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Cation exchange is a powerful method to expand the versatility and properties of a
semiconductor nanocrystal. By tuning the amount of exogenous cation a spectrum of new
materials can be accessed, including doped nanoparticles, alloyed nanocrystals, and even fully
exchanged nanomaterials that may be challenging or impossible to create via traditional synthetic
methods. This thesis focuses on the cation exchange of coinage metal (Cu, Ag, Au) cations in
InP nanomaterials. Chapter 1 will provide an introduction to core concepts and background
related to quantum dots, clusters, and dopant-dependent properties. In chapter 2, we will discuss
the development of a new methodology to dope InP quantum dots with Cu* ions, and the effect

that surface treatments have upon the photophysics of these Cu*:InP nanocrystals. In chapter 3,



electron transfer to molecular acceptors from undoped and coinage metal (Cu, Ag) doped InP
quantum dots is investigated, finding that the long lived photoexcited states imparted by doping
QDs greatly enhance the likelihood of electron transfer. In chapter 4, coinage metals (Cu, Ag,
Au) are exchanged into atomically precise 1n37P20(02CC13H27)s1 magic sized clusters (MSCs).
The exchange of cations in the InP lattice can be tuned either creating doped InP-MSCs, or
driven to completion, creating coinage metal-phosphide clusters. These materials have distinct
spectroscopic and structural characteristics, and can serve as precursors for forming larger

nanoparticles, including previously unreported materials.
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1 INTRODUCTION

1.1 A BRIEF INTRODUCTION TO COLLOIDAL NANOCRYSTALS AND CLUSTERS

Colloidal nanocrystals are ordered materials with one dimension being less than 100
nanometers that are accessed and processed in solution. Although colloidal nanocrystals have
been used since antiquity,! research on nanoparticles has exploded in recent decades, with tens of
thousands of research articles published yearly.2 We will continue to focus on a specific subclass
of colloidal nanoparticles, semiconductors, also known as quantum dots (QDs). These quantum
dots have been used in myriad applications, including solar energy,? catalysis,*® medical
imaging,”-8 and display technologies.®10

While the larger nanoparticles have some degree of heterogeneity to them, molecular-like
analogues known as magic sized clusters have also been isolated.'! These species are not only
atomically precise, but they also serve as important intermediates in the synthesis of many larger
quantum dots or nanoparticles.1213 While these smaller analogues have drastically different
optical and electronic properties from their larger counterparts, their inherent monodispersity
makes them powerful platforms for studying many structural and mechanistic aspects of
colloidal nanocrystal chemistry, such as cation exchange induced transformations!41° or surface-

ligand interactions.16.17

1.2 CATION EXCHANGE AND DOPING IN SEMICONDUCTOR NANOCRYSTALS

The intentional doping of semiconductors with impurity atoms is a versatile strategy to

access novel properties at the heart of modern optoelectronics and microelectronics. Similar to



bulk systems, semiconducting nanocrystals can also be doped, inducing new properties.
Classically, doping in semiconductors is generally considered p or n type, with the addition of
extra holes or electrons, respectively. However, for other materials, such as phosphors and
scintillators, atoms (often rare earth elements) can be added in low concentrations to sensitize
materials for desired luminescent properties. In nanocrystals, doping can be thought of as a
partial cation exchange reaction; a processes in which some or all of original metal cations are
replaced with a different metal cation. These doping procedures not only allow for control of
over the nanocrystal’s electronic properties, similar to bulk semiconductor systems, but often
time lead to new optical properties, similar to materials specifically sensitized for luminescent
features.

Nanostructures are an especially promising platform for cation exchange reactions due to
their ultrasmall crystallite sizes. Due to these sizes, the surface area is much larger than in
traditional bulk materials, allowing for a higher concentration of sites that cations can diffuse in
the lattice. Due to the small size of the nanocrystals most metals can diffuse through the entire
lattice, rather than being concentrated at a layer ranging up to a few nanometers below the
surface.18 Additionally, due the to the ligand stabilization of colloidal nanoparticles, a multitude
of ligands can used to tune the intensity of cation exchange via hard -soft acid-base (HSAB)
principles.1®-21 The cation exchange process can be broken into two main components, a
thermodynamic portion, and a kinetic portion. The thermodynamic portion of these reactions
covers factors such as association and dissociation energies, solvation and desolvation energies,
and hard-soft acid-base (HSAB) predictions. These factors influence the identity of the cation
exchange products and reactants — what cations can reasonably be predicted to replace others in

an existing lattice, with tabulated values for a wide range having been calculated .22



On the other hand, kinetic factors mostly focus upon the mechanisms and structural
conversion by which cation exchange occurs, such as solid-state diffusion via vacancies and
solid state diffusion via interstitials. These factors influence the rate of the cation exchange
process, which in turn influences the resultant structure of the material. This can be especially
Important in species with hindered kinetic factors (such as mismatch of initial and final lattices),
potentially leading to nanoparticles with only partial cation exchange occurring.2® Of particular
curiosity, is that nanoscale materials can also have cooperative cation exchange reactions. In
these reactions cation exchange does not occur via a constant replacement of cations, but instead
reaches critical doping concentration and then rapidly uptakes a large amount of added cation
and rapidly transforms to the product.4-27

The synthetic versatility of cation exchange has not only lead to the development of a
range of doped materials,?8-31 but can be pushed to the formation of alloyed materials,32-3°
complex heterostructures,36-4% and even metastable materials.*1-4> A brief visual summary of the

cation exchange reaction landscape is provided below in Figure 1.1.
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Figure 1.1. Cartoon schematic of the complex reaction landscape of cation exchange reactions of

nanocrystals.



1.3 COINAGE METAL DOPANT INDUCED PROPERTIES AND PHOTOPHYSICS

1.3.1 Luminescent Properties of coinage metal doped quantum dots

Upon the introduction of dopants, multiple new properties can arise in the doped
nanocrystals. Perhaps the most common reason for doping a quantum dot is to introduce new
luminescent properties. In undoped materials, photoexcitation generates a bound electron-hole
pair known as an exciton. This exciton may relax to the ground state either non-radiatively or via
electron-hole recombination, leading to the generation of a band-edge photon (Figure 1.2A).
However, when dopants are introduced into the semiconductor, new electronic states in the
material’s band gap are introduced, in turn leading to new optical properties. Perhaps the best
examples of these are dopants such as Cu, Mn, and the lanthanide series (Figure 1.2B-D,

respectively).28:46 We will continue to focus on Cu and to a lesser extent, Ag, dopants.



Figure 1.2. Cartoon schematic of the excitation (dashed arrow) and band edge
luminescence (solid arrow) of undoped quantum dots. B) Cartoon schematic of the excitation
(dashed arrow) and MLcsCT emission of Cu* doped quantum dots. C) ) Cartoon schematic of
the excitation (dashed arrow), followed by transfer to a Mn2* dopant (dotted arrow) and Mn2+
emission (solid arrow). D) Cartoon schematic of the excitation (dashed arrow) followed by

tranfer to a Yb3* dopant (dotted arrow) and Yb3* emission (solid arrow).

When Cu* is introduced into semiconducting materials a new mid-gap state is also
introduced. The energy level of the Cu* dopant is pinned to vacuum, making the new doped

emission readily tunable by tuning the size of the starting nanocrystal.4” Upon photoexcitation,
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the electron is again promoted to the conduction band; however, now the hole rapidly localizes to
the Cu* dopant forming a Cu?* state known as the metal-to-ligand (conduction band) charge
transfer excited state (MLcsCT).#8:4% This rapid localization leads to a distortion of the lattice
and a reduction in the wavefunction overlap of the electron and now Cu-bound hole. This in turn
leads to an increase in the charge separated state, easily observed by transient photoluminescence
or absorption studies, as well as a broad luminescence profile.

Similar to Cu* doped materials, Ag* doped materials can have a broad, highly Stokes-
shifted luminescent feature as well as shown in Figure 1.2A.5951 However, unlike copper doped
materials, the mid-gap state introduced by silver dopants is lower in energy, leading to a
photoluminescence feature that is blue shifted in comparison to copper induced PL. Additionally,
photoexcitation leads to hole trapping that is more delocalized, in turn leading to shorter excited

state lifetimes (Figure 1.2B).50.52.53
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Figure 1.3. A) Example photoluminescence for InP/ZnSe (black), Ag*:InP/ZnSe(blue) and
Cu*:InP/ZnSe (red) quantum dots. B) Time resolved photoluminescence decay of InP/ZnSe

(black), Ag*:InP/ZnSe(blue) and Cu*:InP/ZnSe (red) quantum dots.



While these dopants serve as engineered defect states, the photoluminescence quantum
yield, a measure of how emissive these materials are, is often low. This is due to the competition
of other trap states, such as undercoordinated surface ions, potentially trapping the long lived
excited electron, in turn leading to high amounts nonradiative recombination. This can be
addressed however, by typical surface treatments that remove native surface traps.>455 Upon the
introduction of a thin shell of ZnS onto Cu*:ZnSe quantum dots, the PLQY of the MLcsCT
increases significantly.>® Similar effects were found for the inverted core/shell system of
Cu*:ZnSe/CdSe as well as for Cu:InP/ZnSe quantum dots.57:58
While Peng et al. were the first to demonstrate the synthesis of Cu:InP/ZnSe nanocrystals, the
impact of various surface treatments was not considered and a holistic picture of the charge
carrier processes was not developed. We will examine the impact of various surface treatments

on Cu*:InP quantum dots in chapter 1.

1.3.2 Charge Transfer in Doped QDs

Understanding the photophysical properties of quantum dots has implications that extend
beyond photoluminescence. As quantum dots are semiconductors, there is great interest in
utilizing the photogenerated charge carriers for a variety of processes that require charge
extraction, such as solar cells and photocatalysis. As previously mentioned, introduction of a
coinage metal dopant in a quantum dot drastically impacts the photophysical properties, shifting
the luminescence profile due to the MLcsCT recombination. Due to the new spatial separation of
the photogenerated charge carriers, the lifetimes of these luminescent features increase

drastically, with dopants such as Cu* and Ag* increasing the lifetime by an order of magnitude



from ten of nanosecond to hundreds of nanoseconds. As such, they allow for greater charge
extraction and thus enhanced activity.

Cu* doped quantum dots have recently been utilized as enhanced photocatalytic systems,
showing enhanced activity for hydrogen evolution compared to undoped quantum dots, although
these systems dope Cu* into the shell rather than the core.5%-60 Additionally, Cu* doped quantum
dots have been shown to enhance photovoltaic performance compared to undoped quantum dot
based solar cells.!

Chapter 3 outlines our efforts to further explain the effect that coinage metal doping has on

charge transfer to a series of molecular acceptors.

14 CATION EXCHANGE IN MAGIC S1zED CLUSTERS

While cation exchange in bulk and nanocrystalline materials has been widely studied,
control of the concentration and location of induced defects have remained elusive. Additionally,
while many attempts have been made to fully characterize the mechanism by which cation
exchange occurs, no general schema has been established, in part due to the large degree of
heterogeneity found in nanoparticle ensembles. Magic sized clusters (MSCs) can serve as
excellent platforms to study mechanism and physical effects induced by cation exchange as they
do not suffer polydispersity.

As nanoscience has grown, a large focus on I1-VI materials has led to the in depth
investigation of 11-VI magic sized clusters. The most common dopants for 11-V1 clusters are
Mn2*and Co?* due to the unique magnetic features introduced upon introduction of the impurity
ion.52-64 However full cation exchange has also been explored in 11-V1 magic sized clusters with
notable emphasis upon exchanges involving two Group 12 metals. Prominent examples of this

include conversion of ZnX species to CdX species (X =S, Se, Te), as well as conversion of



10

CdSe to HgSe clusters.5566 However, more exotic cation exchanges have been performed,
exchanging Cd with Cu* to form CuzSe clusters.'* These new clusters exhibit highly interesting
properties, such as super-ionicity, attributed to their ultrasmall size and strain.®” This research has
been further expounded in recent years by the Robinson group, studying the exchange of Cu* and
Ag* in CdS MSCs, creating Cu2S and Ag>S clusters.?’

In contrast with the wide collection on I1-V1 magic sized clusters, only three previous
reports have examined cation exchange in InP MSC and no studies have examined other 111-V
clusters. The pioneering study by Stein et al. focused on the full cation exchange of In3* to Cd?*,
specifically monitoring the transformation of the InP cluster to a CdsP2 species.'® Their findings
indicated topotactic cation exchange of the surface indium upon small additions of cadmium
carboxylate. With higher concentrations of Cd?* cation, the Cd?* then was introduced into the
core, creating an alloyed structure, followed by full conversion with high excess of Cd?*
introduced.

Following this study, Friedfeld et al., focused upon attempting to introduce Zn?* and Ga3*
dopants into the MSC lattice.5® The results of this study found that incorporation of Ga3* was
difficult and that incorporating large amounts of Zn?* lead to a drastic loss in crystallinity of the
MSC. Furthermore, attempting to use these doped clusters as single source precursors did not
result in alloyed quantum dots but rather Zn?* and Ga3* ions bound to the surfaces of InP
quantum dots. Zn2* doped clusters were further investigated by Kwon et al. and were found to
undergo a conversion from a molecular like species to one that exhibited more quantum dot like
properties.®? The initial introduction of zinc does not greatly change the lattice of the MSC;

however, upon heating the MSC undergoes significant structural rearrangement.
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We will continue to build on studies of cation exchange in InP MSCs in chapter 4,
demonstrating the conversion of InP MSC to a series of coinage metal phosphides and the
products resulting from thermolysis of these new cluster species to access novel phosphide

phases.
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2 SYNTHESIS AND SPECTROSCOPY OF EMISSIVE, SURFACE
MODIFIED, COPPER-DOPED, INDIUM PHOSPHIDE

NANOCRYSTALS

Significant portions of this chapter have been published by and thus adapted from:
M. Elizabeth Mundy, Forrest W. Eagle, Kira E. Hughes, Daniel R. Gamelin, and Brandi M.

Cossairt. ACS Materials Letters, 2020, 2, 6, 576-581

Note for collaborative work: The interpretation of time resolved photoluminescence and transient

absorption spectroscopy was assisted by Kira Hughes, under the guidance of Professor Daniel
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Gamelin. Synthetic methodology was guided by M. Elizabeth Mundy, under the guidance of

Professor Brandi Cossairt.

2.1 INTRODUCTION

Semiconductor nanocrystals (NCs), or quantum dots, have been of great fundamental
interest over the past few decades because of 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 because of the NCs’ low reabsorption and the
advantageous location of the copper-based PL relative to the band gap of traditional silicon
photovoltaics.2?13 The PL in copper-doped semiconductors is attributed to localization of
photogenerated valence-band holes at the Cu* dopants following interband photoexcitation,
formally forming Cu?* in a luminescent mid-gap charge-transfer (CT) excited state.>1* The
nuclear reorganization associated with hole localization gives the copper-based PL its
characteristic broad line width, and the CT nature of the excited state contributes to its long
lifetime.

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 PL quantum yields (PLQY's) and
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narrow PL line widths. Although cadmium selenide (CdSe) NCs with near-unity PLQY's have

been obtained and are now fundamentally well-understood, synthesizing NCs of non-toxic
alternatives (e.g., I11-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.1®17 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 analogues.!¥20 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.?! 23

Using copper as an “engineered” hole trap offers a unique opportunity to examine carrier
dynamics in NCs that is complementary to the study of undoped NCs. By preparing Cu*:InP
NCs, 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 a 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.2425 Similar to prior literature reports, shelling
the doped cores proved challenging because of copper migration from the NCs under traditional
shelling conditions.® However, we were able to post-synthetically incorporate copper into thinly
shelled InP/ZnSe NCs, inspired by an approach used for doping of CdSe/CdS NCs.* All of the

samples were then spectroscopically probed utilizing time-resolved photoluminescence
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spectroscopy (TRPL) to study the recombination dynamics of the conduction-band electron and
copper-localized hole.

Aminophosphines have recently generated interest as relatively environmentally benign
phosphorus sources for the synthesis of a range of metal phosphide NCs.2¢-3! Changing the
identity of the indium and cadmium halide precursors, for example, produces size-tunable InP or
CdsP2 NCs.2720 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 CuClz and tris(diethylamino)phosphine as shown in Figure 2.1.

A)
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Figure 2.1 (A) P-XRD of reaction of PNEt and CuClI2 (orange) with the Cu3P standard pattern
(blue). (B) TEM of resultant copper phosphide.

Although this result indicated the amenability of the system to the formation of Cu—P bonds, it
also presented a challenge of preventing preferential formation of separate crystalline phases of
CusP and InP. This was recently seen under synthetic conditions where the presence of copper
diverted significant amounts of phosphorus and allowed the formation of small InP NCs.32

Although other reports gave no indication of the formation of CusP under doping conditions, we
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found that this impurity persisted when the aminophosphine was injected into a solution
containing both the indium and copper halides.33:34 To circumvent this detrimental reactivity, we
delayed the introduction of the copper halide by 5 min to allow the InP to nucleate.
Operationally, we used a syringe pump to add a solution of copper chloride in oleylamine over
30 minutes. The dropwise addition also maintained a relatively low concentration of copper to

prevent monomers from reaching a critical concentration and separately nucleating CusP.

2.2 SYNTHESIS OF CU:INP VIA AN AMINOPHOSPHINE ROUTE

1) Degas 1h, 120 °C, oleylamine
InX, 2)180°C, 3.6 P(NEL,),, 5 min
+ » Cu*:InP
4.9.ZnCl, 3y 7 cucl, in oleylamine, 66 uL/min

X=Cl,Br,l;Z=0.05-0.2

Figure 2.2. Synthetic scheme for the synthesis of Cu doped InP nanocrystals

With our procedure established (Figure 2.2), we successfully synthesized Cu*:InP NCs. As
shown in Figure 2.3A, the NCs synthesized with Z = 0.2 equivalents of copper and InClz exhibit
the characteristic tetrahedral morphology and 3.2 nm diameter associated with aminophosphine-
derived InP NCs. The powder X-ray diffraction pattern (Figure 2.3B) is consistent with InP as
the sole crystalline phase, and inductively coupled plasma optical emission spectroscopy (ICP-
OES) confirmed the presence of copper in the NCs. The optical spectra strongly support copper

doping (Figure 2.3C).
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Figure 2.3. (A) TEM image of Cu*:InP NCs derived from aminophosphines and InCl3
showing d = 3.2 £ 0.3 nm NCs. (B) Powder X-ray diffraction pattern of the same NCs showing
the only crystalline phase present to be InP. (C) UV-vis absorption spectra of reaction progress
and final steady-state PL spectrum of a representative synthesis of Cu*:InP NCs (10% PLQY).
(D) Normalized steady-state PL spectra of copper-doped InP NCs synthesized with different

halide precursors to tune the size of the NCs and the resulting MLcsCT emission energy.
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Addition of copper results in the appearance of a broad red-shifted PL band with its

maximum at ~850 nm and the emergence of weak near-band-edge absorption at ~650 nm that
has been attributed to direct photoexcitation of the luminescent CT excited state.3°
Photoluminescence excitation (PLE) measurements monitoring the emission at 825 nm showed

that the NIR emission arises from NC photoexcitation (Figure 2.4).
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Figure 2.4. Photoluminescence excitation of Cu:InP monitored at 825 nanometers.

Together, these data constitute strong support for the incorporation of copper ions into the
NC lattice. These NCs exhibit high PLQY's directly out of synthesis, ranging from 8 to 25%. We
found that the PLQY decreases when the reaction scale is increased, likely as a result of

variations in the heating profile that lead to less uninform copper incorporation.

We investigated the tunability of this reaction with regard to NC size and amount of

copper incorporated. By alteration of the amount of copper added to the reaction (Z in Scheme
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1), the In:Cu ratio in the final products could be modestly tuned (Table 2.1). 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 In:Cu ratio was changed to 40:1,
the corresponding In:Cu ratio was decreased to 33:1, corresponding to Six copper atoms per
nanocrystal. Higher levels of copper incorporation could be attained by changing the copper
source to the more reactive copper (I1) bromide, which gave an In:Cu ratio of 4:1 while
maintaining the InP crystal phase. However, this synthesis did not result in an increased PLQY
or a dramatic shift in the PL peak position, which may suggest the presence of significant

surface-bound copper.

Table 2.1: ICP-OES elemental ratios of Cu doped nanocrystals formed under varying synthetic

conditions.
Sample Indium | Phosphorus Copper | Zinc (Cadmium) Selenium
InCl; 10:1 In:Cu 1.2 1 0.07
InCl; 20:1 In:Cu | 1.3 1 0.08
InCl; 40:1 In:Cu 1.2 1 0.04
InBr; 1 1 0.1
Inl; 1 1 0.13
Zinc Treated 1 1 0.07 0.8
Cadmium treated | 1 1 0.05 0.7)
Thin Shelled 1.3 1 0.1 0.2 0.8
CuBr, 1 1 0.25
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The NC size could be tuned by following established literature procedures for
aminophosphine-derived InP NCs.2” By replacing InCls with either InBrs or Inlz as the indium
source and utilizing our standard slow-injection procedure, we also synthesized 3.0 and 2.8 nm
diameter Cu*:InP NCs with PLQY's of 15% and 18%, respectively. These changes in size were
accompanied by a corresponding blue shift in the copper PL peak for the smaller NCs, as can be
seen in Figure 2.3D. 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.36:37

2.3 SURFACE TREATMENTS OF CU:INP

An advantage of Cu*:InP NCs as a material for photophysical studies is the localization of
the hole at the copper.® Recent work by our group has posited that 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
undercoordinated indium atoms at the surface via treatment with lower-valent Lewis acids,
specifically for M2* carboxylates.

Despite prior reports of moderate copper stability within InP NCs, excitonic PL re-
emerged under traditional shelling and Lewis acid treatment conditions, signaling copper loss
from a subset of NCs (Figure 2.5A-B). This instability necessitated the use of a lower
temperature, 100 °C compared to 200 °C, for the Lewis acid treatment with zinc stearate. At 100

°C, treatment with zinc carboxylate maintains the In:Cu ratio as determined by ICP (Table 2.1)
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while inducing an increase in PLQY from 10% to 20% for Cu*:InP/Zn NCs with no evidence of

excitonic luminescence (Figure 2.5C).
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Figure 2.5. A) Photoluminescence of Cu:InP treated with zinc stearate at 200 °C. B)

300 400 500 600 700 800 900 1000 1100 1200 1300

27

Photoluminescence of Cu:InP treated using a ZnSeS shelling procedure. C) UV-Vis and PL of a

Cu:InP treated with zinc stearate at 100 °C.
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The standard 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.2°:31 However, the treatment that we perform with the
zinc carboxylates clearly alters the surface chemistry and passivates defects in a way the zinc
halides cannot.

Prior reports have shown that cadmium carboxylates strongly interact with the InP surface
and are highly successful agents for passivating electron traps.21-24 In this study, we found that
cadmium treatment is incompatible with the doped materials; at temperatures high enough for
PLQY enhancement, we observed that the dopant leaves the NCs, as confirmed by PL and ICP
analysis (Figure 2.6A-B). This might be due to alloying of cadmium into the surface, disrupting
the lattice and accelerating copper loss.?4:38

Shelling of previously doped NCs resulted in partial migration of copper from the lattice
under a range of conditions, as reported in the literature.?”-3* Such samples demonstrated
extremely high PLQY's, 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

2.6C-D).
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Figure 2.6. Photoluminescence of Cu*:InP QDs after treatment with cadmium oleate at 200 °C
(A) or 100 °C (B). Absorbance (C) and photoluminescence (D) of thickly shelled Cu*:InP/ZnSeS

QDs that were shelled in situ.

To our knowledge, this quantum yield is the highest reported for Cu+:InP, as prior
studies reported copper-based PLQY's of up to only 40%, making this a dramatic 20% increase in
PLQY.69.11.33 As mentioned above, copper can be post-synthetically doped into InP NC cores
and has been previously shown to incorporate post-synthetically into 11-V1 NCs with thin
shells.5-14 Using this established precedent, we explored copper incorporation in thinly (~1
monolayer) ZnSe-shelled InP NCs via cation exchange.®4 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 2.7). 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, but the time needed for
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copper diffusion exceeded 12 hours with no comparative increase in PLQY relative to the thinly
shelled materials. This may be due to distribution of copper throughout both the nanocrystal core

and shell in these samples.
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Figure 2.7. (A) UV-vis absorption spectra of reaction progress and final steady-state PL

spectrum of a representative synthesis of Cu*:InP/ZnSe NCs (40% PLQY). (B) TEM of

Cu*:InP/ZnSe NCs showing d = 4.2 £ 0.4 nm. (C) Powder X-ray diffraction pattern of the same

NCs showing the crystalline phase present to be primarily InP with slight shifts toward ZnSe.
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2.4 SPECTROSCOPIC ANALYSIS OF CU:INP AND SURFACE TREATED CU:INP

Previous work showed that native carboxylate-ligated InP NCs exhibit electron trapping at
undercoordinated indium sites within ~10 ns and sub-nanosecond hole trapping.21:22 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 exchanging with either undercoordinated
indium ions on the NC surface or datively bound Lewis bases like primary amine, while zinc
chalcogenide shelling can passivate both electron and hole traps.?!

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 aforementioned
surface treatments should help remove potential trap sites and increase the sample PLQY. We
used 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.
Figure 2.8 shows PL decay curves measured for Cu*:InP, Cu*:InP/Zn, and Cu*:InP/ZnSe NCs,
plotted on a 1 us window. Fitting the PL decay of the untreated Cu*:InP NCs to a biexponential
function gives a weighted PL lifetime of 272 ns. This result aligns well with previous reports of
long luminescence lifetimes in copper-doped NCs, but the decay lifetime here is slightly shorter
than the ~500 ns lifetime reported for Cu*:1nP/ZnS/InP/ZnS NCs.3° This discrepancy could be
due to a difference in the physical structures of 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, with a weighted lifetime of 313 ns. The Cu*:InP/ZnSe NC sample,
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however, has a much longer lifetime of 383 ns, indicating the efficiency with which even a thin

layer of ZnSe can eliminate surface traps.
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Figure 2.8 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. In addition, normalized TA (—AA) data are shown for

Cu*:InP/ZnSe NCs (gray).

Despite similarities in the decay dynamics of the Cu*:InP and 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 time scale (Figure 3 inset) to attempt to observe
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faster processes. The Cu*:InP and Cu*:InP/Zn NCs appear to have very similar decay dynamics
on this time scale 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 zinc carboxylate surface treatment doubles the
PLQY by eliminating trapping processes that occur on this time scale. The Cu*:InP/ZnSe NCs
also exhibit less ~2 ns decay than the Cu*:InP NCs, and their slower decay on the 1 ps time scale
accounts for their higher PLQY compared with the Cu*:InP/Zn NCs. Moreover, examination of
the excitonic bleach recovery dynamics of Cu*:InP/ZnSe using transient absorption (TA)
spectroscopy shows significant deviation from the corresponding TRPL data at early times
(Figure 2.8). The observation of faster dynamics in the TA spectra provides strong support for
hole localization at copper prior to other trapping processes and suggests that any differences in
the decay dynamics we observe among surface-treated samples are due to differences in electron
trapping. Since the TRPL specifically monitors the copper luminescence, the hole must be
localized at copper for that signal to be observed. The presence of a faster component in the TA
dynamics, however, indicates that trapping contributes to faster decay of the conduction-band
electron (and hence the TA signal), consistent with the 40-45% PLQY. While fast hole trapping
due to non-luminescent surface-bound copper ions has been previously implicated in Cu*:InP,%0
we find this to be an unlikely explanation in the present system because of the observed trends in

the fast-time TRPL data and the comparison with the TA dynamics.

2.5 CONCLUSION

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 the initial molar ratio or through post synthetic cation exchange, and the copper

PL energy can be shifted by changing the indium precursor, which controls the size of the final
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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 is correlated with the
decrease of an ~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 NCsand demonstrate the

applicability of post synthetic surface modification for doped NC emitters.

2.6 EXPERIMENTAL DETAILS

2.6.1 General Considerations and Chemicals

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 (111)
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 (1) chloride (anhydrous 97%+), and copper (I1)
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 purchased from Sigma Aldrich Chemical Co., dried over CaHa,
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 Miillipore water purification system. UV-Vis spectra were collected on a Cary
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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 FLS1000 fluorimeter. Photoluminescence quantum yields were

measured with a Hamamatsu integrating sphere.

2.6.2 Standard doped indium phosphide reaction procedure

0.45 mmol of an indium halide, 2.2 mmol ZnCl2, 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/h). 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.

2.6.3 Thin shelled doped indium phosphide reaction procedure

0.23 mmol of an indium halide, 1.1 mmol of ZnClz, 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
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for 20 minutes after which 0.5 mL of the previously prepared 1M TOP=Se 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/h). 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. Modified shelling procedures to grow a thicker
ZnSeS shell used a method adapted Economic and Size-Tunable Synthesis of InP/ZnE (E = S,
Se) Colloidal Quantum Dots. Chem. Mater., 2015, 27, 4893-4898 where TOP=Se was used in

place of TOP=S in the first chalcogenide injection.

2.6.4 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 suspended in toluene. This procedure was repeated 5 times before

any additional sample analysis was performed.
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2.6.5 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. Room temperature transient absorption measurements were performed using
an EOS unit from Ultrafast Systems at the University of Washington’s Molecular Analysis
Facility. The pump wavelength of 365 nm was generated via a Coherent Inc./Light Source

OPerA optical parametric amplifier, with a power of ~50 uW measured through a 200um

pinhole. The probe white light was generated using an external Q-switched Nd:YAG laser with
an electronic delay. The collinear pump and probe beams overlapped at the sample. PL data were
acquired using an excitation wavelength of 365 nm, and PL decay curves were obtained by
integrating between 780 and 880 nm. TA data were acquired using a 365 nm pump pulse
followed by a continuum white-light probe pulse. The dynamics was obtained by integration of

the TA bleach between 654 and 714 nm.
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3 ENHANCED CHARGE TRANSFER FROM COINAGE METAL

DOPED INP QUANTUM DOTS

Significant portions of this chapter have been published by:
Forrest W. Eagle, Samantha Harvey, Ryan Beck, Xiaosong Li, Daniel R. Gamelin, and Brandi

M. Cossairt. ACS Nanoscience Au, 2023, 3, 6, 451-461

3.1 NOTE FOR COLLABORATIVE WORK

All theoretical work calculations were performed by Dr. Ryan Beck, under the guidance of
Professor Xiaosong Li in the Department of Chemistry at the University of Washington.
Transient absorption data were collected by Dr. Samantha Harvey under the co-guidance of

Professor Brandi Cossairt and Daniel Gamelin.

3.2 INTRODUCTION

With the global demand for value-added chemical products increasing each year, new
catalytic materials must be developed to improve process efficiency. Many current processes
require the use of intense reaction conditions, such as a high pressure or temperature. Solar
powered catalysts offer an attractive alternative or supplement to current processes. Efficient
photocatalytic materials typically require three characteristics: high extinction coefficients, high
photostability, and long-lived photoexcited states. Many current photocatalysts are based on rare
metals such as rhodium or iridium, which can have high turnover numbers depending on the
specific reaction.:2 However, these compounds often do not have large absorption cross sections

at A > 400 nm, which results in underutilization of the solar spectrum.
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Quantum dots (QDs) intrinsically have large, tunable extinction coefficients,® which can be
further enhanced by adding inorganic shells on their surfaces. Inorganic shells also improve
quantum dot stability -7 and passivate surface states that serve as charge carrier traps.8° By
shelling using a traditional Type-1 heterostructure, charge carriers are highly localized to the
core of the quantum dot, 19 making charge transfer difficult due to the energetic barrier for
tunneling. This, along with the relatively short excited-state lifetimes found in traditional 111-V
and 11-V1 quantum dots (QDs) (<50 ns),*12 makes them a poor platform for photoredox
catalysis. Despite these issues, quantum dots have been shown to perform a catalogue of
photochemical reactions, such as hydrogen evolution and organic C-C, C-O, and C-N bond
making and breaking reactions. However, photocatalytic organic reactions typically occur
through optically dark triplet-like excitonic states and hydrogen evolution often requires
cocatalysts.!3716

With the idea of designing improved quantum dot photocatalysts, the observation that
coinage metal dopants, such as copper, enhance charge-carrier lifetimes by over an order of
magnitude is notable.'”~2% This increase in is found in 11-V1 nanocrystals (and InP) as these
dopants introduce hole trap states, where photoexcited electrons can recombine with trapped
holes.?1:22

Recent work in our lab has demonstrated the introduction of copper dopants into 111-V
guantum dots, along with the spectroscopic examination of the charge carriers, finding that the
photogenerated hole rapidly localizes to the copper site before other trapping processes occur
similar to what has been observed in 11-V1 systems.!7-19721.23.24 Previgus theoretical work has
investigated the electronic structure of Cu* and Ag* doped CdSe quantum dots, showing that the

emissive excited state consists of a delocalized electron and a hole localized at the copper
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dopant, with broad photoluminescence spectra arising due to vibronic coupling.18:1% Theoretical
work on Cu*-doped InP suggested that their electronic structure is strongly dependent on ligand
coating and other effects such as self-compensation.2°

Here we prepare a series of Cu*- and Ag*-doped InP QDs, each shelled with a monolayer
of ZnSe. The physical and electronic structures are studied by means of electron microscopy,
elemental analysis, powder X-ray diffraction, steady-state and time-resolved optical
spectroscopy, and first-principles DFT calculations. Using a combination of static and dynamic
fluorescence quenching experiments and transient-absorption spectroscopy, we demonstrate the
enhancement of electron transfer upon doping InP quantum dots with Cu* and Ag*. We also
show that this enhancement is strongly dependent on the electron acceptor’s mechanism of
adsorption to the quantum dot surface. Smaller acceptors show the highest rates of electron
transfer from doped QDs but also lower enhancement when comparing doped versus undoped
QDs due to the ability to adsorb directly to the surface of the quantum dot without requiring a

dissociation step.

3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis and characterization of doped InP/ZnSe

A general synthesis of core/shell InP/ZnSe QDs was adapted from ref (23) (Figure 3.1).
In brief, 1 equivalents of indium halide, approximately 5 equivalents of ZnCl;, and an excess of
dried and distilled oleylamine were combined, degassed at 120 °C, and heated to 180 °C.
Approximately 4 equivalents of tris-diethylaminophosphine was then rapidly injected. After a
fixed period of time (see experimental section), 1 M TOP=Se was slowly injected. After an hour,

the reaction temperature was increased to 200 °C and held for an additional hour. Doped
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samples were synthesized following the same method as above with a few notable changes. After
120 min of reaction with TOP=Se, the temperature was decreased to 150 °C and a solution of 0.1
equivalents of copper(l1) chloride (CuClz) or silver(l) chloride (AgCl) was slowly injected (1 mL
at 2 mL/h). After complete addition, the temperature was increased to 210 °C and held there for
1.5 h. In all cases, purification was achieved by 5 repeated cycles of precipitation and

redissolution with anhydrous ethanol and toluene, respectively.

Figure 3.1
CuCl, or
TOP=Se AgCl (0.1eq)
Degas 1 hour (0.1 eq) 150 °C .
X=CLBr.l g0 °C, 4 P(NEt)); 200 °C 210°C Ag*:InP/InSe
20 min 60 min 90 min

Figure 3.1. General Synthesis of Coinage Metal Doped InP/ZnSe Core/Shell QDs

Using this method, ICP-OES data show InP/ZnSe QDs with 11% Cu and 6% Ag (reported as
cation mole fraction, Table 3.1). The QDs show little change in structure as determined by
powder X-ray diffraction (Figure 3.2C). Additionally, the crystallite sizes remain similar pre-
and post-cation exchange, all averaging approximately 2.9 nm by Scherrer analysis and 3.0 nm

by TEM size analysis.



47

2.0 1.0
A InP/ZnSe B ? InP/ZnSe
—_ Cu:lnP/ZnSe e 554 B Cu:lnP/ZnSe
g 1.5 Ag:InP/ZnSe E Ag:InP/ZnSe
£ 2
= 06
2 z
c 1.0 %)
) o=t
= E 0.4+
d
O 05- =
E 0 Q- 0.2+
< ’"/\r\"‘\‘\
0.0 T -l ne T P 0-0_4 T T T T
400 600 800 1000 1200 0 200 400 600 800
Wavelength (nm) Time (ns)
C 3.0 —
Ag:InP/ZnSe
2.5-
3 2.0-
S Cu:lnP/ZnSe
2 1.5
0
C
L o
= InP/ZnSe
0.5
0.0 I ! L I
30 40 50 60
20

Figure 3.2. (A) Representative absorption(solid) and photoluminescence (dashed) spectra of
InP/ZnSe (black), Ag*:InP/ZnSe (blue), and Cu*:InP/ZnSe (red) QDs. (B) Time-resolved
photoluminescence decay profiles of InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe QDs. (C)
Powder XRD patterns of InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe QDs. All data were

collected at room temperature. (D) Representative TEM image of purified Cu*:InP/ZnSe QDs.
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Table 3.1. ICP-OES analysis of samples.

In P Zn Se Ag Cu Dopant Cation Mole
Fraction

[MI/([M]+[In]+[Zn])

InP/ZnSe 1 0.83 0.2 0.77 0
Ag:InP/ZnSe | 1 0.87 0.18 0.8 0.08 0.06
Cu:InP/ZnSe | 1 0.815 0.22 0.7 0.15 0.11

Figure 3.2A shows the absorption and photoluminescence spectra of the InP/ZnSe,
Ag*:InP/ZnSe, and Cu*:InP/ZnSe QDs. Both doped species of InP show broadened absorption
compared to the undoped InP/ZnSe QDs. Time-resolved photoluminescence measurements show
lengthening of the luminescence lifetime from ~30 ns in the undoped QDs to ~270 ns in the
Ag*-doped QDs and ~360 ns in the Cu* doped QDs (Figure 3.2B) (these data were fit to
biexponential functions with the following amplitudes and time constants: InP/ZnSe (A1 = 0.466
+0.001, 11 =8.11 £ 0.04 ns, A2 =0.393 £ 0.001, 12 = 65.56 £ 0.16 ns, Tweighted = 34.4 NS),
Ag*:InP/ZnSe (A1 =0.449 + 0.004, 11 = 64.01 £ 1.31 ns, A2 = 0.401 £ 0.003, 12 =517.38 £ 4.27
ns, Tweighted = 278.14 ns), and Cu*:InP/ZnSe (A1 =10.264 £ 0.003 , 11 = 92.17 £ 1.74 ns, Az =
0.631 + 0.003, 12 =500.38 + 2.35 ns, Tweighted = 379.8 ns)). Upon photoexcitation, the
photogenerated hole rapidly localizes to the Cu center within 2 ps,26 reducing the electron—hole
wave function overlap, and slowing recombination. While no report has described the

photoluminescence of Ag*:InP QDs, they appear similar to those of Ag* doped CdSe QDs.
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To further understand the behavior of the photoexcited charge carriers in these doped
systems, they were examined in silico using In77P77 and [In76MP77]>~ (M = Ag, Cu) model
quantum dots. All QDs were terminated by pseudohydrogens (e.g., In77P77H108) to provide
charge balance and minimize the exaggerated surface effects that may result from small cluster
models. Upon optimization, the geometry of the InP QD around the dopant broke the C3v
starting symmetry, as can be seen in Figure 3.3A. The addition of the metal dopant gives rise to
midgap states, which are shown in Figure 3.3B. To gain insight into the band structure, density
of states (DOS) plots are provided in Figure 3.3C. Examining the DOS for the undoped QD, the
valence band can be seen to be comprised primarily of phosphide character, while the conduction
band is primarily indium based. Upon doping, the valence and conduction bands are still
composed of phosphorus and indium, respectively; however, copper and silver contributions
appear in new mid-gap states. Examining these mid-gap states shows that, while still primarily
composed of phosphorus p orbitals, the doping metal contributes d orbital character that affects
the ionization potential. Between the Cu* and Ag* the highest occupied molecular orbitals
(HOMOSs) have the same character; however, a reordering of the states between the Cu*:InP and
Ag*:InP can be seen in Figure 3.3B where the Ag*t HOMO-1 is the same as the Cu+ HOMO-2
(and vice versa). This reordering results in slightly different character for the leaving (hole)
orbitals between the Cu*:InP and the Ag*:InP as can be viewed in Figure 3.3C. The increased d
orbital contribution to the mid-gap states by the Cu* atom with respect to Ag*, and different hole
character can be ascribed to the difference in d-orbital character between the Cu* and Ag* ions.
This differing character has been noted previously.1® Even with this orbital reordering, the
excited state properties of both systems are similar. Predicted absorption spectra for these

geometries are shown in Figure 3.3C. Examining the natural transition orbitals (NTOSs), inset



into the absorption spectra, the first transition is easily determined to be a transition from the

occupied midgap state to the unoccupied conduction band.
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Figure 3.3. (A) Optimized geometries for the undoped (In77P77), copper-doped ([In76CuP77]%-),
and silver-doped ([In7eAgP77]?") quantum dots. The atoms shown are those immediately
surrounding the metal center. Changes in the bond length for [In76éCuP77]?~ and [In7eAgP77]* are
given in relation to the undoped structure. The same color marks a bond that is the same length.
(B) Molecular orbital diagrams for the [In76CuP77]>~ quantum dot (left) and the

[In76AgP77]%~ quantum dot (right). Pictured are the midgap molecular orbitals plotted with an
isovalue of 0.01 electron-Bohr-3. Black bars mark the midgap states (not drawn to scale), with
green arrows marking the occupation for the spin up and spin down electrons. (C) Predicted
absorption spectra of the undoped In77P77 QD, [In76CuP77]%-, and [In7eAgP77]>~ QDs are shown
on the left. Inset into each plot are the natural transition orbitals for the first excitation (numerical
values for the energy given in Table 1) with the leaving (hole) orbital on the left and the arriving
(electron) orbital on the right. The density of states plots for the undoped QD, the

[In76CuP77]% and [In76AgP77]>~ QDs with positive values corresponding to spin up electrons and

negative values corresponding to spin down electrons, are shown on the right.

Due to the similar nature of the transitions between Cu+:InP and Ag+:InP QDs, a

quantitative method is required to differentiate the localization between the two metal dopants.
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This is achieved using the hole/electron delocalization index (HDI and EDI, respectively) as
implemented in Multiwfn.27-28 This value is able to give a numerical value for the density over
the space occupied by the hole/electron corresponding to an excitation. A lower value indicates
that the hole or electron is more delocalized in space. Examining Table 2.2 for the HDI, we
found that the most delocalized system (that with the lowest HDI value) is the undoped system.
This is expected, as the first transition for the undoped In77P77 QD is a band-to-band type
transition. When the dopants are added, the HD1 grows, showing the hole localization that we
have already observed in Figure 3.3C, but the HDI for the Cu*:InP QDs is greater than that for

the Ag*:InP QDs. The EDI values for the doped QDs are both similar to that of the undoped QD.

Table 3.2. Excitation Energy for the First Transition along with the Corresponding Hole and

Electron Delocalized Index for the InP Quantum Dots

dot excitation [eV] | hole delocalization index electron delocalization index
(osc. str.) (a.u.) (a.u.)

In77P77 3.429 (0.1854) | 2.14 1.22

[In76CuP7}* | 2.337 (0.0391) | 16.89 1.07

[In76AgP-7 - | 2.374 (0.0357) | 6.61 1.09

3.3.2 Photoluminescence quenching with anthraquinone

To study photoinduced charge transfer from these quantum dots, we examined a series of
quinones as electron acceptors. Not only are quinones readily soluble in many of the same
organic solvents as quantum dots, but they have previously been shown to accept electrons from

photoexcited quantum dots.?°32 By an increase in the concentration of anthraquinone in the QD
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solution, a decrease in the QD fluorescence intensity is observed. This decrease can be attributed
to the formation of a quantum dot-anthraquinone* adduct, where the electron has been
transferred from the photoexcited quantum dot to the anthraquinone adsorbed on the surface. By
fitting the loss of luminescence with respect to the concentration of added quencher to the Stern—
Volmer equation (Equation 3.1), we can extract a Stern—\Volmer quenching constant, Ksv, that
measures how readily electron transfer occurs between the photoexcited quantum dot and the
quinone acceptor. In Equation 3.1, Fo is defined as the initial photoluminescence intensity, F is
defined as the photoluminescence intensity at a given concentration of added quencher, and Ksv

is defined as the quenching factor or Stern—Volmer constant.

0 =1+Kg[Q] (3.1)

Figure 3.4A illustrates that undoped quantum dots retain much of their initial luminescence
intensity following addition of anthraquinone, indicating low rates of electron transfer relative to
PL. However, both the Ag*- and Cu*-doped samples depicted in Figure 3.4B and C,
respectively, show a marked decrease in their photoluminescence intensity following addition of
anthraquinone, with the Cu*-doped sample showing the greatest loss of photoluminescence in the

series.
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Figure 3.4. (A) PL quenching of InP/ZnSe QDs upon addition of anthraquinone. (B) PL

quenching of Ag*:InP/ZnSe QDs upon addition of anthraquinone. (C) PL quenching of

80x10°

Cu*:InP/ZnSe QDs upon addition of anthraquinone. (D) Stern—\Volmer plot of InP/ZnSe QDs.

(E) Stern—Volmer plot of Ag+:InP/ZnSe QDs. (F) Stern—Volmer plot of Cu*:InP/ZnSe. (G)

Transformed Stern—Volmer plot of InP/ZnSe QDs. (H) Transformed Stern—Volmer plot of

Ag*InP/ZnSe QDs. (1) Transformed Stern—Volmer plot of Cu*:InP/ZnSe QDs.
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Of note in these quenching experiments is the severe negative deviation from the linearity
usually expected in simple Stern—Volmer behavior, as shown in Figure 3.4D-F. This negative
deviation has been previously seen during fluorescence quenching of two different conformers of
the same fluorophore.3334 A similar negative deviation has been observed in CdS QD/methyl
viologen systems.3> In the CdS system two mechanisms of adsorption of methyl viologen were
proposed: one in which the acceptor directly associates with the quantum dot surface and one
where a weakly bound surface metal ion and/or ligand species dissociates from the surface,
followed by adsorption of the acceptor. This dissociation of bound surface ligands followed by
adsorption of a new species has also been posited as the mechanism by which InP quantum dots
lose under-passivated indium ions at their surfaces to increase photoluminescence quantum
yield.36 We hypothesize that a similar process occurs in our InP/ZnSe QDs, in which we see
either direct adsorption of anthraquinone to the surface or dissociation of a zinc halide-
oleylamine complex, followed by adsorption of the anthraquinone. As we observe that the
negative deviation occurs at relatively low concentrations of anthraquinone, we suggest that the
second mechanism, disassociation of a surface cation followed by adsorption of a quinone,
dominates the interaction between the quantum dot and the electron acceptor.

To extract a singular Ksv from these data, we transform the data of Figure 3.4D—F using
Equation 3.2. In Equation 3.2, Fo, F, and Ksv are defined as in eq 1, and f is defined as the

fraction of accessible fluorophore and assumed to be 1.

o =24 2 (3.2)
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After applying this transformation to the PL quenching data, we see that the data can be
fit to a single linear equation, as shown in Figure 3.4G-1. From these fits, we extract KSV
values of 2083, 42700, and 48558 mol-1-L for InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe QDs,
respectively, showing an increase in charge transfer by over an order of magnitude for the doped
quantum dot-anthraquinone systems. We attribute this enhancement to the extended excited state

lifetimes in these doped materials.

3.3.3 Transient absorption spectroscopy of QD-AQ systems

To probe the photoinduced charge transfer to anthraquinone further, we turned to
transient absorption spectroscopy to examine the bleach kinetics of the photoexcited quantum
dots. Transient absorption spectroscopy allows us to examine the decay of the photogenerated
conduction-band electron without major convolution from hole dynamics due to the degeneracy
of holes at the valence band edge (undoped),3” or deep localization of the holes (doped). Each of
the quantum dots showed well-defined bleach features associated with the generation of a
conduction band electron (Figure 3.5A). Furthermore, the kinetics of the bleach recovery are in
good agreement with the decay dynamics observed in the time-resolved photoluminescence, as
both Ag*- and Cu*-doped QDs show a longer charge separated state, with the Cu*-doped
InP/ZnSe QD decay being longer than the Ag*-doped InP/ZnSe QD decay (Figure 3.5B). These
results indicate that the photogenerated electrons in the doped QDs live much longer than in the

undoped QDs.
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Figure 3.5. (A) Excitonic bleaches of InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe QDs. (B)

Bleach-recovery kinetics of respective samples.

By examining the change in bleach recovery kinetics upon addition of anthraquinone, we can
determine the relative amount of electron transfer in doped and undoped quantum dots (Figure

3.6 and Table 3.3-3.5).
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Figure 3.6. Transient absorption spectra of InP (column 1), Cu*:InP/ZnSe (column 2), and

Ag*:InP/ZnSe (column 3), treated with O (row 1), 33 (row 2), 72 (row 3), 100-200 (row 4), and

750 (row 5) equivalents of anthraquinone.



Table 3.3. Lifetimes found via transient absorption spectroscopy of InP/ZnSe-AQ.

Sample T T 3 Tave Ksve

Oeq 19+0.1ns | 30.2+0.7 470+ 10ns | 90.2ns 1.11 x 107
ns

37¢eq 1.8+0.1ns | 26.0£0.5 348+7ns | 70.5ns 1.42 x 107
ns

88 eq 16+0.1ns | 245+0.6 324 + 8 ns 63.6 ns 1.57 x 107
ns

158 eq 15+0.1ns | 276 +0.5 383+8ns 72.2 ns 1.38 x 107
ns

795 eq 18+0.1ns | 29.0+0.6 422 £ 8 ns 78.3 ns 1.28 x 107
ns

Table 3.4. Lifetimes found via transient absorption spectroscopy of Ag:InP/ZnSe-AQ.

Sample T T 3 Tave Ksve

0eq 27+0.1ns |61+2ns 760 +10ns | 227 ns 4.39 x 106
32 eq 32+01ns |64+2ns 620+ 20 ns | 180 ns 5.56 x 106
63 eq 1.9+0.1ns [32+1ns 390+7ns | 139ns 7.22 5106
177 eq 19+01ns |42+£2ns 230+ 10ns | 67 ns 1.50 x 107
744 eq 18+0.1ns |18+1ns 131+3ns 49 ns 2.06 x 107

59
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Table 3.5. Lifetimes found via transient absorption spectroscopy of Cu:lnP/ZnSe-AQ.

Sample T T T3 Tave Ksve

Oeq 2+0.1ns 62+2ns 554 £ 6 ns 279 ns 3.58 x 108

33 eq 15+£01ns | 32+£1ns 366 £ 6 ns 138 ns 7.26 x 108

72 eq 15+£01ns | 54+1ns 470+ 10ns | 165ns 6.08 x 10°

108 eq 16+01ns |42+1ns 291+4ns | 129ns 7.77 x 106

775 eq 1.2+0.1ns | 19.4+0.9 95+ 2ns 44 ns 2.25 x 107
ns

As previously shown by Zhu et al., electron transfer in quantum dot-anthraquinone
systems occurs on the picosecond time scale with recombination to the ground state occurring in
a few ns.38 By monitoring the shortening of the excitonic bleach, we are able to determine if the
major process occurring is excited-state recombination or charge separation followed by
recombination from the quinone. Upon the addition of approximately 770 equivalents of
anthraquinone to undoped InP/ZnSe QDs, we see that the change in the recovery dynamics is
negligible (Figure 3.7A), indicating that exciton recombination is the preferred pathway for
excited state relaxation. In contrast, the Ag*- and Cu*-doped InP/ZnSe QDs show large changes
in the recovery dynamics (Figure 3.7B and C) upon the addition of the same amount of
anthraquinone. Figure 3.7D compares the three systems and shows that both Ag* and Cu* doped
QDs outperform undoped QDs by over an order of magnitude in transferring electrons to the
anthraquinone acceptor, in good agreement with the photoluminescence quenching results

(Table 3.3-Table 3.5).
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Figure 3.7. Bleach recovery dynamics of (A) InP/ZnSe, (B) Ag*:InP/ZnSe, and (C)
Cu*:InP/ZnSe QDs with 0 equivalents of anthraquinone and ~770 equivalents of anthraquinone
(2.34e-4 M). (D) Comparison of bleach recovery rate constants (k) relative to the original

recovery rate constant (ko). Inset are slopes of each fit.

3.3.4 Photoluminescence Quenching Modulated by Acceptor Size

To test the proposed dependence of electron transfer on the surface desorption/acceptor
adsorption mechanism described for anthraquinone, we examined PL quenching by electron
acceptors of varying sizes, including naphthoquinone and benzoquinone. By using smaller
acceptor molecules, the more dominant pathway is expected to shift toward a simple adsorption
mechanism, leading to increased PL quenching with all quantum dots. We began these studies by
monitoring PL quenching in the quantum dot-benzoquinone system, shown in Figure 3.8A-C.
Not only did we observe much more PL gquenching, we also observed greater linearity in the
resulting Stern—VVolmer plots, Figure 3.8D—F, suggesting that the mechanism shifts toward a
simple adsorption process. From these data, we extract Ksv values for InP/ZnSe-benzoquinone,
Ag*:InP/ZnSe-benzoquinone, and Cu*:InP/ZnSe-benzoquinone of 26744, 28149, and 62055

mol--L, respectively. Notably, upon the addition of higher equivalents of benzoquinone we see



62

the nonlinear deviation begin, suggesting that while the simple adsorption mechanism is most
prevalent, the displacement mechanism occurs once all easily available surface sites on the QD

are occupied.
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Figure 3.8. (A) PL quenching of InP/ZnSe QDs with addition of benzoquinone. (B) PL
quenching of Ag*:InP/ZnSe QDs with addition of benzoquinone. (C) PL quenching of
Cu*:InP/ZnSe QDs with addition of benzoquinone. (D) Stern—\VVolmer plot of InP/ZnSe QDs
with benzoquinone. (E) Stern—Volmer plot of Ag*:InP/ZnSe QDs with benzoquinone. (F) Stern—
Volmer plot of Cu*:InP/ZnSe QDs with benzoquinone.

Additionally, we see negligible changes between losses in the excited state lifetime when
comparing doped and undoped quantum dots with adsorbed benzoquinone, indicating both
species are undergoing electron transfer on similar time scales with small acceptors (Figure 3.9,

Table 3.6-Table 3.8).
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Figure 3.9. TRPL decay traces of A) Cu*:InP/ZnSe, B) Ag*:InP/ZnSe, and C) InP/ZnSe with

added benzoquinone. D) Comparison of lifetimes for each system relative to added BQ.
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Table 3.6. Time constants for Cu*:InP/ZnSe with added BQ.

64

Al Tl A2 12 Tweighted

0 pM BQ 0.41068 * 66.694 + 1.73 | 0.49291 + 482.23 £ 3.99 | 293.36
0.0054 0.00476

3 uM BQ 0.39727 47919+ 1.33 | 0.47481 44531 + 3.49 | 264.28
0.00554 0.00393

7.5pM BQ | 0.38511 + 60.524 +1.85 | 0.46704 * 4478 +4.24 |272.78
0.00592 0.00512

15 pM BQ 0.38099 + 50.559 £ 1.59 | 0.48021 + 414.77 + 3.69 | 253.65
0.00597 0.00473

30 pM BQ 0.38211 + 33.48+1.02 |0.40513 369.85 £ 3.25 | 206.58
0.00599 0.00355

45 ptM BQ 0.44259 + 40.693 £ 1.13 | 0.40262 + 367.93 £ 3.77 | 196.57
0.00615 0.00442

60 pnM BQ 0.4513 + 22.67 +0.645 | 0.40884 + 320.37 £2.73 | 164.17
0.00689 0.00324

90 uM BQ 0.40328 + 24.349 0.41297 + 273.41 +£2.42 | 150.36
0.00619 0.727 0.00363

150 pM BQ | 0.55483 * 14,992 + 0.2909 + 258.29 + 4.84 | 98.68
0.0121 0.593 0.00483




Table 3.7. Time constants for Ag*:InP/ZnSe with added BQ.
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Al Tl A2 12 Tweighted

0 pM BQ 0.46261 + 60.931 +1.36 | 0.39733 512.31 £ 4.76 | 269.49
0.00515 0.00402

3 uM BQ 0.49802 56.351 +1.24 | 0.40555 * 491.26 + 4.65 | 251.55
0.00548 0.00413

7.5pM BQ | 0.46818 + 55.933 +1.33 | 0.39879 * 462.91 + 4.62 | 243.14
0.00556 0.00438

15 pM BQ 0.4843 50.469 £ 1.21 | 0.40976 * 431.78 £ 4.28 | 225.23
0.00579 0.00442

30 pM BQ 0.44832 45.401 +£1.01 | 0.38299 + 398.48 £ 3.54 | 208.07
0.00498 0.00368

45 ptM BQ 0.48728 34314 + 0.36844 + 359.69 +3.11 | 174.41
0.00518 0.715 0.00323

60 pnM BQ 0.49882 + 34.034 + 0.36055 * 339.4+3.03 | 162.15
0.00508 0.684 0.00332

90 uM BQ 0.49107 + 26.05 + 0.594 | 0.40604 * 272.06 £2.36 | 137.39
0.0057 0.00358

150 pM BQ | 0.49571 + 16.482 + 0.34958 + 223.01+£2.35| 101.89
0.00698 0.439 0.00346




Table 3.8. Time constants for InP/ZnSe with added BQ.
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Al Tl A2 12 Tweighted

0 pM BQ 0.6428 + 4,945 + 0.26152 + 55.721 19.63
0.00456 0.0685 0.00272 0.594

3 uM BQ 0.63624 + 4.8261 + 0.25339 + 53.235 + 18.61
0.00453 0.0674 0.00275 0.587

7.5pM BQ | 0.67232 + 4.3686 + 0.25747 * 50.079 £ 17.02
0.00481 0.0608 0.00281 0.558

15 pM BQ 0.64531 + 4.3109 0.24081 + 49.213 + 16.51
0.00453 0.0589 0.00265 0.553

30 pM BQ 0.7227 0.7227 + 0.2372 43.674 £0.39 | 13.47
0.00382 0.00382 0.00204

45 ptM BQ 0.7162 + 3.1804 + 0.2318 + 40.039 £ 12.19
0.00394 0.0333 0.00206 0.371

60 pnM BQ 0.70793 = 3.0777 0.21921 + 38.56 + 0.377 | 11.47
0.00392 0.0324 0.00206

90 uM BQ 0.68149 + 3.053 + 0.21683 + 38.074 = 11.51
0.00377 0.0322 0.00199 0.363

150 pM BQ | 0.79083 * 2.1424 + 0.20216 * 27.19+0.315 | 7.24
0.00429 0.0221 0.00224
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We next examined PL quenching by naphthoquinone. As it is larger than benzoguinone
but smaller than anthraquinone, one would expect the Ksv values for these systems to be
intermediate to the previously explored quinones, which is what is observed experimentally
(Figure 3.10G-1). All three samples in the series show higher quenching than with
anthraquinone but lower than with benzoquinone, with Ksv values for undoped, Ag*-doped, and
Cu*-doped InP/ZnSe QDs of 18991, 27076, and 44764 mol-1-L, respectively (Figure 3.10J-L).
Interestingly, quantum dot-naphthoquinone systems exhibit nonlinear deviations at higher
quencher concentrations than anthraquinone but earlier than benzoquinone, further supporting
the interpretation that the size of the acceptor molecule greatly influences the mechanism of

adsorption, and hence of electron transfer.
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Figure 3.10. (A) PL quenching of InP/ZnSe QDs with the addition of naphthoquinone. (B) PL
quenching of Ag*:InP/ZnSe QDs with the addition of naphthoquinone. (C) PL quenching of
Cu*:InP/ZnSe QDs with addition of naphthoquinone. (D) Stern—\Volmer plot of InP/ZnSe QDs
with naphthoquinone. (E) Stern—\Volmer plot of Ag*:InP/ZnSe QDs with naphthoquinone. (F)

Stern—VVolmer plot of Cu*:InP/ZnSe QDs with naphthoquinone.

Finally, methyl viologen was investigated, as it is a well-known electron acceptor in QD-
molecular systems, showing ultrafast electron transfer.3°-42 While the size of the methyl viologen
is similar to that of anthraquinone, its reduction potential is much larger. Therefore, the study of
methyl viologen as an electron acceptor allows determination of whether electron transfer is
more impacted by the adsorption mechanism of the acceptor or by driving force. Upon addition

of methyl viologen, we once again see remarkable charge transfer enhancement when comparing
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doped and undoped InP/ZnSe quantum dots (Figure 3.11A-C). Similar to other acceptors

explored here, Ag*-doped InP/ZnSe QDs show enhanced electron transfer in comparison to

undoped quantum dots but lower charge transfer than Cu*-doped InP/ZnSe QDs with Ksv values

of 12647, 49147, and 93454 mol-*-L for InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe,

respectively (Figure 3.11D-F).
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Figure 3.11. Photoluminescence quenching of (A) InP/ZnSe QDs, (B) Ag*:InP/ZnSe QDs, and

(C) Cu*:InP/ZnSe QDs in the presence of methyl viologen. (D) Transformed Stern—\Volmer plot

of InP/ZnSe QDs. (E) Transformed Stern—Volmer plot of Ag*:InP/ZnSe QDs. (F) Transformed

Stern—-Volmer plot of Cu*:InP/ZnSe QDs.
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While the Ksv values are larger than those for the anthraquinone systems, the overall
trend is the same, with Cu*-doped QDs showing almost an order of magnitude enhancement in
electron transfer. We therefore attribute the increased Ksv values to the higher driving force for
electron transfer to methyl viologen than anthraquinone. By examining a comparison of
reduction potential vs Ksv we see that the larger acceptors show over an order of magnitude
increase between the undoped and doped species when compared to a sample with similar

reduction potential (Figure 3.12).
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Figure 3.12. A) Comparison of Ksv to acceptor reduction potential. B) Comparison of electron

transfer enhancement (Ksv(doped)/Ksv(undoped)) relative to size.

Additionally, we see that Cu*-doped species outperform Ag*-doped species in all cases,
which we attribute to the more highly localized hole at the band edges, and thus, the reducing

potential of both species is nearly identical (Figure 3.13).
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Figure 3.13. Calculated molecular orbitals for undoped and doped model clusters.

3.3.5 Conclusions

In this work, we have found that coinage-metal-doped InP quantum dots show remarkably
enhanced electron transfer to a wide variety of electron acceptors compared to undoped
InP/ZnSe quantum dots. Through ab initio DFT calculations, we confirm the assignment of hole
localization to the dopant, with increased structural distortion and elevated hole and electron
localization for Cu*- versus Ag*-doped QDs. Analysis of photoluminescence quenching shows
that electron transfer is enhanced by over an order of magnitude when the quantum dot is paired
with a bulky acceptor such as anthraquinone. By changing the size of our electron acceptors, we
are able to preferentially choose the dominant adsorption pathway of the electron acceptor as
either direct adsorption or ligand dissociation, followed by adsorption. With acceptors that
require ligand dissociation, the long-lived excited state lifetimes generated by dopants were
found to be necessary for efficient electron transfer, and larger differences between doped and

undoped gquantum dots are observed. However, when small acceptors were added, the difference
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in the electron transfer between doped and undoped quantum dots is smaller. Transient
absorption spectroscopy was performed to examine the electron dynamics in these systems,
showing greatly enhanced lifetimes of photogenerated conduction band electrons in the doped
QDs, consistent with the formation of an emissive charge transfer excited state. This work
provides new insight into the role of dopant-induced wave function localization on charge
transfer from quantum dot photosensitizers, paving the way for improved design and

implementation of these materials as photoredox catalysts.

3.4 EXPERIMENTAL DETAILS

3.4.1 General considerations and materials

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(Il) chloride (>98%), indium(l11)
chloride (97%), silver(l) chloride (99%), and anhydrous ethanol were purchased from Millipore-
Sigma, stored in a nitrogen glovebox or desiccator, and used without further purification.
Anthraquinone, benzoquinone, naphthoquinone, and methyl viologen dichloride were purchased
from Milipore-Sigma and stored in an inert atmosphere glovebox. Methyl viologen diiodide was
formed via salt metathesis from methyl viologen dichloride. (43)

Oleylamine and toluene, which were purchased from Milipore-Sigma, were dried over CaH2,
distilled, and stored over 4 A sieves in a nitrogen glovebox. Omni Trace nitric acid was
purchased from EMD Millipore and used without purification. Water, 18.2 MQ, was collected

from an EMD Miillipore water purification system.
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3.4.2 Synthesis of InP/ZnSe, Ag*:InP/ZnSe, and Cu*:InP/ZnSe Quantum Dots

0.23 mmol portion of an indium halide, 1.1 mmol of ZnCl2, 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 h. 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 min, after which 0.5 mL of previously prepared 1 M TOP=Se was slowly injected. At 60
min, the temperature was increased to 200 °C and held there for an additional 60 min. The flask
was then cooled down to room temperature before being moved into a nitrogen glovebox for
purification. The nanocrystals were precipitated with anhydrous ethanol, centrifuged at 7830
rpm, and suspended in toluene. This procedure was repeated 5 times before any additional
sample analysis was performed.

Doped samples were synthesized following the same method as above. However, 120
min after TOP=Se addition, the temperature was decreased to 150 °C. Once this temperature was
reached, the copper halide (CuCl2) or silver halide (AgCl) solution was slowly injected (1 mL at
2 mL/h). After the injection had completed, the temperature was increased to 210 °C and held

there for 1.5 h. Purification procedures remained the same as those for the undoped samples.

3.4.3 Characterization techniques

UV-vis absorption spectroscopy was carried out using an Agilent Cary 5000
spectrophotometer. Photoluminescence spectroscopy was performed using an Edinburgh FLS

1000 Fluorimeter located in the University of Washington’s MEM-C shared user facility.
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Concentrations of QD solutions were set to 300 nM via dilution as determined using the method
developed in ref (10).

For quenching experiments, samples were cycled into an inert atmosphere glovebox, and
microliter volumes of toluene solutions containing the electron acceptor were added to avoid
convolution from large dilution effects (the concentration of the added solution of electron
acceptor was 10 mM (from the range of 3 uM to 45 pM) or 100 mM (more than 45 uM acceptor
added). The total added volume of solvent in any sample did not exceed 100 puL. Excitation for
quantum dot/anthraquinone systems occurred at 450 nm to avoid co-excitation. Quantum
dot/benzoquinone, quantum dot/naphthoquinone, and quantum dot/methyl viologen systems
were all excited at 402 nm. Preparation of the QD-MV?2* system varied from other quenching
experiment preparations due to the insolubility of MV2* in common organic solvents. Instead,
methyl viologen diiodide was suspended in dry methanol and sonicated before being brought
back into an inert atmosphere glovebox and added to the quantum dot solution.*

Powder X-ray diffraction data were recorded on a Bruker D8 Discover instrument with
the IuS 2-D XRD system at the University of Washington’s Molecular Analysis Facility. TEM
images were obtained on an FEI Tecnai G2 F20 microscope at the University of Washington’s
Molecular Analysis Facility. TEM samples were prepared by spotting 5 puL of a dilute solution of
QDs dispersed in toluene onto an ultrathin carbon on a holey carbon support film purchased from
Ted Pella. A PerkinElmer Optima 8300 inductively coupled plasma—optical emission

spectrophotometer was used for elemental analysis.
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3.4.4 Computational Methods

Quasi-spherical InP quantum dots, In77P77 (diameter ~2 nm), were constructed using the
bulk Zinc Blende crystal structure. The undoped structure conformed to Csy symmetry before
optimization. Doped structures were built from the InP core by replacing one In center with a
dopant atom to form InzeMP77 (M = Cu*, Ag*). Ground-state geometric optimizations were
performed, and the structures were considered optimized when both the forces [maximum and
root-mean-square (rms) of the force 0.000450 and 0.000300 hartree/Bohr, respectively] and
displacement [maximum and rms displacement 0.00018 and 0.0012 Bohr, respectively] values
were below the threshold criteria. Surface dangling bonds were terminated using a
pseudohydrogen capping scheme to compensate surface ions (£1/3 to passivate the In/P ions,
respectively) resulting in an In77P77H10s structure for the pure, non-doped system. In order to
maintain a proper charge on the M* ion, the doped systems have an overall charge of (—2).
Similar methods have been used in previous studies on doped semiconductor nanocrystals. 84547
These systems are expected to exhibit quantum confinement (Bohr exciton radius is 10 nm for
InP 48): however, the diameters of the prepared dots are similar to those able to be created
experimentally.*® Calculations were conducted using the Gaussian software package®° using the
Perdew, Burke, and Ernzerhof hybrid functional (PBE0)>!733 to compute the Kohn—-Sham
ground-state electronic structure. The Los Alamos National Lab 2-Double Zeta (LANL2DZ)
pseudopotential and associated basis sets was used.34~>7 This combination is able to fairly
accurately reproduce the experimentally observed 3.7 eV band gap (computational gap is 3.89
eV, + 5% in relation to experiment).#”4% The electronic structures of excited states were
calculated using time-dependent DFT (TD-DFT) within the linear-response framework.38-60

Transient Absorption Measurements
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Transient absorption measurements were performed using an EOS unit from Ultrafast
Systems at the University of Washington’s Molecular Analysis Facility. The pump wavelength
of 450 nm was chosen to avoid coexcitation of the quinone acceptor. It was generated via a
Coherent Inc./Light Source OPerA optical parametric amplifier, with a power of 400 pW
measured through a 200 um pinhole. The probe white light was generated by using an external
Q-switched Nd:YAG laser with an electronic delay. The collinear pump and probe beams

overlapped with the sample.
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4 LEVERAGING CATION EXCHANGE IN INP MAGIC SIZED

CLUSTERS TO ACCESS COINAGE METAL PHOSPHIDE

NANOCRYSTALS

Significant portions of this chapter have been published by Forrest W. Eagle, Samantha Harvey,
Helen Larson, Autumn J. Abbott, Dylan Ladd, Kelsey Levine, Michael F. Toney, Daniel R.
Gamelin, and Brandi M. Cossairt.
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4.1 NOTE FOR COLLABORATIVE WORK

Transient absorption spectroscopy data was collected by Dr. Samantha Harvey under the
co-guidance of Professors Brandi Cossairt and Daniel Gamelin. PDF data was collected by
Kelsey Levin and Dylan Ladd, working under the guidance of Professor Michael Toney at the
University of Boulder, Colorado. PDF measurements were conducted at Brookhaven National

Laboratory. TEM imaging was performed by Helen Larson.

4.2 INTRODUCTION

Magic sized clusters (MSCs) are atomically precise nanomaterials often found as metastable
intermediates in the synthesis of nanocrystals.1-3 Due to the atomically precise nature of these
clusters, their physical, electronic, and reactivity properties can be studied without complications
associated with ensemble heterogeneity. In particular, MSCs serve as a unique platform for the
study of cation exchange. By understanding the mechanism and structural changes involved in
cation exchange, synthetic chemists are able to rationally design new pathways to access
colloidal nanomaterials that may be difficult or impossible to form by traditional bottom up

nucleation and growth.*-8 Additionally, although cation exchange in 111-V nanocrystals often
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requires high temperatures, cation exchange in magic sized clusters can often be performed at
room temperature.®-11 While cation exchange has been widely studied in Zn and Cd-
chalcogenide MSCs,11-17 few reports examine cation exchange in indium phosphide MSCs.10.18
In this paper we demonstrate the cation exchange of InP magic sized clusters with coinage
metals (Cu, Ag, and Au). Coinage metals are of particular interest due to the unique properties
that characterize Group 11 binary compounds like phosphides and chalcogenides, including
localized surface plasmon resonances (LSPRs) and enhanced catalytic activities. Given the ion
mobility associated with copper ions in inorganic lattices,'® the Cu-P products are also of interest
for sequential cation exchange chemistries to access multinary and high entropy materials.
Copper phosphide has been widely studied, with special interest in the NIR LSPR generated in
defective Cus-xP lattices.”-29-22 Additionally, CusP is notable for its efficient electrocatalysis of
both the hydrogen and oxygen evolution reactions, showing near unity Faradaic efficiency
during hydrogen evolution and only minor degradation after extended use.23-% The other coinage
metal phosphides, Ag-P and Au-P, have traditionally been difficult to synthesize due to their
metastability.2”28 Although Ag-P compounds have been predicted to serve as excellent catalysts
for CO2 reduction, accessing these materials has been synthetically challenging.2°3° Homologous
Ag-As and Ag-Sb systems have been found in nature, suggesting formation of Ag-pnictogen
species is possible, however.31-33 AuzP3 nanostructures have been synthesized;?’:34 however,
these syntheses require phosphorization of Au nanocrystals and often lead to large domains of
unreacted Au. Additionally, although AuP has been predicted,?2 there has been no synthesis of
this material at the nanoscale nor the bulk. A more complete understanding of the electronic and
catalytic properties of Au-P compounds will require the synthesis of crystalline, single domain

nanocrystals across the range of possible stoichiometries.
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In this work we demonstrate room temperature cation exchange in InP magic sized clusters,
leading to the formation of doped InP clusters or small nanocrystals of Cus-xP, Ags-xP, and Aus-
«P. We further show that these small nanocrystals can then grow upon heating, leading to larger
nanocrystals across the coinage metal phosphide family (Figure 4.1). This MSC chemistry thus

provides a versatile approach to the preparation, isolation, and study of coinage metal phosphide

nanostructures.
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Figure 4.1. Summary of cation exchange reactions of InP MSCs with coinage metals forming
either doped InP MSCs or ultrasmall coinage metal phosphide nanocrystals. After isolation, these

products can be heated to form doped InP or coinage metal phosphide nanoparticles.
4.3 RESULTS AND DISCUSSION

4.3.1 Synthesis and optical properties of doped clusters

Given the ultra-small size of MSCs, their optical properties are highly sensitive to changes in
lattice structure because even small perturbations can greatly impact their electronic structure. As
such, UV-Vis absorption spectroscopy can be used as a sensitive diagnostic tool to monitor
changes in the cluster core. Upon adding low molar equivalents (1, 5 eq) of CuClz solubilized in

a 6:4 mixture of toluene and oleylamine to the starting In37P20(0O2CC13H27)s1 cluster, we see the
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growth of a low-energy tail extending into the sub-bandgap region, followed by a broadening of
the InP absorption band (Figure 4.2A). This broadening is consistent with the absorption of
other Cu-doped and Cu-based nanocrystals, including Cu-CdSe and CulnS2, and is not attributed
to size inhomogeneity but rather a metal to ligand (conduction band) charge transfer type
transition involving copper-localized holes.35-37 As such, we attribute this continuous broadening
of the absorption spectrum to the introduction of copper into the core of the MSC as opposed to
exchange with the excess surface indium carboxylate Z-type ligands.3® Upon addition of 37
equivalents of Cu (equal to the number of indium ions of the original MSC), we see complete
loss of the original absorption peak, with conversion to a broad, featureless absorption spectrum
spanning the visible region. This spectrum mirrors the UV-Vis absorption of previously
characterized Cus.xP nanocrystals, as well as Cu2S and Cu2Se nanocrystals.2%:21.3%:40 Fyrthermore,
the 37Cu-MSC exhibits the growth of a new feature in the near-infrared region of its absorption
spectrum upon oxidation, as seen in the inset of Figure 4.2A. Previous reports of Cu2Se
nanoclusters have also detailed the growth of a similar feature upon oxidation, attributed to a
new plasmon resonance.*! This new feature is centered at ~800 nm, which is higher energy than
the LSPRs of Cus-xP nanocrystals, and this energy could reflect a blueshift due to quantum
confinement,2141-43

Addition of AgCl and AuCl to the In37P20 MSCs gives similar results - low equivalents of Ag
and Au lead to the same spectral broadening, followed by conversion to a broad featureless
absorption spectrum upon the addition of 37 equivalents (Figure 4.2B, C). While no reports of
nanoparticle Ag-P complexes exist, this broad absorption is similar to that found in Ag2Se and

Ag>S nanocrystals.*4-47
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Figure 4.2. Absorption spectra of coinage metal treated In37P20 MSCs. A) Addition of 1, 5, and

37 equivalents of CuClz. Inset: absorbance spectra of clusters treated with 37 equivalents of Cu

followed by exposure to oxygen for the times indicated. Note that the dip at the absorption

maximum is and instrumental artifact. B) Addition of 1, 5, and 37 equivalents of AgCI. C)

Addition of 1, 5, and 37 equivalents of AuCls.

We also observed similar results for In37P20 MSCs treated with CuCl and AuCls solubilized in

toluene/oleylamine mixtures, as shown in Figure 4.3A-B, indicating that the starting metal

halide solution is likely reduced in situ by the oleylamine and that all products contain coinage

metals in the +1 oxidation state. This conclusion is confirmed by comparative XPS analysis

(Figure 4.3C-D).48
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Figure 4.3. Absorption spectra of InP MSCs treated with A) CuCl and B) AuCl solutions. C)
XPS of CuCl treated clusters compared to CuCl: treated clusters. D) XPS of AuCl treated

clusters compared to AuCls treated clusters.

Interestingly, upon attempting full cation exchange with coinage metal halides solubilized by

tributyl phosphine, only minimal broadening in the absorbance profile is observed, suggesting
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hindered cation exchange when high equivalents of coinage metal are added under these

conditions (Figure 4.4).
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Figure 4.4. Absorption spectra of InP MSCs with addition of metal-TBP solutions. A) CuCl;-
TBP B) AgCI-TBP C) AuCl3-TBP. Notably, the addition of Au-TBP seems to nucleate gold
clusters instead of interacting with the InP MSCs with the absorbance spectrum mirroring

previous reports of Au clusters.

This result suggests that the precursor identity is important, and that amines help to drive the
cation exchange. Further investigation on the impact of precursor identity on the cation exchange
was performed by examining the effect that the anion ligand has upon cation exchange. Upon
running the same exchange reactions with CuBr and Cul we observed that the cation exchange
was hindered in the case of CuBr (and Cul to a lesser extent) (Figure 4.5). These results indicate
that the anion identity can be utilized to further tune the reactivity of these exchange reactions.
Previous work has shown that the addition of metal carboxylates to InP magic sized clusters can

induce cation exchange, but requires much more added cation.10
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Figure 4.5. Absorption spectra of InP MSCs with addition of A) 5 egivalents of CuX (X=ClI,
Br, 1), and 37 equivalents of CuX (X = ClI, Br, 1).

4.3.2 Structural Characterization of doped MSCs

The initial pXRD pattern of 1n37P20 MSCs does not correspond to the zincblende phase of
bulk InP. Instead the cluster has a strained core that can be described as having quasi-wurtzite
character.38 Upon the addition of 1 and 5 equivalents of CuCl. to the MSC, we see shifting and
broadening of the diffraction peaks, indicating the original lattice becomes more disordered as
more Cu ions are introduced into the core (Table S1). Upon addition of 37 equivalents, the
original diffraction peaks are no longer visible and instead are replaced by two main peaks at 20
= 40° and 47° as seen in Figure 4.6A. These peaks are consistent with ultrasmall hexagonal
CusP nanocrystals.6* With the addition of 1 and 5 equivalents of AgClI, we once again see the
shifting and broadening of the original In37P20 MSC peaks that is characteristic of the formation
of a defective lattice. Upon the addition of 37 equivalents of AgCIl we see more drastic changes
in the diffraction pattern, as shown in Figure 4.6B. While Cu-P compounds have routinely been

synthesized and characterized, Ag-P compounds have not been successfully realized on the
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nanoscale despite much synthetic effort, leading to little to no literature from which to draw

comparisons.22:30 Examination of the Au doped species (Figure 4.6C) shows much less

broadening at 5 equivalents when compared to the Ag and Cu doped species — instead the growth

of a new peak centered around 40° is observed — this peak corresponds with the major diffraction

peak in hexagonal AuzP.5?
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Figure 4.6. A) pXRD pattern upon addition of CuClz to In37P20. Zinc blende InP is shown in red.

B) pXRD pattern upon addition of AgCI to In37P20. Zinc blende InP is shown in red. C) pXRD
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pattern upon addition of AuCls to In37P20. Zinc blende InP is shown in red. D) PDF analysis of

InP MSCs and clusters treated with 37 equivalents of coinage metal.

As higher equivalents of Au are added, this new peak becomes better defined, while the
peaks attributed to InP are lost. This may suggest a highly cooperative cation exchange pathway
for Au — as soon as doping reaches a critical concentration, full cation exchange is pushed to
completion similar to Cu exchange in CdSe and Ag exchange in CdS.53.64 This mirrors previous
experiment showing that Ag leads to cooperative cation exchange avalanche at lower
concentrations than Cu.%4 . As the size of the Au ion is larger, the InP lattice cannot as easily
rearrange around the dopant, leading to structural transformation at earlier dopant concentrations.
This would further agree with theoretical predictions that show the InP MSC lattice cannot
rearrange favorably around larger dopants.56.64 These broad peaks are consistent with ultrasmall
nanocrystals, which was further corroborated by TEM analysis, showing that the average size of
the fully cation exchanged clusters is 3 nm for the CusP and 2nm for the AgsP and AusP (Figure

4.7).

Figure 4.7. TEM analysis of InP clusters after full exchange with Cu (A), Ag (B) and Au (C).
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These structural changes are further corroborated by PDF analysis of the 37 equivalent
treated samples (Figure 4.6D). Previous work in our group has shown the sensitivity of PDF to
changes to the internal lattice of InP MSCs.210 Most noticeably we see the loss of the prominent
peak around 4.1 A, representative of the In-In network in the original InP lattice. While previous
PDF analysis does not exist for Ag-P or Au-P complexes, we see that the internal lattice of the
Cu-P cluster is similar to that of CusP nanocrystals with major reflections at 2.25 and 2.61 A
corresponding to Cu-P and Cu-Cu bonds respectively.5®> Although previous PDF analysis does
not exist for Ag-P or Au-P complexes, the Ag-P and Au-P clusters show new peaks around 2.9-3
A in the Ag-P and Au-P clusters (Figure 4.8). We note that all three clusters also show peaks at
2.2and 2.6 A, and it is difficult to determine if these peaks correspond to the In-O and In-P
bonds of surface bound In-carboxylate moieties or if they reflect distorted metal-metal and
metal-phosphorus distances similar to those found in Cu-P. Overall, the combination of XRD,
PDF, and TEM data point to the formation of unique Cu-P, Ag-P, and Au-P clusters through

these cation exchange reactions.



A
5
£
<
o
T L/\J T |
0 10 15 20
r(A)
c
o
s
<
(O)
I I | [
0 10 15 20

93

E)
s
<
O
| T I I I
0 5 10 15 20
r(A)
D
i)
s
<
O
| T T T T
0 5 10 15 20
r(A)

Figure 4.8. Simulated PDF of A) InP. B) CusP C) AgsP, and D) AusP

To further resolve the composition and coordination environments of the coinage metal

treated clusters, XPS data were collected. After addition of CuCl2 to the In37P20 MSCs, we see

the growth of the expected copper 2p peaks with further increased resolution upon additional

equivalents as seen in Figure 4.9A. With increasing equivalents of added Cu, we also see a shift

to lower binding energies by over 1 eV, with the 2ps/. peak reaching 932.6 eV for the 37-

equivalent sample. This value is consistent with that measured for CuzP.1° The addition of AgCI
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to In37P20 MSCs leads to the growth of the Ag 3d peaks as seen in Figure 4.9B. As Ag-P has not

been successfully synthesized previously, there is no comparative XPS to examine. However, we
do see the growth of silver 3d peaks as more silver is added, indicating increasing incorporation
of silver into the material. Furthermore, these peaks closely correspond to the binding energy
found for Ag2S.%6 Addition of AuCls to the In37P20 MSC once again shows an increasing Au
signal with more equivalents added, as shown in Figure 4.9C. In the Au sample (Figure 4.9C),
the initial binding energy of the 4f7,2 peak is 84.2 eV, which is reminiscent of Au-amine
complexes.t” As more equivalents are added, the binding energy shifts to 84.5 eV which
corresponds to Au in InP,%8 before shifting to higher binding energies, suggesting greater
electronic interaction between the Au and P atoms in the lattice. For reference, XPS of as-
synthesized In37P20 MSCs shows In peaks characteristic of InP, centered at 444.7 eV, as shown

in Figure 4.9D.%°
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Figure 4.9. A) XPS spectra of Cu 2p peaks with addition of CuCl to In37P20 MSCs. B) Ag 3d
peaks upon addition of AgCl to In37P20 MSCs. C) Au 4f peaks with addition of AuCls to In37P20

MSCs. D) XPS spectra of In 3d peaks upon addition of CuCl to In37P20 MSCs.

After the introduction of dopants, the peaks begin to shift to higher binding energy, with
shifts of over 1 eV, to 445.9 eV, highly reminiscent of InCls or In(O2CR)3.1%7% As such, we posit

that the many of the In ions in these samples have been exchanged out of the cluster core and
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remain instead as loosely associated molecular or surface bound species. Upon adding 37
equivalents of Au, we see complete loss of the In signal, suggesting complete cation exchange.
These data correspond well with other forms of atomic elemental analysis, with ICP data
showing small to no evidence of indium left in the core of the fully exchanged nanocrystals

(Table 4.1).

Table 4.1. ICP-OES analysis of doped and undoped samples.

Sample | In P Cu Ag Au
InP MSC 1.9 1 - - -
1EqCu 2 1 0.15 - -

1 Eq Ag 1.9 1 - 0.12 -

1 EqAu 2 1 - - 0.16
5EqCu 1.8 1 0.26 - -
5Eq Ag 1.6 1 - 0.3 -
5EqAu 1.5 1 - - 0.6
37 EqCu 0.1 1 3.2 - -
37 Eq Ag 0.3 1 - 3.1 -
37 Eq Au 0.5 1 - - 5
37 Eq Cu Conversion 0.1 1 3.3 - -
37 Eq Ag Conversion 0.15 1 - 2.9 -
37 Eq Au Conversion 0.1 1 - - 4
TBP-AuCI3 (37 EQ) 1.6 1 0.2
TBP - CuCI2 (37 Eq) 1.6 1 0.3

TBP — AgCI (37 EQ) 1.5 1 0.28

Amine Treated Cluster | 1.7 1

4.3.3 Transient optical properties of doped and fully exchanged clusters

As previous reports have shown that the introduction of coinage metals to InP quantum dots
drastically effects their charge carrier lifetimes,36:60.61 we turned to transient absorption
spectroscopy to examine if a similar phenomenon would occur with these even smaller materials.

The transient absorption spectra of cation exchanged MSCs were strongly affected by increasing
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molar equivalents of coinage metal cations. In lightly doped samples, a broadening that matches

the change in the absorption profile is observed (Figure 4.10).
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Figure 4.10. Transient absorption spectra of InP MSCs following addition of 1 equivalent of

CuClz (A), AgCl (B), and AuCls (C). D) Transient absorption spectra of myristate capped Inz7P2o

MSCs.

Clusters doped with a single equivalent of coinage metal show a drastic reduction in both the

bleach and photoinduced absorption lifetimes, as shown in Figure 4.11A-C, with lifetimes for

Cu, Ag, and Au doped clusters as 210, 150, and 120 ps, respectively. In contrast, the undoped

clusters have lifetimes of 1550 ps, as seen in Figure 4.11D. This relatively long lifetime is
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attributable to localization of the charge carriers in the highly strained excited state of the InP

MSC, analogous to molecular species.62:63 The drastic differences in excited state lifetimes could

conceivably be attributed to the evolution of MSCs from a molecular like species with highly

localized frontier orbitals to one with a much more delocalized electronic structure as structural

rearrangement occurs near the surface to alleviate strain.62 Additional transient absorption studies

show that the lifetime of the same cluster treated with amine is reduced, but longer than the

doped species, as shown in the kinetic data of Figure 4.11D.

CuCl,, 457 nm
A
1.0
i M
< [ ]
3 1%
Boe =
% L m Oeq
2oF o
5 i q
=z
0.2
L}
-
0.0
505 100 1000
Time (ps)
AuCl,, 457 nm
€ 101 P
N “-—'.-*ﬂh
< L
<"1\
T 064
% = Oeq
| = 1eq
%0'4 ] 37 eq
z
0.2
L] -—
0.0
505 100 1000

Time (ps)

Normalized AA

w)

Normalized AA

AgCl, 457 nm
1.0 |t .
'
084
W
0.6
L = QOeq
0.4 4 = leq
1 37 eq
]
0.2
L} .
- —
0.04q
505 100 1000
Time (ps)
1.0 I
[ ]
08 =
-
06 = u |nP-MA
u  [nP-MA Amine Treated
0.4
|

o
[\
1
[T

_bi

505

100 1000
Time (ps)

Figure 4.11. Transient absorption decay dynamics of InP MSCs following addition of 1 and 37

equivalents of CuClz (A), AgClI (B), and AuCls (C). D) Transient absorption kinetics of myristate

capped In37P20 and amine treated cluster.
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The large number of new mid-gap states introduced upon doping, evident from the broadened
absorption spectra of Figure 4.2, are expected to facilitate rapid non-radiative recombination,
thus leading to shorter lifetimes. Interestingly, our pXRD data (Figure 4.6) suggest that the
structure of the InP MSCs is maintained at low equivalents of dopant. Instead, we posit that the
addition of our dopant solution causes loss of indium carboxylate with concerted coordination of
the dopant metal halide complex, followed by rearrangement of this new mixed carboxylate-
halide ligand shell as the dopant migrates to the core, leading to a cluster with less highly
localized frontier orbitals. This analysis is consistent with previous reports by our group detailing
the liberation of indium carboxylates upon addition of amine ligands in a formal L-assisted Z-
type ligand displacement reaction.®4.6> This mechanism is further supported by previous
theoretical studies showing that the initial reactivity of InP increases with decreasing size and In-
In separation, and that doping of aliovalent ions is more favorable following ligand

removal.53:56.67

Upon addition of 37 equivalents of coinage metal precursor, the original bleach and
photoinduced absorption profile is eliminated. Instead, the TA signal is replaced by a rapid,
broad photoinduced absorption feature as seen in Figure 4.12A-C, indicating that the new
clusters have an excited state absorption coefficient greater than the ground state absorption

coefficient at these wavelengths, similar to coinage metal chalcogenides.68-70
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Figure 4.12. Transient absorption spectra of InP MSCs with addition of 37 equivalencies of

cation. A) CuClz. B) AgCI. C) AuCls

4.3.4 Conversion reactions with doped and converted clusters

Further interest in these coinage metal-containing clusters derives from their utility as single
source precursors for the formation of larger nanocrystals.271-73 After conversion of the In37P2o
MSCs to coinage metal phosphide clusters, we next examined if these materials could be used
for the formation of larger nanocrystals. We hypothesized that a hot-injection synthesis can be
used to overcome the energic barrier keeping MSCs in their metastable state and allow them to
convert to larger, more stable nanocrystals. Indeed, upon injecting MSCs treated with 1
equivalent of copper into ODE heated to 300 °C, we obtain Cu*:InP quantum dots. This can be
observed in Figure 4.13A by the broadened absorption profile along with broad, NIR
luminescence, mirroring previously reported Cu*:InP systems.3°:36.60 Furthermore, these samples
show highly similar diffraction patterns to undoped InP, suggesting that the zincblende InP

lattice is retained (Figure 4.13B).
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Figure 4.13. Doped InP dots formed by conversion of 1 Eq Cu-MSCs A) UV-Vis absorption and

PL spectra showing broadened, redshifted emission. B) pXRD of resultant Cu*:InP with InP

reference.

However, using the fully cation exchanged clusters yields different products. Upon conversion of
the MSCs that were treated with 37 equivalents of copper, the major product is CuzP
nanocrystals, confirmed via pXRD analysis as shown in Figure 4.14A. TEM analysis (Figure
4.14D) shows formation of larger (12.5 £ 0.5 nm) oblong nanocrystals. Hot injection of the
MSCs treated with 37 equivalents of silver leads to greater structural transformations of the
cluster, with the pXRD in Figure 4.14B showing the formation of AgsP in the tetragonal phase.
Excitingly, this is the first report of this material on the nanoscale to the best of our knowledge.”*
TEM analysis of these new AgsP nanocrystals shows an average size of 3.8 + 0.2 nm (Figure
4.14E) suggesting much less growth relative to the Cu-P system. Performing a hot-injection
reaction of the MSCs treated with 37 equivalents of Au with identical reaction parameters does

not form nanocrystals of a new morphology but instead grows the cluster-based structure, as seen
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by the peak sharpening in the pXRD (Figure 4.14C) and growth to 3.8 + 0.3 nm in size as seen

via TEM (Figure 4.14F).
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Figure 4.14. A) pXRD of CusP nanocrystals resulting from the hot injection of MSCs treated

with 37 equivalents of Cu. The peak at 43 corresponds to the formation of a small fraction of

large Cu nanocrystals. B) pXRD of MSCs treated with 37 equivalents of Ag before and after hot

injection reaction (the Si 111 peak at 28.4 has been removed from the analysis for clarity). C)

pXRD of MSCs treated with 37 equivalents of Au before and after hot injection reaction. D)

TEM of MSCs treated with 37 equivalents of Cu after hot injection reaction (scale bar is 50 nm)

E) TEM of MSCs treated with 37 equivalents of Ag after hot injection reaction (scale bar is 5

nm). F) TEM of MSCs treated with 37 equivalents of Au after hot injection reaction (scale bar is

10 nm).
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Interestingly, we do not observe LSPR features in the NIR region of the absorption spectrum

(Figure 4.15).
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Figure 4.15. NIR absorption spectra of samples resulting from the thermolysis of InP MSCs

treated with 37 equivalents of coinage metal.

4.3.5 Conclusions

We have demonstrated the room temperature conversion of In3z7P20 MSCs into doped InP clusters
and Mz-xP (M = Cu, Ag, Au) nanocrystals through exchange of indium using a coinage metal
salt. From a combination of absorption spectroscopy and pXRD data we determined that the
MSC core undergoes doping without significant structural changes upon addition of 1 to 5
equivalents of coinage metal. However, at 37 equivalents of added coinage metal, we observe the
complete transformation into new metal phosphide clusters with no evidence for remaining

indium in the core. Transient absorption spectroscopy of MSCs exposed to 1 equivalent of
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coinage metal reactant suggests that removal of some excess surface In is required before the
transformation of the inorganic core can occur, while further exchange exhibits characteristics
expected in coinage metal phosphides. Hot injection reactions of these new coinage metal
phosphide clusters form larger metal phosphide nanocrystals that reflect the cluster
compositions. Notably, colloidal nanocrystals of AgsP and AusP have not been previously
reported. This work illustrates that cation exchange can be utilized not only as a method of
studying structural transformations in magic sized clusters, but also as an approach to expanding
the library of magic sized clusters that serve as intermediates in the formation of a variety of

nanocrystals, including metastable or otherwise difficult to form species.

4.4 EXPERIMENTAL DETAILS

4.4.1 General Considerations

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 line techniques. Indium (I11)
acetate (99.99%), myristic acid (99%), copper (II) chloride (>98%), copper (1) chloride (97%),
silver (1) chloride(99%), gold (I11) chloride(99%), gold (1) chloride(99.9%), tributylphosphine
(TBP), anhydrous acetonitrile, and anhydrous ethanol were purchased from Millipore-Sigma,
stored in a nitrogen glovebox or desiccator, and used without further purification. Oleylamine
and toluene were purchased from Sigma Aldrich Chemical Co., dried over CaH2, distilled, and

stored over 4 A sieves in a nitrogen glovebox.
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4.4.2 Synthesis of InP-MSCs.

InP MSCs were synthesized according to previously established procedures established by Gary
et al. 2 In brief, indium acetate and myristic acid were heated at 110 °C overnight under reduced
pressure. Dry toluene was added to the backfilled reaction flask the next day and 465ulL. of

PTMS3 in 10mL of toluene was added. Cluster growth was allowed to proceed for 30 minutes.
Purification was achieved via 4 successive cycles of precipitation/redissolution with toluene and

acetonitrile as the solvent and antisolvent respectively.

4.4.3 Cation exchange involving InP-MSCs.

Cation exchange was carried out at room temperature in an inert atmosphere glovebox. In a
typical exchange reaction, ~10mg of InP MSC was suspended in 1mL toluene and a solution of
CuClz, CuCl, AgCl, AuCls, or AuCl solubilized in toluene and oleylamine (3:2 ratio) was added
to the solution. These cation solutions were made at a concentration of 121mM and added in
quantities between 5uL (1 eq) and 185uL (37eq) to the solution of InP MSCs and allowed to stir
overnight. Cation exchanged clusters were then purified via gel permeation chromatography as

described in Shen et al.”®

4.4.4 Conversion reactions involving cation exchanged InP-MSCs.

Conversion reactions were carried out by suspending 10 mg of cation exchanged clusters in 1
mL ODE, after which this solution was injected into a solution of 5 mL ODE heated to 300 °C.
This reaction was allowed to proceed for 30 min at 300 °C. After the reaction was cooled it was
brought into an inert atmosphere glovebox and purified using 3 successive cycles of

precipitation/dissolution with toluene/ethanol as the solvent/antisolvent.
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4.45 Characterization techniques

UV-Vis absorption spectroscopy was carried out upon a Agilent Carry 5000 spectrophotometer.
X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos AXIS Ultra DLD located in
the University of Washington Molecular Analysis Facility. The samples were drop-cast onto a
silicon wafer from toluene in a N2 glovebox. Pass energy for survey spectra (to calculate
composition) was 150 eV. Data point spacing was 1.0 eV per step for survey spectra and 0.4 eV
per step for detailed spectra. Pass energy for high-resolution spectra was 50 eV, with a data point
spacing of 0.065 eV. CasaXPS data analysis software was used to fit high resolution spectra.
Transient Absorption measurements were performed using an HELIOS unit from Ultrafast
Systems at the University of Washington’s Molecular Analysis Facility. The pump wavelength
was 365nm and the power was measured as 100-200uW through a 200pum pinhole. The probe
white light was generated via the use of a sapphire crystal. Transmission electron microscopy
(TEM) images were collected on an FEI Tecnai G2 F20 microscope at 200 kV in the University
of Washington Molecular Analysis Facility. TEM samples were prepared by spotting 5 uLL of a
dilute solution of QDs dispersed in toluene onto an ultrathin carbon on holey carbon support film
purchased from Ted Pella. Powder x-ray diffraction data was collected on a Bruker D8
Discover diffractometer with Cu anode microfocus x-ray source and Pilatus 100k large-area 2D
detector. Samples were prepared by dissolving or suspending the sample in a minimal amount of
toluene and repeatedly dropcasting 3 uL of the solution onto a Si wafer to build up a thick film or
layer of sample. The beam for the measurement was collimated to a 1 mm beam diameter.
Collection times were 360 seconds per step (5.5° step size). Raw diffraction data was processed
using Bruker DIFFRAC.EVA software. For PDF analysis, MSC samples were first dried in an

inert nitrogen atmosphere glovebox and sealed in quartz capillaries. X-ray total scattering data
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were collected on NSLS-II beamline 28-1D-1 at Brookhaven National Laboratory. Sample scans
consisted of 300 1-second exposures using 74.5 keV incident beam energy. Background
subtraction and transmission correction were applied to each scan. Sample transmission ranging

from 67-84% was measured using a silicon photodiode with an impedance amplifying circuit.
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