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Chemistry

Colloidal metal phosphide nanocrystals represent attractive synthetic targets for
researchers. They exemplify the diversity of emergent properties presented by nanomaterials, as
the class encompasses both semiconductors and metals. When quantum confinement is
accounted for, nanoscale semiconducting metal phosphides have optical properties that span the
visible and NIR range of the spectrum, making them suitable for a wide range of applications.
The metallic transition metal phosphides are consistently touted as earth-abundant alternatives
for the hydrogen evolution reaction with competitive catalytic activity, particularly in the form of
high surface area nanoparticles.

Transition metal phosphides are plagued by synthetic challenges. The reactions are either

multistep with low yields, require high temperatures and extended reaction times, or produce



mixtures of crystalline phases. While high quality syntheses of several semiconducting metal
phosphides exist, many are either capable of only producing nanocrystals in one size or rely on
incomplete reactions for size tunability. Recent and exciting work synthesizing indium
phosphide from aminophosphines demonstrated precursor-dependent size control based on the
indium halide. Prior to the work discussed here, this reactivity was only known for indium
phosphide. Chapter 2 discusses our efforts broadening the scope of aminophosphine-based
nanocrystal synthesis to include 11-V materials and transition metal phosphides. After
establishing this versatile platform for the synthesis of phase-pure metal phosphides, Chapter 3
highlights research done establishing aminophosphine-derived InP as a substrate for copper

doping and spectroscopic analysis of surface treated materials.
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Chapter 1. INTRODUCTION

1.1 COLLOIDAL NANOCRYSTALS AND THEIR APPLICATIONS

Colloidal nanocrystals have garnered significant scientific attention across a range of
disciplines for their solution processability and emergent properties.!> These properties allow
nanomaterials to be central to the development of current and next-generation technologies from
catalysis, to lighting, to quantum information. Nanoparticles are highly suited to use as catalysts
because of their high surface area-to-volume ratio.® In heterogenous catalysis only sites on the
surface of the material can be catalytically active as the internal atoms are inaccessible to substrate
and generally fully coordinatively saturated.* Thus, morphologies with high surface area-to-
volume ratios, like nanocrystals, have more active sites per mass catalyst when compared to a more
traditional pristine film or crystalline wafer. Semiconducting nanocrystals, also known as quantum
dots (QDs), have been studied for a wide range of emissive applications because of their narrow
luminescence linewidths and size-tunable emission.? In semiconductor crystals smaller than the
material’s Bohr exciton radius, the band gap of a semiconductor becomes dependent on the crystal
size, increasing as size decreases. A single material’s optical features can therefore span hundreds
of nanometers allowing the absorbance and emission to be tailored to specific wavelengths for an

application by changing the QD size.



Figure 1.1. Model of a binary semiconducting nanocrystal surrounded by long-chain ligands

stabilizing the surface. Reprinted from reference 5 with permission.®

1.2 METAL PHOSPHIDE NANOCRYSTAL SYNTHESIS

This work focuses on various metal phosphide nanocrystals, a wide class of nanomaterials
united by the anionic phosphorous component, which commonly exhibit a high degree of
covalency with the lattice cations.%’ This field has a rich history and has been well described in
numerous publications.®* Two major subclasses exist within the whole: metallic transition metal
phosphides and semiconducting main group metal phosphides, such as I11-Ps and II-Ps. The
transition metal phosphides have received extensive attention as possible earth-abundant
electrocatalysts for the hydrogen evolution reaction.’® The semiconducting main group metal
phosphides have optical features that span the visible and NIR range of the electromagnetic
spectrum that coupled with their generally lower toxicity makes them of interest for applications
ranging from phosphors in displays (InP) to photovoltaics (ZnsP2).2° The synthesis of
semiconducting metal phosphide nanocrystals generally involves the thermolysis of a highly
reactive source of P, such as PH3 or P(SiMes)s, and a metal precursor in non-coordinating solvent
in the presence of long chain capping ligands.'>*® They follow classical to semi-classical

nucleation and growth steps with metal and phosphorus monomers directly bonding to form the
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binary material in a single step. While several semiconducting metal phosphides have persistent
cluster intermediates, these can be directly thermolyzed to generate larger nanoparticles. In
contrast, TMP nanocrystal formation proceeds by two primary synthetic routes. First, and most
prominently for cobalt phosphide, is a two-step process that starts with metallic nanocrystals that
liberated phosphorus can diffuse into at very elevated temperatures in redox active conditions.*
These syntheses are generally material, time, and energy intensive, making them challenging to
scale up. Other TMPs can be synthesized directly from metal and phosphorus precursors, but the
presence of multiple stable crystalline phases of different stoichiometries leads to problems of
selectivity in terms of consistently forming a single material.*®

Recent work demonstrated the utility of amino-pnictogen precursors for forming I11-V and
I1-As nanocrystals, with the synthesis of InP from aminophosphines and indium halides being the
most well-developed.®2! This synthesis has several advantages over the traditional thermolysis
of P(SiMez)s as it allows for precursor-dependent size control of the final nanocrystal product and
the use of non-pyrophoric phosphorus precursors. The reactions take place in a long-chain primary
amine solvent that is involved in the initial step of generating the reactive phosphorus monomer

via a transamination sequence as well as playing a role as a reducing agent in later steps of the

mechanism proposed by the Hens group and seen in Figure 2.7
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Figure 1.2. Proposed mechanism showing the formation of InP from aminophosphines and indium

P(NHR),CI

NHR

chloride. Figure modified from reference 17.%

The proposed mechanism involves the sacrificial self-reduction of the aminophosphine,
which necessitates the use of excess phosphorus precursor. The exact nature of the mechanism has
been debated in the literature, but this simplistic model suffices for broad comparative study.'®
This additionally excludes the large excess of ZnCl present during nucleation, which has been
theoretically modeled to assist in “activating” the transaminated aminophosphine and thus gate the
reaction Kinetics.? What is agreed in all cases is the necessity of excess aminophosphine and the
importance of the long chain primary amine, generally oleylamine, to the synthesis. The presence
of the type of high boiling point redox active solvent present in transition metal phosphide
formation hints at the possibility of a single synthetic route to these diverse materials. While
previously unproven, this aminophosphine-based reactivity and precursor-related tuning could
provide a broadly applicable route to controllable synthesis of semiconducting main group and

transition metal phosphides.



1.3 PRECURSOR-DEPENDENT SIZE CONTROL IN NANOCRYSTAL SYNTHESIS

A powerful ideological shift in synthetic development for nanocrystal chemistry has been
the move toward systems exhibiting precursor-dependent control of size or composition.?2* A
particularly beautiful example comes from the Owen group at Columbia, with their libraries of
chalcogenoureas that give a wide range of nanocrystal sizes and compositions.?>?" In these
instances, as the nanocrystals form via a classical LaMer type nucleation and growth, altering the
kinetics of monomer formation determines the number of nuclei and thus the final size of the
nanocrystals at full completion. This approach is extremely material-efficient, as earlier syntheses
obtained smaller sizes by simply halting the reaction prior to completion, wasting frequently
expensive precursors. Another exciting direction stemming from the deep kinetic knowledge in
the chalcogenourea system is the emergence of kinetically controlled alloyed nanostructures.?’ By
strategically selecting chalcogenourea derivatives with similar or significantly different
reactivities, cadmium seleno-sulfide alloys or heterostructures, respectively, were synthesized in a

one-pot system rather than a multi-step or multi-injection process.
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Figure 1.3. Highly monodisperse PbS nanocrystals with size dictated by the reactivity of the

thiourea. Reprinted with permission from reference 25.2°
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For metal phosphides, the generally extreme reactivity of phosphorus precursors and non-
classical nucleation kinetics of some materials has previously limited the approaches for precursor-
dependent size tuning of nanocrystals.?® The aminophosphine-based synthesis of indium
phosphide relies on the differing reactivity of the indium halides to control the final QD size. This
strategy succeeds where others failed for InP by utilizing different indium and phosphorus
precursors to avoid the kinetically persistent cluster intermediates that prevent nanocrystals from
forming via a simple classical nucleation process.'*?¢20 The hypothesized mechanism for
monomer generation involves the formation of indium phosphorus bonds and the generation of a
phosphonium halide byproduct, with the halide bonded to the indium acting as a leaving
group.t1822 The reactivity of the indium halide does correlate with the halide’s facility as a leaving

group, with the iodide the most reactive and chloride the least reactive.

1.4 CATION DOPING IN NANOCRYSTALS

In addition to phase pure materials, significant interest exists in developing routes for facile
cationic doping of nanocrystal lattices.®:33 Many of these cations possess interesting optical or
magnetic properties when incorporated into a host lattice. For example, copper ions produce a
characteristic photoluminescence spectrum that overlaps with the region of the spectrum where
silicon efficiently absorbs light.* As such, these materials are of significant interest in the
development of luminescent solar concentrators for combined use with silicon photovoltaics.
Doping nanocrystals with functional cations has been well-studied in the relatively ionic
chalcogenide materials, but the more covalent phosphides have proven more challenging .5 This
cannot be fully attributed to the general low solubility of many dopant ions in the I11-V lattices as,
for example, cadmium mobility is similar in order of magnitude within bulk InP and ZnSe

lattices.>>3" While diffusion in bulk semiconductors requires temperatures in excess of 500 °C, ion
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diffusion in nanocrystals can be accessed at significantly lower temperatures, making these
systems more amenable hosts.*®

InP is a particularly desirable host lattice as it has optical properties that span the visible
portion of the electromagnetic spectrum and is significantly less environmentally detrimental than
the well-developed cadmium chalcogenide alternatives.®® A primary route to synthesizing doped
materials has been partial cation exchange with the host lattice to tune the composition and dopant
concentration of the final nanocrystal product.®® While an extensive cation exchange literature has
been developed for metal chalcogenides, few examples exist for metal phosphides. While InP
nanocrystals can be formed from either CdsP2 or CusP via elevated temperature exchange, neither
of these processes are reversible.*%*! Conversely, zinc selenide nanocrystals can undergo cation
exchange to form ZnCdSe alloyed structures, with the zinc diffusing out and the cadmium
diffusing in.*?> Exchange from InP to CdsP, has been observed when starting from magic-size

clusters, but this is likely driven by the inherently strained nature of the InP cluster lattice.*?
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Figure 1.4. General schematics of synthetic approaches to nanocrystal doping with E representing

ion exchange within the previously formed lattice. Reprinted with permission from Reference 33.33

While incorporating cations into an InP lattice is challenging at temperatures conducive to
colloidal chemistry, it is by no means impossible. Multiple reports show diffusion of copper into
traditionally synthesized InP nanocrystals at a range of sizes, followed by zinc chalcogenide

shelling to generate NIR emitters with PLQY's of up to 40%.3844%5 Recent work synthesizing doped
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nanoparticles using a copper cluster as a seed was successful, but the particles exhibit no
photoluminescence.*® Copper dopants are particularly interesting as the distinctive luminescence
arises from the electron in the conduction band recombining with the hole that has been trapped at
the copper.® This luminescent hole trap provides a spectroscopic handle for deconvolution of
electron trapping processes from the mid-gap hole traps present in as-synthesized InP.3* The nature
of carrier trapping, a major source of decreased PLQY in InP, has received recent attention in the
literature as synthetic procedures for producing otherwise high quality InP now exist, but the
PLQYs of as-synthesized materials remain low.*’*® A common way to increase the PLQY is to
treat the surface with various methods hypothesized to remove some type of trap by an uncertain
mechanism.*® Materials shelled with thick gradient alloys of ZnSe/S have reached PLQY of over
95%, but much is still unknown about the fundamental methods of trap passivation.*

In this work, | focus on the use of tris-(diethylamino)phosphine as a versatile precursor for
the synthesis of phase-pure and doped phosphide nanocrystals. Prior to my work, aminophosphines
had only been studied as a route to size-tunable indium phosphide. However, there were hints in
the literature that these precursors could be more broadly applied to the synthesis of other metal
phosphides. In chapter 2, | will explore the synthesis of a range of metal phosphides with size or
phase control, both semiconducting and metallic, from aminophosphines. This work showing the
broad reactivity of aminophosphines, combined with hypotheses about the impact of differences
in surface chemistry, led us to explore aminophosphine-derived InP as a platform for transition

metal doping as detailed in chapter 3.
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Chapter 2. AMINOPHOSPHINES AS VERSATILE PRECURSORS

FOR THE SYNTHESIS OF METAL PHOSPHIDE
NANOCRYSTALS

Significant portions of this chapter have been previously published and was adapted with

permission from Chemistry of Materials. Copyright 2018 American Chemical Society.

2.1 NOTE REGARDING COLLABORATOR CONTRIBUTIONS

This work was performed in collaboration with Dr. Evan Jahrman, who at the time was a
graduate student working under Professor Gerald Seidler in the Department of Physics at the
University of Washington. All XANES measurements and fits to the XANES spectra were
performed by Evan Jahrman. | am grateful to fellow members of Associate Professor Brandi
Cossairt’s lab David Ung, a graduate student who performed all the electrochemical
measurements, and Nathan Lai, an exceptional undergraduate researcher who assisted in material

synthesis and purification.

2.2 INTRODUCTION

Recently, interest in the synthesis of metal phosphide nanomaterials has increased due to
their utility in light harvesting, energy conversion, and catalysis.X™ While colloidal syntheses for
some phosphides have been well-established (i.e. — InP), a similar level of synthetic development
has proven challenging for other phosphide materials.>® Many of these syntheses have been
constrained by the high reactivity of typical phosphorous precursors, like P(SiMes)s and PH3. 2

The reaction kinetics for these reactive anion sources are often diffusion-controlled, forcing size
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tuning to be accomplished via atom inefficient methods, such as halting the reaction before
completion. The development of tunable precursor reactivity that allows for kinetic control of
nanocrystal growth opens avenues for intelligent synthetic design.**8 One of these approaches
recently developed for InP quantum dots (QDs) is based on P(NR2)s (R = Me, Et) and InX3 (X =
Cl, Br, 1), with the reactivity of the indium halide controlling QD nucleation.'>*® This method is
also advantageous in its implementation of less expensive and less hazardous aminophosphine
precursors. However, this synthetic procedure has yet to be generalized to other phosphide
materials.

In particular, the use of aminophosphine precursors appeared to be a promising option for
the synthesis of both 11-V semiconductors and transition metal phosphides. These materials are of
significant interest due to the wide range of band gaps accessible via the 11-V materials (CdzPa:
0.55 eV, ZnsP2: 1.5 eV) and the high electrocatalytic activity of transition metal phosphides.t? In
this paper, we have broadened the scope of aminophosphine reactivity to include the synthesis of
CdsP2, ZnsP,2, CozP, CoP, and Ni2P. We show that highly crystalline CdsP2 nanoparticles are
accessible over a range of sizes via control of precursor reactivity, stoichiometry, and reaction
temperature. In a similar vein, we demonstrate that in the case of cobalt phosphide, the phase of

the material can be easily synthetically controlled.

2.3 RESULTS AND DISCUSSION

Our typical aminophosphine-based synthesis is a modification of literature procedures,®
with the MX: reagent dissolved in a long chain primary amine, degassed under vacuum at an
elevated temperature to ensure the dryness of the highly hygroscopic metal halides, and then heated

further (150 °C — 300 °C) under N2 gas with the reaction temperature dictated by the relative
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reactivity of the specific MX> reagent. Once the reaction temperature was reached, tris-
diethylaminophosphine was rapidly injected and the nanocrystals formed over a time period

ranging from 10 minutes to 4 hours (Figure 2.1).

1) Degas 1 h, 120 °C
oleylamine

MX

2

; anm
2) 250 °C, 3.6 P(NEL),

M =Zn, Cd, Co, Ni
X=Cl,Br, |

Figure 2.1. Standard reaction scheme for metal phosphide nanocrystal formation.

2.3.1 Synthesis and Characterization of 11-V materials

Our initial experiments focused on the synthesis of CdasP», as prior literature reports led us
to believe that cadmium halides would have affinity for aminophosphine precursors.?’ For
example, the Hens group observed a red shift in the excitonic transition of indium phosphide upon
Cd?* addition prior to nucleation, which would be consistent with alloying or alteration of the
indium phosphide nucleation kinetics.? Starting with a standard Cd:P ratio of 1:3.6 (the optimized
conditions used for InP), we observe clear differences in the sizes of the nanocrystals formed at
250 °C from the various CdX> precursors as shown by statistical analysis of transmission electron

microscopy (TEM) images (Figure 2.2, Figure 2.3).
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Figure 2.2. A) TEM image (6.8 £ 0.5 nm), (B) UV-Vis spectrum, and (C) XRD pattern of CdsP-
nanocrystals prepared at 250 °C from CdCl; using a 1:3.6 ratio of Cd:P (CdsP2 reference pattern
PDF 01-070-3099 47-1443). D) TEM image of CdsP2 prepared from CdCl. at 250 °C using a

1:1.3 ratio of Cd:P (7.5 £ 0.3 nm).

The particle sizes range from 6.8 + 0.5 nm, 5.9 £ 0.7 nm, to 5.6 £ 0.5 nm from CdCl;,
CdBr», and Cdly, respectively. The powder XRD patterns of all samples reflect the high degree of
crystallinity in these samples (Figure 2.2C, Figure 2.3B), and show good agreement with the
expected bulk pattern, with peak broadening due to the small crystalline domain size. Scherrer
analysis indicates average crystalline domain sizes of 5.3 nm, 5.0 nm, or 4.0 nm for CdCl,, CdBr>,
or Cdly, respectively, consistent with the trend in average particle sizes extracted from TEM
analysis. UV-Vis spectra of the final CdsP2 nanocrystals show a steep rise in absorbance below

500 nm along with a structureless absorption tail at longer wavelengths. The absorbance onsets all
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appear very similar, and distinct excitonic transitions are not observed despite the apparent
crystallinity and monodispersity of the synthesized nanocrystals. This may be due to the presence
of structural defects within the lattice that may result in indirect bandgap character in the as-
synthesized material, as has been recently described for GaAs nanocrystals prepared under similar
conditions.?? This is the case even for materials synthesized under conditions optimized to result
in very high monodispersity and crystallinity; for instance, conditions in which an effective excess
of cadmium is used, Cd:P 1:1.3 at 250 °C, generate nanocrystals of 7.5 nm £ 0.3, as shown in
Figure 2.2D. Due to the self-reducing nature of the aminophosphine precursor, four equivalents of
P(NEt2)s are necessary to produce one active phosphorous monomer. This results in an active Cd:P
ratio of 1:0.33 in solution, leading to a metal rich environment in this optimized reaction.

1 —cdBr,

0.9 —cdl,
0.8
07 — CdBr, —Cd,P,

0.6 — Cdl,
0.5

0.4
0.3
0.2
0.1

Absorbance

.
o

400 600 800 1000 B) 19 29 39 49 59

Wavelength (nm) 2 Theta

) D)

Figure 2.3. (A) UV-Vis final traces of materials synthesized from CdX: precursors. (B)
XRD spectra of materials showing two populations of particles including one subset with a

crystalline domain size >30 nm, consistent with mild heterogeneity observed in synthesis. TEM
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images of (C) CdBr2 (5.9 £ 0.7 nm) and (D) Cdl2 (5.6 = 0.5) products showing the expected

trend towards smaller nanocrystals as the halide becomes a better leaving group.

These data demonstrate the broader applicability of the size selective
aminophosphine/metal halide precursor chemistry for the synthesis of metal phosphide
nanocrystals. This reactivity does appear to be limited to softer metal ions with appreciable affinity
for phosphorous based on Hard-Soft Acid-Base theory. A similar study performed with zinc
halides shows that while ZnsP, nanocrystals can be formed at 250 °C and higher, they do not
exhibit the desired halide-controlled size tunability at any temperature (Figure 2.4). We
hypothesize that this is due to the decreased relative reactivity of ZnX: sources with the
aminophosphines and Zn-X bond cleavage no longer being involved in the rate-limiting step of
the precursor conversion reaction mechanism.*® It is worth noting that ZnCl; is typically included
in the reaction mixture during the synthesis of InP QDs from aminophosphine precursors.'>8
Extensive analysis suggests that under the conditions of the InP synthesis, namely 180 °C,
significant quantities of zinc are not incorporated into the core of the InP QDs.%’ This is consistent
with our observation that much higher temperatures are required to access ZnsP2 QDs using this

chemistry.
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Figure 2.4. Synthesis of ZnzP, from ZnX; (X = Cl, Br, 1) and P(NEtz)s at 250°C. (a)
Representative UV-Vis absorbance spectra of the final products normalized at 400 nm. Inset:
TEM of product from ZnCl, and P(NEt2)s. (b) Air-free powder X-ray diffraction data of the

purified products with ZnsP> reference pattern (PDF 01-071-6507).

Based on the above observations, we investigated the reaction progress between
aminophosphine and MX> sources to test if the operative mechanism that has been characterized
for InP is conserved in this system. A series of 3P NMR experiments following the speciation of
the aminophosphine precursor over the course of the reaction showed similarities across the group
Il metals tested, with transamination preceding aminophosphine tautomerization, and finally the
release of phosphonium salts, consistent with what has been seen in the literature for InP (Figure
2.5).1® This suggests that the basic mechanism of monomer formation is conserved in the case of

MXz, suggesting that the metal valence does not impact the operative chemistry.
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Figure 2.5. 202.4 MHz 3P NMR of reaction aliquots in CsDg with a triphenylphosphine internal

standard: (A) ZnsP2 synthesis at 250°C. (B) CdsP2 synthesis at 250°C.

2.3.2

Synthesis and Characterization of Transition Metal Phosphides

Given the success of the CdsP2-based synthesis using aminophosphines and cadmium

halides, we were interested to see if this synthesis could be translated to transition metal

phosphides. The efficient synthesis of phase-pure nanoscale cobalt phosphide has historically been

problematic, due to the high stability of both Co2P and CoP and the substitution-inert nature of

cobalt(111) precursors.#®2%25 Traditional syntheses involve the formation of metallic e-Co
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nanoparticles followed by phosphorous intercalation via the Kirkendall effect to obtain the
phosphide.*?* We hypothesized that the evident redox activity of the aminophosphine reaction
would allow us to access the various cobalt oxidation states necessary to synthesize the phosphides

directly without the intermediacy of a cobalt(0) phase.

€¢) —cocCl,, 250 °C
— CoCl,, 200 °C
— CoP
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Figure 2.6. (A, B) TEM images (A: CoP 7.8 £ 0.7 nm; B: Co2P of various morphologies with
widths/diameters of 6.5 £ 0.6 nm) and (C) XRD pattern of CoP and Co2P prepared at 250 °C and
200 °C, respectively. CoP (PDF 01-089-2598 29-497) and Co.P (PDF 01-070-8358) reference
patterns. The inset in figure (A) shows a zoomed in image of a single CoP nanocrystal with the

corresponding FFT.

Following similar procedures as for the 11-V materials, Figure 2.6A shows TEM images of
the resulting nanoparticles formed from a reaction of CoCl» (1:3.6 Co:P) after 30 minutes at 250

°C. Based on the powder XRD pattern (Figure 2.6C) and lattice fringe analysis of the TEM images,
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the nanocrystals are assigned as CoP. This observation was of particular interest because the
conditions used here (30 min at 250 °C) are relatively mild for the synthesis of phase pure CoP
when compared with material grown via the Kirkendall mechanism, which require 1 — 2.5 hrs at
320 — 350 °C.*?* Prior literature reports have shown that CozP often precedes the formation of
CoP, and can be isolated at lower temperatures from those necessary to access CoP.?* This holds
true for the aminophosphine system. At 200 °C, CozP is exclusively formed under otherwise

analogous reaction conditions (Figure 2.6 B, C).
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Figure 2.7. Synthesis of cobalt phosphides from Col at 250 °C. Powder X-ray diffraction data of
products after different reaction times, showing the conversion from CozP to CoP with primary

peaks of CoP (PDF 01-089-2598 29-497) and Co.P (PDF 01-070-8358) from reference patterns.
Reactions allowed to proceed for 30 minutes or less show a mixture of both phases. After two

hours the material is now exclusively CoP.
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Varying the halide precursor alters the phase purity of the nanocrystals formed at a given
temperature, with the Col. producing a mixture of Co.P and CoP under analogous conditions to
those used to access phase pure CoP from CoCl2 (Figure 2.7). In addition, the Co2P in the mixture
can be converted to CoP through increased reaction times. At 10 and 30 minutes both phases are
clearly visible, but by 2 hours the characteristic Co2P peaks at 41 and 43.5 26 disappear while the
CoP pattern exhibits increased definition, indicative of increased CoP crystallinity and larger
crystalline domain sizes. This provides insight into the chemistry of the Co(ll) precursor, which is
likely partially reduced to Co(l) during the initial phase of the reaction, generating Co2P. From
there we hypothesize that Co(ll1) is generated via disproportionation of Co(ll) in the Co2P product.
This hypothesis is supported by information obtained by probing the cobalt K-edge via X-ray
absorption near-edge structure (XANES). Figure 2.8 shows XANES data for CoxP nanocrystals
synthesized using our method compared to reference compounds. The near-edge regions of the
XANES measurements show excellent agreement between the product of the present CoP
synthesis procedure and a previously established methodology.* In addition, we observe clear
spectral differences between the nominally CoP and Co2P materials. A displacement of spectral
features, including the first derivative’s maxima, toward lower energies in Co2P than for CoP is

suggestive of a more reduced Co component in the product prepared at lower temperature.?-2°
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Figure 2.8. XANES spectra for the synthesized CoP and Co2P, CoCl, and Co metal commercial

standards, and CoP produced by an established literature procedure.* The CoP species exhibits

several characteristic spectral features. Specifically, inflection points on the rising edge of the
CoP spectra are observed at approximately 7709.75 eV and 7715.75 eV. These same features are
considerably lower in energy at 7709.0 eV and 7714.0 eV in the nominal Co2P phase. While an
empirical standard was not readily available for comparison to CozP, the shift of the shoulders on

the rising edge to lower energy generally indicates a more reduced cobalt oxidation state.*

One significant challenge with prior methods established to prepare transition metal
phosphides has been obtaining larger quantities of phase pure material, particularly with respect
to CoP.3 As our synthesis proceeds rapidly at smaller scales, we decided to increase the scale four-
fold with the aim of producing hundreds of milligrams of material. We found that when the scale
was increased the reaction consistently yielded a mixture of CoP and Co2P, despite extended

reaction times and maintaining identical concentrations (Figure 2.9).
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Figure 2.9. (A) P-XRD of scaled up reaction pre- and post-annealing for 7 hours with CoP (PDF
01-089-2598 29-497) and Co2P (PDF 01-070-8358) reference patterns. The diffraction peaks in
the annealed sample correspond exclusively to CoP, while a mixture of CoP and Co2P is present

in the as-synthesized sample.

We were able to synthesize 145 mg of CoP via a secondary annealing step. After
purification, the original mixed phase nanocrystals were resuspended in oleylamine and heated to
250 °C. We found that 7 hours of reaction time was sufficient to convert the products completely
to CoP via powder XRD analysis, however, the monodispersity does not suffer if the annealing
continues overnight. While we cannot definitively state the mechanism that prevents conversion,
we hypothesize that one of the byproducts of the reaction alters the chemical potential of the

reaction solution and acts as an inhibitor to the formation of CoP.
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Additional explorations of the synthesis of other transition metal phosphide nanocrystals
are currently ongoing. Initial results regarding the synthesis of nickel phosphide are encouraging.
Utilizing the standard conditions laid out above, Ni2P can be easily prepared (Figure 2.10). At 250
°C we access phase-pure Ni2P nanocrystals with an average diameter of 8.2 + 1.6 nm as evidenced

by XRD and TEM analysis.
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Figure 2.10. (A) P-XRD of reaction of NiCl, with P(NEt2)s at 250 °C with Ni2P reference pattern

(PDF 01-074-1385). (B) TEM of product showing nanocrystals of 8.2 + 1.6 nm.

2.3.3 Reactivity for HER and Proton Transfer

The CoP, Co2P, and Ni2P nanocrystals synthesized via the aminophosphine chemistry were
examined as electrocatalysts for the hydrogen evolution reaction. Solutions of the nanoparticles
were dropcast onto electrodes (carbon fiber or titanium) from toluene. In order to facilitate
catalysis, the organic ligands were removed via two methods common in the literature; thermal
annealing or chemical stripping.**>=" Figure 2.11 shows the linear sweep voltammograms
comparing the TMPs on thermally annealed carbon fiber electrodes. More traditional titanium

electrodes were also studied, but film heterogeneity produced variable performance.



28

Table 2.1. Overpotentials for materials under reported conditions. The lowest overpotential is
seen for CozP annealed on titanium, but the Meerwein’s treatment produces competitive

activities under significantly milder conditions.

Material | miomacm2 annealed on Ti | miomacm2 annealed on CF [ miomacm2 Meerwein’s

treated on CF

CoP 676 mV 315 mV 314 mV
CozP 144 mV 147 mV 160 mV
NioP 176 mV 169 mV 246 mV

While all materials are electrocatalytically active, a consistent trend in overpotentials at
current densities of 10mA/cm? emerges across all conditions (Table 2.1). The CoP is the most
active material, followed by Ni>P and CoP, with best observed overpotentials of 144 mV, 169 mV,
and 314 mV, respectively. Similar results were obtained for the materials upon chemical stripping.
Although CoP has been reported in the literature as the more active phase of cobalt phosphide, the
consistency of our data suggests that Co.P can have high activity when prepared via the

aminophosphine method.3234
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Figure 2.11. Linear sweep voltammograms at 5mV/s of the TMPs with | mg/cm? loadings
annealed at 450 °C under a flow of 5%H2/95% N> on carbon fiber electrodes in 0.5 M H2SO4

using a graphite counter electrode and a Ag/Ag2SO4 reference electrode. All materials

demonstrate electrocatalytic activity, with CozP exhibiting the lowest overpotential.

Given the relative ease of the aminophosphine route towards synthesizing catalytically
competent transition metal phosphides, the Mayer group at Yale University utilized these CoP
nanocrystals to study the binding affinity of hydrogen on the material surface.®® They found that
the hydrogenated CoP could drive the conversion of phenylacetylene to styrene in THF. CoP was
treated with Hz gas at room temperature prior to mixing with phenylacetylene to “load” the CoP
surface with H atoms and was then found to transfer 200 H atoms to the phenylacetylenes per
nanoparticle. Although not studied on the nanocrystals, in the case of mesoscale CoP H: is not the
only H atom transfer agent that can add to the CoP surface; a range of molecules can be used.
Interestingly, by varying the strength of the donor-H bond different levels of H atom coverage

were obtained. This indicates the presence of different binding sites with a range of activities.
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2.4  CONCLUSIONS

In conclusion, we have demonstrated the utility of an aminophosphine precursor to
synthesize non-InP metal phosphides. Size-tunable CdsP> was synthesized, and optimized
conditions produced highly monodisperse nanocrystals. 3P NMR studies showed that the
hypothesized mechanism for monomer formation is consistent across cation oxidation states when
redox inactive metal halides are used as precursors. Given the knowledge that this reactivity can
be generalized across oxidation state, we then synthesized cobalt and nickel phosphide. By tuning
the reaction conditions we were able to generate phase-pure Co2P or CoP at mild temperatures
compared to traditionally used syntheses. This approach shows promise for applications to
additional TMPs, with encouraging results for Ni2P. All TMPs synthesized via aminophosphines

show electrocatalytic activity post ligand removal.

2.5 EXPERIMENTAL METHODS

All glassware was dried in a 160 °C oven overnight prior to use. All reactions were run
under an inert atmosphere of nitrogen using a glovebox or standard Schlenk techniques. Zinc
chloride (>98%), zinc bromide (98+%), zinc iodide (>99.99% trace metal basis), cadmium
chloride (anhydrous 99.0%), tris-diethylaminophosphine (97%), cobalt (II) chloride (>98%),
cobalt (I1) bromide (99%), nickel (I1) chloride (98%), H2SO4 (99.999%), and anhydrous methanol
were purchased from Sigma-Aldrich Chemical Co., stored in a nitrogen glovebox, and used
without further purification. Cadmium bromide (99%), cadmium iodide (99%), and cobalt iodide
(min. 95%) were purchased from Strem Chemicals Inc., stored in a nitrogen glovebox, and used

without further purification. All other solvents including oleylamine, pentane, toluene, and n-
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methylformamide were purchased from Sigma Aldrich Chemical Co., dried over CaHy, distilled,
and stored over 4 A sieves in a nitrogen glovebox. 3:P NMR spectra were collected on a 500 MHz
Bruker Avance spectrometer. UV-vis spectra were collected on a Cary 5000 spectrophotometer
from Agilent. TEM images were collected on a FEI Tecnai G2 F20 microscope using an ultrathin
carbon film on holey carbon purchased from Ted Pella Inc. P-XRD diffractograms were collected
on either a Bruker D8 Discover or Bruker Microfocus instrument. Solutions used for

electrochemical measurement were prepared in 18 MQ H>O.

25.1 Synthentic methods and basic sample preparation

Standard metal phosphide reaction procedure

0.45 mmol of a metal(ll) halide and 5 mL of dried and distilled oleylamine were added to
a 25 mL 3-neck flask. The solution was then placed under vacuum at 120 °C and degassed for 1
hour. The vessel was then placed under an inert atmosphere and heated to temperature, ranging
from 150 - 300 °C as described in the main text. Once the reaction temperature was reached, 0.45
mL of tris-diethylaminophosphine (1.6 mmol) was rapidly injected. The reaction began rapidly
after injection and was allowed to proceed until the absorbance spectrum remained constant for a
set amount of time (in the case of the cobalt phosphides). The flask was then cooled down to room
temperature before being moved into a nitrogen glovebox for purification. The nanocrystals were
precipitated with anhydrous methanol or isopropanol, centrifuged at 7830 rpm, and suspended in
toluene. This procedure was repeated 5 times before any additional sample analysis was

performed.

Standard cobalt phosphide scaled up reaction procedure
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1.8 mmol of CoCl, and 20.0 mL of purified oleylamine were added to a 100 mL 3 neck

flask. The solution was then placed under vacuum at 120 °C and degassed for 1 hour. The vessel
was then placed under an inert atmosphere and heated to 250 °C. The reaction was allowed to
proceed for a minimum of three hours before being halted and the nanocrystals were purified via
the standard procedure outlined above. Once purified, the black solid was suspended in toluene,
dried under vacuum, then resuspended in 15 mL of oleylamine. The solution was heated to 250 °C

for a minimum of seven hours before being cooled and purified once again

Sample preparation for characterization

For PXRD samples, 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 dryness was
achieved and then the paste was spread on a silicon (100) single crystal wafer. For air-free spectra,
the sample was sealed in a square with tape and covered with Kapton film. For TEM, samples
were suspended in toluene or n-methylformamide with insoluble samples sonicated at room
temperature for 15 minutes. The solutions were then drop cast onto a TEM grid and placed under

vacuum overnight prior to imaging to ensure full solvent evaporation.

2.5.2 X-ray absorption measurements

Co K-edge X-ray absorption near edge structure (XANES) measurements were performed
at the University of Washington with a laboratory-based instrument. The basic monochromator
design is described in detail elsewhere, however, the present implementation benefits from three

primary advantages.®® The traditional 2-axis tilt is replaced in favor of the azimuthal orientation
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method of Mortensen et al., the position of the source and spherically bent crystal analyzer (SBCA)
are maintained by passive mechanical coupling, and the source and detector translation stages are
rotated symmetrically about the SBCA’s direction of travel.*C Furthermore, this study employed
an X-ray tube source (Varex VF80 Pd anode) operated at 35 kV and 2.856 mA, i.e. 100 W total
tube power, a Ge (444) spherically bent crystal analyzer (XRS Tech) to monochromatize the beam,
and a silicon drift detector (Amptek SDD-X123).

XANES measurements were performed in transmission mode. Each XANES scan
proceeded in 1 eV steps from at least 7655 eV to 7680 eV, 0.25 eV steps from 7680 to 7780, and
0.05 A k steps until 9 A beyond the edge. Analysis was performed using the software package
Athena, in which spectra were background corrected and normalized after regressing a linear post-
edge for the phosphides and a quadratic post-edge for the cobalt chloride and metal.***> Empirical
standards included anhydrous, 99.7 % metals basis cobalt chloride (Thermo Fischer Scientific)
and a 4 um thick foil of Co metal (EXAFS Materials). Prior to measurement, powder samples

were diluted in a boron nitride binder, pressed into a pellet, and sealed in a polyimide pouch.

253 Electrochemical characterization

Electrochemical measurements were conducted in a custom four-neck cell fitted with a
graphite rod counter electrode separated in a fritted compartment, a Ag/Ag.SOs4 reference electrode
separated by a Vycor frit, and a working electrode (carbon fiber or titanium). The carbon fiber
working electrodes were fabricated from carbon fiber paper (Fuel Cell Store, Spectracarb 2050A
0850). For non-annealed experiments, the carbon fiber paper was cut into 1 cm x 3 cm rectangles

and a copper wire was attached with a conductive silver epoxy to the electrode material. After
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curing, the copper wire and silver epoxy were covered with gel epoxy to create a 1 cm X 1 cm
working area on the electrode. The backside of the 1 cm x 1 cm working area of the electrode was
not covered due to the porosity of the material and epoxy being able to leak onto both sides.
Titanium working electrodes were fabricated in a similar fashion, using Ti foil (99.7%, Aldrich).
However, the entire backsides of the titanium electrodes were covered with the gel epoxy. The
TMP samples were then suspended in toluene and dropcasted in 10-20 pL aliquots onto the
working electrodes for electrochemical measurements.

For the annealing experiments, the working electrodes were cut from carbon fiber or
titanium, and the samples were drop-casted at low volumes on a 1 cm x 1 cm working area. The
electrodes were brought into a MTI OTF-1200X tube furnace. The tube was evacuated and then
refilled with 5% H2/95% N> (Industrial Grade, Praxair) and the electrodes were annealed at 450
°C for 30 min using the temperature ramp shown in figure S9. The tube furnace was allowed to
cool down overnight in either vacuum or 5% H2/95% N2 and then cycled into a glovebox to be
stored under inert atmosphere in order to keep the materials’ exposure to air as minimal as possible.
The electrodes were then brought out and silver epoxy was applied under an Ar atmosphere in an
Ar bucket and cured at 50 °C for one hour under a vacuum in a VWR Symphony vacuum oven. A
1 cm x 1 cm working area was masked out using gel epoxy and the gel epoxy cured for one hour
in an Ar atmosphere before being transferred into Ar-flushed gas-tight headspace vials with
magnetic caps with septa. These gas-tight vials with electrodes were brought into a Bel-Art Techni-
Dome glove chamber for electrochemical measurements. For the chemical stripping experiments
carbon fiber electrodes were prepared as above. The electrodes were then dipped in a solution of
0.1 M Meerwein’s reagent (triethyloxonium tetrafluoroborate) in acetonitrile for 1-2 minutes and

rinsed with acetonitrile in an Ar atmosphere.
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Chapter 3. SYNTHESIS AND SPECTROSCOPY OF EMISSIVE,

SURFACE-MODIFIED, COPPER-DOPED
INDIUM PHOSPHIDE NANOCRYSTALS

3.1 NOTE REGARDING COLLABORATOR CONTRIBUTIONS

This work was performed in collaboration with Forrest Eagle, who performed the transient
optical spectroscopies. | am grateful for the insight of Prof. Daniel Gamelin and Dr. Kira Hughes

Lund into the photophysics data and experimental design.

3.2 INTRODUCTION

Semiconductor nanocrystals (NCs), or quantum dots, have been of great fundamental interest
over the past few decades due to their solution processability, and size, shape, and composition
tunability. These features also make them attractive for commercial applications including
displays, lighting, photovoltaics, and biological sensing.!™ Copper-doped NCs, however, have
captured recent attention because they exhibit Stokes-shifted emission and long
photoluminescence (PL) lifetimes, properties that reflect copper’s presence as a dopant in the NC
lattice.’ ! These features are particularly attractive for the design of near-infrared emitters for use
in luminescent solar concentrators due to the NCs’ low reabsorption and the advantageous location
of the copper-based PL relative to the band gap of traditional silicon photovoltaics.!*!* The PL in
copper-doped semiconductors is attributed to localization of photogenerated valence-band holes
at the Cu* dopants following inter-band photoexcitation, formally forming Cu?" in a luminescent
mid-gap charge-transfer (CT) excited state.>!* The nuclear reorganization associated with hole
localization gives the copper-based PL its characteristic broad linewidth and the CT nature of the

excited state contributes to its long lifetime.
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Understanding charge-carrier traps is fundamental to developing the highly luminescent
materials needed for a range of semiconductor technologies, including displays and photovoltaics.
To be industrially relevant, NCs must have high PLQY's and narrow PL linewidths. Although CdSe
NCs with near-unity PLQY's have been obtained and are now fundamentally well-understood,
synthesizing NCs of non-toxic alternatives (e.g., III-V materials) that possess similar physical
properties has proven challenging.!”> Indium phosphide (InP) NCs are an exciting and
commercially proven alternative to cadmium-based materials, given their inherently lower toxicity
and similar optical properties.'®!” Recent developments in InP NC syntheses have separately
produced ensembles that are monodisperse and highly photo- and electroluminescent, albeit with
broader PL line widths than their CdSe analogs.'®!” Despite these advances, the underlying
principles governing the increase in PLQY are still under question. Various literature reports
highlight the passivation of electron or hole traps, but the extent to which each trapping mechanism

impacts the PL of InP NCs is debated.?* %2

Using copper as an “engineered” hole trap offers a unique opportunity to examine carrier
dynamics in NCs that is complimentary to the study of undoped NCs. By preparing Cu*:InP NCs
via a new, bottom-up method enabled by an aminophosphine-based synthesis, we can analyze the
charge-carrier dynamics as a function of different post-synthetic surface treatments and correlate
increases in PLQY with reduction in surface carrier trapping. Copper can be incorporated into the
InP NCs either through this bottom-up method during synthesis or via a post-synthetic cation
exchange reaction. The copper-doped cores can then be treated with Lewis acids, specifically zinc
carboxylate, to increase the PLQY's using a method pioneered by our lab, while maintaining dopant
incorporation.?>?* Similar to prior literature reports, shelling the doped cores proved challenging

due to copper migration from the NCs under traditional shelling conditions.® However, we were
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able to post-synthetically incorporate copper into thinly shelled InP/ZnSe NCs, inspired by an

approach used for doping CdSe/CdS NCs.!* All samples were then spectroscopically probed
utilizing time-resolved photoluminescence spectroscopy (TRPL) to study the recombination

dynamics of the conduction-band electron and copper-localized hole.

3.3 RESULTS AND DISCUSSION

Aminophosphines have recently generated interest as relatively environmentally benign
phosphorus sources for the synthesis of a range of metal phosphide NCs.?>° Changing the identity
of the indium and cadmium halide precursors, for example, produces size tunable InP or CdsP»
NCs.?2?% Given the previously established reactivity of aminophosphines with transition metals,
we hypothesized that this system may provide an excellent synthetic platform for generating doped
InP NCs. Prior experiments in our lab showed the formation of crystalline CusP platelets from

CuCl; and tris(diethylamino)phosphine (Figure 3.1).

25 35 45 55
2 Theta

Figure 3.1. (Left) P-XRD spectrum of product of reaction of P(Ntz)s and CuCl; (orange) with

CusP standard pattern (blue, pdf 01-071-2261 ICSD) and (right) TEM image showing clear

evidence of crystalline copper phosphide.
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33.1 Synthesis of Cu™:InP

Although this result indicated the amenability of the system to forming Cu—P bonds, it also
presented a challenge of preventing preferential formation of separate crystalline phases of CusP
and InP. This was recently seen in synthetic conditions where the presence of copper diverted
significant phosphorus and allowed the formation of small InP NCs.?! Although other reports gave
no indication of formation of CuszP under doping conditions, we found that this impurity persisted
when the aminophosphine was injected into a solution containing both the indium and copper
halides.**3* To circumvent this detrimental reactivity, we delayed the introduction of the copper
halide by 5 min allowing the InP to nucleate. Operationally, we used a syringe pump to add a
solution of copper chloride in oleylamine over 30 min. The dropwise addition also maintained a
relatively low concentration of copper to prevent monomers from reaching critical concentration

and separately nucleating CusP.

1) Degas 1h, 120 °C, oleylamine
'"+Xs 2) 180 °C, 3.6 P(NEL,),, 5 min

p Cu=InP
4.9ZnCl, 3)7 cucl, in oleylamine, 66ulL/min

X=CIl,Br,1;Z=0.05-0.2

Figure 3.2. Reaction scheme for bottom-up Cu™:InP synthesis.

With our procedure established, we successfully synthesized Cu*:InP NCs. As seen in
Figure 3.3, the NCs synthesized with Z = 0.2 equivalents of copper and InCl; exhibit the
characteristic tetrahedral morphology and 3.2 nm diameter associated with aminophosphine-

derived InP NCs.
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Figure 3.3. A) TEM image of Cu”:InP NCs derived from aminophosphines and InCl3 showing d
=3.2£0.3 nm NCs. B) UV-Vis absorption spectra of reaction progress and final steady-state PL
spectrum of representative synthesis of Cu™:InP NCs (10% PLQY). C) Powder X-ray diffraction
pattern of the same NCs showing the only crystalline phase present to be InP (pdf 01-070-2513
ICSD). D) Normalized steady-state PL spectra of copper-doped InP NCs synthesized with

different halide precursors to tune the size of the NCs and resulting emission energy.

The optical spectra strongly support copper doping. Addition of copper results in

appearance of a broad, red-shifted PL band with its maximum at ~850 nm, and the emergence of



43

weak near-band-edge absorption at ~650 nm that has been attributed to direct photoexcitation of
the luminescent CT excited state.** Photoluminescence excitation (PLE) measurements monitoring
the emission at 825 nm show that the NIR emission arises from NC photoexcitation (Figure 3.4).
1.40E+06
1.20E+06
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8.00E+05

Intensity
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2.00E+05

0.00E+00
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Figure 3.4. Photoluminescence excitation monitored at 825 nm. The feature at 585 nm corresponds

to the excitonic absorbance in the UV-Vis spectrum shown in Figure 3.3B.

The X-ray powder diffraction pattern (Figure 3.3C) is consistent with InP as the sole
crystalline phase and inductively coupled plasma optical emission spectroscopy (ICP-OES)
confirms the presence of copper in the NCs. Together, these data constitute strong support for
incorporation of copper ions in the NC lattice. These NCs exhibit a high PLQY directly out of
synthesis, ranging from 8 — 25%. We found that the PLQY decreases when the reaction scale is
increased, likely due to variations in heating profile that lead to less uninform copper

incorporation.
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We investigated the tunability of this reaction with regards to NC size and amount of copper

incorporated. By altering the amount of copper added to the reaction (Z in Figure 3.2), the indium-

to-copper ratio in the final products could be modestly tuned (Table 3.2).

Table 3.2. ICP-OES elemental ratios of nanocrystals formed under various synthetic conditions.

Sample Indium Phosphorous | Copper Zinc Selenium
InCl3 1.2 1 0.07 n/a n/a
10:1 In:Cu

InCl3 1.3 1 0.08 n/a n/a
20:1 In:Cu

InCls3 1.2 1 0.04 n/a n/a
40:1 In:Cu

InBrs3 1 1 0.1 n/a n/a
Inls 1 1 0.13 n/a n/a
Zinc treated 1 1 0.07 0.8 n/a
Thin shelled | 1.3 1 0.1 0.2 0.8
CuBr; 1 1 0.25 n/a n/a

We found that the upper limit was an In:Cu ratio of 17:1 (5.6% replacement of In), achieved

with a starting In:Cu ratio of 10:1 or 20:1 in the reaction mixture. This NC doping level

corresponds to incorporation of approximately 12 copper atoms per NC. When the starting ratio

of In:Cu was changed to 40:1 the corresponding In:Cu ratio was decreased to 33:1, corresponding

to 6 copper per nanocrystal. Higher levels of copper incorporation could be attained by changing

the copper source to the more reactive copper(Il) bromide, which gave an In:Cu ratio of 4:1 while

maintaining the InP crystal phase (Figure 3.5). However, this synthesis did not result in an

increased PLQY or a dramatic shift in the PL peak position.
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Figure 3.5. P-XRD spectrum (gray) of nanocrystals formed by reacting InCls and P(NEt)3
according to Scheme 1 and doped using CuBr instead of CuCl; as the copper precursor.

Reference bulk InP pattern (yellow, pdf 01-070-2513 ICSD).

The NC size could be tuned following established literature procedures for
aminophosphine-derived InP NCs.?¢ By replacing InCl; with either InBrs or Inl; as the indium
source and utilizing our standard slow injection procedure, we also synthesized 3.0 nm and 2.8 nm
diameter Cu”:InP NCs with PLQY's of 15% and 18%, respectively (Figure 3.6). These changes in
size were accompanied by a corresponding blue shift in the copper PL peak for the smaller NCs,
as seen in Figure 1D. Our data agree with prior reports of the tunability of both the copper PL and
host NC size.® The size changes were accompanied by increases in the level of copper
incorporation, which could be attributed to increased reactivity of the copper precursor due to

partial ligand scrambling at elevated temperatures.®>
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Figure 3.6. TEM images of Cu':InP NCs synthesized from InBr;3 (left) and Inl3 (righ).

3.3.2 Post-synthetic modifications of doped NCs

An advantage of Cu”:InP NCs as a material for photophysical study is the localization of the hole
at the copper.’ Recent work from our group has posited both hole trapping and electron trapping
are present and account for the typically low PLQY of as-synthesized InP NCs.?’ It is hypothesized
that the electron traps can be addressed by exchanging under-coordinated indium atoms at the

surface via treatment with lower-valent Lewis acids, specifically for M>" carboxylates.

Despite prior reports of moderate copper stability within InP NCs, under traditional shelling and
Lewis acid treatment conditions, excitonic PL re-emerged, signaling copper loss from a subset of

NCs (Figure 3.7).
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Figure 3.7. Photoluminescence spectra of copper doped samples during standard Lewis acid
treatment with zinc stearate (top) and using a modified ZnSeS shelling procedure (bottom). Both

spectra show the emergence of excitonic luminescence below 600 nm.

This instability necessitated using lower temperatures, 100 °C compared to 200 °C, for the
Lewis acid treatment with zinc stearate. At 100 °C, treatment with zinc carboxylate results in the
ratio of In:Cu being maintained by ICP (Table 3.2), while inducing an increase in PLQY from 10%

to 20% for Cu":InP/Zn NCs with no evidence of excitonic luminescence (Figure 3.8). The standard
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aminophosphine reaction contains an excess of zinc in the nucleation pot, which has been shown
to increase the monodispersity of the final NCs and likely creates a zinc-rich surface that facilitates
shell growth.?®3° However, the treatment we performed with the zinc carboxylates clearly alters

the surface chemistry and passivates defects in a way the zinc halides cannot.

Initial

95C

30 min
———60 min
=120 min
—PL

: 300 500 700 900 1100 1300
(AL Sl Wavelength (nm)

Fe 3.8. TEM inccroxylate treated Cu:InP NCs (left) and UV-Vis and final PL spectrum

showing the continued presence of copper in the nanocrystal (right).

Prior reports have shown cadmium carboxylates strongly interact with the InP surface and are
highly successful agents for passivating electron traps.?’ In this study, we found cadmium
treatment incompatible with the doped materials; at temperatures high enough for PLQY
enhancement we observed the dopant leaving the NCs (Figure 3.9). This might be due to alloying

of cadmium into the surface, disrupting the lattice and accelerating copper loss.?**’
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Figure 3.9. Photoluminescence spectra of Cu:InP NCs after cadmium oleate treatment at 200 °C

(top) or 100 °C (bottom).

Shelling of previously doped NCs resulted in partial migration of copper from the lattice
under a range of conditions, as reported in the literature.?®** Such samples demonstrated extremely
high PLQY, over 60% for the copper peak alone, but the presence of both doped and undoped NC

populations in the sample limited their usefulness for spectroscopic study (Figure 3.10). To our
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knowledge, this quantum yield is the highest reported for Cu*:InP, as prior studies report copper-

based PLQY only up to 40%, making this a dramatic, 20% increase in PLQY.%%!1:32
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Figure 3.10. Absorption spectra of Cu*:InP NCs thickly shelled in-situ with ZnSeS. The UV-Vis

(top) shows the development of sub-band gap absorbance associated with the so-called “copper
foot” and retention of the InP excitonic absorption while the PL spectra (bottom) show both the

distinct copper luminescence and the presence of excitonic luminescence around 565 nm.
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As mentioned above, copper can be post-synthetically doped into InP NC cores and has

been previously shown to incorporate post-synthetically into II-VI NCs with thin shells.®!* Using

this established precedent, we explored copper incorporation in thinly (~1 monolayer) ZnSe-

shelled InP NCs via cation exchange.®!'* A copper chloride solution was added after shelling, and

within 2 h the excitonic PL disappeared and the characteristic copper PL dominated the spectrum,

with a PLQY of 40% (Figure 3.11).
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Figure 3.11. A) TEM of Cu":InP/ZnSe NCs showing d = 4.2 + 0.4 nm NCs. B) UV-Vis

absorption spectra of reaction progress and final steady-state PL spectrum of

a representative

synthesis of Cu":InP/ZnSe NCs (40% PLQY). C) Powder X-ray diffraction pattern of the same

NCs showing crystalline phase present to be primarily InP (pdf 01-070-2513 ICSD) with slight

shifts towards ZnSe (pdf 01-071-5977 ICSD).
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An initial 10:1 In:Cu molar ratio produced NCs with a final In:Cu ratio of 14:1, similar to the
upper limit seen in the bottom-up synthesis. Thick-shelled InP NCs were also doped via the same
method, however the time needed for copper diffusion exceeded 12 h (Figure 3.12) with no

comparative increase in PLQY relative to the thinly shelled materials.
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Figure 3.12. A) TEM Absorption and PL spectra collected during post-synthetic treatment of
thickly shelled InP/ZnSeS NCs with a copper chloride and oleylamine solution at 210 °C for a
period of 22 h. The UV-Vis absorption spectra (top) show the development of sub-band gap

absorbance associated with the so-called “copper foot” while the PL spectra (bottom) show the
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diminishment of the excitonic luminescence and the emergence of the distinct copper

luminescence.

Previous work shows that native carboxylate-ligated InP NCs exhibit electron trapping at
undercoordinated indium sites within ~10 ns and sub-nanosecond hole trapping.?*?! These trap
states can be passivated by various surface treatments; in the case of our aminophosphine NCs, a
zinc carboxylate treatment passivates electron traps by either exchanging with under-coordinated
indium ions on the NC surface or with datively bound Lewis bases like primary amine, while zinc

chalcogenide shelling can passivate both electron and hole traps.?

3.3.3 Photophysical characterizations

As discussed above, upon introduction of Cu” into the InP NC lattice, the PLQY increases from
~1% to 10%, suggesting that the Cu" competes effectively with native surface traps for capture of
the photogenerated hole. However, it is likely that a PLQY of only 10% still indicates the presence
of significant carrier trapping at the NC surface. Therefore, the previously mentioned surface
treatments should help remove potential trap sites and increase the sample PLQY. We used time-
resolved photoluminescence (TRPL) spectroscopy to study recombination of the photogenerated
delocalized conduction-band electron with the copper-localized hole as a function of these NC

surface treatments.
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Figure 3.13. Normalized PL decay dynamics of the copper PL for Cu”:InP NCs (red), Cu':InP/Zn
NCs (blue), and Cu”:InP/ZnSe NCs (black). The inset shows the first 20 ns of data collected in a
100 ns window (Figure S10). All data were collected at room temperature on NCs suspended in
dry toluene. The untreated Cu*:InP NCs (red) show the fastest decay and have the lowest PLQY
of 10%, followed by the Cu*:InP/Zn (blue, PLQY of 20%), and finally the shelled Cu*:InP/ZnSe
NCs (black) show the longest lifetime and highest PLQY of 40%. PL decay curves were obtained

by integrating between 880 and 780 nm.

Figure 3.13 shows PL decay curves measured for Cu’:InP, Cu":InP/Zn, and Cu":InP/ZnSe
NCs, plotted on a 1 ps window. Fitting the PL decay of the untreated Cu™:InP NCs to a
biexponential function gives a weighted PL lifetime of 233 ns (see Table 3.3 for fitting parameters).
This result aligns well with previous reports of long luminescence lifetimes in copper-doped NCs,

but the decay here is slightly faster than the ~500 ns lifetime reported for Cu’:InP/ZnS/InP/ZnS
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NCs.?® This discrepancy could be due to a difference in physical structures between the two
materials, or it could indicate that our system still has competing carrier trapping pathways.!” The
PL decay of the Cu":InP/Zn NC sample is nearly identical (Figure 3.13), with a weighted lifetime
of 251 ns. The Cu':InP/ZnSe NC sample, however, has a much longer lifetime of 367 ns, indicating
the efficiency with which even a thin layer of ZnSe can eliminate surface traps. Because TRPL
gives information about both photogenerated electrons and holes, we are not able to

unambiguously identify the contributions of either charge carrier to these dynamics at this stage.

Table 3.3. Fitting parameters for time resolved photoluminescence decay dynamics (fitting
window of 1us — Figure 3.13).

Al 11 (us) A2 12 (us) Weighted T
Cu*:InP:ZnSe | 0.098 0.036 0.913 0.415 0.383
Cu*:InP:Zn 0.315 0.078 0.632 0.430 0.313
Cu*:InP 0.378 0.092 0.588 0.405 0.272

Despite similarities in the decay dynamics for the Cu™:InP and the Cu":InP/Zn NC samples, the
PLQY of the Cu":InP/Zn NCs is 20%, double that of the Cu":InP NCs. Therefore, we also
examined the PL decay dynamics on a 100 ns timescale (Figure 3.13 inset) to attempt to observe
faster processes. The Cu™:InP and Cu":InP/Zn NCs appear to have very similar decay dynamics on
this timescale as well, but the Cu”:InP NCs decay almost twice as much as the Cu™:InP/Zn NCs in
the first ~2 ns. This result shows that the Zn-carboxylate surface treatment doubles the PLQY by
eliminating trapping processes that occur on this timescale. The Cu":InP/ZnSe NCs also exhibit
less ~2 ns decay than the Cu™:InP NCs, and their slower decay on the 1 us time scale accounts for

their higher PLQY than the Cu':InP/Zn NCs.
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3.4 CONCLUSIONS

In summary, we have developed a synthetic route to access highly luminescent copper-doped InP
NCs from aminophosphine and metal-halide precursors. The copper content can be tuned by
altering initial molar ratios or through post-synthetic cation exchange and the copper PL energy
shifted by changing the indium precursor, which controls the size of the final NCs. Upon surface
modification, either by Lewis acid treatment with zinc carboxylate or by growth of a thin ZnSe
shell, the PLQY increases. This PLQY increase correlates with the decrease of a ~2 ns PL decay
component, and in the case of the Cu":InP/ZnSe NCs also with slower PL decay over the
subsequent hundreds of nanoseconds. This work demonstrates that similar trapping processes
occur in doped and undoped InP NCs, and that surface treatments first developed for undoped InP
NCs are effective in eliminating competing trap pathways in doped InP NCs as well. We are able
to synthesize highly luminescent Cu”:InP NCs and demonstrate the applicability of post-synthetic

surface modification for doped NC emitters.

3.5 EXPERIMENTAL DETAILS

All glassware was dried in a 160 °C oven overnight prior to use. All reactions were run under an
inert atmosphere of nitrogen using a glovebox or standard Schlenk techniques. Zinc chloride
(>98%), tris-diethylaminophosphine (97%), copper (II) chloride (>98%), indium (I11) chloride
(97%), indium (111) bromide (99%), and anhydrous isopropanol were purchased from Millipore-
Sigma, stored in a nitrogen glovebox or desiccator, and used without further purification. Indium
iodide (99%), copper (I) chloride (anhydrous 97%+), and copper (II) bromide (99%) were
purchased from Strem Chemicals Inc., stored in a nitrogen glovebox or desiccator, and used

without further purification. All other solvents including oleylamine, pentane, and toluene were
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purchased from Sigma Aldrich Chemical Co., dried over CaH, distilled, and stored over 4 A sieves
in a nitrogen glovebox. Omni Trace nitric acid was purchased from EMD Millipore and used
without purification. 18.2 MQ water was collected from an EMD Millipore water purification
system. 3P NMR spectra were collected on a 500 MHz Bruker Avance spectrometer. UV-Vis
spectra were collected on a Cary 5000 spectrophotometer from Agilent. TEM images were
collected on a FEI Tecnai G2 F20 microscope using an ultrathin carbon film on holey carbon
purchased from Ted Pella Inc. P-XRD diffractograms were collected a Bruker Microfocus
instrument. Luminescence spectra were collected on an Edinburgh FLS 1000 fluorimeter.

Photoluminescence quantum yields were measured with a Hamamatsu integrating sphere.

Standard doped indium phosphide reaction procedure

0.45 mmol of an indium halide, 2.2 mmol ZnCl;, and 5 mL of dried and distilled oleylamine were
added to a 25 mL 3-neck flask. The solution was then placed under vacuum at 120 °C and degassed
for 1 hour. The vessel was then placed under an inert atmosphere and heated to 180 °C. Once the
reaction temperature was reached, 0.45 mL of tris-diethylaminophosphine (1.6 mmol) was rapidly
injected. The reaction was allowed to proceed for 5 minutes after which the previously prepared
copper halide solution was slowly injected (2 mL at 4 mL/hr). The flask was then cooled down to
room temperature before being moved into a nitrogen glovebox for purification. The nanocrystals
were precipitated with anhydrous methanol or isopropanol, centrifuged at 7830 rpm, and
suspended in toluene. This procedure was repeated 5 times before any additional sample analysis

was performed.

Thin shelled doped indium phosphide reaction procedure
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0.23 mmol of an indium halide, 1.1 mmol of ZnCl,, and 2.5 mL of dried and distilled oleylamine
were added to a 15 mL 3-neck flask. The solution was then placed under vacuum at 120 °C and
degassed for 1 hour. The vessel was then placed under an inert atmosphere and heated to 180 °C.
Once the reaction temperature was reached, 0.23 mL of tris-diethylaminophosphine (0.8 mmol)
was rapidly injected. The reaction was allowed to proceed for 20 minutes after which 0.5 mL of
the previously prepared 1M TOPSe was slowly injected. At 60 minutes the temperature was
increased to 200 °C and held there for an hour. At 120 minutes, the temperature was decreased to
150 °C. Once temperature was reached the copper halide solution was slowly injected (1 mL at 2
mL/hr). After the injection had completed the temperature was increased to 210 °C and held there
for 1.5 hours. The flask was then cooled down to room temperature before being moved into a
nitrogen glovebox for purification. The nanocrystals were precipitated with anhydrous methanol
or isopropanol, centrifuged at 7830 rpm, and suspended in toluene. This procedure was repeated 5

times before any additional sample analysis was performed.

Zinc stearate treatment procedure

0.1 mmol zinc stearate was degassed in a 15 mL flask. Half of a previously prepared Cu:InP
nanocrystal reaction at the 0.45 mmol scale was precipitated once and then resuspended in 4 mL
of 1-octadecene. The solution containing approximately 0.2 mmol of indium was injected into the
flask containing the zinc stearate at room temperature. The entire solution was gently heated while
stirring to 100 °C and held at that temperature for 2 hours. The flask was then cooled down to
room temperature before being moved into a nitrogen glovebox for purification. The nanocrystals

were precipitated with anhydrous methanol or isopropanol, centrifuged at 7830 rpm, and
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suspended in toluene. This procedure was repeated 5 times before any additional sample analysis

was performed.

Sample preparation for characterization

For PXRD samples, 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 dryness was
achieved and then the paste was spread on a silicon (100) single crystal wafer. For TEM, samples
were suspended in toluene and then drop cast onto a TEM grid and placed under vacuum overnight
prior to imaging to ensure full solvent evaporation. ICP-OES: An aliquot of QD solution was dried
to generate solid powder. The supernatant was discarded and hydrogen peroxide, followed by an
equivalent amount of trace metal grade nitric acid (67%) was added to the powder and digested

overnight. 18.2 MQ water was added to the sample to dilute to a total of 2% acid concentration.

Photophysical characterization methods

Room-temperature TRPL measurements were performed by exciting colloidal NCs at 365 nm via
a Coherent Inc./Light Source OPerA optical parametric amplifier, power measured at ~50 uW.
Time-resolved PL spectra were collected using a Hamamatsu streak camera with a synchroscan

unit.
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APPENDIX A: ATTEMPTS AT THE SYNTHESIS OF INPZNE QUATERNARY
ALLOYED NANOCRYSTALS

A.1 INTRODUCTION AND RATIONALE

As the market for large, high quality displays continues to grow, new technologies need to
be developed to increase the color gamut of these devices to more closely match the range of colors
detectable by the human eye.! Of high importance is being able to access red, green and blue color
pixels with high color purity. The narrow linewidths associated with quantum dot emission
coupled with their facile solution-based synthesis has made them an attractive option for this
commercial application.? Figure Al shows the broader range of colors that are possible with a
quantum dot sensitized display (black dots) when compared to a traditional HD display that makes
use of a YAG phosphor (dashed triangle).® Quantum dots are currently used in a variety of displays,
notably high-definition televisions and tablets, to produce images with vivid colors. Currently, the
best material for these applications is cadmium selenide (CdSe).* For CdSe synthetic methods have
been developed that allow for the preparation of monodisperse quantum dots with color-pure
emission over a range of visible wavelengths, making it well suited to this type of application.
However, the high toxicity of cadmium limits the long-term commercial viability of electronic

devices containing this material.
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Figure Al. Color range comparison of traditional phosphors with quantum dot displays.

Reprinted with permission from reference 3.3

In order to accelerate the commercialization of full color gamut display technologies, a
material with similar spectroscopic properties and lower toxicity has been sought. Indium
phosphide (InP) based materials have entered the display market as the leading non-toxic
alternative to CdSe, as they possess similar optical properties without the environmental and health
concerns.* A feature of InP QDs that has challenged the synthetic chemistry community is the
broad luminescence linewidths that result from solution-grown samples.® Spectroscopic studies
performed on single nanocrystals show that the intrinsic line widths of InP are similar to those of
CdSe and that the broadness of the features is due to ensemble effects, specifically general core
polydispersity and surface inhomogeneity.>® Additionally, as prepared In-rich InP quantum dots
have very low photoluminescence quantum yields, due to a defective surface that introduces mid-

gap electron and hole traps.5®
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Due to the limitations of as-synthesized InP, new systems need to be devised with higher
quantum yields and narrow emission line widths over a range of visible wavelengths. A promising
alternative is the quaternary alloyed system InPZnE (E = S,Se), with the bulk of the work
performed on the InPZnS system.®*! Alloying can be used to control the band gap via composition
control rather than size as the zinc chalcogenides have wider band gaps and produce quantum dots
with higher energy optical features.'? Several synthetic methods have been designed to produce
these types of alloyed quantum dots. The Reiss group developed a one-pot heat-up synthesis that
combines independent molecular indium, phosphorus, zinc, and sulfur precursors.® The dots
produced have emission maxima ranging from 487 — 587 nm with PLQY of up to 70% and high
photostability, particularly when compared to pure InP. One feature of the Reiss method is that a
ZnS shell is formed on the particles in situ. X-ray photoelectron spectroscopy has allowed for the
elucidation of their internal structure; the core consists of a homogeneous alloy with a gradient
region becoming more ZnS rich until the shell is reached.’* A second synthetic method was
developed by the Kim group and differs in significant ways.*® Although four molecular precursors
are still used, the indium, zinc, and sulfur precursors are heated to a specific temperature while the
phosphorus precursor, P(SiMes)z3, is slowly added via a syringe pump. This slow addition allows
for quantum dots with emission wavelengths of 490 — 630 nm and quantum yields of up to 40% to
be formed. They observed that increasing the amount of ZnS hypsochromically shifted the
emission features demonstrating that alloys allow for an additional avenue to control electronic
properties in these systems.

These alloyed nanoparticle systems have attracted industrial attention due to their
advantageous properties. One company, Nanoco, is producing QDs that are presumably alloyed

InPZnS using a distinctive approach; a [Zn10S4(SPh)1s][N(Me)s]4 molecular cluster that acts as a
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single source precursor for zinc and sulfur.*® A similar approach to that of the Kim group is then
taken; indium and phosphorus precursors are slowly injected to form QDs. However, the Nanoco
procedure uses a series of injections at increasing temperatures to produce progressively larger
quantum dots, with emission maxima ranging from 520 — 700 nm and quantum vyields ranging
from 35 — 90% after post-synthetic modification with HF etching and ZnS shelling. The first set
of injections produces the alloyed core particles and we hypothesize that the subsequent sets of
injections provide additional indium and phosphorus monomers that grow on the previously
nucleated particles in a similar manner to shelling. Despite its appearance in the patent literature
and presumed interest for industrial-scale synthesis, very little is known about the mechanism of
alloyed QD formation from these types of syntheses.

Notably, the multiple injection synthesis used by Nanoco has disadvantages when
compared to a one-pot synthesis. One major advantage of a one-pot synthesis is ease, particularly
at an industrial scale. In addition, the multiple-injection process appears to proceed via growth of
InP on top of an alloyed core, which may increase the lattice strain at the interface with the eventual
ZnS shell. Another issue is that the indium and phosphorus precursors, particularly P(SiMes)s, are
very reactive when compared to the [Zn10S4(SPh)16][N(Me)s]4 cluster. This difference in precursor
reactivity could lead to inhomogeneously alloyed particles, as homogenous alloys are more readily

accessed using precursors with similar reaction kinetics.'4

A.2 RESULTS AND DISCUSSION OF INPZNS

Initial work focused on developing a new synthesis for InPZnS alloyed quantum dots based

on the commercially utilized Nanoco procedure, but using In37P20(O2CR)s1 magic sized clusters
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(MSCs) discovered in the Cossairt lab as an indium and phosphorus source.’® These MSCs have
been shown to act as a single-source precursor to highly monodisperse 3 nm InP quantum dots.
The clusters can be isolated, purified, and exhibit long term stability under air free conditions. Our
hypothesis was that by using a dual cluster approach, the reactivity of the precursors could be more
closely matched and thus allow for control over the reaction kinetics leading to monodisperse,
homogeneously alloyed quantum dots over a range of sizes. First, the Nanoco procedure was
successfully reproduced at a decreased, research scale in our lab in order to provide material for
comparison to aid in evaluating the success of the new syntheses. Syntheses using two and three
sets of injections were performed to demonstrate that the reported size control could be replicated
within the concentrations used in our modified approach. Figure A2 shows the 2.5 nm quantum
dots formed in a typical two injection synthesis while the three-injection synthesis produced 3.0
nm dots. The conditions under which the Nanoco procedure was studied were used as starting

point for all other new syntheses developed.

Figure A2. Nanocrystals formed from the two-injection Nanoco procedure modified to a

laboratory scale, confirming validity of approach.

After determination of an appropriate concentration regime, an analogue of the two

injection Nanoco synthesis was attempted. One slow injection of a solution of the InP MSCs, with
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an equivalent amount of phosphorus based on the stoichiometry of the cluster to that used in the
two injection Nanoco synthesis, was added to the solution of the [Zn10Sa(SPh)is][N(Me)a]a
molecular cluster at 175 °C. Although the Nanoco prepared QDs were synthesized at 140 °C, it
was necessary to use higher temperatures to overcome the thermal stability of the InP MSCs and
liberate In and P. Due to the deviation in heating temperature, the Nanoco procedure was
additionally replicated at 175 °C in order to provide a valid comparison between synthetic
methods. The MSC persists upon injection at 175 °C, which undermines its use in a hot injection
synthesis, where rapid availability of monomers to enable burst-like nucleation is desired. Based
on the high stability of the MSC under these reaction conditions, we explored the use of a heat up
approach. The primary benefit to the heat up method is its ease; all precursors are added to the
reaction mixture at the outset and the flask is then heated to the growth temperature. Additionally,
because the clusters do not immediately decompose at 175 °C, the heat up method is more
compatible with slow monomer release. Thus, the heat up method was used for additional studies

on the nucleation and growth of the nanocrystals.
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Figure A3. UV-Vis spectra of a typical (top) heat up using MSCs and (bottom) two injection (1J)

Nanoco reaction using individual molecular precursors.

In comparing the dots synthesized via the Nanoco procedure versus the dual cluster
method, clear differences are seen. As shown in Figure A3, the lowest energy electronic transition
(LEET) of the dots shifts towards longer wavelengths when the MSCs are used as the precursor,
from 485 nm to 540 nm, implying the formation of larger or more InP rich dots. A significant size
difference has been confirmed via TEM (TEM); the dots formed using the separate precursors are
2.5 % 0.2 nm compared to 3.3 £ 0.3 nm for those formed with the MSCs. To confirm the interaction

between the ZnS and InP clusters to form QDs, InP MSCs were thermalized in the absence of zinc
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and sulfur as a control experiment. In the absence of [Zn10S4(SPh)16][N(Me)4]4, large anisotropic

InP was formed rather than spherical nanocrystals (Figure A4).

3

Figure A4. Large, anisotropic nanostructures formed by heatup of InP MSCs and myristic acid.

Based on these observations, compositional characterization was performed in order to
elucidate whether the ZnS and InP react together to form an alloy (and to what degree of gradation),
core-shell, or simply nucleate separately to give ZnS and InP particles. The use of powder X-ray
diffraction measurements allows for comparison to literature structures of InP and ZnS. As seen
in figure A5, the synthesized particle peaks are slightly shifted from the known bulk powder
diffraction pattern peaks of both InP and ZnS. This deviation has been seen in the literature with
alloyed systems, where the peaks of the material lie in between the peaks of the pure compounds

consistent with Vegard’s law.!? This data is suggestive of alloying, but not conclusive.
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Figure A5. XRD patterns of quantum dots synthesized via the different methods. The shift in
values of 2 theta suggests alloying of the materials. The lines are a visual aid and correspond to
major InP peaks from reference bulk pattern (pdf 01-070-2513 ICSD). The ZnS reference pattern

is pdf 01-071-5976 ICSD.

As shown in Table A4, ICP elemental analysis data confirmed that all samples contain
indium, phosphorus, zinc, and sulfur. The ratios differ between the MSC methods and the Nanoco
procedure, with the dots formed from the MSC significantly indium rich. All particles exhibit an
approximate 1:1 ratio of Zn:S, but the amount of indium is highly variable. Due to the starting
MSC stoichiometry, a roughly 50% excess of indium, when compared to phosphorus is present in

syntheses using the MSCs as a precursor.

Table A4. Elemental ratios determined by ICP-AES for final materials generated from different

InPZnS syntheses.

Element Nanoco MSC Heatup MSC Injection

Indium 2.6 4.8 5.8

Zinc 1.3 0.8 1.1
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Sulfur 1 1 1

Phosphorus 2.3 2.1 2.1

However, this does not correspond to the increase in indium content, which suggests that
the structure of the QDs are different when prepared using the MSCs. This preliminary data
suggests that the MSC-based syntheses lead to indium rich InP, whereas the Nanoco procedure
leads to more stoichiometric particles. Additional structural data is needed to confirm this change
and spectroscopic investigations will allow us to determine the implications of this difference with
regards to the electronic structure of the particles.

Molecular clusters are commonly used as single source precursors for metal chalcogenide
nanocrystals and several hypotheses for their effect on nucleation exist.” One is that the cluster
remains intact and behaves as a monomer, another is that that the cluster completely decomposes
into individual monomers, and finally that the cluster partially decomposes into a seed with smaller
monomers present. Thus, a series of experiments was devised varying the concentration of ZnS
cluster in order to determine the impact on the final particle size. It was indeed found that the
initial amount of the [Zn10S4(SPh)16][N(Me)a]4 cluster present in the reaction directly affects the
final size of the quantum dot formed. As seen in figure A6, increasing the amount of the

[Zn10S4(SPh)16][N(Me)4]4 cluster decreases the dot size and vice versa.
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Figure A6. TEM images of particles synthesized with A) decreased and B) increased amounts of

[Zn10S4(SPh)16][N(Me)4]a.

This agrees with the expected result if the [Zn10S4(SPh)16][N(Me)as]4 acts as a nucleation
site; the lower concentration of cluster would result in fewer nuclei and larger particles. However,
the final size of nanomaterials is controlled by a variety of factors and can be influenced by the
processes of both nucleation and growth. Whether this effect is tied directly to the nucleation
event or the growth of the particles is unclear with the data gathered at this point. What can be
determined is that the [Zn10S4(SPh)16][N(Me)a4]4 cluster plays a vital role in the formation of the
QDs. In order to determine whether or not InP particles would nucleate separately or if the cluster
behaved similarly to the individual precursors, the multi injection nature of the Nanoco procedure
was replicated at higher temperatures using the MSCs. When a second solution of InP MSCs was
injected at 175 °C, no new particles were nucleated. Thus, the clusters exhibit similar behavior to
the individual precursors when dispensed over multiple injections. Whether this is tied directly to
the [Zn10S4(SPh)16][N(Me)a]a cluster or simply the presence of zinc and sulfur monomers has yet

to be investigated.

A.3 CONLUSIONS OF INPZNS WORK
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This work describes new synthetic methods targeting InPZnS alloyed QDs using InP MSCs
as a single source precursor for both indium and phosphorus. The thermal stability of the MSC
precursors allows for a heat-up synthesis of alloyed InPZnS quantum dots. Using the same amount
of phosphorus as the two injection Nanoco procedure, the dual cluster method produces
monodisperse, indium rich, and colloidally stable quantum dots of 3.4 + 0.3 nm. When compared
to the Nanoco procedure, the MSC QDs are larger with similar monodispersity and X-ray
diffraction patterns. The primary noticeable difference is in the particle composition, with the MSC
derived QDs being significantly more indium rich. Additional studies could be undertaken utilizing
different sized ZnE nanoclusters or focused on shelling the previously mentioned materials to
determine if the varied synthetic methods impacted the luminescence properties of the final

quantum dots.

A.4 RESULTS AND DISCUSSION INPZNSE

The previous Nanoco-type approach is plagued by an inability to adequately tune the
reactivities of either cluster. While the elemental ratios and number of potential nuclei can be
altered by varying the concentrations of the respective clusters, this can be similarly accomplished
with molecular precursors and the multi-cluster approach provides no significant advantage.
However, the Owen lab developed a library of chalcogoureas with a wide range of known
reactivities.81° Using carefully selected thio- and selenoureas they were able to synthesize CdSeS
nanocrystals with varying degrees of alloying based on the comparative reactivity of the anion

precursor.t*
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With this as a guiding idea, | commenced work on synthesizing alloyed InPZnSe from
molecular precursors. While thiourea sulfur precursors were also extensively described, the
novelty of working with the selenium system, the better lattice match of ZnSe with InP, and smaller
band gap shifted the focus of the work. The selenoureas necessary for this study are not
commercially available and were thus synthesized according to literature procedures from
selenium powder, amines, and isocyanides.*® For this work I used TOPSe as a control and selected
three selenoureas, named in order of increasing reactivity, to study — 1) N’-cyclohexyl-N-ethyl-N-
methylselenourea, 2)  N,N-dibutyl-N’-cyclohexylselenourea, and 3)  N-butyl-N’-
cyclohexylselenourea. Initial experiments focused on heatup syntheses of individual molecular

precursors (see scheme A1) based on literature reports for InPZnS.°

25-300°C
In(C,gH;;0,); + P(SiMe,), + 2 Zn(C,;H,.0,), + Se source

A 4

1-ODE

Scheme Al. General reaction scheme for InPZnSe heat up reaction.

While all selenium sources led to the formation of nanocrystals, minimal differences
were seen in their size and optical features (Table A5). However, the TOPSe-derived material
showed higher selenium incorporation than those derived from any selenourea, regardless of
reactivity. In fact, no trends between reactivity and selenium content of the final materials could

be obtained.

Table A5. Characterization of final nanocrystal products synthesized via a heat up method from

different selenium precursors.
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TOPSe 1 2 3
LEET (nm) 462 468 469 463
PL maxima (nm) | 520 520 530 525
QD size (nm) 3.6+05 3.3+0.3 3.7+05 3.2+05
Atom % Se 16 9 12 4

| attributed the lack of selenium incorporation to the well-known high reactivity of the
molecular phosphorus precursor, P(SiMes)s.2° The presence of a highly active anionic species
might gate the overall reactivity of the system and preclude any impact of the differing selenium
reactivities. In order to potentially avoid this issue, | switched approaches to a synthesis via a slow
injection of the P(SiMez3)s into a hot reaction mixture of the rest of the precursors. The idea was
that the slow introduction of P(SiMes)z into the reaction would allow the selenium reactivity to
control monomer formation and thus the nucleation and growth of the final nanoparticles.
Additionally, by starving the system of P*, the potential for nucleating pure InP would diminish.
Unfortunately, once again minimal variations in selenium incorporation were observed for the

selenoureas (Table A6).

Table A6. Selenium content of final nanomaterials synthesized via a slow injection of P(SiMez)3

and various selenium precursors.

TOPSe 1 3

Atom % Se 28 11 10
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An additional issue with this approach was a lack of morphological control. In initial
experiments at a growth temperature of 200 °C a mixture of spherical nanocrystals and large
nanorods were observed via TEM, particularly evident in the selenourea-derived materials (Figure
AT7B). The nanostructures from TOPSe show an absence of large rods, but are small and
anisotropic (Figure A7A). The mixed morphologies from the selenourea syntheses persisted across
temperatures ranging from 150 °C to 300 °C, demonstrating the impossibility of thermally

controlling morphology in this system.

Figure A7. Nanostructures formed by slow addition of P(SiMes3)s to zinc, selenium, and indium

precursors with selenium source A)TOPSe and B) ) N-butyl-N’-cyclohexylselenourea.

The level of anisotropy seen in these systems is intriguing as the traditional strongly
coordinating ligands that promote rod growth, like phosphonates, are absent from the solution.
This could be an effect of the decomposition of the selenourea, but other reports of nanocrystals
synthesized from this class of precursors report no such issues.'*81° Based on literature reports,
though, it does seem like matching anionic precursor reactivity is extremely challenging even

when operating in systems with analogous molecules.'*?! The vastly different structures and
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reactivities of the phosphorus and selenium precursors could create conditions that do not allow
for control over nanocrystal properties in a rational way. Potential future work on a similar system
could utilize a beautiful study published since the completion of this research to guide conditions

and alternative precursors if desired.**

A.5 SELENOUREA CONCLUSIONS

Attempts to make a quaternary alloyed system with InPZnSe via selenoureas were met with
mixed success. While | saw the incorporation of selenium via both heat up and slow injection
methods, no trend based on precursor reactivity could be observed. Additionally, the slow injection
method produced a mixture of nanostructure morphologies that could not be thermally controlled.
Based on this work, | conclude that P(SiMes)s and the selenoureas used have incompatible

reactivities for the synthesis of highly tunable alloyed nanoparticles.

A.6 EXPERIMENTAL

Sodium (dry stick, ACS reagent), potassium (in mineral oil, 98%), red phosphorus (99.999%),
oleic acid (90%), indium acetate (99.99%) trimethylamine (>99%), tetramethylammonium
chloride (>98%), zinc nitrate hexahydrate (98%), Sg (99.5%), anhydrous acetonitrile (99.8%),
methanol, and toluene were purchased from Sigma-Aldrich Chemical Company and used
without further purification. Thiophenol (99%) was purchased from Acros and used without
further purification. Omni Trace nitric acid was purchased from EMD Millipore and used
without further purification. 18.2 MQ water was collected from an EMD Millipore water
purification system. Celite 545 was 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
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use. P(SiMez)z and [Zn10S4(SPh)16][N(Me)s]s were prepared according to literature procedures

and stored in a nitrogen filled inert atmosphere glove box.%? All solvents, including dioctyl
terephthalate (>96%), 1,2-dimethoxyethane (99%), and pentane were purchased from Sigma-
Aldrich Chemical Company, dried by stirring overnight with CaH, distilled, and stored over 4 A
molecular sieves. C¢De was purchased from Cambridge Isotope Labs and was similarly dried and
stored. *H NMR spectra were collected on a 300 MHz Bruker Avance spectrometer. UV-Vis
spectra were collected on a Cary 5000 spectrophotometer from Agilent. Powder XRD spectra
were collected on a Bruker D8 Discover with GADDS 2-D XRD system. ICP-OES was
performed using a Perkin EImer 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.® Unless noted, all syntheses were performed using air-free Schlenk techniques.

Synthesis of In(C1gH3402)3

In a typical synthesis 2.25 grams (7.74 mmol) of indium acetate and 7.15 g (25.3 mmol) of oleic
acid were added to a flask and heated to 100°C overnight. The acetic acid was off-gassed and
upon cooling under an inert atmosphere a colorless, gelatinous solid remained. The solid was

then transferred to a glovebox.

Synthesis of In37P20(C1sH3402)s1 magic sized clusters

In a typical synthesis 3.2766 g (11.6 mmol) of oleic acid and 0.93 g (3.20 mmol) of indium
acetate were added to a 3-neck round bottom flask. The flask was then placed under vacuum and
heated to 100 °C overnight to form indium oleate. The next morning the flask was filled with N>

gas and 20 mL of dry toluene was injected to create a solution. In a glovebox, 465 L of
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P(SiMe3)3 (1.60 mmol) was added to 10 mL of dry toluene. The temperature of the indium

oleate solution was then increased to 110 °C and the P(SiMes)s solution injected into it. The
reaction was monitored by UV-Vis and allowed to proceed until no change in a characteristic
peak at 386 nm was seen. The toluene was then removed under vacuum and the clusters brought
into the glovebox for further purification. The clusters were dissolved in toluene, crashed out
with acetonitrile, and centrifuged. This procedure was repeated until the NMR spectrum showed

no significant free acid peak.

Modified Nanoco synthesis of InPZnS alloyed quantum dots

In a typical two injection synthesis, 0.3053 g of indium oleate (0.32 mmol) and 73 pL of
P(SiMe3)s (0.25 mmol) were individually dissolved in 0.75 mL of dioctyl terephthalate and
stirred overnight. A dry solution of 0.0209 g of [Zn10S4(SPh)16][N(Me)s]s (0.007 mmol) and
0.0624 g (0.22 mmol) oleic acid in 2.5 mL of dioctyl terephthalate, which was then injected into
a N2 filled flask. The solution was heated to 90 °C and held there for 45 minutes. The
temperature was then raised to 100 °C and the 0.25 mL of the solutions of first indium oleate
then P(SiMes)z were slowly added to the reaction flask. The reaction progress was followed by
UV-Vis spectroscopy. Once no change was seen in the spectra the temperature was increased to
160 °C and a second set of injections using the remaining solutions (0.5 mL) of indium oleate
and P(SiMes)s were slowly injected before the temperature was further increased to 175 °C for
particle growth. A red shift of the LEET of the dots was observed upon the second injection (see
Figure 2). When no change was seen in the absorbance, the temperature of the reaction was
lowered by 20 °C and the solution annealed for 48 hours. The reaction mixture was then cooled

and brought into a glovebox for purification of the particles.
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Injection synthesis of InPZnS alloyed quantum dots using InP MSCs

In a typical synthesis, a solution of 0.2406 g of In37P20(C18H3402)s1 magic sized clusters (MSCs)
(0.013 mmol) were dissolved in 1.5 mL dioctyl terephthalate and stirred overnight. A dry
solution of 0.0209 g of [Zn10S4(SPh)16][N(Me)4]4 (0.007 mmol) and 0.0624 g oleic acid (0.22
mmol) in 2.5 mL of dioctyl terephthalate, which was then injected into a N> filled flask. The
solution was heated to 90 °C and held there for 45 minutes. The temperature was then raised to
175 °C and the MSC solution slowly injected. The reaction progress was followed by UV-Vis
spectroscopy. Once no change was seen in the spectra the temperature was decreased to 155 °C
and the quantum dots annealed at that temperature for 48 hours. The reaction mixture was then

cooled and brought into a glovebox for purification of the particles.

Heat-up synthesis of InPZnS alloyed quantum dots using InP MSCs

In a typical synthesis, a solution of 0.2406 g of In37P20(C18H3402)s1 magic sized clusters (0.013
mmol) were dissolved in 1.5 mL dioctyl terephthalate and stirred overnight. A dry solution of
0.0209 g of [Zn10S4(SPh)16][N(Me)s]4 (0.22 mmol) and 0.0624 g oleic acid (0.007 mmol) in 2.5
mL of dioctyl terephthalate was combined with the MSC solution, then mixture was injected into
a N2 filled flask. The solution was heated to 90 °C and held there for 45 minutes. The
temperature was then raised to 175 °C to decompose the MSCs and form the quantum dots. The
reaction progress was followed by UV-Vis spectroscopy. Once no change was seen in the
spectra the temperature was decreased to 155 °C and the quantum dots annealed at that
temperature for 48 hours. The reaction mixture was then cooled and brought into a glovebox for

purification of the particles.
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InPZnS quantum dot workup procedure

The particles were crashed out from the reaction mixture using acetonitrile as the non-solvent
and centrifuged. They were resuspended in toluene, crashed out with acetonitrile, and
centrifuged. This procedure was repeated until no feature corresponding to the free acid peak

was Visible via NMR.

Synthesis of selenoureas

Equimolar (3 mmol) amounts of selenium powder, an isocyanide, and an amine were added to 3
mL toluene in a vial. The vial was taped up and removed from the glovebox. The solution was
placed in a 100 °C oil bath and stirred for an hour, while the solution became homogenous and
lightened in color. The solution was then brought back into the glovebox, filtered with a 0.45 um
syringe filter, and the toluene removed under vacuum. Specific purification procedures for each

selenourea can be found in the supporting information of ref 19.1°

InPZnSe quantum dot synthesis

For the heatup procedure, 0.05 mmol of indium oleate, the selenium source, zinc oleate, and
P(SiMes)s were added to 4 mL ODE. The reaction mixture was heated to 300 °C and held at
temperature until no further changes were seen in the optical spectra. The ODE was then
removed via distillation and the QDs brought into the glovebox for purification. For the slow
injection procedure, the zinc, selenium, and indium precursors were all heated to 200 °C in 3.5

mL of ODE. The P(SiMe3)s was then dissolved in 0.5 mL ODE and slowly injected via a syringe
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pump over a period of 10 mins. The reaction was allowed to proceed until no further changes in

the optical spectra were seen and then purified as stated above.

Sample preparation for characterization

TEM: A 50/50 solution of pentane and toluene was used as the solvent. A few drops of the QD
solution was added to this. The TEM grid 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: The
suspended QDs were crashed out of solution and the solid was placed on a silicon wafer
substrate. ICP: 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 M(Q water in a volumetric flask to prepare a 2%

nitric acid solution.
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