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ABSTRACT

Core/shell colloidal semiconductor nanocrystals are one of the most active areas of
nanotechnology research. CdSe/nCdS core/shell heterostructures show remarkable
suppressed fluroscence intermittency at the single-particle level. Although syntheses of thin-
shelled core/shells have been reported in the past, reproducible syntheses for thick-shelled
core/shells are less understood. Moreover, most of the core/shell reports are on CdSe/nCdS
heterostructures, while other core materials —such as Ge— are absent from the literature.

In the first part of this thesis, we present a thorough investigation of thick-shelled
nanocrystal synthesis. We successfully grow metal sulfide shells on two different cores:
CdSe and Ge. We explored the effect that the concentration of amine, amine type, core size,
cadmium precursor concentration, annealing time, injection-rate and surface priming have on
the synthesis of core/shell heterostructures. Adopting a similar method that uses surface
priming, we are also able to grow epitaxial cadmium sulfide and zinc sulfide shells on Ge
cores. The obtained Ge/nMS heterostructures show a large emission enhancement in the
near-infrared range. We discuss the optical behavior of thick-shelled CdSe/nCdS
nanocrystals at the ensemble and single-particle levels. Through collaboration with analytical
research groups, we study the applications of these core/shell nanocrystals in bio-imaging
and tracking using total internal reflection microscopy and stimulated emission depletion
microscopy.

Beyond spherical or spheroidal nanocrystals, anisotropic nanostructures such as
nanorods and tetrapods are of particular interest in photocatalysis and energy harvesting.

Controlling the size and morphology of more ophisticated structures such as these remains
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viii
difficult. Dichalcogenide precursors enable the isolation of metastable nanocrystalline phases
with unusual composition and morphology. It remains unclear what factors play a
determinant role in controlling the outcome of preparations that utilize these interesting
family of precursors.

In the second part of this thesis, by studying a variety of commercially available
dichalcogenides and the outcome of their reaction, and with the help of computational
calculations, we demonstrate that the formation and degree of anisotropy of different
nanocrystaline products can be traced back to the precise molecular structure and reactivity
of the precursor used. We expect our results will not only lead to a larger throughput of these

materials, but also lead to reliable syntheses of colloidal nanomaterials for customized

applications.
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CHAPTER 1
INTRODUCTION
General introduction

This thesis consists of two parts:

Part I. Synthesis, characterization and application of stable, robust visible and near-
infrared emitting core/shell semiconductor fluorophores.

Part II. Experimental studies on the effect that the chemical reactivity of
dichalcogenide precursors have on the syntheses of colloidal metal chalcogenide
nanomaterials with different shapes for customized applications.

Highly stable, robust quantum dot fluorophores typically consist of two parts: A
semiconductor core, which mainly controls the photoluminescence emission range, and a
very thick shell that has a wider band gap. We selected CdSe and Ge as core materials and
CdS and ZnS as shell candidates. We explored different reaction parameters, such as addition
of amine, amine type, cation and anion ratio, and discussed their effect on shell growth. We
demonstrated that with the optimized reaction conditions, CdSe/CdS, Ge/CdS and Ge/ZnS
heterostructures with desired shell thicknesses could be synthesized. By employing scanning-
angle total internal reflection fluorescence microscopy and stimulated emission depletion
microscopy, we showed that the obtained core/shell quantum dots showed unique optical
properties and were very useful for biological imaging and tracking.

Dialkyl dichalcogenide (R-E-E-R) precursors are highly versatile molecular
precursors that are commonly used in colloidal metal chalcogenide synthesis. It is well
known that the use of dialkyl dichalcogenide precursors can yield unusual compositions and

morphologies. Unfortunately, it remains unclear what factors play a determining role in
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controlling particle size, composition or morphology. Using a standard set of otherwise
identical, optimized reaction conditions, we study the relationship between the reactivity of
the dichalcogenide precursor and the anisotropy of the resulting nanostructures. We
demonstrate that the formation and degree of anisotropy of different nanocrystalline products
can be traced back to the precise molecular structure, bond dissociation energy and chemical

reactivity of different molecular precursors used.

Semiconductor nanocrystals and their unique optical properties: Size, composition and
shape-dependence

Semiconductor nanocrystals made of ZnS, CdS, CdSe, CdTe, PbSe, Ge, InAs, and
HgSe have strong absorption extinction coefficients (cross sections, & ~ 10°-10° M-cm™),!
narrow photoluminescence ranges (< 25 nm), and size- and composition tunable band gaps
(250-4000 nm).> Due to these attractive optical and electronic properties, semiconductor
nanocrystals are ideal candidates for a variety of applications, such as bio-imaging," bio-
labeling,” photoelectronics,” photocatalysis,”® and photovoltacis’. Colloidal semiconductor
nanocrystals have an inorganic core surrounded by an insulating shell made of organic
surfactants or polymers. This unique inorganic/organic hybrid structure not only provides
colloidal stability, but also imparts greated stability against photobleaching and photo or
chemical degradation compared to more traditional organic fluorophores.'*"!

The electronic and optical properties of semiconductor nanocrystals are closely
related to their size, morphology and composition. For example, thick-shelled CdSe/nCdS

core/shell structures showed dramatically suppressed blinking at the single particle level.'?

Because of their ability of these materials to form and stabilize multiple electron-hole pairs,
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anisotropic nanocrystals having nanorod and tetrapod shape are particularly interesting in

13,14 . .
" Being able to control a semiconductor

solar energy harvesting and photocatalysis.
nanocrystal’s size, morphology and composition has long been a dream of synthetic

chemists.

Quantum dot blinking

Semiconductor quantum dots have intrinsic fluorescence properties that hold
advantages over organic fluorescent dyes such as broad absorption and narrow emission
spectra and imcreased photo and chemical stability. Despite these advantages, the application
of quantum dots in bioimaging and tracking has been limited by their single particle
fluorescent intermittency, also called “blinking” behavior.”” While a full explanation for
blinking behavior has still to emerge,the most commonly accepted theory is that single
particle fluorescent intermittency occurse due to the creation of dark (non-emissive), charged

quantum dot states under continuous illumination (excitation).
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Figure 1. Random blinking of colloidal nanocrystals. a, Schematic diagram of neutral and
charged nanocrystals. Optical excitation of the neutral nanocrystal leads to
photoluminescence; excitation of the charged nanocrystal leads to fast non-radiative Auger
recombination with decay time on the order of 10 - 100 ps. b, Typical fluorescence trajectory
measured in a single CdSe nanocrystal of 2.1 nm radius. c, Processes leading to nanocrystal
ionization and neutralization. d, Nanocrystal with a thick shell. Copyright 2008 Macmillan
Publishers.

Under standard conditions, a neutral quantum dot absorbs a photon to generate an
electron-hole pair, which later recombines to eject another photon, giving rise to
photoluminescence (Figure 1). However, if the particle is charged, this triggers another
nonradiative decay process called Auger recombination. This process is orders of magnitude

faster compared to the radiative decay mentioned previously, resulting in complete

photoluminescence quenching in charged nanocrystals.'®
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Two main approaches to blinking suppression
Many research groups have attempted to answer how particles get charged, how
electrons get trapped, where electrons end up, and when and how electrons return to their

ground state energy levels.''®

Related to quantum blinking, the practical question being
asked most often is if this blinking behavior can be suppressed or even be completely
eliminated."

Since the consensus is that blinking occurs when particles get charged, the first
approach is to suppress quantum dot ionization. Hohng, S. et al. reported binding of thiol
ligands to quantum dot surface.”” Due to their weakly basic nature, thiols can serve as a
charge mediator or a charge compensator, donating electrons to surface electron traps, which
renders them incapable of accepting electrons from the dot, hence suppressing blinking.
However, this method has limitations. Due to highly reversible thiol binding, blinking
resumes once excess thiol ligands are removed.

Another approach reported by Mahler et al. and Chen et al. is to form an inorganic
insulating barrier, normally another semiconductor that has a wider band gap, around the
cores.' > In contrast to the first approach, this approach fully isolates the wave function of
the quantum dot core from the quantum dot surface and the surface environment, creating a
fundamentally unique epitaxial quantum dot system. Both groups saw irreversible blinking

suppression upon metal sulfide shell growth on the quantum dot cores. The exact role of

metal sulfide shell and the precise blinking suppression mechanism remain unknown.
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Giant core/shell CdSe/nCdS quantum dots

Recently, Mahler et al. and Chen et al. reported thick-shell CdSe/nCdS (n>10)
core/shell that showed unparalleled chemical robustness, photostability and significant
modified blinking behavior.'>*' Ever since, the blinking suppression mechanism and

photophysics of these materials have attracted a lot of attention.

ON ON

Intensity (a.u.)
Intensity (a.u.)

400 800 OFF 0 1000 2000 3000%

Time (s) Time (s)
Figure 2. Blinking suppression with giant core/shell system. Copyright 2010 American
Chemical Society.

These results were quickly expanded to other similar systems. CdSe/nCdS quantum
dots with more than ten CdS monolayers showed nearly complete blinking suppression on
milliseconds-to-minutes timescales.”> Ternary CdZnSe/ZnSe core/shell quantum dots with
thin shells also showed non-blinking behavior. It was suggested that the CdZnSe/ZnSe
core/shell quantum dot has a radial composition gradient where CdZnSe changes into ZnSe.
Unfortunately, detailed synthesis and structural characterization of these quantum dots were
not reported.”> We carried out a thorough investigation of thick-shelled CdSe/nCdS
nanocrystal synthesis using short and accessible 15 min wait times between each precursor
injection. We found that added secondary amine and low-core and precursor concentrations

introduced at slow injection rates result in core/shells with desired shell thickness.
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Near-IR emitting Ge quantum dots as a new type of fluorophore

Ideally, non-blinking quantum dots are chemically robust and stable under aqueous
and aerobic conditions. They must also be active in a region that is useful to the imaging of
relevant biological media, and where tissue and solutes are most transparent to optical
excitation and fluorescence signals. In animals,this biological transparency window is 700
nm to 1200 nm. Best suited for this purpose are semiconductors with small band gaps (700
nm < band gap < 1200 nm). Unfortunately, two of the most commonly studied near-infrared
(NIR) active QD materials, InP** and CdTe**°, are "soft" and chemically labile or unstable,
even after the deposition of shells.””*® Such chemical instability severely hinders a
systematic synthetic exploration of their core/shell chemistry, especially for cases where a
very thick shell may be necessary, and makes the development of non-blinking QDs based on
these materials very challenging.

Elemental germanium is very attractive as a core material for the synthesis of NIR
emitting fluorophores.”***! Similar to elemental silicon, Ge is a relatively earth-abundant
and robust material that has relatively low toxicity compared to heavy metal-based (Cd, Pb,
As) semiconductors.’”> More importantly, compared to Si, Ge has a direct band gap and a
strong absorption coefficient (large cross section or extinction coeffcient).”® Thus, Ge is an
ideal candidate for the development of highly biocompatible, NIR-emitting QDs. In this
thesis, we discuss the synthesis of Ge/nCdS and Ge/nZnS core/shell structures with enhanced

NIR photoluminescence.
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Anisotropic semiconductor nanocrystals: Nanorods, tetrapods

Anisotropic semiconductor nanocrystals such as nanorods, tetrapods, nanotubes have
great potential in photocatalysis,”® photovoltaics’ and other optoelectronic devices.**°
Understanding the atomic level nucleation and growth of these one-dimensional structures
will lead to predictable, controllable anisotropic nanocrystal synthesis.

Molecular beam epitaxy’* and metal-organic chemical vapor deposition® have been
exploited to generate anisotropic nanocrystals. Commonly used synthetic routes toward
colloidal anisotropic structures are extremely sensitive to reaction parameters such as
reaction time, reaction temperature, precursor concentration, and ligand type and chain
length. For nanorods, specific surface ligands — such as phosphonic acid — which have
different binding affinity towards different semiconductor facets are essential.’*®*’ For
tetrapods, an even more complex system, seeded growth is usually required. Semiconductor
nanoseeds are first synthesized and then introduced into another system which contains

. . 38,39
cation and anion precursors.”

The original semiconductor seed then guides the growth
direction, forming anisotropic nanostructures.
Using dichalcogenide precursors (R-E-E-R) can sometimes yield nanocrystals with

.. . 40,41,42
unusual compositions and morphologies.”™ """

Two distinctively reactive C-E and E-E bonds
makes the chemistry of these precursors even richer and more interesting than the commonly
used phosphine chalcogenides. This part of the thesis explores using different
dichalcogenides or a mixture of two different dichalcogenide precursors, without using any

seeds or size-selection wash, to control the size and morphology of semiconductor

nanocrystals.
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Thesis organization

This thesis is comprised of two parts: Part [. Synthesis of 1I-VI and IV-VI core/shell
semiconductors and investigation of their application on imaging; Part II. Experimentally
study the reactivity of dichalcogenide precursors. Chapters 2, 3, and 5 contain material that
has already been published, while Chapter 4 is submitted and under review at the time of
writing. As the thesis covers a diverse range of topics from semiconductor synthesis to
application, relevant literature is provided in the introduction to each chapter.

Chapter 2 describes the synthesis of CdSe/nCdS core/shell heterostructure
nanoparticles. Chapter 3 describes using non-blinking quantum dot for imaging purpose via
total internal reflection microscopy and stimulated emission depletion microscopy. This was
done in collaboration with Prof. Fang, Prof. Smith and Prof. Petrich and their groups at lowa
State University. Chapter 4 focuses on the synthesis of Ge/nCdS, Ge/nZnS core/shell
heterostructures and their enhanced photoluminescence properties. Chapter 5 is dedicated to
the study of dichalcogenide precursors and how reactivity affects nanocrystal size and
morphology. Another member of the Vela group, Mr. Samuel R. Alvarado performed all the
DFT calculations used to determine bond dissociation energies, bond lengths and dihedral

angles of the different dichalcogenide precursors.
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CHAPTER 2
UNIQUE CHALLGENS ACCOMPANY THICK-SHELL CdSe/NCdS (N>10)
NANOCRYSTAL SYNTHESIS
Reprinted with permission from J. Phys. Chem. C., 2012, 116, 2791.
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Abstract

Core/shell semiconductor nanocrystals are one of the most active areas of
nanotechnology research. In a core/shell, two or more semiconductors can be manipulated to
produce unique optoelectronic properties. Thick-shell CdSe/nCdS (n>10) nanocrystals were
recently reported to show remarkably suppressed fluorescence intermittency or 'blinking' at
the single particle level and slow rates of Auger decay. Unfortunately, while the synthesis of
CdSe/nCdS nanocrystals is well developed up to n<6 CdS monolayers (MLs), reliable
syntheses of CdSe/nCdS nanocrystals with n>10 MLs are lacking. Currently available
procedures lead to homogeneous nucleation of CdS instead of heterogeneous nucleation of
CdS epitaxially on CdSe, resulting in broad and multi-modal particle size distributions.
Critically, the obtained core/shell sizes are well below those desired. In this paper, we
investigate synthetic conditions specific to growth of such thick-shell materials (n>10 and
n>20 MLs). We first use primary amine and excess cadmium precursor and show that these
do not result in desired core/shell sizes. In contrast, added secondary amine and low
concentration of CdSe cores and molecular precursors result in desired core/shell sizes. We

observe that amine-induced partial etching of CdSe cores results in apparent shell thicknesses
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that are slightly beyond those desired, especially for very thick shells (n>20 MLs). We also
explore the effect that thermal ripening and precursor injection rate have on the synthesis of
these materials and present structural and optical characterization. We expect our new
synthetic approach will lead to a larger throughput of these materials, increasing their

availability for fundamental study and application.

Introduction

Core/shell colloidal semiconductor nanocrystals are one of the most active areas of
nanotechnology research.'” Semiconductor nanocrystals are among the best chromophores
and fluorophores available thanks to their broad and intense absorption profile (g =~ 10°-10°
M™'-ecm™),*” size- and composition-tunable band-gap (250-4000 nm), narrow (< 25 nm) and
long-lived emission bands (20 ns CdSe,’ 1 ps PbSe’) and high photo- and chemical-
stability.* !> Colloidal semiconductor nanocrystals have the advantage of having a coating
layer of ligands which makes them amenable to surface modification, as well as being readily
dispersable in organic and aqueous solvents. In a core/shell architecture, two or more
semiconductors can be manipulated to obtain improved or unique optoelectronic properties.
Relative band alignment between materials comprising the core/shell can be used to confine
the electron and hole wave functions together to the core in a ‘type-I’ configuration or
independently from each other to core and shell in a ‘type-II’ configuration.'®'” The
pressure, or ‘strain’, exerted by the shell can also be used to tune the core's conduction band
energy level.'® The resulting degree of electron-hole overlap determines the

photoluminescence (PL) and Auger exciton decay rates.'” ™'
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For cadmium chalcogenides, early core/shell preparations relied on reaction between

22-29 : 30-31
single-source precursors (SSPs), or

cores and organometallic shell precursors,
photodegradation of surface ligands.”> Successive Ion Layer Adsorption and Reaction
(SILAR), originally developed for thin-films, has become the method of choice to prepare

core/shell and multishell nanocrystals.*>>’

Thermal Cycling-Single Precursor (TC-SP) has
lead to core/shells with narrower size dispersions and better color purity.***' Other
approaches that can facilitate core/shell formation include minimizing the core-shell lattice

mismatch, reducing stress-induced defects through grading,*™*

and using chemical
compatibility to build core/shells around structurally disparate materials.*

Very recently, thick-shell CdSe/nCdS (n>10) core/shell nanocrystals were reported
that showed remarkably suppressed fluorescence intermittency or ‘blinking’ at the single
particle level.**® This has spurred a wave of studies into the blinking suppression
mechanism and photophysics of these materials.**! Among questions that remain
unanswered is whether the size of the CdSe core®® as well as the nature of the core-shell
interface (abrupt vs. graded)™ play a role in determining the unique optical properties of
these materials. These questions are of particular relevance and timeliness because radially
graded alloy CdZnSe/ZnSe nanocrystals have been reported to display non-blinking
behavior.™

To address these questions, reliable and reproducible syntheses are needed.
Crystalline CdSe and CdS both exist in cubic (zinc blende) or hexagonal (wurtzite) form and
their lattice mismatch is only 3.7% (zinc blende-zinc blende) or 3.9% (wurtzite-wurtzite).

The synthesis of CdSe/nCdS nanocrystals is well developed up to a shell thickness of about

six (n<6) monolayers (MLs).” But only recently have there been reports on growth of ten
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(n<10)** or more (n>10) MLs.”” Synthesizing such thick shell materials involves unique
technical challenges. We have observed that large amounts of unreacted precursors after
several SILAR injections lead to CdS homonucleation instead of heterogeneous nucleation
epitaxially on CdSe, resulting in poor, broad, and multi-modal size distributions. Core/shell
sizes obtained using available procedures are well below those desired.

Appearance of CdS homonuclei during growth of CdSe/CdS nanocrystals is difficult
to detect by absorption and photoluminescence (PL) spectroscopies. Free CdS homonuclei
and CdS shells share similar absorption features. Additionally, energy transfer from larger
band gap CdS homonuclei to smaller band gap CdSe/CdS materials can render the former
‘silent’ by PL. Even more difficult to detect is presence of unreacted Cd and S precursors
since they are spectroscopically silent except at bluer wavelengths (higher energies) than
those where nanocrystals absorb. In this paper, we present a thorough investigation of
CdSe/nCdS nanocrystals synthesis using the SILAR method, emphasizing growth of very
thick CdS shells (n>10 and even n>20 MLs). We start by growing thick CdS shells on small,
sub-2nm CdSe cores, selected as a test bed on the basis of their relative instability and
propensity to dissolve at high temperature, and then extend the method to large, ca. 4.7 nm,
CdSe cores. We present several control experiments to probe and document specific
challenges associated with the synthesis of these materials including the effect that added
primary and secondary amines and core and precursor concentration have on CdS

homogeneous versus heterogeneous nucleation, ripening, and CdSe core etching.
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Experimental Section

Materials. Cadmium oxide (CdO, 99.998%), sulfur (Ss, 99.999%), trioctylphosphine
(TOP, 90%), and oleic acid (90%) were purchased from Alfa Aesar; selenium (Se, pellets,
>99.999%), octadecyl amine (octadecyl-NH,) (90%), and di-octylamine (98%) ((octyl),NH)
from Sigma-Aldrich; 1-octadecene (ODE) (90%) and oleylamine (oleyl-NH,) (80-90%) from
Acros. Bis(2,2,4-trimethylpentyl)phosphinic acid (TMPPA) (CYANEX 272) was obtained
from Cytec Industries, Inc. Procedures were performed under dry inert gas atmosphere (N, or
Ar) in a glove box or a Schlenk line.

CdSe cores. Small cores. We synthesized small, sub-2nm, CdSe cores using a slightly
modified literature procedure.’®

0.16M TOPSe/ODE. Se (71.4 mg, 904 pmol), TOP (577 mg, 1.56 mmol), and ODE
(4.00 g, 15.84 mmol) were stirred and heated until the mixture became optically clear.

Synthesis. CdO (15.0 mg, 117 pmol), TMPPA (304 mg, 1.05 mmol), and ODE (4.00
g, 15.84 mmol) were weighed in a 250 mL round bottom (R.B.) flask. The mixture was
degassed under vacuum for 30 min at 80°C, refilled with Ar, and heated to 300°C for 6 hours
until it became optically clear. The solution was heated to 325°C and 0.16M TOPSe/ODE
(5.7 mL, 904 pumol) swiftly injected into the reaction flask. ~5 s after injection, the mixture
was allowed to cool to room temperature (R.T.). This procedure reliably produced CdSe
cores with a first absorption peak (1S) centered between 480-496 nm (in five runs: 480, 480,
496, 490, 485 & 488 nm).

Large cores. We synthesized large, ca. 4.7 nm, CdSe cores using a slightly modified

. 59
literature procedure.
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2.1M TOPSe. Se (144 mg, 1.82 mmol) and TOP (797 mg, 2.15 mmol) were stirred
and heated until the mixture became optically clear.

0.2M Cd(oleate),. CdO (318 mg, 2.48 mmol), oleic acid (3.09 g, 10.94 mmol), and
ODE (7.11 g, 28.16 mmol) were placed in a R.B. flask, degassed under vacuum for 60 min at
80°C then refilled with Ar and heated to 240°C until the mixture become optically clear.
Oleyl-NH; synthesis. Oleyl-NH, (5 mL, 15.14 mmol) was added to a R.B. flask, degassed
under vacuum for 30 min at 80°C, then refilled with Ar.

Synthesis. Oleyl-NH, (5 mL, 15.14 mmol) or (octyl),NH (5 mL, 16.55 mmol) was
degassed under vacuum at 80°C for 30 min, then refilled with Ar. We added 2.1 M TOPSe
(0.15 mL, 315 pmol), and the temperature increased to 300°C. After 5 min, 0.2 M
Cd(oleate), (1.5 mL, 300 umol) was quickly injected, and the temperature adjusted to 280°C.
Aliquots (<0.05 mL) were taken at different times analyzed by absorption and PL. After 10
min, the mixture was allowed to cool to RT.

Core purification. All CdSe cores were washed twice just prior to shell growth by
precipitation with a 4:1v/v acetone-methanol mix. and centrifugation at 4,200 rpm for 10
min.

CdSe/nCdS core/shells. Precursors. 0.2M Cd(oleate),. This was prepared as described
above for the synthesis of large CdSe cores. 0.2M Cd(oleate),-oleyl-NH,. In a R.B. flask,
CdO (640 mg, 4.98 mmol), oleic acid (6.18 g, 21.88 mmol) and ODE (4.39 g, 17.41 mmol)
were degassed under vacuum for 60 min at 80°C then refilled with Ar and heated to 240°C
until the mixture become optically clear. Freshly degassed oleyl-NH; (12.5 mL, 37.85 mmol)
was added via syringe. The mixture was stirred at 60°C for 20 min. 0.1M Cd(oleate),-oleyl-

NHa. In a R.B. flask, oleyl-NH; (12.5 mL, 37.85 mmol) was degassed under vacuum for 30
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min at 80°C. The amine was refilled with Ar and transferred via syringe into another R.B.
flask containing 0.2M Cd(oleate), (12.5 mL). The mixture was stirred at 60°C for 20 min.
0.1M Cd(oleate),-(octyl)oNH. The procedure described above was repeated substituting the
amine with (octyl),NH (12.5 mL, 41.36 mmol).

0.2M Sg. Sg (159 mg, 4.97 mmol) and ODE (19.73 g, 78.13 mmol) were degassed
under vacuum for 30 min at 80°C then refilled with Ar and heated to 180°C. After 20 min,
the mixture became optically clear and was allowed to cool to R.T. 0.IM Sg. Sg (79.0 mg,
2.47 mmol) and ODE (19.73 g, 78.13 mmol) were degassed under vacuum for 30 min at
80°C then refilled with Ar and heated to 180°C. After 20 min, the mixture became optically
clear and was allowed to cool to R.T.

Core solutions. Freshly made and washed CdSe cores (< 12 h) were dissolved in
hexane (5 mL) (small, sub-2 nm cores) or toluene (5 mL) (large, ca. 4.5 nm cores). CdSe
concentration was determined from the 1S peak using literature extinction coefficient data.3
Shell growth. An aliquot containing 1.5 x 107 mol for 19 uM initial concentration, or 7.5 x
10® mol of CdSe nanocrystals for 10 uM initial concentration, was transferred into a R.B.
flask. The solvent was removed under vacuum at R.T. and ODE (4 mL, 12.5 mmol) and
amine (3.001 g octadecyl-NH,, 11.13 mmol; or 3.7 mL oleyl-NH,, 11.20 mmol; or 3.8 mL
(octyl),NH, 12.57 mmol) were added. The mixture was degassed under vacuum for 30 min at
80°C, refilled with Ar, and heated to the initial shell growth temperature. For small CdSe(1.9
nm) cores, growth temperature was 200°C for the first 1-2 MLs, 230°C between 3-6 MLs,
and 240°C for >6 MLs.” For large CdSe(4.7 nm) cores, growth temperature was 235°C for
the first 1-2 MLs and 245°C for >2 MLs.”> Cd and S precursors were introduced in an

alternating fashion using two programmable syringe pumps, each followed by a 15 min wait
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period.’’ The Cd precursor was injected first. Shell growth was monitored by absorption
and/or TEM by taking aliquots (< 0.05 mL) every other CdS theoretical monolayer (ML)
starting at 4 MLs. The mixture was allowed to cool to R.T. 15 min after the last S injection.

Core/shell purification. Core/shells were washed three times by precipitation with a
1:1v/v acetone-methanol mixture and centrifugation at 4,200 rpm for 10 min.

Structural Characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) data

were measured using Cu-Ka radiation on a Scintag XDS-2000 diffractometer.

Transmission Electron Microscopy. TEM of samples was conducted on carbon-
coated copper grids using a FEI Technai G2 F20 Field Emission scanning transmission
electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, line-to-line
resolution <0.10 nm). Elemental composition was characterized by energy dispersive
spectroscopy (EDS).

Particle analysis. Dimensions were measured manually and/or with ImageJ. Particle
sizes were obtained for >50-100 particles. Average sizes are reported with +standard
deviations.

Optical characterization. Ensembles. Absorption spectra were measured with a

photodiode array Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was
subtracted from all spectra. Steady state PL spectra were measured with a Horiba-Jobin Yvon
Nanolog scanning spectrofluorometer with a photomultiplier detector. PL quantum yields
(QYs) were measured following reported procedures.*®"> Absorption and PL emission
spectra of all samples were measured at least twice and the average QY was recorded.

Single particles. PL lifetimes. Nanocrystals were dispersed onto a quartz substrate

from dilute hexane solution to a surface density of ~0.01/um2. Samples were mounted on an
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optical microscope translation stage and excited at 405 nm with 50 ps pulses through a 60x,
1.2 NA water immersion objective lens (Olympus), used to collect PL. The pulse-to-pulse
separation (100-200 ns) was set much longer than PL decay to ensure complete exciton
relaxation between laser pulses. PL was sent to a Perkin-Elmer avalanche photodiode (SPCM
AQR-14) through a long-pass excitation/emission filter that rejected scattered laser light.
Single photon counting was performed using PicoQuant Time Harp200 correlation hardware.
Overall system’s time resolution was 400 ps.

Blinking. Blinking statistics were collected on a prism-based total internal reflection
fluorescence microscope (TIRFM).” Samples were excited with a 10 mW 488-nm argon
continuous wave (CW) laser (Uniphase, San Jose, CA) and their PL filtered with a long pass
488 RazorEdge filter (Rochester, NY) and collected on an Andor iXon™+ 897 camera
(Belfast; 512 x 512 imaging array, 16 pum x 16 pm pixel size). Exposure time was 50 ms with
100 gain in frame transfer mode. Nanocrystals were diluted in toluene. A 6 pL volume was
deposited on a 22 mm® coverslip (Corning, NY) and immediately covered by a 18 mm®
coverslip. Toluene was allowed to evaporate. The sample was then placed into the TIRFM
and allowed to settle for 30 min to reduce sample drift during data acquisition. A total of
6000 frames (5 min) were collected per viewing area. Image] was used for background
subtraction and recording of individual traces. Regions of interest (ROIs) around optically
resolved nanocrystals were defined manually using the time series analyzer plugin. PL

intermittency frequency and temporal length were derived for each individual nanocrystal.
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Results and Discussion

In a typical CdSe/CdS core/shell growth experiment, enough Cd and S precursors are
added to grow a CdS shell of a desired thickness, expressed as the theoretical or “calculated”
number of CdS MLs. Assuming complete (100%) precursor conversions, the calculated
core/shell particle size (diameter) is then compared with the experimentally “observed”
particle size (diameter), commonly measured by TEM. The method of choice for CdSe/CdS
core/shell growth uses SILAR conditions with cadmium-oleate (Cd(oleate),) and elemental
sulfur (Sg) precursors and 1-octadecene (ODE) solvent.”"***>7 Some reports use 60-180 min
3h Cd, 1 hS, 4 WML),*7 and others use 10-15 min*>* annealing or “wait” times
between injections. Long times may help ripen undesired CdS homonuclei, dissolving them
in favor of heterogeneous epitaxial nucleation atop existing CdSe/CdS core/shells (Scheme
la-c). However, long wait times result in 40 (1.7 days) and 80 h (3.3 days) to grow 10 and 20
CdS MLs, respectively. These long reaction times increase the odds that impurities (air,
moisture) could affect shell growth. Short annealing times are more appealing to synthetic

chemists, provided new synthetic conditions are found to increase the speed of ripening.
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Table 1. Synthesis of Thick-Shelled CdSe/nCdS Nanocrystals.

# CdSe core solution” Cd sltn. S sltn. Cd:S Calc. (theory) Observed
ratio (experimental)
CdSe 1S Amine Cd Amine S conc. #MLs (c/s size)  #MLs (c/s size)
conc. (size) (type) conc. (type)
1 19uM  480nm Octadecyl- 02M  none 0.2M 1:1 13.1MLs (9.6nm) 3.7MLs (4.1nm=1.3nm)
(1.9nm+ NH, (1°)
0.2nm) 1.5M 23.5MLs (15.6nm) 5.3MLs (5.1nm+2.2nm)
2 19uM  480nm oleyINH, 02M  oleyINH, 02M 1:1 11.9MLs (8.9nm) 3.0MLs (3.8nm=0.7nm)
(1.9nm+ (1°) 1.5M (1°) 1.5M
0.2nm) 23.5MLs (15.6nm) 5.2MLs (5.0nm=1.1nm)
3 19uM  494nm oleyINH, 02M  oleyINH, 02M 1.3:1 11.9MLs (8.9nm) 2.4MLs (3.4nm=0.6nm)
(1.9nm+ (1°) 1.5M (1°) 1.5M
0.2nm) 23.5MLs (15.6nm) 3.1MLs (3.8nm=0.7nm)
4 10uM  488nm oleyINH, 0.IM  oleyINH, 0.IM 1:1 11.9MLs (8.9nm) 4.2MLs (4.4nm=0.8nm)
(1.9nm+ (1°) 1.5M (1°) 1.5M
0.2nm) 23.5MLs (15.6nm) 7 AMLs (6.3nm=1.0nm)
35.1MLs (22 .4nm) 8.3MLs (6.8nm=1.0nm)
5 10uM  484nm (octyl),NH 0.IM  (octy),N  0.IM 1:1 7.2MLs (6.2nm) 5.2MLs (5.2nm=0.6nm)
(1.9nm+ (2°) 1.6M H 2°)
0.2nm) 1.7M 9.6MLs (7.6nm) 11.2MLs (8.7nm=1.0nm)
11.9MLs (8.9nm) 14.4MLs (10.6nm=1.0nm)
14.2MLs (10.2nm) 17.9MLs (12.6nm=1.2nm)
6 10uM  625nm (octyl),NH 0.IM  (octy),N  0.IM 1:1 6.0MLs (8.2nm) 5.1MLs (7. 7nm=0.8nm)
(4. 7om=  (2°) 1.6M H 2°)
0.6nm) 1.7M 8.0MLs (9.3nm) 8.IMLs (9.4nm=1.1nm)

10.0MLs (10.5nm)

12.0MLs (11.7nm)

11.0MLs (11.1nm#2.2nm)

13.4MLs (12.4nm+2.2nm)

“CdSe core solution: 4 mL ODE, 3.7-3.8 mL amine.

In our investigation, freshly washed CdSe cores were dissolved in ODE and amine

(see below) and subjected to different SILAR™ CdS shell-growth conditions using short 15

min annealing times and Cd(oleate), and Sg precursors (each in ODE or ODE-amine; see the

Experimental Section and Table 1). Our experiments started with 19 uM solution of “small
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” (CdSe cores (1.9 = 0.2 nm, 1S = 480-494 nm)’® and high 1.5 M concentration of primary

octadecyl amine. ODE solutions of Cd and S precursors did not contain amine (#1 Table 1
and Figure 1). Problems that plague thick-shell core/shell syntheses were immediately clear:
Shell-growth (Scheme la) was accompanied by many small ca. 2 nm CdS homonuclei
(Scheme 1b), and size distributions were large. Critically, core/shells never grew to desired
CdS shell thicknesses. Small final particle sizes were observed by TEM. Attempts to grow
13.1 CdS MLs and 23.5 CdS MLs lead instead to 3.7 and 5.3 CdS MLs, respectively (#1
Table 1 and Figure 1). Instead of an ideal one-to-one correlation between desired and
observed shell thicknesses, plotting calculated versus TEM-measured shell thicknesses

(#CdS MLs) invariably gave a very small slope, m = 0.15 to 0.20.
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Figure 1. Experimentally observed versus calculated (desired) CdSe/ nCdS particle size (a)
and shell thickness (b): From small CdSe (1.9 nm): 19 pM, 0.2 M Cd,S (1:1), no added
amine (black circles, Table 1#1); 19 uM, 0.2 M Cd,S (1:1), 1.5 M 1° (oleyl)amine (violet
diamonds, Table 1#2); 19 uM, 0.2 M Cd,S (1.3:1), 1.5 M 1° (oleyl)- amine (green triangles,
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Table 1#3); 10 uM, 0.1 M Cd and S (1:1), 1.5 M 1° (oleyl)amine (orange squares, Table
1#4);10 uM, 0.1 M Cd,S (1:1), 1.6 to 1.7 M 2° (dioctyl)amine (blue circles, Table 1#5).
From large CdSe (4.7 nm): 10 uM, 0.1 M Cd,S (1:1), 1.6 to 1.7 M 2° (dioctyl)amine (red
circles, Table 1#6).

Adding primary amine. Initial failure to achieve desired shell-thicknesses and
ubiquitous presence of small CdS homonuclei leads us to think a ripening additive could
benefit shell growth. Ripening could dissolve CdS homonuclei in favor of epitaxial growth
atop existing CdSe/CdS core/shells, leading to effective shell growth (Scheme 1c). Primary
amines are known ripening agents.”>”*> Octadecyl-NH, was present in the starting CdSe
core solution, but it was severely diluted during shell growth because neither precursor
contained amine: Octadecyl-NH, concentration decreased by one order of magnitude during
shell growth from 1.5 M to ca. 0.15 M, minimizing its ripening effect. We thus repeated the
reaction while maintaining a recurrent stream of primary amine. We specifically added 1.5 M
oleyl-NH, to Cd precursor. (See the Experimental Section and Table 1.) Particle size
dispersions obtained this way were narrower; however, overall results were unsatisfactory as
follows: Attempts to grow 11.9 and 23.5 CdS MLs lead instead to 3.0 and 5.2 CdS MLs,

respectively (#2 Table 1 and Figure 1). For this set of conditions, the slope of desired versus

observed CdS MLs plot remained 0.15 to 0.20.
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Figure 2. Selected particle size histograms: From small CdSe(1.9nm): (a) 19 uM, 0.2 M
Cd,S (1.3:1), 1.5 M 1° (oleyl)amine (Table 1#3). (b) 10 uM, 0.1 M Cd,S (1:1), 1.5 M 1°
(oleyl)amine (Table 1#4). (c) 10 uM, 0.1 M Cd,S (1:1), 1.6 to 1.7 M 2° (dioctyl)amine (Table
1#5). From large CdSe (4.7 nm): (d) 10 uM, 0.1 M Cd,S (1:1), 1.6 to 1.7 M 2°
(dioctyl)amine (Table 1#6) (>50-100 particles counted each case).

Adding excess cadmium. Recent studies used 30% excess Cd (1.3:1 Cd to S ratio) to
make CdSe/nCdS core/shell nanocrystals with thin-to-medium shell thicknesses (n < 6).”
Unfortunately, adding 30% excess Cd precursor did not produce very thick CdS shells (n <

10). Attempts to grow 11.9 and 23.5 CdS MLs lead instead to 2.4 and 3.1 CdS MLs,
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respectively (#3 Table 1 and Figures 1 and 2a). A plot of observed versus desired CdS MLs
had slope = 0.13, lower than the two methods above. Incomplete shell growth must be
accompanied by large buildup of unreacted Cd and S precursors, saturating the solution and
resulting in CdS homogeneous nucleation. CdS homonuclei may act as seeds for
isocrystalline CdS shell growth, resulting in wide size distributions. This explains why when
using 30% excess Cd apparent shell thicknesses measured by TEM for >10 MLs are less than
the <6 MLs documented in the literature (see above and Table 1 #3).”

Lowering core and precursor concentrations. We reasoned that decreasing Cd and
S precursor concentrations as well as initial CdSe (core) concentration could suppress
homogeneous nucleation. Lower CdSe concentration would keep nanocrystals soluble for
longer. Large nanocrystals tend to precipitate out of solution (e.g., shell-thicknesses n > 14
MLs for CdSe (1.9 nm), n > 10 MLs for CdSe (4.7 nm); >10 nm particle sizes at 19 mM
CdSe). We attempted shell growth halving CdSe (10 pM) and Cd and S (0.1 M each)
concentrations while supplying a recurrent stream of 1° oleyl-NH2 (#4 Table 1 and Figures 1
and 2b). This resulted in n > 6 CdS MLs: Attempts to grow 11.9, 23.5, and 35.1 CdS MLs
resulted in 4.2, 7.4, and 8.3 CdS MLs, respectively (#4 Table 1 and Figures 1 and 2b). A plot
of observed versus desired CdS MLs had slope = 0.24, slightly higher than the other three
methods above.

Primary versus Secondary Amines. While primary amines aid ripening, they could
simultaneously coordinate to Cd and lower precursor reactivity;*® the Crystal Structure
Database contains several six-coordinate cadmium-carboxylate complexes with monodentate

64-68

nitrogen ligands (Scheme 1d). To probe this issue, we injected Cd(oleate), to

TOPSe/TOP/ODE in 1° oleyINH, or 2° (octyl),NH****"* at 300 °C and observed CdSe
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growth at 280 °C. After 1 min, CdSe nanocrystals showed 1S = 606 nm (2.05 eV) in 1° oleyl-
NHy, and 1S = 631 nm (1.97 eV) in 2° (octyl),NH (Figure 3). Clearly, CdSe made in 1°
oleyl-NH, was smaller (ca. 4.7 nm) than in 2° (octyl),NH (ca. 6.1 nm). It took 5 min for
CdSe growth-rate to stabilize (to become constant) in 1° oleyl-NH, but under 1 min in 2°
(octyl),NH (growth may occur via ripening) (Figure 3). This indicates that Cd(oleate), reacts
much faster in secondary than primary amines.**®""° Therefore, replacing 1° amine with

bulkier 2° amine would suppress Cd(oleate), coordination while maintaining ripening.”®
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==lary 5min Abs ****PL ===2ary 5min Abs ****PL
==lary 10min Abs****PL ~=2ary 10min Abs***-PL

2.06 650
cosl @ @ isEw (c) 1S(nm)
2-02 640 PUmSES
2.00 @ 60| ®
1.98 620 I
1.96| € o
Loa| T 610 o ® lary
Lo <@ Jary “* Qary 600 - Dary
Y20 2 4 6 8 10 °%0 2 24 6 8 10
Time(min) Time(min)
7.0 680
@ 3 () PLmax(nm)
6.5 ol 660
6.0 * Size(nm) 640 .....,:::+j:ffff:::::::.
551 g
..... [ ? o0
50 P
45 : lary | 600 ":‘;an
. ‘zar)' e . ar}
0576 5 00 0 2 4 6 8 10
Time(min) Time(min)

Figure 3. Synthesis CdSe nanocrystals in 1° (oleyl-) versus 2° (dioctyl-) amine: Time
evolution of absorption and PL spectra (a), 1S peak (b,c), calculated size (d), and PLmax
(£1/2fwhm) (e).
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Figure 4. Thick-shell CdSe/nCdS nanocrystals: Top (Table 1#5): From small CdSe (1.9 +
0.2 nm) (a), CdSe/5.2CdS (5.2 £ 0.6 nm) (b), CdSe/11.2CdS (8.7 £ 1.0 nm) (c),
CdSe/14.4CdS (10.6 = 1.0 nm) (d), and CdSe/17.9CdS (12.6 £ 1.2 nm) (e). Bottom (Table
1#6): From large CdSe (4.7 = 0.6 nm) (f), CdSe/5.1CdS (7.7 = 0.8 nm) (g), CdSe/8.1CdS
(9.4 £ 1.1 nm) (h), CdSe/11CdS (11.1 £2.2 nm) (i), and CdSe/13.4CdS (12.4 = 2.2 nm) (j).

Growing Thick (n > 10) CdS Shells on Small CdSe (1.9 nm). We reattempted CdS
shell-growth on small CdSe cores (10 uM) using 0.1 M Cd and S while supplying recurrent
stream of 2° (octyl),NH (introduced in CdSe and Cd solutions) (#5 Table 1 and Figures 1, 2c,
and 3). This method is superior to all prior conditions: Preparations aimed at growing 7.2,
9.6, 11.9, and 14.2 CdS MLs resulted in 5.2, 11.2, 14.4, and 17.9 CdS MLs, respectively (#5
Table 1 and Figures 1, 2¢c, and 3). A plot of observed versus desired CdS MLs had slope =
1.28, much higher than other methods (and higher than unity, m > 1; see below).

Growing Thick (n > 10) CdS Shells on Large CdSe (4.7 nm). Using superior
conditions above, we attempted CdS shell growth on large CdSe (4.7 nm) (10 uM) using 0.1
M Cd and S while supplying recurrent stream of 2° (dioctyl)amine (introduced in CdSe and

Cd solutions) (#6 Table 1 and Figures 1, 2d, and 3).****" These conditions were successful:

Preparations aimed at growing 6, 8, 10, and 12 CdS MLs resulted in 5.1, 8.1, 11.0, and 13.4
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CdS MLs, respectively (#6 Table 1 and Figures 1, 2d, and 3). A plot of observed versus

desired number of CdS MLs had slope = 1.12 (also m > 1; see below).
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Figure 5. Absorption spectra (arbitrarily normalized) (a,c) and PL spectra (normalized by
0O.D. at Aexc = 510 nm) (b,d) of thick-shell CdSe/nCdS nanocrystals based on small CdSe
(1.9 nm) (a,b) and large CdSe (4.7 nm) (c,d).

Observed versus Desired Shell Thickness: Significance of Slope >1. We were
puzzled after plotting observed versus desired CdS MLs yielded slopes >1. This occurred
when growing thick (>10 MLs) CdS shells on both small and large CdSe cores using
optimum conditions. It is physically impossible for CdS shells to grow thicker than initially
estimated given a CdSe core size assuming complete precursor conversion. We could have
overestimated CdSe size or concentration (available extinction coefficient data vary
somewhat);>>**"""> however, more likely is CdSe could get etched in amine-rich medium

before shell growth. CdSe etching was observed for different conditions’”* and reagents,”> ™
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including amines.®’ Etching before shell growth decreases CdSe core size, rendering
precursor amounts larger than needed and resulting in shell thicknesses larger than estimated;
this assumes that the CdSe material that is removed during the etching process exists in a yet
unidentified inactive, unrecoverable form. Assuming that etching removes a constant number
of MLs on small and large CdSe cores, that is, assuming that etching occurs to constant depth
on any CdSe surface, this will be more significant for small CdSe (1.9 nm) than for large
CdSe (4.7 nm) cores. In agreement with this idea, plotting observed versus desired shell
thicknesses resulted in slope not only above unity (>1) but also higher for small (m = 1.28)

than for large cores (m = 1.12) (Figure 1a).
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Figure 6. Amine-induced CdSe etching: 1st (1S) absorption (a,b), apparent size (c¢) and
PLmax(x1/2fwhm) (d). CdSe cores: freshly made (crude) (A), washed (B), heated to 75 (C),
190 (D), and 200 °C for 10 min (E), and 20 min (F).

Core-Etching before Shell-Growth. To probe etching, we monitored “apparent”

core size right before shell growth by UV-vis and PL starting with CdSe (1.9 nm) having first
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absorption peak 1S =480 nm (2.58 eV) and PLmax = 493 nm (full width at half-maximum,
fwhm = 19 nm) (Figure 6A). Upon washing, CdSe size decreased very slightly to “1.88” nm,
calculated from 1S = 478 nm (2.59 eV) (redder PLmax = 505 nm and fwhm = 27 nm are
attributable to wider size distribution) (Figure 6B). Washed cores were introduced into
ODE/(octyl),NH and heated to 75 °C. This caused CdSe size to decrease to “1.79” nm, with
1S=467nm (2.66 e¢V) and PLmax =484 nm (fwhm=31nm) (Figure 6C). Increased heating to
190 °C resulted in smaller CdSe size of “1.62” nm, with 1S =450 nm (2.76 eV) and PLmax
= 465 nm (fwhm = 41 nm) (Figure 6D). After heating for 10 min at initial shell-growth
temperature of 200°C, CdSe size was “1.70” nm, with1S=457nm (2.71 eV) and PLmax
=475nm (fwhm=41nm) (Figure 6E). After 20 min, CdSe size was “1.74” nm with 1S=461nm
(2.69 eV) and PLmax =476nm(fwhm=33nm) (Figure 6F).

This demonstrates CdSe core etching occurs prior to CdS shell-growth.® Fast etching
in hot (octyl)oNH removes CdSe surface material. Going from RT to 200 ° C causes 0.28 nm
deep CdSe surface etching or ~0.5 MLs (cubic-lattice-parameter = 0.605 nm). Assuming that
amine etching proceeds to equal depths on small (1.9 nm) and large (4.7 nm) cores, we
calculate that etching decreases nanocrystal volumes by 38 and 16.8%, respectively. Amine-
induced etching may arise from quick equilibration between free amine, CdSe, and
unidentifiable complexes similar to those in Scheme 1d. Equilibration appears fast and
temperature-dependent and is more prominent with increasing temperature (Figure 6C,D). At
constant temperature, slow ripening occurs as evidenced by steady regrowth of CdSe over
time at 200 ° C (Figure 6E,F).

Growing Very Thick (n > 20) CdS Shells on CdSe. Amine-induced CdSe-etching is

most dramatic when growing very thick (n > 20 MLs) CdS shells. Figure 7 shows TEM of
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CdSe (1.9 nm)/27CdS and CdSe (4.7 nm)/27CdS obtained by attempting to grow CdSe (1.9
nm)/(‘18’)CdS and CdSe (4.7 nm)/(‘18’)CdS, respectively. The disparity between observed
and desired CdS MLs becomes much more prominent as CdS MLs increase (discussion

above).

(C) B CdSe(1.9nm) cores
B CdSe(1.9nm)/27CdS
“CdSe(4.7nm) cores
¥ CdSe(4.7nm)/27CdS

Frequency

Figure 7. Growth of very thick (n > 20) CdSe/nCdS nanocrystals: TEM of (a) CdSe (1.9
nm)/27CdS (17.7 £ 1.3 nm) and (b) CdSe (4.7 nm)/27CdS (20.3 = 1.4 nm). (c)
Corresponding size histograms.

Annealing Time and Injection Rate. Having optimum shell-growth conditions, we
explored annealing and precursor injection rate effects during thick CdSe/nCdS core/shell

growth. Annealing could thicken CdS shells from unreacted precursors or cause CdSe/CdS

interfacial allowing via Se-S exchange and diffusion. We explored annealing using large
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CdSe (4.7 nm)/ 18CdS nanocrystals, picked for easier characterization. Upon annealing at
245 °C for 180 min, TEM showed multiple small ca. 2 nm CdS homonuclei, severely
decreasing the average particle size and widening the size distribution from 13.6 + 3.0 to 7.4
+ 5.6 nm. Without considering CdS homonuclei, size distribution remained 13.9 + 3.2 nm,
and thus annealing did not increase core/shell particle size. Similar effects may occur when
using longer wait times (1-3 h) between SILAR injections,®”’ strengthening the case for
short wait times (15 min).**>*® Seldom mentioned in SILAR literature are injection rate
effects. We attempted growing CdSe/(12°)CdS core/shells using precursor injection rates of
0.2 and 0.4 mL/min and obtained CdSe/ 9.9CdS(10.2 + 1.4 nm) and CdSe/5.5CdS (7.7 £ 0.9
nm; plus many CdS homonuclei), respectively. Therefore, faster injection rates fail in
yielding thick shells.

Structure and Composition Analysis. Small (1.9 = 0.2 nm) CdSe used here has
cubic, zinc blende structure evidenced by energy difference between second (1P) and first
(1S) excitonic (absorption) peaks (1P—1S = 303 + 14 meV, 1S =2.56 + 0.03 eV).”**** Large
(4.7 ( 0.6 nm) CdSe has hexagonal, wurtzite structure evidenced by energy difference
between second (1P) and first (1S) excitonic (absorption) peaks (1P-1S = 32.5 + 0.4 meV,
1S =2.02 + 0.01 eV).”* The presence of hexagonal, wurtzite phase in large CdSe cores is
evidenced by hexagonal packing seen by TEM (Figure 4f) and 002 peak in XRD (Figure 8a).
This agrees with reports on large CdSe made in 1° amines. (See the Experimental Section.)”
After shell growth, TEM shows cubic and tetrahedral morphologies, suggesting that
core/shells derived from small CdSe (1.9 nm) remain mostly cubic, whereas those from large
CdSe (4.7 nm) structurally transform from hexagonal to cubic. Ligand-induced structural

transformations are known,"’ including cases with 1° amines.”® However, XRD shows that
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significant hexagonal domains are still present, as evidenced by 002(hexagonal)-to-100 and
101(cubic) peak ratios (Figure 8a). Unlike CdSe, which prefers hexagonal structure, CdS
prefers cubic structure. CdSe/nCdS core/shells contain much more S than Se: At n > 6 MLs,
<10 wt % and <15 at % is Se (Figure 8b.c). Energy-dispersive X-ray spectroscopy (EDS) on
core/shells with different thickness shows strong correlation between theoretical and

experimental compositions (Figure 8b.c).
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Figure 8. (a) CdSe and CdSe/nCdS(n > 10)XRD (bulk hexagonal-W and cubic-ZB patterns
shown for comparison). Comparison of calculated and experimental (EDX) % weight (b) and
% atom (c) as a function of shell thickness (n) for CdSe (4.7)/nCdS.

Optical Characterization. Ensemble. CdSe/nCdS 1S peak and PLmax red shift with
shell thickness (n) (Figure 5b). This red shift is more pronounced for small CdSe (1.9 nm)

than for large CdSe (4.7 nm) (~100 versus ~15 nm for 15CdS MLs, respectively).” PL

peaks at 30-40% QY for low-to-moderate shell- thicknesses of ca. 4 to 5 MLs, then decreases
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with shell thickness. (Some batches reached ~100% QYs, but typical peaks were ~30-40%;

there is no consensus as to whether this is an inherent property or signals thicker-shell

surface defects.)***

Table 2. Single-Particle Optical Behavior of Thick-Shelled CdSe/nCdS Nanocrystals

>99% non-blinking | >80% non-blinking
sample exciton lifetime (ns) fraction fraction
CdSe(1.9
55 2 63
nm)/15CdS
CdSe(4.7
10 54 93
nm)/15CdS

Single Particle. To learn more about thick-shell CdSe/CdS structure-property

relationships, we recorded single-particle PL exciton lifetime and fluorescence intermittency
(blinking) via fluorescence microscopy. CdSe (1.9 nm)/15CdS and CdSe (4.7 nm)/15CdS PL
exciton-lifetimes were 55 and 10 ns, respectively (Table 2). Significantly shorter PL lifetimes
for large CdSe/CdS indicate stronger electron-hole overlap and agree well with recent
calculations.®” In CdSe (4.7 nm)/15CdS, electron and hole wave functions are both strongly
confined to CdSe core (type-I configuration), resulting in strong electron-hole overlap and
short PL exciton lifetime.”” In contrast, in CdSe (1.9 nm)/CdS, electron wave function
delocalizes out of CdSe core into CdS shell (quasi-type-II configuration), resulting in poor

electron-hole overlap and longer PL exciton lifetime.”

Under the microscope with
continuous 488 nm laser excitation, >99 and >80% nonblinking (constantly on) nanocrystal

fractions for CdSe (1.9 nm)/15CdS are 2 and 63%, respectively; >99 and >80% nonblinking
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fractions for CdSe (4.7 nm)/15CdS are 54 and 93%, respectively. This suggests that type-I
CdSe/nCdS nanocrystals based on larger CdSe (4.7 nm) cores show more suppressed (less)
blinking than quasi-type-II CdSe/nCdS nanocrystals based on smaller CdSe (1.9 nm) cores.
Additional theoretical and experimental spectroscopic studies will be needed to explain this

behavior.

Conclusions

We carried out a thorough investigation of thick-shelled CdSe/nCdS (n > 10)
nanocrystal synthesis using short and accessible 15 min wait times between SILAR
injections. We found successful shell growth presents unique challenges compared to
core/shells with thinner shells. In particular, we explored the effect that added amine, type of
amine (1° vs. 2°), core and precursor concentrations, annealing times, and injection rate have
on the synthesis of these materials. Main obstacles are how to suppress homogeneous
nucleation of CdS, which occurs at high precursor concentration and in the absence of a
ripening agent. Additionally, primary amines decrease cadmium precursor reactivity and lead
to incomplete shell growth. Based on structural and optical characterization, we found added
secondary amine and low core and precursor concentrations, introduced at slow injection
rate, result in core/shells with desired particle size and shell thickness. Amine-induced
surface etching of CdSe cores decreases their effective size prior to shell growth and
significantly affects growth of very thick shells (n>20 MLs). The new general method was
applied to small CdSe(1.9nm) and large CdSe(4.7nm) cores. The CdSe/nCdS nanocrystals
are highly crystalline with a zinc blende crystal structure. Small CdSe(1.9nm) core/shells

have longer PL lifetimes and more pronounced blinking at single particle level compared to
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large CdSe(4.7nm) core/shells. We expect our new synthetic approach will lead to larger

throughput of these materials, increasing availability for fundamental study and application.
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CHAPTER 3
NON-BLINKING QUANTUM DOT FOR 3D SUPER-LOCALIZATION AND HIGH-
PRECISION TRACKING AND SUBDIFFRACTION LUMINESCENCE-
DEPLETION IMAGING
Reprinted with permission from J. Am. Chem. Soc, 2012, 134, 6108 and J. Phys. Chem. C,
2013, 717, 3662.

Copyright © 2012 and 2013

American Chemical Society

3D Super-Localization and High-Precision Tracking

Tracking single-molecule and nanoparticle probes with a precision of sub-nanometer
to a few nanometers is crucial for elucidating nanoscale structures and movements in
biological system. Semiconductors quantum dots hold advantages over traditional organic
fluorophores such as narrow size-tunable emission band,'” and increased photostability.’
However, the use of quantum dots in high-precision tracking has been greatly limited by their
intrinsic trait of single-particle fluorescent intermittency.

Having a reliable, highly reproducible method for the synthesis of non-blinking, giant
CdSe/CdS nanocrystals at hand, we were in a position where we could study their application
to single particle biological (3D) high-precision dynamic tracking.

To test the usefulness of these materials as fluorescent labels in biological systems, a
scanning-angle total internal reflection fluorescence microscope (SA-TIRFM) was
employed.*” The generation of an exponentially decaying evanescent fielf at the surface of
total internal reflection allows for significant background reduction. The SA-TIRFM used
here has an in-house computer program that can accurately determine the ideal illumination

area for a wide range of angles. ** Giant non-blinking CdSe/CdS nanocrystals were used for
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3D dynamic tracking near the total internal reflection (TIR) interface with a sub-10-nm axial
localization precision.

Motor proteins, such as kinesin, are essential to cellular functions by transporting
intracellur cargo throughout the cell. It has been found that by fixing kinesin to surface
followed by introducing solutions of microtubules and adenosine-5’-triphosphate, the

6789 The SA-TIRFM system was used to determine

microtubules will be propelled laterally.
the absolute vertical position of thick-shell nonblinking CdSe/17CdS nanocrysyals in this
system.

The nanocrystals were attached to stationary as well as gliding and self-rotating
microtubules. The self-induced rotation of microtubules functionalized with giant quantum
dots is confined to approximately 50 nm along the z direction. With proper selection of the
incident angle, a vast amount of information from the nonblinking quantum dot movement
trace could be extracted. The incident angle of the excitation laser was varied from 88.3° to
67.3°, which correspondingly varied the fluorescence signal from the nonblinking giant dots
at different axial positions. Using nonlinear least-square fitting, we were able to resolve their
absolute axial distance. The unusually prolonged time that our nonblinking giant dots

remained in the emissive state was the key to the SA-TIRF instrument’s ability to find and

replicate optimal incident illumination angles, and thus provided high localization precision.
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Figure 1. (a) Image set of quantum dots located at different axial positions on stationary
microtubules. (b) Fluorescence intensity decay curves for two representative giant dot
particles. (c¢) Schematic of the SA-TIRFM: Cartoon representing important distances of the
rotational-microtubule nonblinking quantum dot system (not drawn to scale). Light blue
arrow shows angle of incident light and internal reflection.

By controlling the incident light, it is possible to control the depth of the evanescent
field (EF), because this is directly related to the fluorescence intensity decay at various axial
distances (Figure 1). Figure 1 shows the increase in fluorescence signal for two quantum dots
attached to microtubules at different axial positions as the incident angle was varied. Their

absolute axial distances can be determined to be 19.0 + 7.5 and 50.8 + 4.3 nm, by nonlinear

least-square fitting of the intensity curves.”
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Figure 2. Representative trace of a non-blinking quantum dot attached to a rotating
microtubule followed through two periods of rotation.

Figure 2 shows an example trace of a NBQD attached to a rotating microtubule
followed for two full periods. It is easy to observe the maximum and minimum intensities as
the microtubule travels laterally across the surface. The fluorescence intensity trace seen in
Figure 2a was recorded using an incident angle of 80.1°, which produces an EF depth of near
77 nm. The relative change in axial distance Az was calculated to be 49.5 nm, which
translates to the axial distance traveled by the NBQD during microtubule rotation. This value
aligns well with the estimated geometrical constraints previously mentioned. Using a particle
tracking plugin within the open-source program Imagel, we tracked the lateral distance

traveled during the periods of rotation. The distances were measured to be ~3.1 pm for both

rotations. This corresponds to the super-twist length of a microtubule composed of 12
protofilaments.® Analysis and measurement of different traces provided distances of 5.4-5.7
um. These values correspond to a microtubule composed of 14 protofilaments.

In summary, novel quantum dots with suppressed fluorescence intermittency were

used in 3D super-localization and dynamic tracking experiments to achieve exceptionally
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high precision. The combination of the fully automated SA-TIRFM and nonblinking
quantum dots enabled us to find the absolute vertical positions of nonblinking quantum dots
attached along the rotational axis of stationary microtubules. The ability to easily tune the
incident illumination angle and the stable fluorescence signal of nonblinking quantum dots
allowed us to discern the self-rotation of kinesin-driven microtubules taking place within a
limited axial width. Looking forward, as the understanding of fluorescence intermittency

increases, QDs will continue to become more versatile in their applications.

Subdiffraction, Luminescence-Depletion Imaging

We also studied thick-shelled CdSe/CdS non-blinking quantum dots via stimulated
emission depletion (STED) microscopy, an imaging method capable of providing a signal
that is below the diffraction limit.'" In this technique, two overlapped laser beams are applied
to the target fluorophore. An inner beam excites the target fluorophore, while the wavelength
of a ring-shaped outer beam is tuned to the red edge of the fluorophore’s emission spectrum.

The resulting signal from the center of the excitation profile is below the diffraction limit.

Giant Nanocrystal
Quantum Dots

Luminescence
Confocal Depletion

500 nm

13 nm

Figure 3. Schematic of CdSe/CdS core-shell giant quantum dots and example sub-diffraction
images. Applying diffraction-limited confocal luminescence imaging provided an average
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full width at half maximum (FWHM) of 450+90nm, while luminescence depletion imaging
gave an average FWHM of 40 + 10 nm.

The confocal and LD images of 12 quantum dots are shown in Figure 4. The confocal
images were recorded using only the excitation beam, while both the excitation and depletion
beams were incident upon the sample for the LD images. The improvement in the spatial
resolution of the LD images is evident by the smaller feature size. In the confocal images,
there are occasional rows of lower luminescence intensity compared to the rest of the pixels
representing the g- NQD. This is attributed to a few intermittent blinking periods,
characteristic of even the best g-NQDs. The amount of intermittent blinking recorded in the
LD images is significantly lower than that in the confocal images, and is only observed for g-
NQD number 6. This is expected, since the total time used to collect the nanoparticle’s
luminescence signal (not the time the nanoparticle is exposed to the laser) in the LD mode is
97.7 + 0.8% shorter than that used to collect the confocal image.

Cross sections were measured for each g-NQD shown in Figure 4, and representative
cross sections are shown in Figure 5. The confocal cross sections were best fit to Gaussians,
while the LD cross sections were best fit to Lorentzians. The representative cross sections in
Figure 5 show a resolution enhancement, as defined by the full width at half-maximum
(fwhm), from 398 nm for the confocal mode to 43 nm for the LD mode. The average fwhm
values for 12 g-NQDs are given in Table 1. The average cross section is 450 = 90 and 40 +
10 nm for the confocal and LD modes, respectively. For comparison, the actual “physical”

average particle size measured by transmission electron microscopy is 13 + 2 nm.
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Confocal LD Confocal

Figure 4. Images of 12 g-NQDs measured in the confocal and LD modes. The confocal
images were collected after blocking the depletion beam, and the doughnut shaped depletion
beam was unblocked to generate the LD images. The scan direction was from left to right
and back right to left with a stage step size of 15.6 nm. A stage repeatability of tens of
nanometers results in a small shift from the confocal to LD image. Scale bars are all equal to

500 nm.
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Figure 5. Representative cross sections and associated fits for a g- NQD in confocal (open
black circles, Gaussian fit with 398 fwhm) and time-gated LD (solid red squares, Lorentzian
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fit with 43 nm fwhm) modes. The time-gate applied to the LD images yields an improvement
of 2.25 fold over the ungated LD data. A 7x average lateral resolution improvement is
observed for the time-gated STED data over the system’s diffraction limit.

Luminescence depletion images of CdSe/14CdS giant nanocrystal quantum dots (g-
NQDs) with 13 + 2 nm particle size have been imaged with 40 + 10 nm spatial resolution.
The mode of resolution enhancement over the diffraction limit is through depletion of the g-
NQDs luminescence, suggested to be the result of stimulated emission and absorption
working individually or in concert. Time-correlated, single-photon counting detection
allowed the signal to be time-gated, which is required for achieving 40 nm spatial resolution.
Critical for obtaining this result is that photobleaching was not observed, permitting high
quality measurements with extended dwell times that would be difficult to obtain under

conditions where photobleaching was present. We conclude that g-NQDs show great promise

as robust fluorescent labels for subdiffraction measurements in densely populated systems.
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CHAPTER 4
NEAR-INFRARED PHOTOLUMINESCENCE ENHANCEMENT IN Ge/CdS AND
Ge/ZnS CORE/SHELL NANOCRYSTALS: UTILIZING IV/II-VI
SEMICONDUCTOR EPITAXY
A paper to be submitted to ACS Nano
Yijun Guo, Clare E. Rowland, Richard D. Schaller, Javier Vela

Abstract

Ge nanocrystals have a large Bohr radius and a small, size-tunable band gap that may
engender direct character via strain or doping effects. Colloidal Ge nanocrystals are
particularly interesting in the development of near-infrared materials for applications in bio-
imaging, telecommunications and energy conversion. Epitaxial growth of a passivating shell
is a common strategy employed in the synthesis of highly luminescent II-VI, III-V and IV-VI
semiconductor quantum dots. Here, we use relatively unexplored IV/II-VI epitaxy as a way
to enhance the photoluminescence and improve the optical stability of colloidal Ge
nanocrystals. Selected based on their relatively small lattice mismatch compared with
crystalline Ge, we explore the growth of epitaxial CdS and ZnS shells using the successive
ion layer adsorption and reaction method. Powder X-ray diffraction and electron microscopy
techniques, including energy dispersive X-ray spectroscopy and selected area electron
diffraction clearly show the controllable growth of as many as twenty epitaxial monolayers
of CdS atop Ge cores. In contrast, Ge etching and/or replacement by ZnS result in relatively
small Ge/ZnS nanocrystals. The presence of an epitaxial II-VI shell greatly enhances the
near-infrared photoluminescence and improves the photoluminescence stability of Ge. Ge/Il-

VI nanocrystals are reproducibly one-to-three orders of magnitude brighter than the brightest
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Ge cores. Ge/4.9CdS core/shells show the highest photoluminescence quantum yield and
longest radiative recombination lifetime. Thiol ligand exchange easily results in near-infrared
active, water-soluble Ge/II-VI nanocrystals. We expect our new synthetic IV/II-VI epitaxial
approach will lead to further studies into the optoelectronic behavior and practical

applications of Si and Ge-based nanomaterials.

Introduction

Elemental germanium (Ge) is a relatively abundant and robust, covalent
semiconductor.' Ge has a small indirect band gap (0.661 ¢V or 1876 nm) and a large Bohr
radius (24 nm), which together theoretically provide for a wide range of emission energies

>34 Further, recent reports suggest that

attainable via size-tunable quantum confinement.
strain™®’ and doping strategies® may result in direct band gap Ge nanostructures. As such, Ge
is particularly interesting in the development of near-infrared (near-IR) active quantum dot
fluorophores for applications in biology (imaging and tracking), telecommunications, and
energy conversion (photovoltaics, photocatalysis).

Different routes exist for the synthesis of low dimensional Ge. Reduction of Gel, with
LiAlH,’ or hexamethyldisilazane/oleylamine'® and microwave reduction of Gel, and Gel,
with oleylamine result in colloidal Ge nanocrystals.' Reduction of Ge(OEt), with
trialkoxysilanes'> and thermal processing of polymeric sol-gel organogermanium oxides (-
PhGeO, 5-)"*'* result in SiO»- and GeO,-supported Ge nanocrystals, respectively. Pulsed-

laser photolysis of GeMe, in the gas phase also yields Ge nanocrystals.”” Thermal

disproportionation of hydrogen silsesquioxane (HsSisOj2) and Gel, results in Sig45Geg ss
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nanocrystals.'® A mixed valence iodide reduction method enables the synthesis of alloyed
Ge,xEx nanocrystals (E = Al, P, Ga, As, In, Sn, Sb, where x > 45%).17

Some Ge syntheses reportedly produce fluorescent (photoluminescent) Ge
nanocrystals. Reduction of GeCls with NaBH4 in polyvinylpyrrolidone (PVP) at room
temperature (R.T.)'® and laser ablation of H-terminated Ge wafers" produce violet (380 nm)
and blue (450 nm) emitting Ge nanocrystals, respectively. Templated oxidative
polymerization of Zintl (Geo)* clusters produces hexagonal Ge mesopores (3.1-3.2 nm pore
size) characterized by large surface areas (404-451 m*/g) and tunable (1.3 to 2.2 nm), wall
thickness-dependent photoluminescence (PL, 640-672 nm).***'*>**%> A small subset of
available syntheses are believed to produce Ge nanocrystals that emit in the near-IR (800-
2500 nm, also called “NIR” region). Reduction of Gel, with nBuLi in hexadecylamine, *°
Gely and Gel, with hexadecyl- or oleyl-amine,”’ or gaseous GeCl, with H, in a plasma were
reported to produce near-IR emitting Ge nanocrystals with tunable band gap.*® Near-IR PL
quantum yields as high as 8% are reported,*® but much more typically hover between zero (0)
and below 1%. Epitaxial growth of a surface-passivating layer is a common strategy
employed in the synthesis of highly luminescent II-VI, III-V and IV-VI semiconductor

29,30,31,32,33,34,35,36,37,38

quantum dots. Here, we utilize relatively-unexplored I'V/II-VI epitaxy to

enhance the photoluminescence and improve the optical stability of Ge nanocrystals.™**°

Results and Discussion
Ge crystal chemistry. Elemental germanium adopts the diamond crystal structure that
is common to all group IV semiconductors (C, Si, Ge, Sn, Pb) (Figure 1). This diamond

structure is topologically similar to, or isotopic with the zinc blende (sphalerite) crystal
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structure adopted by many II-VI and III-V semiconductors. In both the diamond and zinc
blende structures, each and every atom (or ion) is tetrahedrally coordinated. In the diamond
structure, the same atom occupies all positions (for example, Ge as in Ge-Ge-Ge-Ge) (Figure
la), whereas in the zinc blende structure, two different ions alternate positions (for example,

Zn*" and S* as in Zn-S-Zn-S) (Figure 1b).

Figure 1. Unit cells of (a) cubic ZnS or CdS (zinc blende), (b) cubic Ge (diamond), (c)
hexagonal ZnS or CdS (wurtzite), and (d) hypothetical hexagonal Ge (gray: Zn or Cd; orange:
S; brown: Ge).

Selecting shell materials for Ge epitaxy. Because highly crystalline semiconductors

tend to possess superior optical qualities, core/shell and multilayer nanostructures require the
structure of their individual components to be similar enough so that all interfacial
boundaries remain defect-free. In other words, interfacial epitaxy between the different

phases must have strict continuity. In a core/shell, this can only be accomplished when the
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core and shell materials have identical and/or very similar crystal structures or, more
specifically, when both materials are isostructural (isotopic) and share a similar lattice

41,42

constant (exceptions are uncommon among optical materials™ *°). As an example, the small

lattice mismatch (-3.7%, Table 1) between isostructural CdSe and CdS allowed the growth of

43,4445

thick epitaxial CdS shells on top of CdSe cores. The resulting high quality, “giant”

CdSe/CdS core/shell nanocrystals remain the best example of non-blinking quantum dot

46,47,48,49,50,51,52

fluorophores to date, which allowed their use in 3D super-localization,

dynamic tracking, and subdiffraction spatial resolution luminescence depletion

. . 53,5455
imaging.”""

In contrast, the large lattice mismatch (-11%, Table 1) between CdSe and ZnS
did not allow the growth of real (complete) ZnS shells on CdSe cores. Only isolated ZnS
islands could be grown on the surface of CdSe cores.” For this reason, we decided to
investigate shell materials that can adopt a cubic, zinc blende structure with a similar lattice
parameter to that of cubic, diamond Ge. Several II-VI and III-V semiconductors are available
for this purpose (Table 1). However, we focused on II-VI semiconductors because these are
known to be much more chemically and photochemically robust compared to II-V
semiconductors. Here, we specifically explore CdS and ZnS as shell materials because the
lattice mismatch between these and Ge is relatively small at +3.1 and -4.4, respectively
(Table 1). In addition, the valence and conduction energy levels of Ge, CdS and ZnS are such
that either type 1 (Ge/ZnS, Ge/CdS) or quasi-type II (Ge/CdS) heterostructures could be

possible depending on the relative size of the Ge core and the thickness of the II-VI shell

(Figure 2).*
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Table 1. Structural and optical properties of II-VI and IV semiconductors: Cores vs. possible
epitaxial shell materials.

Core/ Crystal Lattice parameters Band Core quantized (qdot) range
shell structure (% lattice mismatch)® gap Bulk value
Type
V/IV and IV/II-VI core/shells
Ge/ Diamond 5.658 A (0%) Indirect  0.664 eV (1870 nm)  1.46-0.77 eV (850-1600 nm)
Si Diamond 5.431 A (-4.0%) Indirect 1.12eV (1110 nm) -
CdsS Zinc blende 5.832 A (+3.1%) Direct 2.40 eV (520 nm) -
ZnS Zinc blende 5.4063 A (-4.4%) Direct 3.60 eV (344 nm) -
ZnSe Zinc blende 5.6676 A (+0.17%) Direct 2.70 eV (460 nm) -
HI-VI/II-VI core/shells (previously synthesized, refs. 29, 30, 43-45)
CdSe/ Wurtzite” 4.299,7.010 A (0%) Direct 1.74 eV (713 nm) 2.53-1.94 eV (490-640 nm)
CdsS Wurtzite” 4.1348,6.749 A (-3.7%)  Direct 2.40 eV (520 nm) -
ZnS Wurtzite” 3.814,6.258 A (-11%) Direct 3.60 eV (344 nm) -
IHI-V/II-VI core/shells (previously synthesized, refs. 31, 36-38)
InP/ Zinc blende” 5.86875 A (0%) Direct 1.34 ¢V (925 nm) 2.53-1.77 eV (490-700 nm)
CdS Zinc blende™®  5.832 A (-0.63%) Direct 2.40 eV (520 nm) -

“Calculated lattice mismatches for II-VI/II-VI and II1-V/II-VI core/shells are similar regardless of whether zinc blende (cubic) or
wurtzite (hexagonal) structures are considered. “InP/CdS were reported to have a wurtzite structure. “Calculated as: 100 x [(Shell
lattice parameter - core lattice parameter) / core parameter], positive (+) and negative (-) values correspond to core-to-shell lattice
expansion and compression, respectively.
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Figure 2. Compilation of valence and conduction energy levels, as well as ionization
potentials and electron affinities reported for Ge, ZnS and CdS semiconductors. Si, ZnSe and
CdSe are also shown for comparison. The “QD” levels represent maximum band gap
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widening due to the effect of quantum confinement in low dimensional (nanosized)
semiconductors.

IV/II-VI epitaxy: Synthesis of Ge/CdS core/shell nanocrystals. Nanocrystalline Ge
cores, freshly synthesized by reduction of Gel2 with n-butyllithium® were reacted with
enough Cd and S precursors alternately to form one atomic monolayer (ML) of CdS at a time
using the Successive Ion Layer Adsorption and Reaction (SILAR) method.**”” We originally
carried out this procedure by adding the S precursor solution first, followed by adding the Cd
precursor solution (S first, Cd second). Based on the relative electronegativity values ()pauling)
of Ge (2.01), S (2.58) and O (3.44), oxidation of Ge by S is similar to its oxidation by
oxygen, but with a smaller driving force. We thus speculated this could permit a mild and
controllable, shallow oxidation of the outermost layer of Ge atoms by S, forming strong Ge-S
bonds and allowing shell growth to initiate more smoothly (Scheme 1). However, subsequent
experiments showed that the specific order of precursor addition does not matter. Starting
with Cd precursor addition, followed by S addition (Cd first, S second) was just as effective
in growing thick CdS shells atop Ge cores.

Scheme 1. Illustration of the sulfur-based surface “priming” approach initially used in the
synthesis of Ge/CdS and Ge/ZnS core/shell nanocrystals (a). The experimental setup uses
two programmable syringe pumps containing the two separate M (Cd or Zn) and S precursor

solutions (b).

Sg/ODE M(oleate),
O 0 © e

Ge core (M =Cd orZn) Ge/MS
core/shell
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Figure 3 shows transmission electron microscopy (TEM) analyses for a typical shell
growth procedure. Starting with cubic Ge cores (with a size or diameter of 4.6+0.7 nm), we
were able to grow Ge/nCdS with varying shell thicknesses of up to ca. n = 20 CdS
monolayers (MLs): Ge/3.1CdS (6.4+0.8 nm), Ge/4.9CdS (7.4+1.0 nm), Ge/10.5CdS
(10.7£1.3 nm), and Ge/18.8CdS (15.5+1.8 nm) (Table 2). All the Ge/CdS core/shell
nanocrystal samples have a narrow size distribution (11-13%), comparable or narrower than

the initial Ge cores (15%), thus their isolation did not require any size selection.
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Figure 3. Ge core and thick-shell Ge/nCdS core/shell nanocrystals (n = number of MLs): (a)
Ge (4.6+£0.7 nm), (b) Ge/3.1CdS (6.4+0.8 nm), (c) Ge/4.9CdS (7.4+1.0 nm), (d) Ge/10.5CdS
(10.7£1.3 nm), (e) Ge/18.8CdS (15.5£1.8 nm), (f) SAED pattern of Ge/4.9CdS nanocrystals,
and (g) overall size histograms (>200 particles counted in each case).
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Table 2. Synthesis of Ge/II-VI Core/shell Nanocrystals.

Sample Size (nm) Composition: Ge, M (Cd or Zn), S Theoretical Ge XRD phase(s)
Theoretical EDS core volume
Ge 4.6+0.7 100, 0, 0 100, 0,0 100% diamond (cubic)
Ge/3.1CdS 6.4+0.8 40, 30, 30 1644, 4343, 4142 38% n.d.’
Ge/4.9CdS 7.4+1.0 25,38, 38 542, 4246, 5347 23% 17% zinc blende (cubic) +

83% wurtzite (hexagonal)

Ge/10.5CdS 10.7£1.3 9, 46, 46 2.0+0.5, 49+4, 49+4 8% 7% zinc blende (cubic) +
93% waurtzite (hexagonal)

Ge/18.8CdS 15.5+1.8 3,49, 49 2+1, 4746, 50+6 3% 12% zinc blende (cubic) +
88% wurtzite (hexagonal)

Ge/ZnS* 3.8+0.7 n.d.” 1343, 3745, 49+£5 n.d.” zinc blende (cubic)

“Partial Ge etching may have occurred (see below), exact no. of MLs unknown. “Not determined.

During CdS shell growth, the shape of the Ge/CdS core/shells slowly transforms from
spheres (Ge and Ge/3.1CdS) to tetrahedral prisms (Ge/10.5CdS and Ge/18.8CdS) (Figure 3a-
d). A tetrahedral morphology is usually a strong indication of a cubic crystal structure.
However, powder X-ray diffraction (XRD) (Figure 4) and selected area electron diffraction
(SAED) (Figure 3f) are both consistent with all the Ge/CdS core/shells containing a mixture
of hexagonal and cubic structures. We believe a plausible explanation for the observed shape
evolution is that the original cubic (diamond) structure of the Ge cores could be dictating the
final shape of the Ge/CdS core/shells. Crystalline Ge is a covalent material made up of strong
Ge-Ge cores. Cubic to hexagonal transformations of Ge may thus involve a large activation
energy barrier and may not be nearly as common as for II-VI semiconductors. In fact,
hexagonal Ge remains unknown under standard ambient conditions. In contrast, the epitaxial
CdS shell could easily adopt a hexagonal (wurtzite) structure, or a cubic (zinc blende)
structure, or any combination of the two. Based on the XRD data, Ge/nCdS core/shells
having between 5 and 19 MLs are anywhere between 7-17% cubic and between 83-93%

hexagonal (Table 2). This is consistent with the fraction of the core/shells made up by the
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relatively small Ge core. Based on the number of MLs calculated from TEM data (size
histograms), the theoretical Ge core volume falls quickly from 23% to 3% on going from
Ge/5CdS and Ge/19CdS, respectively. We also note that, among the possible impurities
possible for Ge-based materials, neither the initial Ge cores nor the resulting Ge/CdS

core/shells showed any conclusive evidence of GeO,, GeS, or GeS (Figure 4).
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Figure 4. Powder X-Ray diffraction patterns of Ge, Ge/CdS and Ge/ZnS nanocrystals
(experimental), and of bulk GeO,, Ge, CdS and ZnS (for comparison).

Elemental mapping and composition analyses of several individual particles by
energy dispersive X-ray spectroscopy (EDX) confirmed the presence and homogeneous
distribution of all three Ge, M (Cd or Zn) and S elements within all particles. These data,
summarized in Table 2, show good agreement with the theoretical elemental composition
calculated from the number of MLs obtained from TEM. Figure 5 shows representative EDX
elemental mapping data for Ge/10.5CdS core/shell nanocrystals. Because the core makes

only a very small fraction of the sample (ca. 8% in volume, see Table 2), the Ge signal-to-
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noise (S/N) ratio is low. Nevertheless, we found no evidence of phase segregation in any

Ge/II-VI sample using EDX.

Figure 5. EDX elemental mapping of Ge/10.5CdS nanocrystals does not show any clear
evidence of phase segregation (Notes: Shown are four identical or “registered” areas within
the same sample; only 8% of this sample's volume is made of Ge, see Table 2).

Synthesis of Ge/ZnS nanocrystals. We also explored a similar SILAR procedure to

grow epitaxial ZnS shells on Ge cores. This resulted in Ge/ZnS nanocrystals (3.8+0.7nm)
that are either comparable in size or slightly smaller than the initial Ge cores (4.6+0.7 nm)
(Figure 6 and Table 2). EDX data of several such particles across multiple areas of different
samples consistently showed the presence of all three Ge, Zn and S in significant ratios: 1343,
37+5 and 49+5 atom%, respectively (Table 2). Of course, it is impossible for the particle size
to decrease upon shell growth. Thus, we conclude that the original Ge cores must be

34,58,59,60,61

undergoing either etching and/or partial exchange by ZnS.> Because the resulting

nanocrystals still show the NIR photoluminescence characteristic of Ge, we also conclude

www.manaraa.com



65

that these nanocrystals must have either a core/shell or graded Ge/ZnS composition.®* On
thinking about why we observe this etching or exchange behavior with ZnS and not with CdS,
we note the following differences: First, based on lattice parameters, ZnS leads to
compression (-4.4%) while CdS leads to expansion (+3.1%) of the Ge core (Table 1); second,
according to Pearson's theory of Hard and Soft Acids and Bases (HSAB)*™® Zn* is a
borderline acid while Cd*" is a soft acid; and third, the 0.1 M Zn(oleate), precursor solution
contains a somewhat higher concentration of excess oleic acid (0.68 M) compared to the 0.1
M Cd(oleate), precursor solution (0.24 M) (see below Methods). However, none of these
differences provides an immediate or obvious explanation for the observed behavior. A much
more detailed study of the underlying causes behind this particular effect is out of the scope

of the present manuscript, but will be the subject of a separate article.
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Figure 6. Ge core and Ge/ZnS nanocrystals: (a) Ge (4.6+0.7 nm), (b) Ge/ZnS (3.8+0.7nm),
(c) size histograms (>200 particles counted in each case).

Photoluminescence enhancement in Ge/II-VI nanocrystals. Growth of an epitaxial II-

VI shell greatly enhances the NIR PL intensity and improves the NIR PL stability of Ge

nanocrystals (Table 3, Figures 7 and 8). All the Ge/CdS core/shells and Ge/ZnS nanocrystals

we have made showed NIR PL and retained their NIR PL over a period of several months,
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regardless of shell thickness or composition. Among the Ge/CdS core/shell nanocrystals with
different number of MLs that we studied, Ge/4.9CdS had the highest NIR PL quantum yield
of 1.2% (almost three thousand times brighter than the best Ge cores), as well as the longest

PL decay lifetime of 2.740+0.01 ps (Table 3 and Figure 8). Additional shell growth lowered

the relative PL intensity, as observed previously for giant, thick-shelled CdSe/CdS core/shell
nanocrystals (an effect that was attributed to the eventual appearance of cracks or defects due

. . 29,4445
to excessive strain effects).” ™

Nevertheless, all Ge/II-VI nanocrystals consistently showed
one-to-three (10-103x) orders of magnitude more intense NIR PL compared to the brightest
bare Ge nanocrystals we ever obtained, which produced only 0.0004%, if and when emission
was detectable. In fact, Ge cores made by reduction of Gel, with nBuLi in hexadecylamine
and ODE (see Methods) were only photo luminescent in a minority of cases; roughly one out
of every ten or twenty Ge batches made produced measurable PL. Because even the best Ge
cores were so weakly emitting, we were unable to measure their PL lifetime (Figure 8b).
While the lack of a Ge core-only excited-state lifetime prevents a definitive statement, we
note that measured core/shell lifetimes, as shown in Figure 8 and summarized in Table 3
(single exponential fit of the long-lived decay), all fall within a factor of 5 of each other for

various CdS shell thicknesses as well as for ZnS. Such comparable lifetimes suggest Type-I

band alignment as suggested in Figure 2 for these compositions.

Table 3. Representative Photoluminescence Properties of Ge/lI-VI Core/shell Nanocrystals.

Sample QY (%) PL Enhancement” Lifetime (ns)
Ge 0.00041 x 1 nd’
Ge/3.1CdS 0.050 x 120 2280430
Ge/4.9CdS 1.2 x 2930 2740+11
Ge/4.9CdS in water 0.0029 x 7 596+52
Ge/10.5CdS 0.066 x 160 2440432
Ge/18.8CdS 0.0060 x 15 18204261
Ge/ZnS 0.23 x 560 55113
Ge/ZnS in water 0.0072 x 18 943+19
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“Relative PL intensity of the Ge cores was set to 1. “Not determined: PL was too weak to measure a lifetime.
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Figure 7. Representative solution phase absorption spectra (a) and solid phase (film)
absorption spectra (calculated from diffuse reflectance data, b) for Ge/CdS core/shell
nanocrystals. The two clear absorption edges evident at 520 nm (a) and ca. 800 nm (b)
originate from the thick CdS shell®>**** and Ge core,***® respectively.
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Figure 8. (a) Photoluminescence spectra of Ge, Ge/3.1CdS, Ge/4.9CdS, Ge/10.5CdS and
Ge/18.8CdS nanocrystals (normalized by optical density (absorbance) at the excitation
wavelength, Aexe = 532 nm). (b) Time-resolved photoluminescence decay of Ge, Ge/3.1CdS,
Ge/4.9CdS, Ge/10.5CdS and Ge/18.8CdS nanocrystals (Aexe = 450 nm).

To confirm that Ge, rather than CdS traps, are responsible for the observed near-IR
PL (900-1100 nm), we utilized a redder excitation to recollect the photoluminescence data.
As shown in Figure 9, the PL spectra of Ge/CdS core/shell nanocrystals collected using 532

nm vs. 705 nm laser excitation are very comparable. Because the CdS shell, with a band gap
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of ca. 520 nm (2.48 eV), cannot absorb or get excited with the much redder 705 nm laser, we

conclude that the Ge core —rather than the CdS shell- is indeed responsible for the observed

near-IR emission.

PL Intensity (a. u.)

Ge/4 .9CdS exc: 705 nm

700 800 900 1000 1100 1200
Wavelength (nm)

Figure 9. Photoluminescence spectra of Ge/4.9CdS nanocrystals collected with two different
excitation wavelengths, Aexe = 532 nm vs. Aexe = 705 nm (arbitrarily normalized).

Aqueous solubilization via ligand exchange. Ge/II-VI nanocrystals (both Ge/CdS and

Ge/ZnS) easily transfer from organic (typically toluene, hexane or chloroform) to aqueous
phase upon ligand exchange with a suitable, water-soluble thiol. Scheme 2 graphically shows
this procedure using Ge/4.9CdS and mercaptosuccinic acid as a representative example (see
Methods) (Figure 10). Unfortunately, ligand exchange and/or water solubilization results in a
decrease of PL intensity. However, the resulting water-soluble Ge/II-VI nanocrystals are still

ten times (10x) brighter than the best, uncoated Ge cores (Table 3), which cannot be easily

transferred to water.
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Scheme 2. Solubilization of Ge/4.9CdS nanocrystals in water via thiol ligand exchange.
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Figure 10. Photoluminescence spectra of Ge/4.9CdS core/shell nanocrystals in toluene and
in water (after thiol ligand exchange) with A, = 532 (the PL intensities are not relative and

were arbitrarily normalized).

Conclusion

Inspired by the prospect of using IV/II-VI epitaxy in colloidal semiconductors, we
carried out a thorough investigation on the colloidal synthesis of thick-shelled Ge/MS (M =

Cd or Zn) core/shell nanocrystals. We chose CdS and ZnS as shell materials based on their
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low lattice mismatch with crystalline Ge. Freshly prepared Ge cores were alternately reacted
with enough metal (Cd or Zn) and sulfur (S) precursors to form one epitaxial atomic
monolayer at a time using the SILAR method. Elemental mapping confirmed the presence
and homogeneous distribution of Ge, M (Cd or Zn) and S elements in all samples. Further,
we did not find any evidence of phase segregation in the several Ge/CdS and Ge/ZnS
nanocrystals that we made and measured. In addition, analysis of Ge/CdS core/shells with
different shell thickness showed a strong correlation between their theoretically expected and
experimentally measured elemental compositions. We observed the shape evolution
(morphology transformation) of Ge/CdS nanocrystals from spheres to tetrahedral prisms
during shell growth. We believe the original cubic structure of the Ge cores played an
important role in dictating the final morphology of the Ge/CdS core/shells. In contrast to
Ge/CdS, Ge/ZnS nanocrystals did not show the expected larger particle size compared to the
initial Ge cores. We attribute this behavior to the combined effect of etching and exchange of
Ge by ZnS.

Growth of a CdS or ZnS shell greatly enhances the near-infrared (NIR)
photoluminescence intensity and improves the NIR photoluminescence stability of Ge
nanocrystals. In general, all Ge/lI-VI heterostrucutures showed one-to-three orders of
magnitude more intense NIR emission compared to the original Ge cores. All the Ge/CdS
and Ge/ZnS nanocrystals retained their NIR photoluminescence after several months.
Ge/4.9CdS showed the highest NIR quantum yield and longest PL lifetime. Although there is
clearly room for improvement, the achieved PL level is already three thousand times brighter
than the most emissive Ge cores we were able to make using literature procedures.

Additional CdS shell growth caused a decrease in quantum yield, possibly due to the
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introduction of defects due to strain effects. Ge/II-VI nanocrystals easily transfer from
organic to aqueous phase upon thiol ligand exchange. We expect that these results will
extend the arsenal of quantum dot fluorophores available, particularly near-IR active
quantum dots, for fundamental optoelectronic studies as well as for biological imaging and

tracking, telecommunications, and energy conversion applications.

Experimental Section

Materials. Cadmium oxide (CdO, 99.998%), zinc oxide (ZnO, 99.99%), sulfur (Ss,
99.999%) and oleic acid (90%) were purchased from Alfa Aesar; n-butyllithium (n-BuLi, 1.6
M hexane solution), dioctylamine (octylbNH, 98%), tetramethylammoniumhydroxide
pentahydrate (MesNOH*5H,0, >97%) and mercaptosuccinic acid (97%) from Sigma-Aldrich;
hexadecylamine (hexadecylNH,, 98%) and 1-octadecene (ODE, 90%) from Acros; sodium
chloride (NaCl) from Fisher; and germanium(Il) iodide (Gels, 99.99+%-Ge) from Strem.
Procedures were performed under a dry inert gas atmosphere (N, or Ar) inside a glovebox or
a Schlenk line unless specified otherwise.

Synthesis. Ge cores. Ge was synthesized by a modified literature procedure.*® Inside a
dry N,-filled glove box, Gel, (0.05 g, 0.15 mmol), hexadecylamine (0.75 g, 3.11 mmol) and
a Teflon-coated stir bar were added to an oven dry, four-neck 250 mL round bottom (R.B.)
flask. The flask was fitted with a condenser and the system sealed and brought out and
connected to a vacuum line. The contents were degassed under vacuum at 80 °C for 30 min,
refilled with dry Ar, and heated to 200 °C. After 5 min at this temperature, a mixture of n-
BuLi (0.2 mL of 1.6 M hexane solution) and ODE (0.75 mL) made inside the dry-N, filled

glove box was quickly injected. The mixture was heated to and annealed at 300 °C for 1 h.
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The mixture was then allowed to cool down to R.T. The freshly prepared Ge cores were
allowed to remain in the crude solution (without washing) under a constant stream of dry Ar
until further processing (see Shell Growth below).

Ge/MS nanocrystals (M = Cd or Zn): Precursor solutions. Cd, Zn and S stock
solutions were made by a previously reported procedure:** 0.2 M Cd(oleate),. CdO (318 mg,
2.48 mmol), oleic acid (3.09 g, 10.94 mmol), and ODE (7.11 g, 28.16 mmol) were degassed
under vacuum at 80 °C for 60 min, refilled with Ar, and heated to 240 °C until optically clear.
0.1 M Cd(oleate),-amine. (octyl),NH (12.5 mL, 41.36 mmol) was degassed under vacuum at
80 °C for 30 min, refilled with Ar, and transferred to another flask containing 0.2 M
Cd(oleate), (12.5 mL). The mixture was stirred at 60 °C for 20 min. 0.2 M Zn(oleate),. ZnO
(203 mg, 2.49 mmol), oleic acid (6.18 g, 21.88 mmol), and ODE (4.41 g, 17.47 mmol) were
degassed under vacuum at 80 °C for 60 min, refilled with Ar, and heated to 240°C until
optically clear. 0.1 M Zn(oleate),-amine. (octyl)NH (12.5 mL, 41.36 mmol) was degassed
under vacuum at 80 °C for 30 min, refilled with Ar, and transferred to another flask
containing 0.2 M Zn(oleate), (12.5 mL). The mixture was stirred at 60 °C for 20 min. 0.1 M
Sg precursor solution. Sg (79.0 mg, 2.47 mmol) and ODE (19.73 g, 78.13 mmol) were
degassed under vacuum at 80 °C for 30 min, refilled with Ar, heated to 180 °C for 20 min
until optically clear. Shell Growth. ODE (1.5 mL, 4.69 mmol) and dioctylamine (1.5 mL,
4.96 mmol) were introduced to the four-neck 250 mL R.B. flask where the freshly made Ge
cores were kept. The mixture was degassed under vacuum at 80 °C for 30 min, refilled with
Ar, and heated to a constant shell growth temperature 230 °C. M (Cd or Zn) and S precursors
were introduced in an alternating fashion using two programmable syringe pumps, each

followed by a 15 min wait period. Either the S (preferred) precursor or the M precursor (Cd
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or Zn, also ok) was injected first. Shell growth was monitored by absorption or transmission
electron microscopy (TEM) (below) using aliquots (0.05 mL) taken at different shell growth
stages. The mixture was allowed to cool to R.T. 15 min after the last M (Cd or Zn) or S
injection. Purification. Core/shell nanocrystals were washed three times by precipitation with
1:1 or 1:3 v/v acetone/methanol mixtures and centrifugation at 4200 rpm for 5 min, using
each time toluene as the re-dissolution solvent. Transfer to water via ligand exchange. 0.5
mL of “crude” (unpurified) Ge/MS and mercaptosuccinic acid (100 mg, 0.67 mmol) were
dissolved in toluene (2.5 mL). A solution of tetramethylammonium hydroxide pentahydrate
(600 mg, 3.31 mmol) de-ionized (“de-i”) water (3 mL) was added. The mixture was
transferred into a vial coated with aluminum foil and vigorously stirred overnight. Water-
soluble Ge/nMS were washed once or twice by precipitation with brine (saturated NaCl
solution) and centrifugation at 4200 rpm for 5 min, using each time de-ionized water as re-
dissolution solvent.

Structural Characterization. Powder X-ray diffraction (XRD) was measured using Cu

Ka radiation on Scintag XDS-2000 diffractometer. Transmission Electron Microscopy (TEM)
was conducted on carbon-coated copper grids using FEI Technai G2 F20 field emission
scanning transmission electron microscope (STEM) at 200 kV (point-to-point resolution
<0.25 nm, line-to-line resolution <0.10 nm). Elemental composition was characterized by
energy-dispersive spectroscopy (EDS). Particle Analysis. Dimensions were measured
manually or with ImageJ for >200 particles. Average sizes (diameters) are reported =+
standard deviations.

Optical Characterization. Absorption spectra were measured with an Agilent 8453

UV-Vis photodiode array spectrophotometer. Steady-state PL spectra were measured by
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exciting the sample with a 532 nm diode laser and directing the collected PL to a 0.3 m
spectrometer and liquid nitrogen-cooled InGaAs photodiode array. Comparison of integrated
PL intensity to the organic dye IR-26 (0.05% QY) was used to determine quantum yields.®>%
Time-resolved PL was measured using time-correlated single photon counting (TCSPC).
Samples were photoexcited with a 35-ps pulsewidth, 450-nm diode laser operated between

100 and 400 kHz. TCSPC was then recorded at the PL spectrum maximum using an

avalanche photodiode.
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CHAPTER 5
SHAPE-PROGRAMMED NANOFABRICATION: UNDERSTANDING THE
REACTIVITY OF DICHALCOGENIDE PRECURSORS
Reprinted with permission from ACS Nano, 2013, 7, 3616.
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Abstract

Dialkyl and diaryl dichalcogenides are highly versatile and modular precursors for the
synthesis of colloidal chalcogenide nanocrystals. We have used a series of commercially
available dichalcogenide precursors to unveil the molecular basis for the outcome of
nanocrystal preparations, more specifically how precursor molecular structure and reactivity
affect the final shape and size of II-VI semiconductor nanocrystals. Dichalcogenide
precursors used are diallyl-, dibenzyl-, ditertbutyl-, diisopropyl-, diethyl-, dimethyl- and
diphenyl-disulfides, and diethyl-, dimethyl- and diphenyl-diselenides. We find that the
presence of two distinctively reactive C-E and E-E bonds makes the chemistry of these
precursors much richer and interesting than that of other conventional precursors such as the
more common phosphine chalcogenides. Computational studies (DFT) reveal that the
dissociation energy of carbon-chalcogen (C-E) bonds in dichalcogenide precursors (R-E-E-R,
E = S or Se) increases in the order (R): Diallyl < dibenzyl < ditertbutyl < diisopropyl <
diethyl < dimethyl < diphenyl. The dissociation energy of chalcogen-chalcogen (E-E) bonds
remains relatively constant across the series. The only exceptions are diphenyl
dichalcogenides, which have a much lower E-E bond dissociation energy. An increase in C-E

bond dissociation energy results in a decrease in R-E-E-R precursor reactivity, leading to
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progressively slower nucleation and higher selectivity for anisotropic growth, all the way
from dots to pods to tetrapods. Under identical experimental conditions, we obtain CdS and
CdSe nanocrystals with spherical, elongated or tetrapodal morphology by simply varying the
identity and reactivity of the dichalcogenide precursor. Interestingly, we find that precursors
with strong C-E and weak E-E bond dissociation energies such as Ph-S-S-Ph serve as a ready
source of thiol radicals that appear to stabilize small CdE nuclei, facilitating anisotropic
growth. These CdS and CdSe nanocrystals have been characterized using structural and
spectroscopic methods. An intimate understanding of how molecular structure affects the
chemical reactivity of molecular precursors enables highly predictable and reproducible
synthesis of colloidal nanocrystals with specific sizes, shapes and optoelectronic properties

for customized applications.

Introduction

Dialkyl dichalcogenides (R-E-E-R; where R = alkyl or aryl, E = S, Se or Te) recently
re-emerged as highly versatile molecular precursors for the solution-phase synthesis of
colloidal nanocrystals. Intriguingly, these dichalcogenides enable the isolation of metastable
nanocrystalline phases with unusual composition and morphology. tBu-E-E-tBu (E = S or Se)
precursors allow the isolation of CulnE; and Cu,SnE; nanocrystals with metastable wurtzite
phases.'” A change in reaction solvent from oleylamine to squalene leads to CulnE,
nanocrystals with the more stable chalcopyrite phase.”” tBu-S-S-tBu serves as precursor to
In,S; nanorods4 and Cuy«S nanocrystals with a wide range of morphologies (from dots to
dodecahedrons).” tBu-Se-Se-tBu serves as precursor to SnSe®, hexagonal BiSe’, and

Sn,Ge;,Se® nanocrystals. Photolysis of tBu-Te-Te-tBu in aqueous micellar conditions
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yields Te nanorods.” Aqueous reaction of Me-Se-Se-Me with SnCl, in an autoclave yields
SnSe nanosheets.'® Ph-Se-Se-Ph allows the isolation of hexagonal and cubic nanocrystals of
CulnSe; and Cuy,S,Seiy.'"'"> Ph-Se-Se-Ph and Ph-Te-Te-Ph are useful alternatives to
elemental chalcogenide precursors (Se or Te) in the synthesis of star-shaped SnTe and SnSe
nanoparticles.”” In spite of this very rich chemistry, it remains unclear what factors play a
determinant role in the outcome of specific nanocrystal preparations.

Using the far more common phosphine-chalcogenide precursors, we recently found
that a single injection of premixed trioctylphosphine-sulfide (Oct;PS) and selenide (Oct;PSe)
to a bis-octadecylphosphonate-cadmium complex (Cd(ODPA),) at 320°C produces axially
anisotropic CdS;_«Sex nanorods characterized by having a thick, CdSe-rich “head” and a thin,
CdS-rich “tail.”"*" Using a combined experimental and computational approach, we showed
that the time evolution and mechanism of formation mechanism and the S-to-Se content of
these compositionally graded CdS;.Sex nanorods are direct consequences of relative
phosphine-chalcogenide precursor reactivity. Further, by tuning the sterics and electronics of
a family of closely related R;P=E precursors (R = amide, alkyl, aryl or aryloxy; E = S or Se),
we reproducibly and predictably synthesized CdE nanorods with controllable aspect (length-
to-diameter) ratios between 10-100.'° These observations open new avenues for achieving
“bottom-up,” molecular-level control of composition, morphology and properties at the
nanoscale.

Unlike phosphine-chalcogenides (R;P=E), which contain only one type of reactive
bond (P=E), dichalcogenide precursors (R-E-E-R) contain two different types of reactive
bonds (C-E and E-E). We were intrigued by the inherent modularity of these molecular

precursors, and wondered how varying the substituents (R = alkyl, aryl) around the reactive -
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E-E- unit could affect dichalcogenide precursor reactivity and, ultimately, the outcome of
nanocrystal preparations. Experimentally, we observe that differently substituted
dichalcogenides lead to completely different nanocrystal morphologies, some lead to dots,
others to rods or tetrapods. The selectivity for such anisotropic structures is obviously
affected by reaction parameters such as reaction time'’ and temperature,'™" precursor
25.26)

concentration,”” medium acidity,”' ligand type (amines,*** halides,”* phosphonic acids

and chain length.””** Commonly used methods to obtain II-VI and IV-VI rods and tetrapods

29-32 33,34
h,

include seeded growt continuous precursor injection, and noninjection routes.”
Dichalcogenides offer a unique system where the selectivity for anisotropic structures under
identical experimental conditions can be directly traced back to the molecular structure and
chemical reactivity of the molecular precursor used. Here we present the results of a

combined experimental and computational study aimed at addressing this question.

Results and Discussion

Seeking a deeper understanding of how molecular structure affects chemical
precursor reactivity, we subjected different disubstituted dichalcogenides to a consistent set
of nanocrystal forming conditions (Scheme 1). Briefly, we injected individual dichalcogenide
precursors (1.1 equiv.) to a freshly generated solution of Cd(oleate), (0.40 mol), oleic acid
(20 equiv.) and oleyl amine (20 equiv.) in 1-octadecene (ODE) (4.6 mL) at 250°C. At regular
intervals, we took small equal aliquots from the reaction mixture and monitored nanocrystal
evolution (nucleation, growth, and ripening) by optical spectroscopy. After 40 min at 250°C,

we isolated and fully characterized the nanocrystalline products. We repeated this procedure
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for several different commercially available dichalcogenides having different alkyl and aryl

substituents.
Scheme 1

oleylNH, (20 equiv.)
oleic acid (20 equiv.)
Cd(oleate), + R-E-EER —————— &
250°C / ODE, 40 min

g (nanocrystals) EREEESS
(E=SorSe) &%

Dichalcogenide precursor chemistry: A springboard to nanocrystal shape
diversity. Our experimental observations show that, in general, dichalcogenide precursors
that reacted quickly produced spherical nanocrystals, while those that reacted more slowly
produced nanocrystals of non-spherical morphology (often tetrapods). Figure 1 shows the
time evolution of UV-Vis absorption spectra as well as final (after 40 min) TEM images of
CdS nanocrystals obtained with different dialkyl disulfides (R-S-S-R). UV-Vis spectroscopy
shows the appearance of the first absorption (1S) peak characteristic of CdS nanocrystals
within a few minutes for most precursors. Transmission electron microscopy (TEM) images
show that some dichalcogenide precursors lead to the formation of CdS nanocrystals with a
spherical morphology, while others lead to the formation of CdS nanocrystals with a tetrapod

36-38

morphology. The majority of spherical CdS nanocrystals (dots) have a zinc blende (cubic)
structure, while the CdS tetrapods are comprised of wurtzite (hexagonal) arms extending
from the {111} facets of zinc blende (cubic) cores (seeds).””*' Based on these results, it is

clear that the structure of the molecular precursor has considerable influence on the rate of

growth, size and morphology of the resulting nanocrystals.
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Figure 1. Representative TEM images after 40 min (left panel) and time evolution of UV-
Vis absorption spectra (right panel) of CdS nanocrystals obtained with (a) diallyl-, (b)
dibenzyl-, (c) ditertbutyl-, (d) diisopropyl-, (e) diethyl- and (f) dimethyl-disulfide precursors.
(g) Diphenyl-disulfide was unreactive under identical conditions (0.40 mol Cd(oleate),, 1.1
equiv. R-S-S-R, 20 equiv. oleic acid, 20 equiv. oleyl amine, 4.6 mL ODE, 250°C).

Assessing the strength of C-E and E-E bonds from computations. To better
understand these observations, we computationally studied the different dichalcogenide
precursors using the GAMESS software. We computed their carbon-chalcogen (C-E) and
chalcogen-chalcogen (E-E) bond dissociation energies (BDEs, Scheme 2) using density
functional theory (DFT) with the Boese-Martin Kinetics (BMK) functional, which has been
shown to be a viable method to calculate thermodynamic properties such as BDEs at a lower

computational cost than high-precision methods such as G3. Table 1 and Figure 2 show the

computed BDEs of all precursors we investigated.

Scheme 2
-4
{a) C-E Homolysis H
/ | )

)
Et-E-Es Et

¢ \
{b) E-E Homolysis “’_f LJ
< J

E=SorSe “ Et-Ee sE-Et
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Calculated bond dissociation (homolysis) energies

(BDEs) for dialkyl

dichalcogenide precursors (R-E-E-R, E = S or Se) and experimentally observed products

from their reaction with Cd(oleate),.”

Precursor(s) C-E BDE E-E BDE (C-E)-(E-E) 40 min Product Size” / nm
R-E-E-R kcal/mol kcal/mol kcal/mol morphology
(E =S or Se) (18 peak)
Allyl-S-S-Allyl 45.71 61.33 -15.62 Nanocrystals® 94+13
(480 nm)
Bn-S-S-Bn 48.50 62.45 -13.94 Nanocrystals® 42+0.6
(480 nm)
tBu-S-S-tBu 52.81 59.39 -6.59 Quantum dots” 22+0.2
(430 nm)
iPr-S-S-iPr 55.45 59.69 -4.24 Quantum dots” 1.8+0.3
(450 nm)
Et-S-S-Et 58.13 59.48 -1.35 Pods/Multipods Pod length: 10.3 £ 2.8
(470 nm)
Pod width: 5.1 £0.6
Me-S-S-Me 59.03 58.04 +0.99 Tetrapods Pod length: 19.5+2.9
(465 nm)
Pod width: 5.5 + 0.5
Ph-S-S-Ph 69.75 45.65 +24.11 No reaction (n.a.) -
Bn-S-S-Bn + A -4 -4 Rods Rod length: 11.5 £ 1.5
(470 nm)
Ph-S-S-Ph (1:1) Rod width: 4.4 0.5
tBu-S-S-tBu + A -4 -4 Tetrapods Pod length: 24.1 + 4.7
(455 nm)
Ph-S-S-Ph (1:1) Pod width: 3.5 + 0.4
iPr-S-S-iPr + A A A Tetrapods Pod length: 21.3 +4.5
(455 nm)
Ph-S-S-Ph (1:1) Pod width: 2.3+ 0.3
Et-Se-Se-Et’ 52.01 56.41 -4.40 Nanocrystals® 6.6+0.6
(670 nm)
Me-Se-Se-Me/ 53.76 51.94 +1.82 Multipod clusters 65.7+13.1
(685 nm)
Ph-Se-Se-Ph 64.44 43.63 +20.80 Quantum dots” 3.5£0.5

(550 nm)

“Conditions: 0.40 mol Cd(oleate),, 1.1 equiv. R-E-E-R, 20 equiv. oleic acid, 20 equiv. oleyl amine, 4.6 mL
ODE, 250°C, 40 min (except “Et-Se-Se-Et, 10 min, 'Me-Se-Se-Me, 5 min). hAverage sizes (50-100 particles) +
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one standard deviation. “Quantum dots have average diameters smaller than the Bohr radius reported for CdS
(2.5-3.0 nm) or CdSe (5.4 nm).**¢ “Not applicable (used a mixture of two precursors, see first column).

C-E and E-E BDEs: Comparison to prior experimental and computational data.
In terms of absolute value, our computational results appear to underestimate the
experimentally measured values reported previously for disubstituted dichalcogenides,
particularly in the case of E-E BDEs. For example, laser photofragmentation time-of-flight
mass spectrometric studies of Me-S-S-Me, *S-S-Me, and *S-Me yielded at 0 K a C-S BDE of
55.0 kcal/mol and a S-S BDE of 72.4 kcal/mol at 0 K,** compared to our calculated values of
59.03 kcal/mol and 58.04 kcal/mol, respectively (Table 1). This discrepancy could be due to
either computational or experimental error. In terms of the trends observed, our
computational results are in agreement with those observed experimentally. E-E BDEs
measured experimentally are generally quoted in the range 51-72 kcal/mol;” those derived
from calorimetry are 66.1 kcal/mol for Et-S-S-Et, 65.2 kcal/mol for Me-S-S-Me, and 51.2
kcal/mol for Ph-S-S-Ph,"**® compared to our calculated values of 59.48 kcal/mol, 58.04
kcal/mol, and 45.65 kcal/mol, respectively (Table 1). Our computational results compare
well with previous calculations reported for disubstituted dichalcogenide compounds. Early
computational references on C-S and S-S BDEs used a complete basis set approach instead
of DFT.* High-level ab initio approaches using G3, G3B3, CBS-Q, CBS-4M, CCSD(T), and
ROMP2 were applied to S-S BDEs.” A limited DFT study showed the BMK functional
provided accuracy close to composite methods, with S-S BDEs of 64.5 kcal/mol for tBu-S-S-
tBu, 63.9 kcal/mol for iPr-S-S-iPr, 63.8 kcal/mol for Et-S-S-Et, 62.9 kcal/mol for Me-S-S-
Me, and 48.3 kcal/mol for Ph-S-S-Ph.”! These values and trends roughly agree (within 2-5
kcal/mol) with our computational results of 59.39 kcal/mol, 59.69 kcal/mol, 59.48 kcal/mol,

58.04 kcal/mol, and 45.65 kcal/mol, respectively. Further, all previous computations also
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find the S-S bond in Ph-S-S-Ph to be significantly weaker than its C-S bond and the S-S
bonds of other disulfides. DFT with different functionals other than BMK gave a Se-Se BDE
of 51.8 kcal/mol for Me-Se-Se-Me, which compares well with our value of 51.94
kcal/mol.”>*?

Assessing dichalcogenide precursor reactivity from C-S BDEs. As shown in Table
1 and Figure 2, C-S bond energies progressively increase across the following series: Allyl-
S-S-Allyl < Bn-S-S-Bn < tBu-S-S-tBu < iPr-S-S-iPr < Et-S-S-Et < Me-S-S-Me < Ph-S-S-Ph.
In contrast, S-S bond energies remain roughly similar along most of the same series from
Allyl-S-S-Allyl through Me-S-S-Me, but significantly drop (by about one third) for Ph-S-S-
Ph. These trends greatly help understand our experimental observations. Both of the C-S
bonds as well as the S-S bond must break in order to form nanocrystalline CdS. Because the
strength of the S-S bond remains fairly constant among most disulfides, the key factor that

mainly determines the overall chemical reactivity of disulfide precursors is the strength of

the C-S bond (Figure 2a, Chart 1).
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To illustrate, Allyl-S-S-Allyl and Bn-S-S-Bn have the weakest C-S bonds (45.71
kcal/mol and 48.50 kcal/mol, respectively) and are therefore the most reactive precursors in
the series (Chart 1); they quickly (5-10 min) react with Cd(oleate), to form large, non-
quantum confined spherical CdS nanocrystals (Figure 2a, b). After 40 min, Allyl-S-S-Allyl
and Bn-S-S-Bn lead to CdS particle sizes of 9.4 nm + 1.3 nm and 4.2 nm + 0.6 nm,
respectively. In comparison, tBu-S-S-tBu and iPr-S-S-iPr have intermediate C-S bond
strengths (52.81 kcal/mol and 55.45 kcal/mol, respectively) and are more mildly reactive;
they react less quickly (5-40 min) with Cd(oleate), to form small, quantum confined
spherical CdS nanocrystals (Figure 2c, d). After 40 min, tBu-S-S-tBu and iPr-S-S-iPr lead to
CdS particle sizes of 2.2 nm £+ 0.2 nm and 1.8 nm + 0.3 nm, respectively. For reference, the
Bohr radius reported for CdS is between 2.5-3.0 nm.>*°

Further increasing the C-S bond strength and with it, decreasing chemical precursor
reactivity, results in slower reaction and the selective formation of anisotropic structures. Et-
S-S-Et and Me-S-S-Me have strong C-S bonds (58.13 kcal/mol and 59.03 kcal/mol,
respectively) and are only weakly reactive; they react very slowly (20-40 min) and
selectively with Cd(oleate), to grow multipod and tetrapod structures (Figure 2e, f). After 40
min, Et-S-S-Et and Me-S-S-Me lead to CdS pods and tetrapods, respectively. For Et-S-S-Et,
the average pod length and diameter are 10.3 + 2.8 nm and 5.1 = 0.6 nm, respectively. For
Me-S-S-Me, the average pod length and diameter are 19.5 = 2.9 nm and 5.5 £ 0.5 nm,
respectively. At the end of the series and in stark contrast to all other dichalcogenides we
tested, Ph-S-S-Ph has the strongest C-S bond (69.75 kcal/mol) and is unreactive (Chart 1);
Ph-S-S-Ph alone (by itself) does not react with Cd(oleate), under identical conditions to those

used above for the other precursors (Figure 2g).
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Compared to the rest of the dichalcogenide precursors we used, Ph-S-S-Ph is different
not only because it contains the strongest C-S bond (69.75 kcal/mol), but also because it
contains the weakest S-S bond (45.65 kcal/mol). On the contrary, for most of the other
dichalcogenides in the series, the calculated S-S bond is either stronger than or as strong as
the calculated C-S bonds (Table 1, Figure 2b). Examination of the highest occupied (HOMO)
and lowest unoccupied (LUMO) molecular orbital diagrams of diphenyl disulfide (Ph-S-S-Ph)
reveals a strong overlap between the m orbital on the chalcogen atoms and the & orbital of the
adjacent phenyl carbon (Figure 3). This n-n overlap lends partial double bond character to the
C-S bond, increasing the C-S bond strength (making it harder to break), and decreasing the
C-S bond length (C-S 1.8085 A for Ph-S-S-Ph vs. C-S 1.8494-1.8721 A for other disulfides).
Other dialkyl dichalcogenides, such as diethyl disulfide (Et-S-S-Et) do not possess such
overlap (Figure 3). Based on these differences, we hypothesized that the formation of

anisotropic particles may arise from the relative ease (and rate) of C-S vs. S-S bond breaking.
(¥
(d)
¢
o

Figure 3. Lowest unoccupied (LUMO, top) and highest occupied (HOMO, bottom)
molecular orbitals for Et-S-S-Et (a, b) and Ph-S-S-Ph (c, d) plotted with a contour value of
0.02. Calculated using density functional theory (DFT) with the Boese-Martin Kinetics

(@)
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(BMK) functional in GAMESS. Full computational results, including bond distances and
dihedral angles are available in the Supporting Information.

Understanding the formation of anisotropic structures: Molecular origin of
nanoscale anisotropy. For Allyl-S-S-Allyl, Bn-S-S-Bn, tBu-S-S-tBu and iPr-S-S-iPr, the C-
S bonds are weaker than the S-S bond by at least 5 kcal/mol or more (Table 1, Figure 2b);
therefore, by the time the C-S bond breaks in these precursors, the S-S bond has already
broken, resulting in the release of S equivalents that can proceed to react with Cd(oleate), to
form spheroidal (0D) nanocrystals. In contrast, for Et-S-S-Et and Me-S-S-Me the C-S and S-
S bonds are very similar in energy (only ca. 1.35-0.99 kcal/mol apart) (Table 1, Figure 2b);
therefore, the C-S and S-S bonds break with similar ease and at roughly similar or
comparable rates, resulting in the concomitant release of both S, and R-Se radicals (Scheme
2). We expect thiol radicals of the form R-Se to act as excellent ligands due to their high
affinity for soft cations and metal surfaces, for example by binding at so called “dangling
bonds” or “surface traps”.”’ The formation of radicals in these reactions is feasible given the
high temperature (250°C), long time (40 min) and non-polar medium (octadecene and long
chain surfactants) used here. Such harsh conditions are normally conducive to bond
homolysis and radical chemistry. /n situ generated R-Se radicals can act as capping ligands
on the CdS surface, passivating the nanocrystals against further growth. Stabilizing and
increasing the solution-phase lifetime of small, high-energy surface CdS nuclei could lead
slower and more selective nanocrystal growth, resulting in the formation of anisotropic
structures such as the pods and tetrapods observed with Et-S-S-Et and Me-S-S-Me (Figure le,
f). In fact, in the presence of excess O, a naturally occuring diradical, Cd(oleate), and
NaHSe react very slowly and selectively to produce anisotropic CdSe structures

(nanowires).”®
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The above situation reverses for the Ph-S-S-Ph precursor, where the calculated C-S
bond is much stronger than the calculated S-S bond by 24.11 kcal/mol (Table 1, Figure 2b).
This explains the apparent lack of reactivity of Ph-S-S-Ph: The S-S bond breaks very easily
but the C-S bond does not, resulting in the facile release of R-Se radicals but not of S
(Scheme 2). In fact, even though by itself it does not appear to react with Cd(oleate),, we
reasoned that Ph-S-S-Ph should be extremely efficient at generating R-Se radicals. Because
such thiol radicals can serve as surface-passivating ligands, we hypothesized that repeating
CdS forming reactions using a mixture of the apparently ‘unreactive’ Ph-S-S-Ph with a
reactive dichalcogenide such as tBu-S-S-tBu or iPr-S-S-iPr should induce the formation of
anisotropic structures. As noted above, reacting Cd(oleate), with tBu-S-S-tBu or iPr-S-S-iPr
normally results in CdS dots (Figure 1b, c). However, mixing any of these two precursors
with Ph-S-S-Ph could mimic the situation where a very slowly reacting (and selective)
precursor such as Et-S-S-Et or Me-S-S-Me is used; more specifically, tBu-S-S-tBu or iPr-S-
S-iPr would serve as a source of S, while Ph-S-S-Ph would serve as a source of surface-
stabilizing R-Se radicals.

Inducing anisotropy: Testing the role of in situ generated thiol radicals. Figure 4
shows representative data confirming this prediction: While Ph-S-S-Ph alone is unreactive
against Cd(oleate),, and Bn-S-S-Bn alone leads to quick formation of CdS nanocrystals
(Figure 4a, b), a 1:1 mixture of Bn-S-S-Bn and Ph-S-S-Ph leads to the sole, highly-selective
formation of CdS rods (Figure 4c). In turn, while tBu-S-S-tBu alone leads to quick CdS dot
formation (Figure 4d), a 1:1 mixture of tBu-S-S-tBu and Ph-S-S-Ph leads to highly selective
formation of CdS tetrapods (Figure 4e). Similarly, while iPr-S-S-iPr alone leads to quick CdS

dot formation (Figure 4f), a 1:1 mixture of iPr-S-S-iPr and Ph-S-S-Ph leads to highly
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selective formation of CdS tetrapods. These reactions cleanly and reproducibly produce
anisotropic CdS structures (only rods or tetrapods), without the need for any of the
widespread and commonly used size- and/or shape-selective purification protocols. In
addition, pod branching depends on the ratio of precursors used (for example, the amount of

tBu-S-S-tBu compared to that of Ph-S-S-Ph, see Supporting Information).
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Figure 4. Under identical conditions (0.40 mol Cd(oleate),, 1.1 equiv. R-S-S-R, 20 equiv.
oleic acid, 20 equiv. oleyl amine, 4.6 mL ODE, 250°C): Ph-S-S-Ph is unreactive (a); Bn-S-S-
Bn produces CdS dots while a 1:1 mixture of Bn-S-S-Bn and Ph-S-S-Ph produces CdS rods
(c); tBu-S-S-tBu produces CdS dots (d) while a 1:1 mixture of tBu-S-S-tBu and Ph-S-S-Ph
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produces CdS tetrapods (e); iPr-S-S-iPr produces CdS dots (f) while a 1:1 mixture of iPr-S-S-
iPr and Ph-S-S-Ph produces CdS tetrapods (g).

These results strongly support, and are consistent with our hypothesis above that in
situ generated thiol radicals (R-Se radicals) serve as efficient surface-passivating ligands,
increasing the lifetime of small CdS nuclei long enough to allow for slow (and selective)
heterogeneous (epitaxial) growth of new CdS (pods). Dichalcogenide precursors with
intermediate S-S and C-S bond strengths such as Et-S-S-Et and Me-S-S-Me are good at
generating R-Se radicals, and they are also mild (slowly releasing) sources of S; therefore,
these precursors are ideal for selective anisotropic growth (Figure le, f). With a much
weaker S-S bond, the ability to generate R-Se radicals is even higher for Ph-S-S-Ph, but this
precursor has a prohibitively strong C-S bond and is unable to serve as a source of S (Figure
lg and 4a); however, when mixed with other precursors that are good S sources such as Bn-
S-S-Bn, tBu-S-S-tBu or iPr-S-S-iPr, Ph-S-S-Ph allows the generation of anisotropic
structures such as rods and tetrapods where usually only dots would form (Figure 4c, e, g). In
these mixed precursor experiments, the degree of anisotropy is a direct result of an exquisite
interplay between the ability of Ph-S-S-Ph to give off surface-stabilizing R-Se radicals, and
the chemical reactivity of a second precursor (namely, the latter’s ability to give off S as
measured by its relative C-S BDE). We are currently pursuing further mechanistic and
spectroscopic studies that will help to better delineate the effect of in-situ generated thiol
radicals on the rate of growth, shape selectivity, and overall outcome of colloidal nanocrystal
preparations, and this will be the topic of a separate paper in the future.

Other effects of dichalcogenide reactivity: Understanding nucleation, growth
and ripening. Our calculations and experimental observations also help understand the

relative rates of nucleation, growth and ripening of CdS nanocrystals made with different
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dichalcogenides (Figure 5). As judged from the position of the first 1S absorption peak
(Figure 5a),””%? Bn-S-S-Bn (C-S BDE 48.50 kcal/mol) reacts with Cd(oleate), to form larger
CdS nanocrystals than tBu-S-S-tBu (C-S BDE 52.81 kcal/mol) or iPr-S-S-iPr (C-S BDE
55.45 kcal/mol). Interestingly, increasing the initial dichalcogenide concentration also results
in an increase in the size of the CdS nanocrystals (iPr-S-S-iPr (%2) vs. iPr-S-S-iPr in Figure
5a). These observations suggest that the rate of nanocrystal growth (heterogeneous
nucleation of new CdS material epitaxially on existing CdS particles)® is directly dependent
on dichalcogenide reactivity and concentration. Dividing the CdS particle size (derived from
the position of the 1S peak) by its size-specific absorption coefficient or “cross section” (g) is
proportional to the number of CdS particles present in the reaction at any given time (Figure
5b).%"! Interestingly, reaction of Cd(oleate), with Bn-S-S-Bn (C-S BDE 48.50 kcal/mol)
initially forms ca. twice as many initial nuclei as tBu-S-S-tBu (C-S BDE 52.81 kcal/mol) and
ca. seven times as many nuclei as iPr-S-S-iPr (C-S BDE 55.45 kcal/mol) (short reaction

times < 5 min, Figure 5b). However, increasing the initial dichalcogenide concentration

does not affect the number of initially formed CdS nuclei (iPr-S-S-iPr (x2) vs. iPr-S-S-iPr in
Figure 5b). Therefore, the rate of nanocrystal nucleation (homogeneous nucleation of new
CdS nuclei) is extremely sensitive to, and directly dependent on, the reactivity of the
dichalcogenide precursor used, but not its concentration. Once the initial nucleation event
has occurred, the change in the number of CdS particles over time (i.e., ripening) does not
appear to be directly affected by precursor reactivity, but rather appears to be a simple

consequence of the initial CdS particle size (Figure 5b).
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Figure 5. Time evolution of particle size (growth, a) and number of nuclei and ripening (b)
of CdS nanocrystals produced with different dialkyl dichalcogenide precursors under similar
reaction conditions (0.40 mol Cd(oleate),, 1.1 equiv. R-S-S-R, 20 equiv. oleic acid, 20 equiv.
oleyl amine, 4.6 mL ODE, 250°C).

Comparing diselenide with disulfide precursors. The diselenide precursors reacted
more quickly than the analogous disulfide precursors. We previously observed similar
behavior in trialkylphosphine-chalcogenide precursors (RsP=E, E = Se vs. S),'*'® and we
attribute this difference to the fact that Se forms weaker and longer (C-E and E-E) bonds
compared to S (see Supporting Information available). Et-Se-Se-Et has weak C-Se bonds

(52.01 kcal/mol) and reacts quickly with Cd(oleate), to form CdSe quantum dots in < 2 min;

these become non-quantum confined CdSe nanocrystals with a particle size of 6.6 nm = 0.6
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nm after 10 min (Figure 6a). For reference, the Bohr radius reported for CdSe is ca. 5.4 nm.*
Me-Se-Se-Me has stronger C-Se bonds (53.76 kcal/mol) and reacts more slowly and
selectively with Cd(oleate), to form CdSe multipods; these show significant clustering after 5
min (Figure 6b). Ph-Se-Se-Ph has even stronger C-Se bonds (64.44 kcal/mol) and barely
reacts with Cd(oleate), to form very small CdSe quantum dots (Figure 6¢). We attribute the
difference between Ph-S-S-Ph (unreactive) and Ph-Se-Se-Ph (marginally reactive) to the
difference in C-E bond dissociation energies between these two precursors (C-S BDE 69.75
kcal/mol in Ph-S-S-Ph vs. C-Se BDE 64.44 kcal/mol in Ph-Se-Se-Ph) (Table 1). Thus,
although more reactive, the diselenide (R-Se-Se-R) precursors show similar reactivity

patterns as those observed for the disulfide (R-S-S-R) precursors above.
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Figure 6. Representative TEM images (left panel) and time evolution of UV-Vis absorption
spectra (right panel) of CdS nanocrystals obtained with (a) diethyl (10 min), (b) dimethyl (5
min), and (c) diphenyl disulfide (40 min) precursors under identical conditions (0.40 mol
Cd(oleate),, 1.1 equiv. R-Se-Se-R, 20 equiv. oleic acid, 20 equiv. oleylamine, 4.6 mL ODE,
250°C).
Conclusions

By studying a variety of commercially available dichalcogenides and the outcome of
their solution-phase reaction with a cadmium-oleate complex under identical conditions, we
have demonstrated that the formation and degree of anisotropy of different nanocrystalline
products can be traced back to the precise molecular structure, bonding energetics, and
chemical reactivity of the different dichalcogenides used. Using DFT, we showed that the
main factor that determines overall dichalcogenide precursor reactivity is the carbon-
chalcogen (C-S or C-Se) bond dissociation energy, while the chalcogen-chalcogen (S-S or
Se-Se) bond dissociation energy remains more or less constant across a series of
dichalcogenides (disulfides or diselenides). The only exception to this trend are diphenyl
dichalcogenides, which exhibit the weakest chalcogen-chalcogen bond and the strongest
carbon-chalcogen bond due to strong m orbital interaction between the first carbon atom in
the phenyl ring and the adjacent chalcogen atom. The presence of this strong C-S bonding
interaction causes Ph-S-S-Ph to appear unreactive when used alone. Conversely, Allyl-S-S-
Allyl has the weakest C-S bond, and reacts quickly to produce large aggregated CdS
nanocrystals. Similar trends in bond dissociation energies and reactivity hold for the
diselenide precursors, although their longer and weaker bonds lead to increased reactivity
and more aggregated particles compared to disulfide precursors.

To understand the formation of anisotropic structures from disulfides containing

roughly equal C-S and S-S bond strengths (Et-S-S-Et or Me-S-S-Me), we carried out
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reactions employing 1:1 mixtures of a thiol radical source (Ph-S-S-Ph) and a sulfur monomer
source (Bn-S-S-Bn, tBu-S-S-tBu, or iPr-S-S-iPr). Ph-S-S-Ph by itself yielded no
nanocrystalline products and the sulfur sources alone yielded only spherical nanocrystals.
However the mixed precursor experiments resulted in the exclusive formation of anisotropic
structures (rods or tetrapods). Our present hypothesis is that the disulfide bond of Ph-S-S-Ph
homolyzes to produce PhSe radicals which passivate and stabilize small zinc blende CdS
nuclei. The cadmium and the second sulfur (Bn-S-S-Bn, tBu-S-S-tBu, or iPr-S-S-iPr)
precursors then slowly react to selectively grow wurtzite arms on the {111} facets of the zinc
blende cores. Our computations shed light on the experimentally observed rates of nucleation,
growth and ripening of CdS nanocrystals. The rates of CdS nanocrystal nucleation and
growth are directly dependent on dichalcogenide chemical reactivity, or inversely
proportional to C-S bond strength. Increasing the initial dichalcogenide concentration
increases CdS nanocrystal size, but does not affect the number of CdS particles already
present after the initial nucleation stage. This implies that the observed sizes and morphology
are not a function of precursor concentration, but only its characteristic reactivity. By
applying our understanding of the chemistry of molecular precursors, we may begin to
rationalize and predict desirable nanocrystalline properties such as morphology, composition
and optoelectronic properties. This “bottom-up” approach to controllable and predictable
nanocrystal synthesis allows for the preparation of a diverse array of morphologies based on
fundamental, tangible and measurable molecular properties such as bond energies. We
believe this and similar efforts will lead to the reliable syntheses of colloidal nanomaterials

for customized applications.
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Experimental Section

Materials. Cadmium oxide (CdO, 99.998%) and oleic acid (90%) were purchased
from Alfa Aesar; diallyl disulfide (Allyl-S-S-Allyl, 80%), dibenzyl disulfide (Bn-S-S-Bn,
98%), ditertiarybutyl disulfide (tBu-S-S-tBu, 97%), diisopropyl disulfide (iPr-S-S-iPr, 96%),
diethyl disulfide (Et-S-S-Et, 99%), dimethyl disulfide (Me-S-S-Me, 99%), and dimethyl
diselenide (Me-Se-Se-Me, 96%) from Sigma-Aldrich; diphenyl disulfide (Ph-S-S-Ph, 99%),
I-octadecene (ODE, 90%), and oleylamine (80-90%) from Acros; diethyl diselenide (Et-Se-

Se-Et) and diphenyl diselenide (Ph-Se-Se-Ph, 98%) from Strem.

Synthesis. Dichalcogenide addition solution. Inside a glove box filled with dry Na,
the dichalcogenide precursor (0.42 mmol) (61.0 mg Allyl-S-S-Allyl, 104 mg Bn-S-S-Bn,
75.0 mg tBu-S-S-tBu, 63.1 mg iPr-S-S-iPr, 51.0 mg Et-S-S-Et, 39.6 mg Me-S-S-Me, 91.0
mg Et-Se-Se-Et, 79.0 mg Me-Se-Se-Me, or 131 mg Ph-Se-Se-Ph) was thoroughly dissolved

in ODE (1.00 g, 1.27 mL) to afford a homogeneous mixture. Cadmium chalcogenide

particles. Inside a three-neck-flask, CdO (51.2 mg, 0.40 mmol), oleic acid (2.24 g, 8.00
mmol), oleylamine (2.14 g, 8.00 mmol) and ODE (2.62 g, 3.32 mL) were degassed under
vacuum at 80°C for 30 min, refilled with Ar, and heated to 180°C for 10 min until the
mixture became a homogeneous, optically clear solution. The solution was cooled to 80°C,
degassed under vacuum at 80°C for 30 min, refilled with Ar, and heated to 250°C. After 5
min, the dichalcogenide addition solution (above) was quickly injected. Aliquots (0.10 mL)
were taken at different times, added to the same amount of toluene (3 mL) every time, and
analyzed by UV-Vis absorption and PL. After 40 min (disulfides) or 5-40 min (diselenides,

see below), the mixture was allowed to cool to room temperature (R.T.). Nanocrystals were
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isolated and purified twice by washing with a 1:2 v/v acetone-methanol mixture and
centrifugation at 4900 rpm for 5 min.

Optical Characterization. Absorption spectra were measured with a photodiode
array Agilent 8453 UV-Vis spectrophotometer. Steady-state PL spectra were measured with
a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier
detector.

Structural Characterization. Powder X-ray diffraction (XRD) was measured using
Cu Ka radiation on a Scintag XDS-2000 diffractometer. Transmission Electron Microscopy
(TEM) was conducted on carbon-coated copper grids using a FEI Technai G2 F20 field
emission scanning transmission electron microscope (STEM) at 200 kV (point-to-point
resolution <0.25 nm, line-to-line resolution <0.10 nm). Particle dimensions were measured
manually and/or with ImageJ for >50-100 particles. Averages are reported + one standard
deviation.

Computational Methods. Bond dissociation energies (BDEs) were calculated using
GAMESS®® at the DFT® level of theory with the BMK (Boese-Martin Kinetics)
functional,®” which has been shown to provide accuracy near that of high-precision complete
basis set (CBS) methods.”® Geometries were optimized using the 6-31G(d) basis set”
followed by single point calculations with the 6-311G(d,p) basis set’’ to determine BDEs.”
Frequency calculations were performed to obtain zero point energies and enthalpies at 273 K
and to ensure that the Hessian matrices of the optimized geometries contained no negative

. 3
eigenvalues.’
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Supporting Information

Table S1. Results of DFT calculations on dialkyl dichalcogenide bond energies and

structural parameters.

Precursor(s) C-EBDE E-EBDE (C-E)-(E-E) C-E bond E-E bond C-E-E-C dihedral
R-E-E-R (kcal/mol)  (kcal/mol)  (kcal/mol)  length (A)  length (A) angle (deg)

Disulfides (R-S-S-R)

Allyl-S-S-Allyl 45.71 61.33 -15.62 1.8721 2.0926 89.28
Bn-S-S-Bn 48.50 62.45 -13.94 1.8732 2.0925 87.65
tBu-S-S-tBu 52.81 59.39 -6.59 1.8900 2.0961 110.88
iPr-S-S-iPr 55.45 59.69 -4.24 1.8744 2.0968 111.51
Et-S-S-Et 58.13 59.48 -1.35 1.8606 2.0912 86.37
Me-S-S-Me 59.03 58.04 0.99 1.8494 2.0930 84.93
Ph-S-S-Ph 69.75 45.65 24.11 1.8085 2.1144 83.15
Diselenides (R-Se-Se-R)
Allyl-Se-Se-Allyl 40.37 52.82 -12.45 1.9897 2.3359 91.24
Bn-Se-Se-Bn 43.26 54.43 -11.16 1.9878 2.3346 84.67
tBu-Se-Se-tBu 48.14 53.96 -5.83 1.9891 2.3380 107.52
iPr-Se-Se-iPr 49.57 53.49 -3.92 2.0073 2.3364 107.02
Et-Se-Se-Et 52.01 56.41 -4.40 1.9762 2.3341 88.49
Me-Se-Se-Me 53.76 51.94 1.82 1.9641 2.3351 86.82
Ph-Se-Se-Ph 64.44 43.63 20.80 1.9238 2.3582 82.74
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CHAPTER 6
GENERAL CONCLUSIONS

By developing a fine balance between homogeneous and heterogeneous nucleation,
this work improved the synthesis, characterization and application of core/shell, nanorod, and
tetrapod nanoarchitectures.

We carried out a thorough investigation of thick-shelled CdSe/nCdS(n > 10)
nanocrystal synthesis using short and accessible 15 min wait times between SILAR injections.
We explored added amine, amine type, CdSe core, and precursor concentration, Cd:S ratio,
annealing time, and injection-rate effects on the synthesis of these materials. Successful
thick-shell growth presents unique challenges compared with core/shells with thin shells. We
found that added secondary amine and low-core and precursor concentrations introduced at
slow injection rates result in core/shells with desired shell thickness and particle size. The
presented method works well for small CdSe (1.9 nm) and large CdSe (4.7 nm) cores. Under
400 nm laser excitation, core/shells derived from small CdSe (1.9 nm) cores have longer PL
lifetimes and more pronounced blinking at the single-particle level compared with those
derived from large CdSe (4.7 nm) cores. This optical behavior agrees well with recently
published theoretical aspects and experimental spectroscopy.

Having a reliable, highly reproducible method for the synthesis of non-blinking, giant
CdSe/CdS nanocrystals at hand, we further studied their application using total internal
reflection fluorescence microscopy and stimulated emission depletion microscopy. Attaching
non-blinking QDs to microtubles, we studied the gliding and self-rotating of microtubules
under the presence of motor protein-kinesin. STED is an imaging method capable of

providing data that are below the diffraction limit. Compared with organic flurophores,
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core/shell quantum dots are ideal targets for this type of technique because of their
remarkable photostability. When time-gated, this technique provides images of non-blinking
CdSe/CdS quantum dots (average size 13+2 nm) at 40+10 nm spatial resolution.

Growth of a CdS or ZnS shell greatly enhances the near-infrared (NIR)
photoluminescence intensity and improves the NIR photoluminescence stability of Ge
nanocrystals. In general, all Ge/lI-VI heterostrucutures showed one-to-three orders of
magnitude more intense NIR emission compared to the original Ge cores. All the Ge/CdS
and Ge/ZnS nanocrystals retained their NIR photoluminescence after several months.
Ge/4.9CdS showed the highest NIR quantum yield and longest PL lifetime. Although there is
clearly room for improvement, the achieved PL level is already three thousand times brighter
than the most emissive Ge cores we were able to make using literature procedures.
Additional CdS shell growth caused a decrease in quantum yield, possibly due to the
introduction of defects due to strain effects. Ge/II-VI nanocrystals easily transfer from
organic to aqueous phase upon thiol ligand exchange. We expect that these results will
extend the arsenal of quantum dot fluorophores available, particularly near-IR active
quantum dots, for fundamental optoelectronic studies as well as for biological imaging and
tracking, telecommunications, and energy conversion applications.

In addition to core/shell heterostructures, we also discussed the formation of
anisotropic nanorods and tetrapods via dichalcogenide precursors. By studying a variety of
commercially available dichalcogenides and the outcome of their solution-phase reaction
with a cadmium oleate complex under identical conditions, we demonstrated that the
formation and degree of anisotropy of different nano-crystalline products can be traced back

to the precise molecular structure, bonding energetics, and chemical reactivity of the different
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dichalcogenides used. We attributed the formation of anisotropic nanorods and tetrapods to
different bond dissociation energies of the different dichalcogenide precursors. If RSe
radicals were produced, these thiol radicals can passivate and stabilize small zinc blende CdS
nuclei, then slowly and selectively grow wurtzite arms on the {111} facets of the initial zinc
blende cores. Our computations shed light on the experimentally observed rates of nucleation,
growth, and ripening of CdS nanocrystals. The rates of CdS nanocrystal nucleation and
growth are directly dependent on dichalcogenide reactivity. By applying our understanding
of the chemistry of the molecular precursors, we may begin to rationalize and predict
desirable nanoparticle properties. This “bottom-up” approach to controllable and predictable
nanocrystal synthesis allows for the preparation of a diverse array of morphologies based on
fundamental, tangible, and measurable molecular properties such as bond energies. We
believe this and similar efforts will lead to the reliable syntheses of colloidal nanomaterials

for customized applications.
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