 
0.12843 0.25544 3.4 4.2 
0.245 0.2245 3.0 3.8 
0.3546 0.4546 2.1 2.7 
0.245 0.4546 2.6 3.2 
0.3546 0.2245 2.6 3.3 

 

2.4.10 Sample Exciton Bohr Radius Calculation34 

 

𝑎𝑒𝑥 = 𝑎𝐻×𝜀𝑟×
𝑚0

𝜇
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Where 𝑎𝐻 is the Bohr radius is 5.2819*10-11 meters, 𝜀𝑟 is the bulk dielectric constant (11), 𝑚0 is 
the mass of an electron, and 𝜇 is: 

 

𝜇 =
1

𝑚𝑒
−1 + 𝑚ℎ

−1 

 
Where 𝑚𝑒 and 𝑚ℎ are the reduced electron and hole masses. 
 

𝜇 =
1

1
0.128𝑚0

+ 1
0.255𝑚0

= 7.763×10−32 𝑘𝑔 

 

𝑎𝐻 = (5.2819×10−11)×(11)×
9.109×10−31 𝑘𝑔
7.763×10−32 𝑘𝑔

= 6.84×10−9 𝑚 = 6.84 𝑛𝑚 

 
Table 2.2. Summary of exciton Bohr radii. 

me
* mh

* Exciton Bohr radius (nm) 
0.12843 0.25544 6.84 
0.245 0.2245 5.56 
0.3546 0.4546 2.96 
0.245 0.4546 4.21 
0.3546 0.2245 4.32 

 

2.4.11 Sample Calculation Using the Scherrer Equation38 

 

𝐿 =
0.9𝜆

∆(2𝜃) cos(𝜃0) 

 

𝐷 =
4
3

𝐿 
 

Where L is Scherrer or coherence length, 𝜆 is the wavelength of the x-ray radiation (0.15418 nm), 

∆(2𝜃) is the full-width at half-maximum in radians, 𝜃0 is the angle of reflection of the peak in 

radians, and D is the sphere diameter in nm. 
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Figure 2.28. 34 degrees (2 Theta) Gaussian fit. 

Reflection Angle (radians): 0.283 

Δ2θ (radians): 0.1847 

𝐿 =
0.9×0.15418

0.18× cos(0.283) = 0.80 𝑛𝑚 

 

𝐷 =
4
3

×0.80 𝑛𝑚 = 1.1 𝑛𝑚 

 

Figure 2.29. 45 degrees (2 Theta) Gaussian fit. 

Reflection Angle (radians): 0.397 

Δ2θ (radians): 0.0747 

𝐿 =
0.9×0.15418

0.07× cos(0.397) = 2.09 𝑛𝑚 

 

𝐷 =
4
3

×2.09 𝑛𝑚 = 2.8 𝑛𝑚 

20 25 30 35 40 45
Angle (2θ)

data
Fit

42 44 46 48 50
Angle (2θ)

Data
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2.4.12 Manually Measuring Particle Diameters 

1. Opened TEM image in ImageJ. 

2. Set the scale appropriately. 

3. Zoomed in on the particles. 

4. Used the line tool to draw a line across the particle and measure it. 

 
5. Measured 300 unique particles from pictures taken at various magnifications and from 

different spots on a grid to ensure proper sampling of the particles. 
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Chapter 3: Resolving the Chemistry of Zinc Phosphide Nanocrystal Growth 

 

3.1 Introduction 

 

Quantum dots (QDs) are an attractive material for a variety of technologies based on the 

absorption of light including displays, solid-state lighting, photovoltaics, photocatalysis, and 

biological imaging.1-4 The use of QDs in these applications is enabled by facile colloidal syntheses 

that yield crystalline particles with size tunable electronic properties.5 Size-selective syntheses of 

high quality II-VI and IV-VI semiconductor QDs may be achieved through control of the precursor 

conversion kinetics.6-7 However, precursor-based control of QD nucleation and growth is difficult 

to achieve for many materials outside the II-VI and IV-VI families.8 

For phosphide-based QDs, in particular, the presence of kinetically persistent, covalently 

bonded intermediates has emerged as a key challenge in controlling the nucleation and growth of 

these colloidal materials. It was recently discovered, for example, that prior to InP QD nucleation 

in the traditional P(SiMe3)3 based synthesis, indium and phosphorous first form a kinetically 

persistent cluster intermediate that builds up in concentration at elevated temperatures.9-10 It has 

also been shown that InMe3 reacts with P(SiMe3)3 to form polycrystalline InP through the initial 

formation of a molecular dimer, [Me2InP(SiMe3)2]2, and its subsequent decomposition.11 The 

realization that InP often arises from observable, kinetically persistent intermediates highlights the 

importance of understanding the precursor chemistry of other pnictide materials, such as zinc 

phosphide. 

Zinc phosphide has emerged as a potential candidate for scalable thin-film photovoltaic 

applications due to its direct band gap of 1.5 eV,12 high extinction coefficient,13 long minority-
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carrier diffusion length,14 passive grain boundaries,15 and a high annual electricity potential versus 

material extraction cost.16 Several colloidal syntheses of zinc phosphide have emerged in recent 

years that use differing synthetic methods and yield a wide array of product sizes.17-21 Buriak and 

co-workers developed a synthesis of 15 nm particles at 150 °C using ZnMe2 and P(SiMe3)3 in 

trioctylphosphine and hypothesized that this transformation proceeded via slow formation of 

[MeZn(μ-P(SiMe3)2)]2.19 Buriak and co-workers also accessed particles between 3 and 8 nm using 

ZnMe2 and trioctylphosphine at 320-350 ºC via formation of a reduced Zn0 intermediate.18-19 Using 

a similar temperature regime, Arachchige and co-workers were able to access particles that were 

3-9 nm in diameter using ZnEt2, P(SiMe3)3, and hexadecylamine in 1-octadecene (1-ODE) at 230-

300 °C.21 Finally, our group previously reported a synthesis of small 2.5-3 nm zinc phosphide QDs 

with a tunable excitonic feature in the visible region of the absorption spectrum accessed through 

a molecular intermediate that is formed in-situ from Zn(O2CR)2, ZnEt2, and P(SiMe3)3 at 255-315 

°C.20 Little is understood about the role of precursor speciation in the nucleation and growth 

mechanisms in these differing syntheses. As such, we have set out to develop a set of chemical 

principles that can be used to design a size tunable synthesis of this intriguing phosphide 

semiconductor. 

Previously, we reported a synthesis of 3 nm Zn-rich Zn3P2 QDs by combining 3 equivalents 

of Zn(OA)2, 1.5 equivalents of ZnEt2, and 1 equivalent of P(SiMe3)3 in 1-ODE (referred to as Zn-

rich seeds in this report). ICP-OES and thermogravimetric analysis indicated these particles had 

an overall Zn:P ratio of 5:2 where the additional zinc attributed to Zn(OA)2 units bound to the 

surface. We found that under these conditions the two zinc precurors reacted first to form a known 

Zn5(OA)6(Et)4 cluster, which was found to have dramatically enhanced reactivity with P(SiMe3)3 

compared to either Zn(OA)2 or ZnEt2 alone. This enhanced reactivity led to the buildup and rate-
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determining formation of a molecular intermediate with an empirical formula of 

(Et2Zn)P(ZnO2CR)2(SiMe3). This intermediate was determined to be responsible for the 

nucleation and growth of these 3 nm particles. Powder X-ray diffraction (PXRD) analysis of these 

particles showed a discrepancy in the signal intensity of the major Bragg reflection (versus bulk 

D-Zn3P2), which we hypothesized was due to the small particle size and the complex nature of the 

zinc phosphide unit cell.20 

Here we explore growth on these 3 nm Zn-rich Zn3P2 seeds using conventional zinc and 

phosphorus precursors, Zn(O2CR)2, ZnEt2, and P(SiMe3)3, at 150 °C. This growth is found to 

proceed via formation of an intermediate trimer complex [EtZnP(SiMe3)2]3.22 We also explore the 

chemical and structural evolution that occurs during this post synthetic growth. Using a 

combination of solution and solid state nuclear magnetic resonance (NMR), PXRD, and 

transmission electron microscopy (TEM) analysis we have identified three key features of this 

growth. First, there is a blue shift observed in the optical absorption spectrum of the zinc phosphide 

seeds that arises on addition of Zn(O2CR)2. Next, ZnEt2 and P(SiMe3)3 are simultaneously injected 

and [EtZnP(SiMe3)2]3 forms. Finally, consumption of the trimer is accompanied by particle growth 

yielding highly crystalline 5 nm particles whose PXRD pattern closely resembles that of bulk α-

Zn3P2, both in terms of peak position and intensity. This work highlights the variable precursor 

conversion chemistry that exists in the zinc phosphide system and the critical role of covalently 

bonded oligomeric intermediates in the nucleation and growth of this material. 

 

 

 

 



75 
 

3.2 Results and Discussion 

 

3.2.1 Zinc Phosphide Growth on Zn-rich Seeds 

 

 Scheme 3.1 shows the optimized growth protocol we have developed using molecular 

precursors to grow 5 nm particles with a Zn:P ratio of 3.1:2, as determined by ICP analysis, from 

isolated Zn-rich Zn3P2 seeds obtained using our previously published synthetic method.20 It should 

be noted that injecting diethyl zinc at a higher temperature or heating the reaction above 150 °C 

leads to the formation of zinc metal from the thermal decomposition of diethyl zinc (Figure 3.1).23  

 

Scheme 3.1. Synthesis of 5 nm D-Zn3P2 QDs by adding molecular precursors to Zn-rich Zn3P2 

seeds ([Zn3P2]n[Zn(OA)2]m). 

 

Figure 3.1. PXRD data showing the presence of bulk Zn0 when ZnEt2/P(SiMe3)3 are injected at 

150 or 175 °C as well as if the reagents are heated up to 175 °C. 
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Several key observations were made during this reaction. First, as the colloidal particles 

were heated to 100 °C in the presence of zinc oleate there was blue shift in the optical absorption 

of the Zn3P2 seeds (Figure 3.2). This blue shift also occurs, albeit at a slower rate, when Zn3P2 

seeds are heated to 100 °C in the presence of oleylamine or trioctylphosphine (Figures 3.3 and 3.4 

respectively). 

 

Figure 3.2. Aliquots taken of heating up 3 nm Zn-rich seeds in 1-ODE in the presence of Zn(OA)2 

showing the appreciable blue shift of the optical features. 

 

Figure 3.3. Aliquots taken of heating up 3 nm Zn-rich seeds in oleylamine. 
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Figure 3.4. Aliquots taken of heating up 3 nm Zn-rich seeds in TOP. 

 

Particles were isolated after being treated with zinc oleate, and TEM analysis indicated that 

the particles were on average 2.8 ± 0.5 nm in diameter with very similar magic angle spinning 

(MAS) NMR characteristics and thus indistinguishable in size and structure from the starting Zn3P2 

seeds (Figure 3.5). This made it difficult to assign the origin of this optical blue shift, however we 

hypothesize that this dramatic change may result from structural reorganization of the seed particle 

surface in the presence of Lewis acids or bases, which may alter the exciton confinement properties 

or electronic structure of this highly confined material.24-27 The second observation is that during 

the prolonged heating step following injection of ZnEt2 and P(SiMe3)3, the larger particles 

precipitate out of solution as a brown powder. 
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Figure 3.5. (A) TEM and size analysis on particles treated with Zn(OA)2. 219 particles were 

measured using the Image J software package and the histogram was analyzed using Igor Pro. The 

average diameter was determined to be 2.8 ± 0.5 nm. (B) MAS NMR spectrum showing the 

similarity between treated and untreated seeds. 1000 Hz of line broadening was applied. 
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Structural characterization of these zinc phosphide nanoparticles before and after growth 

show particles transforming into a more bulk-like structure. The PXRD data of the Zn-rich Zn3P2 

seeds (Figure 3.6A) has a discrepancy in the intensity of the major reflection at 45 2θ as compared 

to bulk D-Zn3P2.20 However, these larger particles exhibit a PXRD pattern that better matches that 

of the bulk (Figure 3.6B). Scherrer analysis of the peak at 45 2θ indicates particles with a diameter 

of 5 nm, which is in agreement with TEM analysis (Figure 3.7). 

 

Figure 3.6. PXRD data of (A) Zn-rich Zn3P2 seeds and (B) crystalline D-Zn3P2 nanocrystals that 

result from growth. The reference pattern is tetragonal α-Zn3P2 (PDF #01-071-6507). 

  

Figure 3.7. TEM and size analysis on particles grown using Scheme 3.1. 276 particles were 

measured using the Image J software package and the histogram was analyzed using Igor Pro. The 

average diameter was determined to be 4.4 ± 0.9 nm. 
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 MAS 31P NMR spectroscopy of tetragonal α-Zn3P2 shows two peaks at –195 and –228 ppm 

due to the ordered vacancies in the tetragonal crystal structure (two different resonances overlap 

in the –228 ppm peak at room temperature).28 In order to obtain a solid sample for solid-state NMR 

analysis, the synthesis of both the Zn-rich seeds and the grown particles was scaled up and repeated 

with zinc octanoate instead of zinc oleate for ease of sample manipulation (see section 3.4.10 

further details). Figure 3.8 shows MAS 31P NMR spectra of the initial Zn3P2 seeds (bottom), highly 

crystalline grown particles (top, heated for 24 hours) and grown particles at an intermediate stage 

of the growth process (middle, heated for 90 minutes). These data show that during growth the 

phosphorus environments approach those of bulk zinc phosphide, exhibiting a downfield shift that 

is consistent with crystal growth.29 The cross polarization data collected showed the presence of 

minimal oxidized phosphorus species at the particle surface, which dramatically increased upon 

air exposure of the sample for one week, indicating that the starting particles had a relatively oxide-

free surface (Figure 3.9). 
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Figure 3.8. Magic-angle spinning 31P NMR (283.34 MHz) data showing the progression from Zn-

rich Zn3P2 seeds (bottom) to 5 nm crystalline D-Zn3P2 (top). The spin rate was 10 kHz and 100 Hz 

of line broadening was applied to all three samples. The dashed lines show the resonances of bulk 

D-Zn3P2.28 

3 nm Zn-rich seeds

5 nm Particles
90 min

5 nm Particles
24 h, α-Zn3P2

PPM 100 –100 –300 –500

5 nm Particles
24 h, α-Zn3P2

5 nm Particles
90 min

3 nm Zn-rich Seeds



82 
 

 

Figure 3.9. Cross polarization solid-state MAS NMR spectra of the sample grown for 24 hours 

(red) showing a large change in surface oxidation when the sample is left exposed to air for one 

week (green). 

 

 Taken together the PXRD and solid-state NMR data suggest that there is a critical surface-

area to volume ratio at which Zn3P2 takes on the bulk structure. Given the large unit cell of bulk 

D-Zn3P2, at small sizes the Zn-rich surface may induce significant strain and cause deviations from 

the bulk structure. Upon growth of the nanocrystals, surface reorganization and crystallization 

appear to transform the material into the expected structure. It would appear that for our system 

this transition takes place between 3 and 5 nm in diameter, which corresponds in an approximate 

decrease in surface area to volume ratio from 2 to 1.2. 

Air for one
week

“Air free”
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3.2.2 Mechanism of Zinc Phosphide Growth 

 

 Having verified the composition and structure of the reaction product, we investigated the 

precursor conversion reaction using solution-phase 31P{1H} NMR spectroscopy. Figure 3.10 

shows the evolution of the phosphorus-containing molecules during the course of this reaction. 

What these data show is that prior to product precipitation a new molecular intermediate (–247 

ppm) is formed and is then consumed in the reaction. A series of control experiments led us to 

conclude that the addition of zinc carboxylate to the reaction was essential to the building-up of 

this intermediate (see section 3.4.11). Ultimately the intermediate was identified as 

[EtZnP(SiMe3)2]3 by reaction of 0.2 Zn(O2CCH3)2, 1.5 ZnEt2, and 1 P(SiMe3)3 in C6D6 in an oil 

bath at 130 °C for 30 minutes (Figure 3.11) and independent synthesis of this compound from 

P(SiMe3)3, methanol, and ZnEt2 following a literature procedure.22  



84 
 

 

Figure 3.10. Solution-phase 31P{1H} NMR (121.47 MHz) data showing the precursor conversion 

of P(SiMe3)3 (–250.5 ppm) to a molecular intermediate (–247 ppm). The numbers above the peaks 

correspond to the integrations compared to an internal capillary standard. Data of particles before 

and after the initial heating step in the presence of Zn(OA)2 showed no molecular phosphorus 

containing species present (Figure 3.12). 
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Figure 3.11. 31P{1H} (inset) and 1H NMR spectra of the reaction between 0.2 Zn(O2CCH3)2, 1.5 

ZnEt2, and 1 P(SiMe3)3 identifying the molecular intermediate as [EtZnP(SiMe3)2]3. 

P(SiMe3)3

Me3Si-O2CCH3

Me3Si-O2CCH3

P(SiMe3)3



86 
 

 

Figure 3.12. 31P{1H} NMR data showing no molecular species present before and after treating 

particles with Zn(OA)2. 

 

It is important to note that while Zn(O2CR)2, ZnEt2, and P(SiMe3)3 are the same precursors 

used to generate the phosphorus containing intermediate we previously identified in the synthesis 

of the Zn-rich Zn3P2 seeds, (Et2Zn)P(ZnO2CR)2(SiMe3), the ratio of Zn(O2CR)2 to ZnEt2 is very 

different between the two syntheses.20 For the growth method developed here, a ratio of 0.2 to 1.5 

is being used, instead of 3:1.5. The growth reaction is essentially starved of zinc carboxylate 

relative to diethyl zinc preventing formation of the pentanuclear zinc cluster. This allows for the 

initial reaction of Zn(O2CR)2 with P(SiMe3)3 followed by reaction with ZnEt2 to preferentially 

form [EtZnP(SiMe3)2]3 as shown in Scheme 3.2. This observation is consistent with the relative 

P(Ph)3

3 nm seeds and Zn(OA)2
at room temperature

Solution after heating
up to 100  C
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rates of reaction of the various zinc precursors with P(SiMe3)3, which we previously determined 

to follow the order [Zn5(O2CR)6(Et)4] > Zn(O2CR)2 > ZnEt2.20 Control reactions were performed 

to show that having [EtZnP(SiMe3)2]3, P(SiMe3)3, ZnEt2, and the seeds present led to optimum 

growth (See section 3.4.12). 

 

Scheme 3.2. Proposed reaction scheme for the synthesis of the EtZnP(SiMe3)2 monomer. The 

monomer is unstable towards oligomerization. 

 

It has been proposed that similar MeZnP(SiMe3)2 oligomers could be relevant in the 

synthesis of zinc phosphide nanocrystals in a coordinating solvent, like trioctylphosphine.19 We 

set out to test the role of this solvent in our synthesis to see if a coordinating solvent would change 

the reaction dynamics. We were unable to independently prepare appreciable quantities of 

[EtZnP(SiMe3)2]3 from ZnEt2, MeOH, and P(SiMe3)3 in the presence of trioctylphosphine,  

presumably due to the coordinating nature of phosphines (Figure 3.13). Instead, we examined 

particle growth in the presence of this coordinating base by injecting a solution containing the 
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trimer, ZnEt2, and P(SiMe3)3 prepared in 1-ODE into a pot containing zinc phosphide seeds 

dissolved in trioctylphosphine. A brown precipitate formed in this reaction and its PXRD pattern 

matched that of the particles formed in 1-ODE alone (Figure 3.14). This would suggest that 

coordinating solvents interfere with the initial build-up of RZnP(SiMe3)2 oligomers, but once these 

species form, their net effect on growth is minimally changed. 

 

Figure 3.13. 31P{1H} NMR data of side by side reactions targeting the synthesis of 

[EtZnP(SiMe3)2]3 in TOP and 1-ODE. The two reactions are identical except for the identity of the 

solvent. 

Trimer: 0.04:0.96
HP(SiMe3)2: 0.38:0.61
TOP as the solvent

Trimer: 0.34:0.66
HP(SiMe3)2: 0.39:0.61
1-ODE as the solvent

P(SiMe3)3[EtZnP(SiMe3)2]3
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Figure 3.14. PXRD data of the product from the reaction of pre-forming the solution containing 

[EtZnP(SiMe3)2]3 and injecting it into particles in 1-ODE and TOP. 

 

Since we identified a different molecular intermediate responsible for the growth 

mechanism as compared to what was observed for the Zn-rich seeds, we wanted to better 

understand the differing nucleation and growth dynamics between [EtZnP(SiMe3)2]3 and 

(Et2Zn)P(ZnO2CR)2(SiMe3). To study the nucleation and growth dynamics of [EtZnP(SiMe3)2]3, 

our previously reported synthesis was repeated using 0.2 instead of 3 equivalents of Zn(OA)2, 

which resulted in precipitation of bulk α-Zn3P2 and bulk Zn0 both of which had a domain size of 

>100 nm as determined by PXRD analysis (Figure 3.15). 
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Figure 3.15. PXRD data of the reaction using 0.2 Zn(OA)2, 1.5 ZnEt2, and P(SiMe3)3 and 

following our previously reported prep by adding ZnEt2/P(SiMe3)3 to Zn(OA)2 in 1-ODE at 100 

°C and heating up to 315 °C over the course of 60 minutes. The Zn3P2 pattern is COD 1010287 

and the Zn pattern is COD 9012435. 

 

In order to compensate for the low ligand concentration under these conditions, the reaction 

was repeated with the oleate deficit made up by Na(OA). Instead of getting 3 nm particles, as was 

the case for the original synthesis using 3 equivalents of Zn(O2CR)2, the result of this experiment 

was colloidally stable 4.7 ± 0.8 nm particles (See Figures 3.16-3.19). These results are summarized 

in Scheme 3.3.  
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Figure 3.16. (A) UV-Vis spectrum of QDs synthesized with the [EtZnP(SiMe3)2]3 as the pertinent 

precursor and (B) TEM images of these particles showing an average diameter of 4.7 ± 0.8 nm. 

 

Figure 3.17. TEM particle size histogram of particles grown using NaOA and [EtZnP(SiMe3)2]3 

as the active intermediate. 317 particles were counted using the Image J software package and the 

histogram was analyzed using Igor Pro. The average diameter was determined to be 4.7 ± 0.8 nm. 
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Figure 3.18. PXRD data of the colloidally stable particles grown using NaOA and 

[EtZnP(SiMe3)2]3 as the active intermediate. 

 

Figure 3.19. UV-Vis spectra comparing the typical synthesis of 3 nm Zn-rich seeds (blue) with a 

synthesis that includes 5.6 equivalents of Na(OA) (green) showing a reduction the amount of lower 

energy light absorbed and probable formation of zinc oxide. 

 

Assuming comparable conversion, temporally distinct nucleation and growth, and no 

Ostwald ripening, the observed 1.7 nm difference in the average particle diameter indicates that 

an order of magnitude fewer nuclei were formed in the zinc-limited reaction as compared to the 

zinc-rich conditions. One possibility is that under zinc-limited conditions, conversion to monomer 

is slower due to the increased stability of [EtZnP(SiMe3)2]3, leading to generation of fewer nuclei 
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than form under zinc-rich conditions where nucleation follows formation of 

(Et2Zn)P(ZnO2CR)2(SiMe3). 

 

Scheme 3.3. Comparison of product outcomes using two different ratios of Zn(O2CR)2 to ZnEt2.20 

Truncated structures of the intermediates [EtZnP(SiMe3)2]3 (0.2:1.5) and 

(Et2Zn)P(ZnO2CR)2(SiMe3) (3:1.5) are shown for simplicity. 

 

3.3 Conclusions 

 

 In conclusion, we identified [EtZnP(SiMe3)2]3 as an intermediate in the growth of 

crystalline, stoichiometric 5 nm α-Zn3P2 nanocrystals from 3 nm Zn-rich seeds. Solid state MAS 

NMR and PXRD data suggest that the transformation from 3 nm Zn-rich Zn3P2 to 5 nm 

stoichiometric Zn3P2 involves significant structural reorganization to the crystalline D-Zn3P2 

phase. The observation of [EtZnP(SiMe3)2]3 as an intermediate in this growth process stands in 

contrast to earlier findings where the same precursors, Zn(O2CR)2, ZnEt2, and P(SiMe3)3, used in 
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differing ratios led to the original 3 nm Zn-rich Zn3P2 nanocrystals. This result highlights the ability 

to target different sizes of zinc phosphide nanocrystals depending on the identity of molecular 

intermediates and their subsequent reaction dynamics leading us to formulate general principles 

for the synthesis of zinc phosphide. In general, during the synthesis of Zn3P2 from P(SiMe3)3, prior 

to nucleation, P(SiMe3)3 undergoes a chemical transformation to a new molecular intermediate 

containing Zn-P bonds. The structure and composition of this intermediate is dependent on the 

identity and concentration of the zinc precursor(s) and other ligand additives, and its reactivity 

governs the nucleation and growth dynamics. In order to have conversion of Zn-P intermediates 

to monomers as the rate-limiting step, it is important to have a synthesis in which the intermediate 

is rapidly formed in situ or is purposefully synthesized separately and used as a single-source 

precursor. For Zn3P2, two primary growth mechanisms have been explored to date, those involving 

alkyl zincs (ZnR2) and those involving zinc carboxylates (Zn(O2CR’)2). For alkyl zinc precursors, 

rapid formation of the RZnP(SiMe3)2-based oligomeric intermediates is facilitated by addition of 

a protic reagent (e.g. water or methanol) or small amounts of metal carboxylate. Addition of zinc 

carboxylate can tune the rate of the initial reaction with P(SiMe3)3 via formation of ZnR(O2CR’) 

clusters, which have enhanced reactivity relative to either independent precursor. In general, the 

relative rates of reactivity with P(SiMe3)3 are in the order [ZnR(O2CR’)] > Zn(O2CR’)2 > ZnR2. 

Moreover, in the presence of reducing additives or at elevated temperatures, reduction of zinc 

precursors to zinc metal can further perturb the reaction kinetics and direct reactivity through redox 

rather than acid-base mechanisms. 
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3.4 Experimental 

 

3.4.1 General Considerations 

 

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

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

Schlenk techniques. Hexanes (a mixture of isomers, CHROMASOLV), triphenylphosphine 

(99%), sodium (dry stick, ACS reagent), potassium (in mineral oil, 98%), red phosphorus 

(99.999%), and calcium hydride (powder, 0-2 mm, reagent grade, ≥90%, stored in desiccator) were 

purchased from Sigma-Aldrich and used without further purification. Magnesium sulfate 

(anhydrous, powder certified) was purchased from Fisher Scientific and used without further 

purification. Sodium oleate (>97%) was purchased from TCI America and used without further 

purification. Phosphoric acid (ACS grade) was purchased from Macron Fine Chemicals and used 

without further purification. Trioctylphosphine (97%), methanol (anhydrous, 99.8%), ethyl acetate 

(anhydrous, 99.8%), and acetonitrile (anhydrous, 99.8%) were purchased from Sigma-Aldrich and 

stored in a nitrogen filled glove box over activated 3 Å molecular sieves. Chlorotrimethylsilane 

(purified by redistillation, ≥99%) was purchased from Sigma-Aldrich and stored under an inert 

atmosphere. Omni Trace nitric acid was purchased from EMD Millipore and used without further 

purification. 18.2 MΩ water was collected from an EMD Millipore water purification system. 

Celite 545 and zinc acetate (99.99%) were purchased from Sigma-Aldrich and heated at 150 °C 

under vacuum overnight and stored in a nitrogen filled inert glove box prior to use. Oleic acid 

(90%) was purchased from Sigma-Aldrich and stirred over 3 Å molecular sieves overnight prior 

to being freeze-pump-thawed three times and stored in a nitrogen filled inert glove box prior to 
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use. ZnEt2 (95%) was purchased from Strem Chemicals and stored in a -35 °C freezer in a nitrogen 

filled inert atmosphere glove box. 1-octadecene (90%) 1,2-dimethoxyethane (99%), oleylamine 

(technical grade, 70%), pentane, heptane, and toluene were purchased from Sigma-Aldrich, dried 

by stirring overnight with CaH2, distilled, and stored over activated 3 Å molecular sieves in an 

inert atmosphere glove box. C6D6 was purchased from Cambridge Isotope Labs and was similarly 

dried and stored. Octanoic acid was purchased from Eastman Chemical Company and dried and 

distilled from magnesium sulfate and stored over 3 Å molecular sieves in an inert atmosphere 

glove box. P(SiMe3)3 was prepared following a literature procedure.30 Zinc oleate and zinc 

octanoate were prepared using an adapted literature procedure.20 

 

3.4.2 Characterization 

 

 Solution 1H (Field: 300 MHz) and 31P{1H} (Field: 121 MHz) NMR spectra were collected 

on a 300 MHz Bruker Avance spectrometer. Solid-state 31P (Field: 283. 34 MHz) NMR spectra 

were collected on a 700 MHz Bruker Avance III spectrometer using a cross-polarization pulse 

program as well as a Hahn echo pulse program with a 120 second relaxation delay, a τ of 300 

microseconds, and both at a spin rate of 10 kHz. UV-Vis spectra were collected on an Agilent Cary 

5000 spectrophotometer. PXRD diffractograms were collected on a Bruker D8 Discover with a 

GADDS 2-D XRD system. ICP-OES was performed using a Perkin Elmer Optima 8300. TEM 

images were collected on a FEI Tecnai G2 F20 microscope. TEM analysis was performed using 

manual analysis with the help of the ImageJ software package.31 
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3.4.3 Sample Preparation for Characterization 

 

 PXRD: Insoluble powders were placed onto a piece of double-sided tape on a silicon <100> 

single crystal wafer. Solvent was removed from colloidal samples until dry and the paste was 

spread on a silicon <100> single crystal wafer. ICP-OES: Concentrated, high purity nitric acid was 

added to dissolve a small amount of the insoluble powders so the final solution could be diluted 

with 18.2 MΩ water in a volumetric flask to 2%. TEM: Samples were either prepared in toluene 

or heptane. Insoluble samples were sonicated at room temperature for 5-10 minutes immediately 

before drop-casting onto a TEM grid (Ultrathin carbon on holey carbon support film, 400 mesh 

Ted Pella or graphene support on Lacey Carbon, 300 mesh Ted Pella). Samples were placed under 

vacuum overnight prior to analysis to ensure sample dryness. MAS NMR: Solids were packed into 

a 3.2 mm zirconia rotor from Bruker inside a nitrogen filled glovebox and were brought out 

immediately prior to data collection. 

 

3.4.4 Preparation of Stock Solution of 3 nm Zn-rich Seeds 

 

 Zn3P2 quantum dots were synthesized and purified according to a literature procedure 

utilizing 1 mmol (290.3 μL) of P(SiMe3)3 in 20 grams of 1-ODE.20 Particles were dried overnight 

under reduced pressure and enough toluene was added to yield a stock solution of 23 mg 

particles/mL. 
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3.4.5 Typical Growth Reaction 

 

 In a typical reaction, 0.5 mL of the QD stock solution was dried under reduced pressure. 

2.5 grams of 1-ODE was then added. 0.0508 grams (0.081 mmol) of Zn(OA)2 was weighed into a 

15 mL three-neck flask and transferred onto a Schlenk line. The QD solution was then injected 

into the flask and heated up to 100 °C over the course of 15 minutes. A solution containing 3.156 

grams (4 mL) of 1-ODE, 61.5 μL (0.6 mmol) ZnEt2, and 116.1 μL (0.4 mmol) P(SiMe3)3 was then 

syringe-pumped into the flask at a rate of 80 mL/hr (3 minutes). The flask was then heated up to 

150 °C and left there for 90 minutes. The flask was then brought into a nitrogen filled glove box 

and the heterogeneous solution was transferred into a centrifuge tube. The supernatant was 

discarded and pentane was added to the solid and centrifuged again to remove any trapped 1-ODE. 

The solid was then transferred to a tared scintillation vial and dried under reduced pressure yielding 

30 mg of solid. Note: Longer heating times were observed to result in a small amount of zinc metal 

via the well-documented decomposition of ZnEt2.23 

 

3.4.6 Typical Solution NMR Reactions 

 

 In all solution NMR reactions 800 μL of the QD stock solution was used. In a typical 

reaction, 0.4 grams of 1-ODE was added to the QDs after the toluene was removed under reduced 

pressure. 8 mg (0.013 mmol) of Zn(OA)2 was added to a J-Young tube. The QD solution in 1-

ODE was then added to the J-Young tube and heated up to 100 °C. The NMR tube was then 

brought back into the glove box and a solution containing 0.51 grams 1-ODE, 9.8 μL (0.096 mmol) 

ZnEt2, and 18.6 μL (0.064 mmol) P(SiMe3)3 was added dropwise. The NMR tube was then slowly 



99 
 

heated up to 150 ºC stepwise, taking NMR scans every ten degrees starting at 100 °C. For the 

NMR control reactions, after adding any combination of ZnEt2 and P(SiMe3)3 the NMR tubes were 

heated up to 130 ºC for 30 minutes prior to collecting data. 

 

3.4.7 Pre-forming [EtZnP(SiMe3)2]3 Injection Solutions 

 

 In a typical synthesis targeting P(SiMe3)3, ZnEt2, and [EtZnP(SiMe3)2]3 to be injected, 

116.1 μL (0.4 mmol) P(SiMe3)3 was added to 2.16 grams 1-ODE. 6.5 μL (0.16 mmol) of methanol 

was added slowly while stirring. The reaction stirred for 24 hours. Phosphorus NMR spectroscopy 

was used to confirm that the ratio of HP(SiMe3)2 to P(SiMe3)3 was correct. 0.5 grams of 1-ODE 

was used to thoroughly rinse out the NMR tube to ensure quantitative transfer. 61.5 μL (0.6 mmol) 

ZnEt2 was then slowly added to the solution while stirring. The reaction stirred for 24 hours. 

Phosphorus NMR spectroscopy was then used to confirm that the ratio of [EtZnP(SiMe3)2]3 to 

P(SiMe3)3 was correct. 0.5 grams 1-ODE was used to thoroughly rinse out the NMR tube to ensure 

quantitative transfer. The solution was then used in reactions. When targeting complete conversion 

from P(SiMe3)3 to [EtZnP(SiMe3)2]3 it is important that the reaction is run under very concentrated 

conditions to avoid H2P(SiMe3) formation. 

 

3.4.8 Growing on Particles with [EtZnP(SiMe3)2]3 Injection Solutions 

 

 In a typical synthesis, 0.5 mL of the QD stock solution was dried and dissolved in either 

2.5 grams of 1-ODE or 2.63 grams of TOP. The reaction described for typical growth was then 

repeated using the [EtZnP(SiMe3)2]3 injection solution instead of the solution described above. 
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3.4.9 Growing Particles From [EtZnP(SiMe3)2]3 Without Seeds 

 

 Our previously reported synthesis was used with 0.025 grams (0.04 mmol) Zn(OA)2 

instead of 0.377 grams (0.6 mmol).20 This was also modified by adding 0.341 grams (1.12 mmol) 

of sodium oleate to the initial flask containing zinc oleate. 

 

3.4.10 Solid State MAS NMR Sample Preparation 

 

 A stock solution of particles synthesized with zinc octanoate was first formed following 

our previously reported procedure. To synthesize the sample heated for 90 minutes, 45.5 mg of 

particles were used (assumed same size and ligand coverage as compared to when particles were 

synthesized with zinc oleate). These particles were dissolved in 12.5 grams of 1-ODE and heated 

to 100 °C in the presence of 141 mg (0.4 mmol) zinc octanoate. The solubility of zinc octanoate 

appeared, as expected, to be lower than that of zinc oleate in 1-ODE. To this solution, 15.75 (20 

mL) of 1-ODE containing 307.5 μL (3 mmol) ZnEt2 and 580.6 μL (2 mmol) P(SiMe3)3 was 

injected at a rate of 200 mL hr-1 (which is double the total injection time from the typical synthesis). 

This solution was then heated to 150 °C for 90 minutes (Figure 3.20). 
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Figure 3.20. PXRD data of sample grown for 90 minutes at 150 ºC using zinc octanoate as the 

zinc carboxylate source. 

 

 For the sample heated for 24 hours, 23 mg of zinc octanoate capped particles were used. 

These were dissolved in 6.25 grams of 1-ODE and added to 71 mg (0.2 mmol) zinc octanoate. 

This solution was heated to 100 ºC. A solution containing 7.89 grams (10 mL) 1-ODE, 153.75 μL 

(1.5 mmol) ZnEt2, and 290.3 μL (1 mmol) P(SiMe3)3 were added at a rate of 100 mL hr-1 (over the 

course of 6 minutes, which is double the typical injection time). This was then heated to 150 °C 

for 24 hours (Figure 3.21). 
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Figure 3.21. PXRD data of the sample heated at 150 °C for 24 hours. 

 

 While heating the sample for 24 hours produced a sample with a PXRD pattern that 

resembled that of our typical synthesis (Figure 3.6), it also showed the presence of Zn0. We believe 

this did not play any role in the 31P solid-state NMR and was formed as a side product due to the 

differing scale and the extended annealing time. This procedure was not optimized. 

 

3.4.11 Control Reactions to Determine What the New Intermediate is as well as How It Forms 

 

 Several NMR control reactions were performed in order to determine which reagents were 

necessary to form [EtZnP(SiMe3)2]3. Figure 3.22 shows that when the typical reaction is performed 

without ZnEt2 the intermediate is not formed. Figure 3.23 shows that if ZnCl2 is used again no 

intermediate is formed, but it does form when Zn(O2CCH3)2 is used. Figure 3.24 shows that the 

highest concentration of the intermediate is formed when both Zn(O2CCH3)2 and ZnEt2 are used. 
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Na(OA) was also used to see if it was the oleate that was responsible for the formation of this 

species (Figure 3.25). 

 

Figure 3.22. 31P{1H} NMR spectrum of Zn(OA)2-treated particles heated to 130 °C with only 

P(SiMe3)3 added, showing that the species at –247 ppm does not form without ZnEt2 present. 

P(SiMe3)3
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Figure 3.23. 31P{1H} NMR data of particles treated with Zn(O2CCH3)2 (green) or ZnCl2 (red) 

followed by addition of ZnEt2/P(SiMe3)3 and heating to 130 °C showing that the species with a 

chemical shift of –247 ppm can form when Zn(O2CCH3)2 is used, but not when ZnCl2 is used. 

ZnCl2 used instead of Zn(OA)2 to treat the seeds

Zn(O2CCH3)2 used instead of Zn(OA)2 to treat the seeds

P(SIMe3)3
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Figure 3.24. 31P{1H} NMR data of particles treated with Zn(O2CCH3)2 (blue) and untreated 

(green) prior to adding ZnEt2/P(SiMe3)3 and heating to 130 °C as well as only ZnEt2/P(SiMe3)3 

(red) heated to 130 °C showing that the species that comes in at –247 ppm forms in greatest 

concentration when zinc carboxylate is added to the reaction mixture. 

Zn(O2CCH3)2 added to treat seeds followed by the addition of ZnEt2 and  P(SiMe3)3

Seeds plus ZnEt2 and P(SiMe3)3

ZnEt2 and P(SiMe3)3

P(SiMe3)3
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Figure 3.25. 31P{1H} NMR spectrum of 0.4 Na(OA) + 1.5 ZnEt2 + 1 P(SiMe3)3 heated to 130 °C 

for 30 minutes showing no conversion to [EtZnP(SiMe3)2]3. This indicates a metal carboxylate is 

necessary. 

 

 Treatment of the 3 nm Zn-rich seeds with Zn(OA)2 generates a soluble and an insoluble 

reaction component. In order to determine whether the soluble or insoluble component was 

responsible for the new species, a batch of seeds was treated with Zn(OA)2 and the two components 

were separated to test this hypothesis (Figure 3.26). Then a mixture of ZnEt2/P(SiMe3)3 was added 

to each component separately and showed that the intermediate only forms when added to the 

insoluble, zinc oleate, portion (Figure 3.27). 

 

P(SiMe3)3
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Figure 3.26. UV-vis data (A) of the soluble component following treatment of seeds with Zn(OA)2 

and PXRD data (B) of the insoluble material compared to Zn(OA)2. 

 

Figure 3.27. 31P{1H} NMR spectra of a solution containing the soluble component (red) and the 

insoluble component (green) after adding ZnEt2/P(SiMe3)3 and heating to 130 °C. These data show 

that the species that comes in at –247 ppm forms primarily from reaction between the insoluble 

component (Zn(O2CR)2), ZnEt2, and P(SiMe3)3. 
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Overall it was determined that a metal carboxylate, ZnEt2, and P(SiMe3)3 were all 

necessary to form a high yield of the trimer. A small amount of the trimer was observed in the 

absence of zinc carboxylate, which could be either due to a reaction with Zn(OA)2 in equilibrium 

with the surface of the particles or through a direct reaction of P(SiMe3)3 with, or without, a protic 

impurity followed by reaction with ZnEt2. 

 

3.4.12 Optimization of Growth Conditions 

 

 Without the presence of the initial seeds, 67% (20 mg compared to 30 mg) of the yield was 

collected. The PXRD of this material was poorly resolved indicating the necessity of the seeds 

being present (Figure 3.28). 

 

Figure 3.28. PXRD data of heating up Zn(OA)2, ZnEt2, and P(SiMe3)3 without the presence of the 

pre-formed seeds. 

 

 Both [EtZnP(SiMe3)2]3 and additional ZnEt2 and P(SiMe3)3 were found to be essential for 

the observed growth on the seeds. When [EtZnP(SiMe3)2]3 alone was added to Zn3P2 seeds, growth 

of crystalline Zn3P2 was not observed (Figure 3.29). 
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Figure 3.29. PXRD data of the heterogeneous material formed when only [EtZnP(SiMe3)2]3 is 

added to particle seeds. 

 

 When 0.6 P(SiMe3)3 and 1.1 ZnEt2 are added to Zn3P2 seeds in the absence of 

[EtZnP(SiMe3)2]3, 33% (10 mg compared to 30 mg) of the yield of Zn3P2 was observed (Figure 

3.30). 

 

Figure 3.30. PXRD data of the heterogeneous material formed when P(SiMe3)3 and ZnEt2 are 

added to particle seeds. 

 

 In contrast, addition of a solution containing an appropriate amount of P(SiMe3)3, ZnEt2, 
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in a brown precipitate, in greater yield (50 mg as compared to 30 mg), that was indistinguishable 

from the material formed when the trimer was made in situ (Figure 3.31). 

 

Figure 3.31. PXRD data comparing syntheses where [EtZnP(SiMe3)2]3 is formed in situ and prior 

to injection. 
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Chapter 4. Synthesis of Zn3As2 and (CdyZn1-y)3As2 Colloidal Quantum Dots 

 

4.1 Introduction 

 

Quantum dots (QDs) are attractive solution-processable semiconductors for a variety of 

applications including light harvesting, light emission, and light detection.1-4 More specifically, 

QDs that absorb and emit in the infrared (IR) are of interest for telecommunications, in vivo 

imaging, and detecting low energy light.4-5 Research in this field has primarily focused on III-V 

(InAs)6-10 and IV-VI (PbS/PbSe)11-14 semiconductors. However, II-V materials (Cd3As2)9-10, 15-17 

have emerged as attractive candidates for these applications. 

The II-V class of semiconductors, specifically Zn3As2 and Cd3As2, offer several benefits 

for use in IR optoelectronic technologies. Cd3As2 is a semimetal with a band gap of approximately 

0 eV, while Zn3As2 is a narrow (1 eV) band gap semiconductor, and these two materials can be 

homogeneously alloyed to achieve a band gap anywhere in that range.18-19 (CdyZn1-y)3As2 is an 

attractive material to replace CdzHg1-zTe given its lower toxicity, wider range of available band 

gaps, its high compatibility with III-V substrates such as GaAs and InP, and its ability to be tuned 

between intrinsically n-type (more Cd3As2) or p-type (more Zn3As2) conductivity.19-21 Producing 

such alloys on the nanoscale would allow further tunability of the  electronic structure through 

quantum confinement, and broaden the scope of processing methods for device fabrication. 

Synthesis of nanoscale (CdyZn1-y)3As2 would also provide opportunities to study structure property 

relationships in this unique class of intrinsically defective materials.22 
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While colloidal Cd3As2 nanocrystals were first prepared in 1985,23  and vapor deposited 

Zn3As2 nanocrystals have been reported,18, 24-26 there is no literature precedent for the synthesis of 

colloidal Zn3As2 or (CdyZn1-y)3As2 QDs.  

 

4.2 Results and Discussion 

 

4.2.1 Synthesis of Zinc Arsenide Quantum Dots 

 

Our approach to access these colloidal materials is to take advantage of the elevated 

reactivity of mixed zinc alkyl carboxylate oligomeric precursors, which our group has previously 

developed for the synthesis of zinc phosphide QDs (Scheme 4.1).27 

 

Scheme 4.1. Synthetic scheme for accessing zinc-rich Zn3As2 QDs. Where OA: 

O2C(CH2)7CH=CH(CH2)7CH3. 

 

Briefly, Zn(OA)2, ZnEt2, and As(SiMe3)3 are combined at 100 °C and then the temperature 

is raised to 315 °C. It was found that when immediately ramping the temperature to 315 °C, a 

brown precipitate containing 5 nm Zn3As2 formed (Figure 4.1). When heating up to 315 °C at a 

rate of approximately 3 °C per minute, the resulting nanocrystals maintained colloidal stability and 

a resolved lowest energy excitonic transition (LEET) was observed to shift as a function of time 

and temperature (Figure 4.2A).28 Further characterization showed that these particles are weakly 

luminescent (quantum yield < 1%) and have a diameter of 2.8 ± 0.4 nm (Figure 4.2B). Like with 
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Zn3P2, not using ZnEt2 resulted in low quality material without the presence of a LEET (Figure 

4.3).27 

 

Figure 4.1. (A) UV-Vis spectrum of soluble portion of the reaction after removal of heterogenous 

material. (B) TEM of heterogenous material with an average size ~4.6 nm. (C) PXRD of 

heterogeneous portion compared to bulk Zn3As2 (PDF 01-089-3431) with Scherrer analysis of the 

major peak indicating ~4.6 nm particles. The sharp peaks between 20 and 25 2θ could be due to 

Zn(OA)2 that is still present.29 
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Figure 4.2. (A) UV-Vis data showing the temporal evolution of zinc arsenide quantum dots and 

the room temperature photoluminescence (PL) spectrum of isolated particles. (B) Transmission 

electron microscopy image showing spherical particles with an average diameter of 2.8 ± 0.4 nm 

for 311 particles measured (Figure 4.4). 

 

Figure 4.3. UV-Vis data of the resulting material when ZnEt2 is not used in the reaction following 

Scheme 4.1 with the slower ramp rate. 
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Figure 4.4. Histogram of particle diameters for Zn3As2 QDs grown for 60 minutes (315 °C). 311 

particles were measured and the average size was determined to be 2.8 ± 0.4 nm. 

 

4.2.2 Importance of Using Zn(OA)2 and ZnEt2 in the Precursor Conversion 

 

Previously our group has shown that the use of both ZnEt2 and Zn(OA)2 is critical to the 

synthesis of high-quality Zn3P2 QDs because during the precursor conversion process, ZnEt2 and 

Zn(OA)2 react first to form [Zn5(OA)6(Et)4]30, which exhibits markedly enhanced reactivity with 

P(SiMe3)3 compared to either ZnEt2 or Zn(OA)2 alone.27 To highlight the importance of using the 

two-zinc precursor approach in the synthesis of Zn3As2, we probed the precursor conversion 

chemistry using 1H nuclear magnetic resonance (NMR) spectroscopy. As was the case with 

P(SiMe3)3, no reaction was observed between As(SiMe3)3 and ZnEt2 at room temperature over the 

course of seven days (Figure 4.5), and the half-life for the reaction between As(SiMe3)3 and 

Zn(O2CCH3)2 was estimated to be 14 days at room temperature (Figure 4.6).28 It is interesting to 

note that this half-life is more than an order of magnitude longer than the analogous reaction 

between P(SiMe3)3 and Zn(O2CCH3)2. However, upon pre-forming the [Zn5(O2CCH3)6(Et)4] 

cluster, the half-life for its reaction with As(SiMe3)3 was observed to be <5 minutes, similar to 

what was observed for the reaction with P(SiMe3)3 (Figure 4.7).28 This result highlights the 
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dramatic range over which the reactivity of Zn2+ with As3- can be tuned. We hypothesize that the 

enhanced precursor conversion rate that results from using both ZnEt2 and zinc carboxylate leads 

to an increase in the rate of monomer formation and supersaturation, enabling burst-like nucleation 

in this system.31 

 

Figure 4.5. Room temperature monitoring of the reaction between 1.5 ZnEt2 and 1 As(SiMe3)3 

with an internal standard of ferrocene. These data show no appreciable reaction between these two 

reagents at room temperature. 
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Figure 4.6. Room temperature monitoring of the reaction between 3 Zn(O2CCH3)2 and 1 

As(SiMe3)3 with an internal standard of ferrocene. These data show a very slow reaction between 

these two reagents. 
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Figure 4.7. Room temperature monitoring of the reaction between [Zn5(O2CCH3)6(Et)4] (made 

from 3 equivalents Zn(O2CCH3)2 and 1.5 equivalents ZnEt2) and 1 As(SiMe3)3 with an internal 

standard of ferrocene. These data show a very fast reaction between these reagents. 

 

4.2.3 Synthesis of (CdyZn1-y)3As2 Colloidal Quantum Dots 

 

To extend the absorption and emission spectra of these II-V QDs into the near-IR we 

explored the synthesis of a ternary alloy with Cd2+ by replacing 0-35% of the Zn(OA)2 in the 

original synthesis with Cd(O2CCH3)2 (Scheme 4.2). In reactions containing Cd2+, it was necessary 

to maintain the reaction temperature below 250 °C to prevent formation of bulk material (Figure 

4.8). 

[Zn5(O2CCH3)6(Et)4]

As(SiMe3)3

10 minutes

22 minutes

33 minutes

64 minutes

125 minutes

183 minutes

241 minutes

362 minutes

2 days

Ferrocene

H3CCO2-SiMe3

O2CCH3 CH2CH3 CH2CH3



122 
 

 

Scheme 4.2. Synthesis of cation-rich (CdyZn1-y)3As2 QDs. Where R: CH3 or 

(CH2)7CH=CH(CH2)7CH3 and M: Cd or Zn. 

 

Figure 4.8. PXRD data for a reaction using 15% cadmium acetate and heating up to 315 °C. 

 

Under these conditions the LEET could be varied from 560 nm (2.20 eV, 0% Cd) to 1000 

nm (1.24 eV, 35% Cd) (Figure 4.9 for 0, 15, 25, and 35% and Figure 4.10 for 5 and 10%). 

Replacing additional Zn(OA)2 with either Cd(O2CCH3)2 or Cd(OA)2 did not result in material with 

a smaller band gap (Figure 4.11). Heating up Zn3As2 particles in the presence of Cd(O2CCH3)2 did 

not result in stable material. 
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Figure 4.9. (A) UV-Vis data showing the shift to lower energy as more Cd(O2CCH3)2 is used in 

the synthesis. The UV-Vis data for the 35% sample was smoothed to remove noise from the 

detector changeover (Figure 4.12 for unsmoothed data). All PL intensities were converted using a 

Jacobian conversion.32 TEM images of particles prepared using 0% (B), 15% (C), 25% (D), and 

35% (E) Cd(O2CCH3)2. See Figure 4.13 for the size distributions. 
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Figure 4.10. (A) UV-Vis (solid) and Fluorescence (dashed) data for samples made with 5 and 10% 

cadmium. All PL intensities were converted using a Jacobian conversion.32 (B) TEM of the 5% 

sample. (C) TEM of the 10% sample. (D) Histogram of diameters for the 5% sample where 308 

particles were measured yielding a size of 2.5 ± 0.4 nm. (E) Histogram of diameters for the 10% 

sample where 309 particles were measured yielding a size of 2.8 ± 0.4 nm. 
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Figure 4.11. UV-Vis data from two reactions where 50% cadmium carboxylate was used. When 

Cd(O2CCH3)2 was used (blue), the reaction did not yield material with a lower band gap. When 

Cd(OA)2 was used (orange), the reaction turned heterogeneous after ten minutes leaving large 

band-gap material left in solution. 

 

Figure 4.12. Raw and smoothed UV-Vis data for the 35% cadmium sample showing minimal 

change when smoothed. 
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Figure 4.13. (A) Histogram of diameters for the 0% sample where 317 particles were measured 

yielding a size of 2.5 ± 0.4 nm. (B) Histogram of diameters for the 15% sample where 315 particles 

were measured yielding a size of 2.6 ± 0.3 nm. (C) Histogram of diameters for the 25% sample 

where 306 particles were measured yielding a size of 3.2 ± 0.4 nm. (D) Histogram of diameters 

for the 35% sample where 305 particles were measured yielding a size of 2.7 ± 0.3 nm. 

 

All QDs prepared by this method were luminescent with total quantum yields ranging from 

<1 to 60% (Figure 4.9A, 4.10, and Table 4.1). The presence of a second, more red-shifted 

luminescence peak was only observed in the case of 0, 5, and 10% cadmium. As more cadmium 

was introduced into the lattice, the shift between the LEET and PL maximum decreased from 300 

meV to 30 meV. The presence of a highly red shifted peak (Δ>800 meV) is no longer present once 

more than 10% Cd is used. This, along with the reduction in the red shift from 300 to 30 meV 

indicates that the number of traps (either on the surface or in the core) decreases as more cadmium 

is used. 
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Table 4.1. Photoluminescence quantum yield and emission shifts for all samples. 

X% Cadmium Pl QY LEET (eV) PL max (eV) Δ (meV) FWHM (meV) 
0 1% 2.21 1.93, 1.32 280, 890 294, 365 
5 <1% 2.14 1.75, 1.3 390, 840 294, 247 

10 <1% 2.09 1.26 830 271 
15 4% 1.79 1.51 280 271 
25 60% 1.33 1.25 80 165 
35 13% 1.24 1.21 30 177 

 

4.2.4 Structural Characterization of Alloyed Quantum Dots 

 

Transmission electron microscopy (TEM) images of these samples show that while the 

absorption onset is dramatically changing, the particle size stays relatively constant, with average 

nanocrystal diameters of 2.4 ± 0.4 (0% Cd), 2.5 ± 0.4 (5% Cd), 2.8 ± 0.4 (10% Cd), 2.6 ± 0.3 (15% 

Cd), 3.2 ± 0.4 (25% Cd), and 2.7 ± 0.3 nm (35% Cd) (Figures 4.9B and 4.10). This suggests that 

the observed narrowing of the optical band gap on incorporation of Cd indeed results from alloying 

as opposed to a change in particle size. Furthermore, the relatively constant final nanocrystal size 

suggests that although the ratio of cadmium to zinc carboxylate is changing, the number of nuclei 

that form may be similar given that all syntheses are limited by the amount of arsenic present. 

Further evidence for alloying can be seen in the powder X-ray diffraction (PXRD) data of 

these samples (Figure 4.14). It has been shown that the Zn3As2-Cd3As2 alloy system obeys 

Vegard’s law.19 The <400> reflection between 40.2 and 44.2 2θ was analyzed giving the percentage 

of Cd3As2 in the nanocrystals at  0%, 33%, 48%, 58%, 69% and 72% when 0, 5, 10, 15, 25 and 

35% cadmium acetate was used in the synthesis. Scherrer analysis shows that the particle diameter 

is not changing significantly (2-3 nm for all samples, Table 4.2), which is in agreement with the 

TEM data (Figure 4.9 B-E and Figure 4.10 B-C). 
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Figure 4.14. PXRD data of the nanocrystals obtained when 0 – 35% percent of the zinc oleate was 

replaced with cadmium acetate compared to bulk patterns of Zn3As2 and Cd3As2 (PDF 01-089-

3431 and 73-809 respectively). *ZnO impurity (PDF 01-074-0534) arises from decomposition of 

unreacted zinc carboxylate under these conditions.33 
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Table 4.2. Scherrer analysis of PXRD samples. 

X% Cadmium Scherrer Analysis Diameter (nm) 
0 1.8 
5 2.6 
10 3.2 
15 3.0 
25 3.0 
35 3.0 

 

However, the compositions determined by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) do not agree with the PXRD analysis when <25% cadmium is used (Table 

4.3). While there is still a preference for cadmium incorporation, it is not as drastic as the PXRD 

data would indicate. As a third way of approximating the percent of cadmium incorporated, 

Vegard’s law was applied to the position of the LEET. 2.2 eV was used as the LEET of 3 nm 

Zn3As2 and 1.22 eV was used as the LEET of 3 nm Cd3As2.15 This analysis ignores the slight 

bowing in the band gap versus composition that has been observed in bulk II3V2 alloys.26, 34-35  

 

Table 4.3. Molar ratios of Zn:Cd:As of all samples grown for 45 minutes. 

X% Cadmium Zn Cd As 
0 6.8 0 2 
5 4.4 0.1 2 
10 5.9 0.3 2 
15 4.0 0.7 2 
25 3.5 1.8 2 
35* 3.8 2.2 2 

*Amount of Zn is artificially high given the presence of a ZnO impurity. 

 

Figure 4.15 compares all three methods for assessing the percent cadmium incorporation. 

The UV-Vis data appears to match well with the ICP values. This could indicate that using the 
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position of the <400> reflection and Vegard’s law is not a good method for measuring low 

concentrations of cadmium in this alloy system due to the potential inhomogeneity of cadmium 

incorporation into the bulk unit cell. This highlights one complication that arises when translating 

structural parameters from a large, 40 atom, anisotropic unit cell to nanoscale crystallites. Another 

potential explanation for the difference in composition when <25% cadmium is used is that the 

resulting particles could be gradient alloys. If the cadmium concentration is highest in the core, 

this would explain why the apparent cadmium arsenide percentage determined by PXRD is 

artificially high compared with the other two methods. 

 

Figure 4.15. Comparison between three methods of calculating the percent cadmium in       

(CdyZn1-y)3As2 QDs compared to the amount used in the synthesis. 
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4.2.5 Precursor Conversion is Responsible for Enhanced Cadmium Incorporation 

 

Despite differences observed between the methods used to extract composition, all the data 

suggest that Cd-As bonds are forming faster than Zn-As bonds since the amount of Cd incorporated 

exceeds the amount introduced into the reaction mixture. Standard thermodynamic values for the 

bond dissociation energies of Zn-As and Cd-As bonds are not available, however the values for 

the metal bromides (Zn-Br 33 kcal/mol and Cd-Br 38 kcal/mol) versus the corresponding M-O 

bond dissociation energies (Zn-O 67 kcal/mol and Cd-O 55 kcal/mol) support these observed 

kinetics.36 Further evidence supporting this claim is that the rate of formation of semiconductor 

units, as measured by the high-energy absorbance intensity, increases as cadmium is introduced 

into the reaction mixture (Figure 4.16).37  

 

Figure 4.16. Normalized absorbance at 300 nm as a function of time as well as exponential fits 

for all samples. The 45 minute aliquot was set to 1, except for the 5% data where the max was set 

to 1. 
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1H NMR spectroscopy was again employed to probe the reactivity of Cd(O2CCH3)2 with 

the other reagents to account for the preferential incorporation of Cd2+ into these nanomaterials. 

The room temperature half-life of the reaction between Cd(O2CCH3)2 and As(SiMe3)3 was 

determined to be 1.7 days (Figure 4.17).28 It was found, however, that Cd(O2CCH3)2 reacts with 

ZnEt2 to form a new species in solution over the course of six hours (Figure 4.18). NMR, ICP, and 

combustion analysis of the resulting material supports formation of an oligomeric species 

containing both cadmium and zinc with a single acetate environment (1.86 ppm) and two distinct 

ethyl environments (1.59 and 1.33 ppm), in analogy with what is observed when Zn(O2CCH3)2 

and ZnEt2 are combined.  
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Figure 4.17. Room temperature monitoring of the reaction between 3 Cd(O2CCH3)2 and 1 

As(SiMe3)3 with an internal standard of ferrocene. These data show a slow reaction between these 

two reagents. 
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Figure 4.18. Room temperature reaction between 3 Cd(O2CCH3)2 and 1.5 ZnEt2 with an internal 

standard of ferrocene showing the formation of a new cluster similar to that of 

[Zn5(O2CCH3)6(Et)4], but with two different ethyl environments. 

 

The room temperature half-life of the reaction between this new zinc and cadmium 

containing cluster and As(SiMe3)3 was found to be <6.5 minutes (Figure 4.19).28 While the 

reactivity with As(SiMe3)3 is enhanced in the presence of ZnEt2, it is also possible that at elevated 

temperatures Cd(O2CCH3)2 could directly react with As(SiMe3)3. To probe the competition 

between zinc and cadmium in this reaction, an NMR experiment was set up that used equimolar 

amounts of zinc and cadmium carboxylate (Figure 4.20). At the reaction endpoint, only unreacted 

[Zn5(O2CCH3)6(Et)4] was observed (Figure 4.21). Additionally, the relative amount of unreacted 
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[Zn5(O2CCH3)6(Et)4] relative to the Me3SiO2CCH3 co-product was much greater than when no 

cadmium acetate was used, suggesting that the acetates of cadmium reacted preferentially with 

As(SiMe3)3 (Figure 4.20). This experiment suggests that the Cd-containing clusters react 

preferentially to pure zinc clusters, supporting the observation of preferential Cd incorporation into 

the resulting (CdyZn1-y)3As2 QDs, which agrees with the high-energy UV-Vis data. 

 

Figure 4.19. Room temperature monitoring of the reaction between a cluster containing Zn and 

Cd (made from 3 Cd(O2CCH3)2 and 1.5 ZnEt2) and 1 As(SiMe3)3 with an internal standard of 

ferrocene. These data show a very fast reaction between these reagents. 
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Figure 4.20. Room temperature reaction between 1.5 Cd(O2CCH3)2, 1.5 Zn(O2CCH3)2, 1.5 ZnEt2, 

and 1 As(SiMe3)3 with an internal standard of ferrocene showing the fast consumption of 

As(SiMe3)3. 
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Figure 4.21. Comparison of the final two traces in the competition reaction (using 1.5 

Zn(O2CCH3)2 and 1.5 Cd(O2CCH3)2) compared to the final traces when 3 Cd(O2CCH3)2 was used 

(green) and when 3 Zn(O2CCH3)2 was used (red). Peak from H3CCO2-SiMe3 set to 1. 

 

4.3 Conclusions 

 

In conclusion, we have demonstrated the synthesis of colloidally stable 3 nm Zn3As2 and 

(CdyZn1-y)3As2 nanocrystals with optical band gaps ranging from 2.2 to 1.3 eV. This chemistry 

relies on the enhanced precursor reactivity provided by using a combination of both ZnEt2 and 

M(O2CR)2 (M = Cd, Zn; R = CH3, (CH2)7CH=CH(CH2)7CH3) in the synthesis, which leads to the 

formation of oligomeric species containing both zinc and cadmium prior to nucleation. PXRD data 
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for the resulting (CdyZn1-y)3As2 nanocrystals show a shift in all major reflections from those of 

Zn3As2 towards Cd3As2, supporting alloy formation. Using three methods to calculate the amount 

of cadmium we determined that the amount of cadmium incorporated into the QDs was much 

larger than the amount used in each synthesis. This, along with the 1H NMR data and the high-

energy absorption data, shows that the formation of Cd-As bonds occurs more rapidly than the 

formation of Zn-As bonds. Moving forward we are optimistic about the prospect of using this 

synthetic approach for the synthesis of other II-V and related colloidal QDs. 

 

4.4 Experimental 

 

4.4.1 General Considerations 

 

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

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

Schlenk techniques. Hexanes (a mixture of isomers, CHROMASOLV), triphenylphosphine 

(99%), sodium (dry stick, ACS reagent), potassium (in mineral oil, 98%), and calcium hydride 

(powder, 0-2 mm, reagent grade, ≥90%, stored in desiccator) were purchased from Sigma-Aldrich 

Chemical Company and used without further purification. Phosphoric acid (ACS grade) was 

purchased from Macron Fine Chemicals and used without further purification. Ethyl acetate 

(anhydrous, 99.8%), and acetonitrile (anhydrous, 99.8%) were purchased from Sigma-Aldrich and 

stored in a nitrogen filled glove box over activated 3 Å molecular sieves. Chlorotrimethylsilane 

(purified by redistillation, ≥99%), arsenic (pieces, 99.999%), oleic acid (≥99%, GC), diethyl zinc, 

ZnEt2, (≥52 wt. % Zn basis), and ferrocene (98%) were purchased from Sigma Aldrich Chemical 



139 
 

Company and stored under an inert atmosphere. Omni Trace nitric acid was purchased from EMD 

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

Millipore water purification system. Celite 545 and zinc acetate (99.99%) were purchased from 

Sigma-Aldrich Chemical Company and heated at 150 °C under vacuum overnight and stored in a 

nitrogen filled inert glove box prior to use. Oleic acid (90%, technical grade) was purchased from 

Sigma-Aldrich Chemical Company and stirred over 3 Å molecular sieves overnight prior to being 

freeze-pump-thawed three times and stored in a nitrogen filled inert glove box prior to use. 

Dimethyl cadmium, CdMe2, (97%) and cadmium acetate (anhydrous, 99.999%-Cd, PURATREM) 

were purchased from Strem Chemicals and stored in a nitrogen filled inert atmosphere glove box. 

1-octadecene (90%) 1,2-dimethoxyethane (99%), pentane, heptane, and toluene were purchased 

from Sigma-Aldrich Chemical Company, dried by stirring overnight with CaH2, distilled, and 

stored over activated 3 Å molecular sieves in an inert atmosphere glove box. C6D6 was purchased 

from Cambridge Isotope Labs and was similarly dried and stored. Bio Beads S-X1were purchased 

from Bio-Rad Laboratories and dried under vacuum and stored in an inert atmosphere glove box 

prior to use. Tristrimethylsilylarsine (As(SiMe3)3) was prepared by modifying a literature 

procedure.38 Zinc oleate (Zn(OA)2) was prepared using an adapted literature procedure with the 

technical grade oleic acid and stored in a nitrogen filled glove box.27 Cadmium oleate (Cd(OA)2) 

was prepared using a modified literature procedure with the ≥99% oleic acid and dimethyl 

cadmium and stored in a nitrogen filled glove box.27 
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4.4.2 Synthesis of Zinc Arsenide Quantum Dots 

 

 0.377 grams (0.6 mmol) of Zn(OA)2 was transferred into a 25 mL 3-neck flask outfitted 

with a reflux condenser, septum, and thermowell under nitrogen. 6 grams of 1-octadecene was 

added to this flask. A temperature controller with a thermos-probe were used to monitor and 

control the reaction temperature. The 1-octadecene and Zn(OA)2 were heated up to 101 °C. In a 

nitrogen filled glove box, 30.75 µL (0.3 mmol) of ZnEt2 and 59.2 µL (0.2 mmol) of As(SiMe3)3 

were added to 2 grams of 1-octadecene and drawn into a syringe. The heating mantle was turned 

off and at 100.2 °C was turned back on and set to 315 °C. At 100.0 °C the solution containing 

ZnEt2 and As(SiMe3)3 was rapidly injected into the flask. The reaction ran for 60 minutes. This 

heating profile lead to heterogeneous material. To produce homogeneous particles, the initial set 

point was set to 150 °C. After 15 minutes the set-point was set to 200 °C, after 30 minutes set to 

250 °C, and after 45 minutes set to 315 °C. Particles grown for 60 minutes also formed a ZnO 

byproduct. This could be eliminated by running the reaction for 45 minutes up to 250 °C. 

 

4.4.3 Synthesis of Cadmium Zinc Arsenide Quantum Dots 

 

 X% of the zinc oleate was replaced with cadmium acetate to keep the total number of metal 

carboxylate mmols constant (0.6 mmol). The cadmium acetate was introduced to the flask the 

same way the Zn(OA)2 was. Additionally, these reactions were only run for 45 minutes, with a 

final temperature of 250 °C, using the slow ramping method. 
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4.4.4 Synthesis of the Cadmium and Zinc Oligomer 

 

 0.1366 grams (0.6 mmol) of cadmium acetate was weighed out and stirred in 2 mL of 

pentane in an inert atmosphere glovebox. 50 µL (0.4 mmol) of diethyl zinc was then added. This 

mixture was stirred overnight at room temperature. During this reaction, the solution became 

homogeneous then turned heterogeneous. A crude NMR was taken to compare to the NMR scale 

reaction. Next all volatiles were removed and the white solid was dissolved in toluene. This 

mixture was then filtered through a 0.45 µm PTFE filter. The colorless solution was then pumped 

to dryness to collect elemental analysis (EA) and ICP-OES data. The sample was determined to 

have 25.1% C and 3.6% H by EA. The ratio of Zn:Cd was determined to be ~3:2 by ICP-OES. 

 

4.4.5 Particle Work-up Procedure 

 

 Samples were transferred to Schlenk flask and the 1-octadecene was distilled off. The rest 

of the work up procedure was done in a nitrogen filled glove box. Particles were suspended in 

pentane and centrifuged to remove any insoluble material. The particles were then crashed out 

with a 2:1 mixture of ethyl acetate to acetonitrile. This heterogeneous mixture was then 

centrifuged. If the particles did not crash out as a solid, the near colorless liquid was decanted off 

and more ethyl acetate/acetonitrile was added. Once this yielded a mostly solid crash out, this was 

dissolved in toluene and crashed out with only acetonitrile. This was repeated a few times. Lastly, 

the particles were dissolved in toluene and centrifuged to remove any insoluble material. For 

additional purification prior to compositional analysis these samples were purified using gel 

permeation column chromatography.39 
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4.4.6 NMR Experiments 

 

 All NMR experiments were performed with an internal standard of ferrocene in C6D6 with 

a delay time of 30 seconds and set up in an inert atmosphere glove box in a J-Young NMR tube. 

To test the reactivity of Zn(O2CCH3)2 with As(SiMe3)3, 14.8 µL (0.05 mmol) of As(SiMe3)3 was 

added to 0.5 mL C6D6. An initial scan was taken prior to the addition of 0.0275 grams (0.15 mmol) 

of Zn(O2CCH3)2. To test the reactivity of ZnEt2 with As(SiMe3)3, 7.69 µL (0.075 mmol) of ZnEt2 

were added to a similar solution of As(SiMe3)3 in C6D6 after an initial scan was taken. To test the 

reactivity of [Zn5(O2CCH3)6(Et)4] with As(SiMe3)3, 0.0275 grams (0.15 mmol) of Zn(O2CCH3)2 

and 7.69 µL (0.075 mmol) of ZnEt2 were mixed in 0.5 mL of C6D6 and stirred overnight in the J-

Young NMR tube. An initial scan was taken to ensure conversion to the zinc cluster. Next, 14.8 

µL (0.05 mmol) of As(SiMe3)3 was added to the NMR tube and monitored. To test the reactivity 

of Cd(O2CCH3)2 and As(SiMe3)3, 14.8 µL (0.05 mmol) of As(SiMe3)3 was added to 0.5 mL of 

C6D6 and an initial scan was taken prior to the addition of 0.0342 grams (0.15 mmol) of 

Cd(O2CCH3)2. To test the reactivity of Cd(O2CCH3)2 and ZnEt2, 0.5 mL of C6D6 was added to 

0.0345 grams (0.15 mmol) of Cd(O2CCH3)2 and an initial scan was taken prior to the addition of 

7.69 µL (0.075 mmol) ZnEt2. To test the reactivity of this product with As(SiMe3)3, 14.8 µL (0.05 

mmol) of As(SiMe3)3 was added after 23 hours. To test the competition between Zn(O2CCH3)2 

and Cd(O2CCH3)2 reacting with As(SiMe3)3, a 0.5 mL C6D6 solution containing 14.8 µL (0.05 

mmol) As(SiMe3)3 and 7.69 µL (0.075 mmol) ZnEt2 was added to 0.014 grams (0.076 mmol) 

Zn(O2CCH3)2 and 0.0178 grams (0.077 mmol) Cd(O2CCH3)2 and monitored. 
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4.4.7 Characterization 

 

 Solution 1H (Field: 300 MHz) NMR spectra were collected on a 300 MHz Bruker Avance 

spectrometer using a 30 second delay time. UV-Vis spectra were collected on an Agilent Cary 

5000 spectrophotometer. Photoluminescence spectra were collected on a home built lock in 

detected photoluminescence set-up using 500 µm slits, a 450 nm diode chopped at 200 Hz at ~530 

mA and 500 pA V-1 (for the pre-Amp) for excitation, and collected on a Si:InGaAs detector. PXRD 

diffractograms were collected on a Bruker D8 Discover with a GADDS 2-D XRD system. ICP-

OES was performed using a Perkin Elmer Optima 8300. TEM images were collected on a FEI 

Tecnai G2 F20 microscope. TEM analysis was performed using manual analysis with the help of 

the ImageJ software package and Igor Pro.40 

 

4.4.8 Sample Preparation for Characterization 

 

 PXRD: Solvent was removed from colloidal samples until dry and the paste was spread on 

a silicon <100> single crystal wafer. ICP-OES: Samples were run through a column made of Bio-

Beads multiple times to removed excess ligands prior to acid digestion.39 Concentrated high purity 

nitric acid was added to dissolve a small amount of the purified and dried samples so the final 

solution could be diluted with 18.2 MΩ water in a volumetric flask to 2% nitric acid. TEM: 

Samples were either prepared in toluene or heptane and drop-casted onto a TEM grid (Ultrathin 

carbon on holey carbon support film, 400 mesh Ted Pella or graphene support on Lacey Carbon, 

300 mesh Ted Pella). Samples were placed under vacuum overnight prior to analysis to ensure 

sample dryness. 
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4.4.9 Half-life Calculations 

 

 The half-life of the reaction of 3 Zn(O2CCH3)2 and 1 As(SiMe3)3 was determined to be 14 

days. This was determined by comparing the relative area of the As(SiMe3)3 peak to the internal 

standard (ferrocene). This data was then normalized with the early time points averaged and set to 

1. The data over 4 days (Figure 4.22A) was fit and extrapolated to the point when the integral of 

the As(SiMe3)3 peak was 0.5. After 4 days, the decomposition rate was enhanced perhaps due to 

additional decomposition pathways (Figure 4.22B). 

 

Figure 4.22. Plots showing the loss of the As(SiMe3)3 NMR signal over time when reacting with 

Zn(O2CCH3)2. (A) ~6000 minutes and (B) ~9000 minutes. 

 

 The half-life of the reaction between 1 As(SiMe3)3 and the cluster pre-formed between        

3 Zn(O2CCH3)2 and 1.5 ZnEt2 was determined to be <5 minutes due to the fact that there was no 

As(SiMe3)3 present during the first spectrum taken after adding As(SiMe3)3. This was also the case 

when determining the half-life of the reaction between As(SiMe3)3 and the cluster pre-formed 

between 3 Cd(O2CCH3)2 and 1.5 ZnEt2 to be <6.5 minutes. 

 The half-life of the reaction between 3 Cd(O2CCH3)2 and 1 As(SiMe3)3 was determined to 

be 1.7 days. This was calculated by again comparing the area of the As(SiMe3)3 peak to that of an 
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internal standard (ferrocene). The reaction ran past the half-way point so no extrapolation was 

necessary (Figure 4.23). 

 

Figure 4.23. Plot showing the loss of the As(SiMe3)3 NMR signal over time when reacting with 

Cd(O2CCH3)2. 
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Glossary 

1-ODE  1-octadecene 

Ac  acetate 

CP  cross polarization 

ICP-OES inductively coupled plasma optical emission spectrometry 

IR  infrared 

LEET  lowest energy electronic transition 

MAS  magic angle spinning 

NMR  nuclear magnetic resonance 

OA  oleate (O2C(CH2)7CH=CH(CH2)7CH3) 

PL  photoluminescence 

PXRD  powder X-ray diffraction 

QDs  quantum dots 

QY  quantum yield 

TEM  transmission electron microscopy 

TOP  trioctylphosphine 

UV-Vis ultra violet visible 
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Appendix A: Model of Zn3P2 QD surface based on TGA and ICP-OES Data 

 

Assumptions: 

• Particles have a diameter of 2.9 nm 

• Zn:P ratio is 2.5:1 

• Possible zinc oxide shell thickness 0.116 nm (less than a monolayer) 

• Surface ligands are Zn(OA)2 

• Zn(OA)2 converts to ZnO upon thermal decomposition 

Inorganic core mass: 

𝑚𝑎𝑠𝑠 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦×𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦×
4
3 𝜋𝑟3 

𝑚𝑎𝑠𝑠 = (4.55 𝑔 𝑐𝑚−3)× (
4
3 𝜋 ((

2.9
2 − 0.116) ×10−7)

3

) = 4.524 ×10−20 𝑔𝑟𝑎𝑚𝑠 

 

Moles of zinc and phosphorus 

 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑧𝑖𝑛𝑐: 3×
4.524×10−20 𝑔𝑟𝑎𝑚𝑠
258.12 𝑔𝑟𝑎𝑚 𝑚𝑜𝑙−1 = 5.259×10−22 𝑚𝑜𝑙𝑒𝑠 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠: 2×
4.524×10−20 𝑔𝑟𝑎𝑚𝑠
258.12 𝑔𝑟𝑎𝑚 𝑚𝑜𝑙−1 = 3.506×10−22 𝑚𝑜𝑙𝑒𝑠 

 

ZnO layer 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟 =
4
3 𝜋𝑟3 − 𝑍𝑛3𝑃2 𝑣𝑜𝑙𝑢𝑚𝑒 

𝑣𝑜𝑙𝑢𝑚𝑒 =
4
3 𝜋 (

2.9
2 )

3
−

4
3 𝜋 (

2.9
2 − 0.116)

3
= 2.826 𝑛𝑚3 = 2.826×10−21 𝑐𝑚3 
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𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦×𝑣𝑜𝑙𝑢𝑚𝑒 

 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟 = (5.61 𝑔 𝑐𝑚−1)×(2.826×10−21 𝑐𝑚3) = 1.585×10−20 𝑔𝑟𝑎𝑚𝑠 

 

𝑚𝑜𝑙𝑒𝑠 𝑍𝑛𝑂 = 𝑚𝑜𝑙𝑒𝑠 𝑍𝑛 =
𝑚𝑎𝑠𝑠
𝑀𝑊 =

1.585×10−20 𝑔𝑟𝑎𝑚𝑠
81.41 𝑔𝑟𝑎𝑚𝑠 𝑚𝑜𝑙−1 = 1.948×10−22 𝑚𝑜𝑙𝑒𝑠 

Surface 

The total moles of zinc can be determined using the Zn:P ratio 

 

𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑧𝑖𝑛𝑐 = 𝑚𝑜𝑙𝑒𝑠 𝑃×2.5 = 3.506×10−22×2.5 = 8.764×10−22 𝑚𝑜𝑙𝑒𝑠 

 

𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑧𝑖𝑛𝑐 = 8.764×10−22 − 1.948×10−22 − 5.259×10−22 

 

𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑧𝑖𝑛𝑐 = 1.558×10−22 𝑚𝑜𝑙𝑒𝑠 

 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑚𝑜𝑙𝑒𝑠×𝑀𝑊 

 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = (1.558×10−22 𝑚𝑜𝑙𝑒𝑠)×(628.3 𝑔𝑟𝑎𝑚𝑠 𝑚𝑜𝑙−1) = 9.790×10−20 𝑔𝑟𝑎𝑚𝑠 

 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑍𝑛𝑂 𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑧𝑖𝑛𝑐 𝑚𝑜𝑙𝑒𝑠 ×𝑀𝑊𝑍𝑛𝑂 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑍𝑛𝑂 = (1.558×10−22 𝑚𝑜𝑙𝑒𝑠)×(81.41 𝑔𝑟𝑎𝑚𝑠 𝑚𝑜𝑙−1) = 1.268×10−20 𝑔𝑟𝑎𝑚𝑠 
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Inorganic mass % 

 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 = 𝑐𝑜𝑟𝑒 𝑚𝑎𝑠𝑠 + 𝑍𝑛𝑂 𝑙𝑎𝑦𝑒𝑟 𝑚𝑎𝑠𝑠 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑎𝑠𝑠 

 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 = 4.524×10−20 𝑔𝑟𝑎𝑚𝑠 + 1.585×10−20 𝑔𝑟𝑎𝑚𝑠 + 9.790×10−20 𝑔𝑟𝑎𝑚𝑠 

 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 = 1.590×10−19 𝑔𝑟𝑎𝑚𝑠 

 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑠𝑠 = 𝑐𝑜𝑟𝑒 𝑚𝑎𝑠𝑠 + 𝑍𝑛𝑂 𝑙𝑎𝑦𝑒𝑟 𝑚𝑎𝑠𝑠 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑍𝑛𝑂 𝑚𝑎𝑠𝑠 

 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑠𝑠 = 4.524×10−20 𝑔𝑟𝑎𝑚𝑠 + 1.585×10−20 𝑔𝑟𝑎𝑚𝑠 + 1.268×10−20 𝑔𝑟𝑎𝑚𝑠 

 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑠𝑠 = 7.378×10−20 𝑔𝑟𝑎𝑚𝑠 

 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑠𝑠 % = 46.4% 

 

This is in line with the TGA data collected for this particles (Figure 2.25). 
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Appendix B: Synthesis of Para-substituted Tris(triarylsilyl)phosphines 

 

B.1 General Considerations 

 

 Sodium (dry stick, ACS reagent), potassium (in mineral oil, 98%), red phosphorus 

(99.999%), trichlorosilane (99%), palladium dichloride (99%), hexachloroethane (99%), 

magnesium sulfate (anhydrous, ≥99.5%), 4-bromotoluene (98%), 1-bromo-4-chlorobenzene 

(99%), 4-bromobenzotrifluoride (99%), iodine (chips, ≥99%), chlorotriphenylsilane (96%), 

chlorotrimethylsilane (≥99%), magnesium turnings (98%), and Celite 545 were purchased from 

Sigma-Aldrich Chemical Company and used without further purification. All solvents, including 

1,2-dimethoxyethane (99%), toluene, hexanes, diethyl ether, and tetrahydrofuran were purchased 

from Sigma-Aldrich Chemical Company, dried by stirring overnight with CaH2, distilled, and 

stored over 4 Å molecular sieves. C6D6 and CDCl3 were purchased from Cambridge Isotope Labs 

and were dried similarly. Concentrated hydrochloric acid was purchased from Fisher Scientific. 

Magnesium turnings were activated following literature procedures prior to use.1  1H, 31P, 13C, and 

19F NMR spectra were collected on 300 and 500 MHz Bruker Avance spectrometers. 

 

B.2 Synthesis of Para-substituted Triarylsilanes 

 

B.2.1 Synthesis of (p-MeC6H4)3SiH 

 

 This synthesis was adapted from a literature procedure.2 In a 250 mL 3-neck flask 100 mL 

diethyl ether, 2.67 grams (110 mmol) activated magnesium, and one iodine chip were added under 
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N2. Then 16.83 grams (98.4 mmol) of p-bromotoluene were added. The reaction mixture was 

refluxed and briefly heated with a heat gun. After about 6 minutes the solution became cloudy and 

darkened to an orange color. After 4.5 hours, the solution was cannula transferred to a 250 mL 3-

neck flask set up with a pressure equalizing dropping funnel, septum, and a Schlenk flow adapter 

that had been purged with N2. 10 mL of diethyl ether was added to the dropping funnel. 3.4 mL 

(33.7 mmol) of trichlorosilane was added via syringe under N2. The diethyl ether/silane solution 

was added drop-wise at a rate around one drop per second. Once added, the solution was left to 

stir for 30 minutes. The solution was then quenched with a 0.5-1 M HCl solution. The aqueous 

layer was washed three times with 20 mL of diethyl ether. The organic layers were combined and 

dried with magnesium sulfate. The solution was filtered through a paper filter. The diethyl ether 

was removed under reduced pressure, resulting in a yellow oil. The oil was dissolved in hexanes 

and put in the freezer at −30 °C. The resulting solids were collected. These solids were further 

purified by stirring in hot methanol (60 °C) for two hours and collected on a frit. The yield for this 

reaction was 1.7 grams. The average percent yield was 30% (7 runs). 1H NMR (301 MHz): CDCl3, 

(d, 7.47, 6H), (d, 7.19, 6H), (s, 5.42, 1H), (s, 2.37, 9H). 

 

 

B.2.2 Synthesis of (p-ClC6H4)3SiH 

 

 This synthesis was adapted from a literature procedure.3 4.5 grams (185 mmol) of activated 

magnesium was added to 30 mL of diethyl ether and a chip of iodine in a 250 mL 3-neck flask 

under N2. A saturated diethyl ether solution containing 31.61 grams (165 mmol) of 1-bromo-4-

chlorobenzene was added to the flask. The solution started refluxing on its own after fifteen 
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minutes and turned brown. Warning, the next step is very exothermic and should be done in an ice 

bath. After 40 minutes, 5.45 mL (54 mmol) of trichlorosilane was added via syringe under N2. The 

reaction mixture was refluxed in an oil bath for 4 hours. The reaction was quenched by pouring 

into a 600 mL beaker with an ice/5% HCl mixture. The aqueous layer was washed with three 20 

mL portions of diethyl ether. The diethyl ether layers were combined and dried with magnesium 

sulfate. The solution was filtered through a paper filter. The diethyl ether was removed under 

reduced pressure yielding an oil. Upon the addition of pentane, a white precipitate formed. The 

solution was put in the freezer at −30 °C to encourage further precipitation. The white solids were 

collected and recrystallized in ethanol. The yield was 6.9 grams. The average % yield was 46% (2 

runs). 1H NMR (300 MHz): CDCl3, (d, 7.46, 6H), (d, 7.36, 6H), (s, 5.42, 1H). 

 

B.2.3 Synthesis of (p-CF3C6H4)3SiH 

 

 This synthesis was adapted from literature procedure.3 In a typical synthesis targeting 10 

grams of the desired product, 3 grams (123 mmol) of activated magnesium was added to 100 mL 

of diethyl ether in a 3-neck 250 mL flask under N2. Next, 9 mL (64 mmol) of 4-

bromobenzotrifluoride and one chip of iodine were added to the flask. The reaction mixture was 

refluxed for 2 hours and then cooled to room temperature. Another 3-neck 250 mL flask was set 

up with a pressure equalizing dropping funnel and a septum under N2. The reaction mixture was 

cannula transferred into the second 3-neck flask. To the dropping funnel, 50 mL of diethyl ether as 

well as 2.2 mL (21.8 mmol) of trichlorosilane were added under N2. This solution was added drop-

wise and the reaction mixture was cooled over ice during the addition. The solution was brought 

to reflux in an oil bath and left overnight. The solution was then cooled to room temperature and 
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quenched over an ice/5% HCl solution in a 600 mL beaker. The aqueous layer was washed with 

three 20 mL portions of ether. The ether layers were collected and dried with magnesium sulfate. 

This solution was filtered through a paper filter and the solvent was removed by vacuum. The 

resulting yellow solid was recrystallized twice from pentane. The yield was 3.7 grams. The average 

% yield was 48% (3 runs). 1H NMR (300 MHz): CDCl3, (m, 7.69, 12H), (s, 5.60, 1H); 19F (282 

MHz): –64.06. 

 

B.3 Synthesis of Chlorotriarylsilanes 

 

B.3.1 Synthesis of (p-MeC6H4)3SiCl 

 

 The synthesis was modified from a literature procedures,4-5 and was performed in an inert 

atmosphere glove box. In a typical synthesis, 0.0198 grams (0.1 mmol) of palladium dichloride 

and 0.594 grams (2.5 mmol) of hexachloroethane were measured into a 100 mL round bottom 

flask. Then 2.93 grams (9.7 mmol) of (p-MeC6H4)3SiH was added. Next, 2.22 grams of 

tetrahydrofuran was added. Upon addition of the solvent, the solution turned black and started 

giving off gas. The reaction flask was loosely stoppered and the reaction was stirred at room 

temperature overnight. The reaction mixture was analyzed by 1H NMR spectroscopy prior to 

working up to ensure the reaction went to completion. The THF was removed under reduced 

pressure and re-dissolved in copious amounts of pentane. The solution was filtered through Celite. 

The pentane was removed under reduced pressure yielding a white solid that did not require further 

purification. The yield was 1.23 g. The average % yield was 63% (5 runs). 1H NMR (300 MHz): 

CDCl3, (d, 7.53, 6H), (d, 7.22, 6H), (s, 2.38, 9H). 
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B.3.2 Synthesis of (p-ClC6H4)3SiCl 

 

 This synthesis was performed in an inert atmosphere glove box. In a typical synthesis, 

0.130 grams (0.7 mmol) palladium dichloride and 0.866 grams (3.7 mmol) of hexachloroethane 

were weighed out into a 100 mL round bottom flask. 5.253 grams (14.4 mmol) of (p-ClC6H4)3SiH 

was added. 3.17 grams of THF was then added. A septum used to loosely stopper the reaction flask 

and the reaction was stirred at room temperature overnight. Again, the extent of the reaction was 

monitored by 1H NMR spectroscopy and was determined to be complete prior to workup. The THF 

was removed under reduced pressure and the solid was re-dissolved in pentane. This mixture was 

filtered through Celite. The pentane was removed by vacuum leaving sticky oil. The oil was re-

dissolved in pentane and put in the freezer. The next day a white solid had precipitated and was 

collected by filtration. The yield was 4.46 g. The average % yield was 54% (4 runs). 1H NMR (300 

MHz): CDCl3, (d, 7.52, 6H), (d, 7.41, 6H). 

 

B.3.3 Synthesis of (p-CF3C6H4)3SiCl 

 

 A 100 mL Schlenk flask was brought into an inert atmosphere glove box. The following 

reagents were then added: 0.2043 grams (1.2 mmol) of palladium dichloride, 1.2292 grams (5.2 

mmol) of hexachloroethane, and 9.6462 grams (20.8 mmol) of (p-ClC6H4)3SiH. 4.6302 grams of 

THF were then added. The Schlenk flask was stoppered, removed from the glove box, and put 

under nitrogen on a Schlenk line. The reaction was left to stir and the progress was monitored by 

1H NMR. After five days, the reaction had gone to completion. The reaction vessel was brought 

into the box and the THF was removed under reduced pressure. The solid was then dissolved in 
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pentane and filtered through Celite. The pentane was removed under reduced pressure yielding a 

pale yellow solid that did not require further purification. The yield was 9.44 g, 91%. 1H NMR 

(300 MHz): CDCl3, (m, 7.73, 12H); 19F (282 MHz): CDCl3, -64.17. 

 

B.4 Synthesis of Tris(triarylsilyl)phosphines 

 

B.4.1 Synthesis of P(SiPh3)3 

 

 This synthesis was adapted from literature procedures.6-7 Warning: This reaction uses Na/K 

alloy, which is highly pyrophoric and should be handled with absolute exclusion of both oxygen 

and water. Certain byproducts and unreacted starting materials remaining at the end of this 

reaction may be pyrophoric and should be quenched as described below. In a typical synthesis 

Na/K alloy was prepared by measuring out 0.479 grams (20.8 mmol) of sodium and 0.629 grams 

(16.1 mmol) of potassium with fresh surfaces exposed in an inert atmosphere glove box. These 

were mixed in a 3-neck 250 mL flask until the eutectic liquid was obtained. Next, 100 mL of 1,2-

dimethoxyethane (DME) was added to the flask. The flask was closed with two Teflon stoppers 

and a Schlenk gas flow adapter. Warning: The following operation requires extreme care. The 

apparatus was removed from the box and transferred onto a nitrogen gas line by first performing 

three nitrogen/vacuum back-fill cycles.  The Na/K solution was refluxed for two hours. The 

solution was cooled to room temperature. While cooling, 0.392 grams (12.6 mmol) of red 

phosphorus was weighed out in an inert atmosphere glove box and placed in a solid addition funnel 

and capped in a 100 mL round bottom flask. This apparatus was brought out of the glove box and 

once the Na/K solution was cooled the solid addition funnel was transferred under a counter flow 
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of N2 into the side neck and the red phosphorus was added. This solution was then brought back 

to reflux for 24 hours. Over the duration, the solution turned pitch black, indicating formation of 

(Na/K)3P. After 24 hours, the solution was cooled to room temperature. A pressure equalizing 

dropping funnel was exchanged for the reflux condenser under a counter low of N2. 10.919 grams 

(37 mmol) of chlorotriphenylsilane was dissolved in 50 mL DME in an inert atmosphere glove 

box and added to a Schlenk flask. This solution was cannula transferred into the addition funnel 

under nitrogen. This solution was then added drop-wise to the phosphide suspension. The solution 

was brought back to reflux for 24 hours following the addition. The reaction mixture was then 

brought into an inert atmosphere glove box and stirred with 100 mL of toluene overnight.  This 

solution was filtered through Celite and the solvent was removed under reduced pressure. The 

resulting white solid was re-crystalized from 1,2-dimethoxyethane. The yield was 2.9 g. The 

average % yield was 25% (5 runs). To quench the byproducts and unreacted metal remaining at 

the end of the reaction, all the solid waste generated upon filtration were put into a 3-neck flask in 

the glovebox and transferred to a Schlenk line under nitrogen. 1,2-Dimethoxyethane, followed by 

isopropanol, and finally water were injected through a septum to safely quench these materials. 1H 

NMR (500 MHz): C6D6, (d, 7.47, 18H), (t, 7.03, 9H), (t, 6.92, 18H); 31P{1H} NMR (121.5 MHz): 

C6D6, (s, –262.3); 13C NMR (125.7 MHz): C6D6, (d, 137.06), (d, 135.74), (s, 129.33), (s, 127.73). 

 

B.4.2 Synthesis of P(Si(p-MeC6H4)3)3 

 

 This reaction was carried out and the product isolated by adaptation of the above synthesis 

for P(SiPh3)3 using 7.65 grams of ClSi(p-MeC6H4)3. The yield was 1.83 grams, 26%. 1H NMR 
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(300 MHz): C6D6, (d, 7.63, 18H), (d, 6.82, 18H), (s, 2.06, 27H); 31P{1H} (121.5 MHz): C6D6, –

259.47; 13C (125.7 MHz): C6D6, (s, 138.67), (d, 127.29), (d, 132.99), (s, 128.37), (s, 21.45). 

 

B.4.3 Synthesis of P(Si(p-ClC6H4)3)3 

 

 This reaction was carried out and the product isolated by adaptation of the above synthesis 

for P(SiPh3)3 using 10.9380 grams of ClSi(p-ClC6H4)3. The yield was 1.89 g, 20%. 1H NMR (300 

MHz): C6D6, (d, 7.09, 18H), (d, 6.91, 18H); 31P{1H} (121.5 MHz): C6D6, –257; 13C (125.7 MHz): 

C6D6, (d, 137.70), (s, 137.28), (d, 131.93), (s, 128.36). 

 

B.4.4 Synthesis of P(Si(p-CF3C6H4)3)3 

 

 This reaction was carried out and the product isolated by adaptation of the above synthesis 

for P(SiPh3)3 using 9.43 grams of ClSi(p-CF3C6H4)3. The yield was 0.85 grams 10%. 1H NMR 

(500 MHz): CDCl3, (m, 7.33, 36H); 31P{1H} (202.4 MHz): CDCl3, –261.32; 13C (125.7 MHz): 

CDCl3, 123.4 (complex q, 1JCF = 274 Hz), 124.6 (m), 132.6 (complex q, 2JCF = 33 Hz), 135.7 (m), 

136.8 (m). 
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