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ABSTRACT

This dissertation outlines how the optical properties of InP quantum dots were
improved by microwave synthetic techniques, how CdSSe alloy quantum dots were
determined from a single source precursor, and how specific regions of CdSe quantum
dots were identified by solid state nuclear magnetic resonance determining size
dependent reconstruction.

High quantum yield (47%) InP nanocrystals can be prepared without the need for
post HF treatment by combining microwave methodologies with the presence of a
fluorinated ionic liquid. Growing the InP nanocrystals in the presence of the ionic liquid
1-hexyl-3-methyl-imidazolium tetrafluoroborate (hmim BF,) allows in-situ etching to be
achieved. The optimization of the PL QY is achieved by balancing growth and etching
rates in the reaction.

The development of ternary nanoscale materials with controlled cross-sectional
doping is an important step for the use of chemically prepared quantum dots for
nanoscale engineering applications. We report cross-sectional, elemental doping with
the formation of an alloyed CdSSe nanocrystal from the thermal decomposition of
Lis[Cd10Ses(SPh)4s]. The sulfur incorporation arises from surface mediated
phenylthiolate degradation on the growing quantum dot surface. In the alloy, we identify
a pure CdSe nucleus of ~ 1.5 nm consistent with the predictions of nucleation theory.
As the particle grows, S? incorporation increases until the CdSSe reaches ~4 nm where
a marked reduction in phenylthiolate content on the nanocrystal is observed in CP-MAS
NMR spectroscopy implying rapid decomposition of the phenylthiolate arises with
subsequent enhanced S incorporation at the level of the stoichiometry of the reaction
(namely ~60%). The use of molecular clusters to allow controlled defect ion
incorporation can open new pathways to more complex nanomaterials.

Evidence of size dependent reconstruction in quantum dots leading to changes in
bonding is observed through analysis of the ""Se{'H} cross polarization magic angle
spinning and ""Se spin-echo solid state NMR for Cd’’Se quantum dots. Insight into

structural and electronic perturbations experienced within Cd’’Se is achieved by contact

X1l



time dependent ""Se{'"H} CP-MAS measurements providing NMR features assignable
to the surface, comprised of multiple layers, coupled to spin diffusion into the core. Due
to the nearly 100% enrichment level for "Se, efficient coupling arises between the
surface ""Se and sub-layer "’Se sites due to spin diffusion resulting in long T, relaxation
times in the Cd”’Se quantum dots. The observed chemical shift for the discrete "’Se
sites can be correlated to the effective mass approximation via the Ramsey expression
indicating a 1/r? size dependence for the change in chemical shift with size, while a plot
of chemical shift versus the inverse band gap is linear. The correlation of NMR shift for
the discrete sites allows a valence bond theory interpretation of the size dependent
changes in bonding character within the reconstructed QD. Based on the NMR
results, discrete surface and core "'Se sites exist within Cd’’Se QDs where global
reconstruction occurs below 4 nm in diameter, while an apparent self-limiting

reconstruction process occurs above 4 nm.
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CHAPTER ONE

INTRODUCTION

*** The scientific terms and jargon used in chemistry, specifically nanotechnology, can
be difficult for the average reader to understand. The introduction of this dissertation is
written in such a way that all readers can comprehend the information. The chapters

following the introduction, however, are written in more scientific detail. ***

1.1 Background Information

Nanotechnology is a division within science which bridges multiple fields
including biology, physics, chemistry and engineering and is the study of the properties
and synthesis of semiconductor nanomaterials."  Semiconductor nanomaterials,
commonly referred to as quantum dots (QDs), are a unique type of material ranging in
size from 2 - 10 nanometers (nm), where a nanometer is 1,000,000,000 times smaller
than the length of one meter and can consist of a few hundred atoms to few thousand
atoms. In Figure 1.1, a representation of a binary quantum dot can be illustrated and is
composed of two parts: positively charged atoms (yellow) and negatively charged
atoms (purple).

QDs are unique due to their size dependent properties based on the “particle in a
box” model for confinement of the Exciton Bohr radius.* In bulk semiconductors, the
distance between the valence (location of ground state electrons) and conduction band
(location of excited electrons) is known as the band gap energy. Since the dimensions
of bulk semiconductors are much larger than the Exciton Bohr radius, bulk
semiconductor energy levels are averaged or continuous. As the semiconductor
becomes smaller, it begins to approach the size of the Bohr Radius. Once the size of
the semiconductor becomes smaller than the Exciton Bohr radius, the band gap energy
levels are no longer continuous and become discrete. This is when the semiconductor
no longer has bulk semiconductor properties and is referred to as QDs. At this point the

relationship between the size of the QD and the bandgap energy are inversely



Figure 1.1: Representation of a QD. Yellow spheres would represent the positive
charged species (Cadmium or Indium) and purple spheres would represent the
negative charged species (Selenium or Phosphorus).

proportional (Eq ~ 1/R?). This relationship between size and bandgap energy is the
basis for the “particle in a box” model for quantum confinement and determines the
optical properties common in QDs: absorption of light energy and emission of light
energy. The “particle in a box” model simply shows that changing the QD size
(diameter) results in changes in the overall QD properties. The size dependent
confinement properties provide an advantage for QDs over bulk semiconductors.
Where bulk semiconductors require more complicated reactions to change their
properties, QD properties can be easily changed by only altering the size. QDs have
been proposed for many applications due to their size dependent properties including

7-11 12-14

photovoltaics®® and solar cells for energy conversion, bio-markers and

sensors'>® for drug detection in medicine and solid state lighting.®'"""®
QDs can be commonly studied by UV-Vis (absorbance) which characterizes the

amount of light that a QD can absorb within a specific range. In Figure 1.2A, an
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Figure 1.2: A) Absorbance spectra of three different sized CdSe QDs showing size
confinement. As the diameter of the QDs is changed from small to large (left to right)
the amount of light a QD absorbs changes. B) Three different sized CdSe QDs in
solution showing the emission of light by UV radiation. The smallest QD (~2 nm)
emits blue, where the midsized (~4.0 nm) emits green and the largest (~6.0 nm)
emits red.



absorbance spectrum shows the change in the size of cadmium selenide (CdSe)
quantum dots based on absorbance, illustrating the “particle in a box” model for
confinement. The figure shows that as the diameter of the QD changes the specific
quantity of light that is absorbed also changes. The blue line is the smallest QD (2 nm)
and has peak absorption of approximately 450 nm while the green line (4 nm) absorbs
at 520 nm and is larger than the blue and the red line (6 nm) absorbs at 600 nm and is
the largest overall. A better illustration for the “particle in a box” model can be seen in
Figure 1.2B (emission) where the same CdSe quantum dots from Figure 1.2A are now
dissolved in solution and excited by ultraviolet (UV) radiation.  Under these excited
conditions, the QDs emit different colors of light based on their size. As the figure
shows, the smallest QD emits blue light (450 nm absorption), the middle QD emits
green light (520 nm absorption) and the largest QD emits red light (600 nm absorption).
As Figure 1.2 shows, the physical properties of a QD can be easily changed by only
changing its size.

The size and structure of a CdSe QD can be better illustrated by analyzing it
through transmission electron microscopy (TEM). TEM is a high powered microscope
that allows for imaging on the nanoscale. In Figure 1.3, a TEM image of CdSe QDs
under high magnification shows the individual dots that measure approximately 8 nm in
diameter. To put this into perspective, if approximately 12,500 of the QDs in Figure 1.3
were aligned, the total length of the QDs together would equal the thickness (diameter)
of a single human hair. Under this magnification, the uniform hexagonal shape as well
as the high degree of crystallinity due to the visible lattice fringes (lines pattern within
the QD) of the individual QDs can easily be distinguished. Another important structural
feature of QDs are the molecules that are bound to the surface, these are called
ligands. Ligands are structurally important because they bind to the surface of the QD
providing solubility in solution, enhancing confinement properties, preventing
aggregation (clumping together) and preventing oxidation. The binding of ligands to the
surface of a QD is beneficial as they are responsible for the optical properties of QDs.
As a general rule, the better the surface is bound with ligands the better your QDs

properties.
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Figure 1.3: Transmission electron microscopyimage of Cadmium selenide quantum
dots. The dots measure approximately 8 nm in diameter.

1.2 Improving synthetic methods.

Typically QDs have been prepared by lyothermal methods which involve growing
QDs in round bottom flasks and heating them by means of an oil bath or heating mantle.
Although these techniques are useful, they are not as effective and have only two
reaction parameters that can be controlled—time and temperature. Microwave
synthesis offers new pathways for growing materials by allowing quicker reactions and
more control over lyothermal techniques.?*?® Microwave synthesis allows for quicker
reactions by heating the reaction precursors (ingredients) on the molecular level through
absorption of microwave energy. This technique can be compared to heating food in a
microwave oven versus heating on a stove top. Microwave synthesis also offers better
control due to the additional reaction parameters—power and pressure.?* Figure 1.4
shows a CEM scientific microwave that was used to synthesize quantum dots.

The Il — V quantum dots (Indium Phosphide) are typically more challenging to
synthesize than Il — VI quantum dots (Cadmium Selenide).??*%® The Ill — V materials
tend to be more challenging due to the limited choices of reaction precursors, difficulties
in controlling size and poor optical properties. The use of microwave synthetic

techniques has been shown to grow Ill — V quantum dots that outperform the lyothermal



counterparts; therefore advances in furthering microwave synthetic strategies for Il — V

materials must be developed.

Figure 1.4: CEM Discover microwave reactor used to synthesize quantum dots.
Unlike residential microwaves, these microwaves are especially built for the rigors of
laboratory use.

The synthesis of Indium Phosphide (InP) has been improved by utilizing
microwave techniques with fluorinated ionic liquids.>® lonic liquids are liquid salts that
are ideal for microwave synthesis due to their ability to readily absorb microwave
energy.®®> The InP QDs grown by these methods outperform lyothermal QDs because
the ionic liquids in conjunction with microwave reactors provide two advantages that
cannot be achieved by lyothermal techniques. The first advantage is the ability to
quickly absorb microwave energy, transfer that energy into heat and quickly bring the
temperature to reaction temperatures (250 — 280°C). The second advantage is the
ability to produce a fluoride ion during the reaction. This allows for a faster overall
reaction by activating the reaction precursors. Also, an indium rich surface is produced
allowing for more ligands to attach to the surface of the QDs which results in more
stable QDs. The use of fluorinated ionic liquids and microwave reactors allows for InP
QDs to be grown that have optical properties that surpass the lyothermal grown

counterparts.



1.3 Understanding growth of cluster grown QDs
The ability to grow highly emissive quantum dots has many challenges including
limited selection of precursors, a need for high temperatures, and the control of shape

3134 The ability to have a single precursor®?®” that synthesizes

by reaction kinetics.
quantum dots and contains both the positive and negative components would be ideal.
The single source precursor, LigM1oX4(SPh)] (where M is cadmium or zinc and X is
Selenium or Sulfur) was developed to provide a convenient experimental way to grow
cadmium selenide (CdSe), zinc selenide (ZnSe), cadmium sulfide (CdS) or zinc sulfide
(ZnS) quantum dots.>” These single source precursors were shown to grow stable,
convenient, and optically competitive QDs. Unfortunately, it was discovered that these
QDs, grown with the single source precursor, did not grow binary core quantum dots®+>°
but instead grew either a core-shell material (where selenium is only in the core and
sulfur is only in the shell) or a CdSSe alloy (where the sulfur and selenium atoms are

throughout the entire dot). (Figure 1.5)

I\

Figure 1.5: lllustration of the single source precursor, Lis[Cd1cSes(SPh)ss] showing
the possible products. QD 1 illustrates a core — shell QD where the core is CdSe and
the shell is CdS. QD 2 illustrates an alloy where the QD is CdSSe throughout.



Experimentally it was shown that the thiophenol (SPh) portion of the cluster
decomposes and generates sulfur atoms needed to incorporate into the growing
quantum dot. The challenge was to identify and determine the location of sulfur atoms
(core-shell vs. alloy) as it was incorporated into the growing lattice of the quantum dots.
Through multiple analytical techniques, we determined QDs that were synthesized from
the single source precursor route resulted in alloy materials as opposed to the before
mentioned core-shell materials. The alloyed material varied in sulfur concentration
depending on the reaction temperature, time and size of the quantum dot.

1.4 Solid State NMR - a tool for QD analysis

Optical and x-ray analytical techniques, typically used to measure and analyze
quantum dots, provide a sample averaged global perspective. To fully understand the
changes measured by optical and x-ray analysis, a technique that is element sensitive
and sensitive to specific environments within the material to measure the structural
changes would be ideal. Analysis by nuclear magnetic resonance (NMR) spectroscopy
offers a characterization technique that is element specific technique that is highly
sensitive to local chemical and electronic environments.

More specifically, solid state nuclear magnetic resonance (ssNMR) provides a
convenient handle to probe specific nuclear sites and analyze site specific regions of
solid materials to gain information about the chemical bonding within those sites.**** In
a typical ssNMR experiment, samples are usually crystalline powders which are placed
in special containers called rotors made out of zirconia. The sample filled rotors are
then placed into a magnet which is capable of generating strong magnetic fields and
spun at extremely high speeds. Once inside the magnetic field, the nuclear spins of the
atoms within the sample of interest interact with the magnetic field. By utilizing the
appropriate pulse sequences, different regions or layers (core, surface, passivant)
within the quantum dot can be analyzed and studied. (Figre 1.6) ssNMR is not limited
to analyzing the atoms of the QD lattice (core, surface and passivation layer), but the
ligands attached to the QD can also be detected and studied. This allows ssNMR to be

a powerful technique for studying QD structurally.



Passivation Layer

~=

Figure 1.6: lllustration of the different possible layers (passivation, surface, and core)
within a quantum dot that can be measured by Solid State NMR.

1.5 Size dependent reconstruction effects measured by ssNMR on Quantum dots.

As previously stated, most analytical techniques cannot analyze specific regions
within the quantum dot. Solid state NMR can be used to measure the degree of
crystallinity, level of reconstruction and the surface ligands bound to the QD. Solid state
NMR is an analytical technique that allows for specific regions to the QDs to be
distinguished by the use of specific pulse techniques.

Spin echo (Figure 1.7 A) is a specific pulse technique that allows for more global
analysis of the lattice properties of the entire QD. Using these spin echo techniques,
quantitative amounts of the different nuclei spin populations can be determined. The
different nuclei populations or contributions from the spin echo technique allow for a
size dependent trend for the surface to core to be determined.

Cross polarization magic angle spinning (CP-MAS) is a technique that allows the
surface of the QD to be selectively studied (Figure 1.7 B). CP-MAS techniques polarize
abundant nuclei then transfer that magnetization to nuclei which are less abundant.
The polarization transfer is from the abundant 'H spins on the passivating surface
ligands to the nuclei within the QD lattice. Therefore only nuclei at or near the surface

ligands of the particle can be measured.



Through the use of isotopically abundant prepared QDs (QDs where nuclei of
interest are all NMR detectable), CP-MAS techniques were used to not only enhance
surface nuclei but the ability to also detect sub-layer nuclei were possible by spin
diffusion events. Spin diffusion is the ability to transfer nuclear magnetization from
nuclei to nuclei of the same nuclei. Spin diffusion was enhanced by varying the contact
time within the CP-MAS experiment. The combination of enriched QD samples and
spin diffusion through CP-MAS allows the ability to depth profile the surface sub-layers
providing evidence of size dependent surface reconstruction.

Surface reconstruction is a phenomenon where stress or compression arises due
to the changes in bond lengths and angles due to the small sizes of QDs. Solid state
NMR provides a technique to measure and understand the impact size dependent
surface reconstruction QDs experience. The degree and depth of reconstruction leads
to differences in broadening of the NMR signal based on size. Also different chemical
shifts are observed for different regions within the quantum dot as well as changing in

size.

A) © 180°
B) 90°
H P 'H Decoupling

Figure 1.7: Solid state NMR pulse sequences A) spin echo B) cross polarization
magic angle spinning (CP-MAS) used to measure QD. Spin echo used to measure
the whole QD while CP-MAS can be used to measure specific sites within the QD.
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1.6 Summary of chapters

This dissertation on nanotechnology describes novel approaches using
microwave synthesis to grow nanocrystalline semiconductor QDs; explains growth
mechanics and properties of nanomaterials from single source precursors; and
characterizes QDs by solid stated nuclear magnetic resonance techniques. More
specifically, chapter two describes a novel method of growing Indium Phosphide (InP)
quantum dots using lonic Liquids (IL) and microwave synthetic techniques. The use of
an IL and microwave synthesis resulted in the highest quantum efficient InP that has
been synthesized without post reaction treatment.  Chapter three delves into
understanding the growth dynamics and identification of the resultant QDs grown from a
single source precursor. A combination of multiple analytical techniques was used to
determine QDs grown with the single source precursor were alloy materials. Finally,
chapter four describes the use of solid state nuclear magnetic resonance as a tool for
nanomaterial characterization. The use of solid state NMR is advantageous because it
allows for specific areas of the QD to be probed giving insight into the degree of surface

reconstruction that may exists in these QDs at specific sizes.
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CHAPTER TWO

MICROWAVE INDUCED IN-SITU ACTIVE ION ETCHING OF GROWING INP
NANOCRYSTALS

Reproduced with permission from Nano Letters.
Copyright 2008 American Chemical Society.

2.1 Introduction

The size dependent optical properties of colloidal semiconductor nanocrystals
are ideal for applications in fields ranging from biological imaging*** to photovoltaics.**
*® Due to the ease of synthesis, a significant fraction of the research to date has
centered on the II-VI family of semiconductors utilizing the type | core-shell structures,
namely CdSe/ZnS.>"*? Recent interest has focused on developing routes to the I1I-V
family, namely InP,2*?%2°% due to the perceived lower toxicity for InP based

nanocrystals. 6>’

The downside to InP is the poor photoluminescence (PL) quantum
yield (QY) . which is typically < 4% once isolated from the reaction mixture, although
core-shelling yields a value of ~ 20% depending on size.?”?®  The poor PL QY
performance for these materials can be traced to the presence of phosphorus
vacancies®® (V) in the material. Removal of the surface Vs sites by active ion etching
with hydrofluoric acid (HF) improves the PL performance of these materials to
~40%.2420:29%8  Active ion etching of InP nanocrystals with HF is believed to improve the
QY via removal of P dangling bonds that arise from the P rich faces of the growing
nanocrystal. By etching away the P faces in the form of PF3, an In rich face is exposed
that provides for more efficient passivation.?*?° The process is believed to be enhanced
by photoactivation via an electron transfer step, although HF etching without light also
produces PL enhancement.’® Although the use of active ion etching with HF enhances
the InP nanocrystal PL, it represents an inconvenient extra synthetic step that lowers
solubility, broadens the excitonic absorption line width, and increases the difficulty for
ZnS shelling. The development of an in-situ active ion etchant can simplify the
preparation of this family of material, improve the PL QY, and maintain the optical

properties of the nanocrystal.
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A microwave induced in-situ active ion etching process is demonstrated that
improves the out-of batch optical performance of InP nanocrystals, although the
methodology is likely to be applicable to a wider range of nanocrystals. In-situ active
ion etching is achieved by adapting our previously developed microwave (MW) based
synthetic protocol?* by the addition of the ionic liquid 1-hexyl-3-methyl-imidazolium
tetrafluoroborate (hmim BF,4). In-situ generation of F (active ion) is achieved through
direct MW absorption by the IL, thermal relaxation to the fluoride containing counter-ion,
and subsequent production of F resulting in V, removal during the growth of the InP
nanocrystal. The photoluminescence quantum yield (PL QY) for InP grown under in-situ
etching conditions is 47% for the additive hmim BF4 at a mole ratio of 1:10 (/n** to IL).
Time dependent degradation studies of the InP grown with the IL indicates the PL
properties are maintained in solution for an extended time frame with no detectable
change in PL QY after 24h. The in-situ, microwave assisted active ion etching method
represents the first technique to produce high PL QY InP nanocrystals out of batch
without using post HF treatment or core-shelling. More importantly, it points to a
methodology that allows in-situ vacancy or defect removal during the chemical
preparation of nanocrystals.

The use of ionic liquids in synthesis have attracted attention due to the high
thermal stability of the solvent, non-reactivity of the materials, and the added benefit of
the solvent being recyclable.®® In an earlier report, our group demonstrated the
advantages of using non-fluorinated ionic liquids in MW chemistry to accelerate growth
of InP and CdSe nanocrystals.?* The isolated InP showed typical PL QYs for this family
with values on the order of 4%. Following HF treatment the PL QY increases to 38%.%*
The most notable effect of using an ionic liquid in MW chemistry is the efficient
conversion of MW energy into thermal energy due to the high MW cross-section that
ionic liquids possess. In MW chemistry, the molecule with the highest cross-section
selectively absorbs the MW energy and through relaxation heats the solvent or the
molecular precursors. The selective absorption leads to the “specific’ microwave
effects often quoted in the synthetic literature.®® lonic liquids typically are not directly
involved in the reaction mechanism and can be considered a spectator solvent, allowing

non-absorbing materials to be rapidly heated in the MW by convective loss; although ILs
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are believed to enhance reactions due to the highly ordered solvent framework.*®’

Choosing an ionic liquid containing a fluorinated anion that thermally degrades would
circumvent the HF step by directly producing an in-situ F source. The concentration of
F would be controlled by the MW absorption cross-section of the IL and subsequent
thermal degradation of the fluoride source.

It is well known from the literature that PFs" and BF4 anions are prone to thermal
decomposition producing controlled quantities of F ions. The thermal production of
fluoride ions arises from a Balz-Schiemann type reaction.®”®* In fact, it has been shown
that tetrafluoroborate based ionic liquids thermally decompose at 240°C at a rate of
0.017 %/min.®® In order to assess the effect on the PL QY of InP by the addition of
fluorinated ILs during nanocrystal growth, we have investigated a series of ILs based on
1-hexyl-3-methyl-imidazolium  (hmim), 1-butyl-4-methyl-pyridinium  (bmpy), and
tetrabutylammonium (TBA) with the counter-ions [BF4], [PFe], F, and CI (Table 2.1).
2.2 Experimental

The InP nanocrystals are prepared by injecting separate stock solutions of
indium palmitate and tris-trimethylsilylphosphine [(TMS)s;P] dissolved in decane into a
microwave reactor vessel containing fixed concentrations of the additive in Table 1.

The synthetic method is an extrapolation of literature procedures®*°*

using separate
stock solutions of the precursors that are mixed prior to MW irradiation. MW growth is
accomplished by ramping the reaction at 300 W (single mode, focused, 2.45 GHz) using
a CEM Discover Microwave reactor. The general parameters used in this work are as
follows: 1) reaction power of 300 W (ramping time from 1 — 25 minutes depending on
additives), 2) reaction temperature at 280°C, and 3) reaction time of 15 minutes with
“active cooling” of the microwave cavity to remove latent heat. It should be noted that
the ramping conditions may vary depending on the choice of additives or MW system
used. Once the MW reaction is complete, the temperature is rapidly reduced to room
temperature (~2 min) using forced air cooling. For the optical studies, the InP
nanocrystals are isolated from the reaction mixture by initial addition of toluene and
precipitation by addition of acetone, followed by treatment with toluene/MeOH (2x). The
quantum vyields were determined by comparing the emission of InP with that from

rhodamine 6G in ethanol (QY = 95%), as described previously.?*
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Table 2.1: List of lonic fluorinated and non-fluorinated additives used for in-situ
growth of InP Quantum Dots.

. Y- Abbrevia- . Ramp
Anion Additive tion Ratio PL QY Time (sec)
1-hexyl-3-methyl-imidazolium BF 4 hmim BF 4 1:20 35.3 55
hmim BF, 1:10 471 70
hmim BF, 1:5 41.6 225
hmim BF, 1:3 34.6 410
hmim BF, 1:2 8.8 340
hmim BF, 1:1 1.7 760
hmim BF, 1:0.1 1.2 810
1-butyl-4-methyl-pyridinium BF 4 bmpy BF,4 1:20 29.5 180
[BF4] bmpy BF,4 1:10 43.2 220
bmpy BF4 1:5 9.9 250
bmpy BF4 1:3 2.7 325
bmpy BF,4 1:2 3.8 435
bmpy BF4 1:1 1.6 590
bmpy BF4 1:0.1 1.3 1320
tetrabutylammonium BF, TBA BF, 1:10 11.2 170
TBA BF, 1:1 4.2 370
TBA BF, 1:0.1 1 1735
1-hexyl-3-methyl-imidazolium PFg hmim PFg 1:10 245 150
hmim PFg 1:1 57 310
hmim PFg 1:0.1 1.8 485
1-butyl-4-methyl-pyridinium PFg bmpy PFg 1:10 N/A 220
[PF6] bmpy PFg 1:1 1.8 302
bmpy PFg 1:0.1 1 485
tetrabutylammonium PFg TBA PFg 1:10 N/A 305
TBA PFg 1:1 1 432
TBA PFs 1:0.1 1 1065
tetrabutylammonium fluoride TBAF 1:10 N/A 190
F TBAF 1:1 N/A 295
TBAF 1:0.1 1 720
1-hexyl-3-methyl-imidazolium CI hmim Cl 1:10 N/A 135
hmim CI 1:1 N/A 430
cr hmim CI 1:0.1 2.3 670
1-butyl-4-methyl-pyridinium CI bmpy CI 1:10 N/A 140
bmpy Cl 1:1 N/A 494
bmpy Cl 1:0.1 1.5 1332
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400 500 600 700

Wavelength (nm)
Figure 2.1: A) TEM of grown InP with hmim BF4 B) Optical image comparing the
solution of InP nanocrystals (hexane) for materials grown with and without hmim BF4
(1:10 mole ratio). The lower half of the image is under UV irradiation C) Comparison
of Abs and PL of InP grown with hmim BF4. Concentrations of the In®" precursor to
the IL used are 1:0.1 (black), 1:1 (red), and 1:10 (blue).

2.3 Results / Discussion

Using TEM, the MW grown InP are 2.7 £ 0.3 nm spherical, Zn- blende (cubic)
morphology nanocrystals (Figure 2.1A). The large disparity represents an upper limit
due to imaging imitations for these materials at this size regime. pXRD analysis (Figure
2.2) of the sample indicates a Zn-blende structure (F-43m) is formed. Scherrer analysis
of the pXRD confirms the TEM size measurement. Solid state nuclear magnetic
resonance spectroscopy (Figure 2.3) shows that fluorine is still present after material
isolation on the InP samples grown by these methods. This is in agreement with InP
that has been HF etched.?
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Figure 2.2: A) pXRD InP grown with bmpy BF4B) InP grown with hmim BF,4
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Figure 2.3: 'F MAS of InP grown with bmpy BF,. 2.5 mm rotor and a spinning speed
of 22 kHz
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Figure 2.4: Concentration dependent PL comparison of InP grown from bmpy BF .
1:0.1 (red), 1:1 (black), 1:10 (blue)

The magnitude of enhancement resulting from adding hmim BF4 to the MW
reactor is clearly evidenced in the dramatic PL improvement observed for the InP
nanocrystal grown in the presence and absence of the IL (Figure 2.1B). The changes in
the absorption and PL spectra for InP grown with the additive added in a 1:0.1, 1:1, and
1:10 mole ratio of In®*" to hmim BF,4 are shown in Figure 2.1C. The PL QYs for each
additive condition is compiled in Table 1. The [BF4] salts showed the highest overall PL
QY improvement, the [PFg]” based ILs produced lower QYs, while the F and CI salts
did not produce highly emissive materials or led to loss of the nanocrystal. An important
set of controls were also run on the IL’s (hmim, bmpy, and TBA) with a chloride counter-
ion. In all reactions, the chloride salt resulted in precipitation of the In precursor,
presumably due to facile formation of InCl;. The highest PL QY arises for the ionic liquid
hmim BF, at a concentration of 1:10. At this concentration it was possible to
reproducibly grow InP with a PL QY of 47%. No spectral shift for the PL profile is
observed for the various concentrations of hmim BF,4 (Figure 2.1 C) or bmpy BF4 (Figure
2.4); however as the concentration of IL is increased the InP PL QY asymptotes for the
hmim BF4 at a concentration above 1:5, while bmpy BF4 asymptotes at 1:10 (Figure

2.5). The difference in hmim and bmpy can be explained due to the higher polarity of
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hmim, and therefore higher MW absorption and subsequent thermal transfer from the IL
to the counterion.®® The higher thermal transfer leads to higher fluoride ion release in

the reaction.

% PL QY

0 I T T T T 1
0 5 10 15 20 25

Mole Ratio of Indium to IL

Figure 2.5: PL QY for a series of In®" : IL mole ratios of InP grown with hmim BF,
(solid) and InP grown with bmpy BF4 (dash).

The observed InP PL QY depends on both the IL and the concentration of IL.
For samples grown with a 1:10 mole ratio of the IL the trend observed is BF 4 > PFg >>>
CI', while at a 1:1 ratio the PL QY follows the trend PFg" > BF4 >>> CI" (Figure 2.6). The
observed anion dependence on IL mole ratio reflects the magnitude of F production,
with PFg™ having the highest fluoride ion production in time compared to BF4". The level
of fluoride ion production mirrors the bond energies for the B-F bond (174 kcal/mol)
compared to the P-F bond (96 kcal/mol).%” The weaker bond strength in P-F will result in
more facile thermal degradation and therefore higher fluoride ion concentrations. At
high IL mole ratios the increased fluoride ion concentration leads to aggressive etching

and subsequent loss of the materials.

19



30 —
25 —

20 -

PL

15 —
10 —
5 —
0

I T 1
500 600 700 800

Wavelength (nm)
Figure 2.6: Comparison of PL properties for InP grown with a 1:1 mole ratio of hmim
PFs (blue), hmim BF4 (red), and hmim CI (black).

To assess whether the PL improvement requires an IL with a high MW cross
section or just an anion capable of producing fluoride ion, TBA salts of BF, , PFs’, and
F-were tested at reaction temperatures of 280°C, which is high enough to initiate anion
degradation. Inspection of Table 2.1 illustrates that the combination of IL and counter-
ion is necessary to achieve high PL QY in these materials. Although PL QY
improvement is observed for TBA BF,4, the PL QY for TBA BF4 was far lower (11%) than
observed for either hmim BF4 (47%) or bmpy BF4 (43%). For the TBA salts, the
magnitude of PL QY followed the trend BF4 >>> PFg ~ F". At high concentrations of the
PFs or F salts the InP nanocrystals are not formed. As noted earlier, it is believed that
for the PFs and F salts, more rapid fluoride generation exists in the reaction and the
resultant F~ ions inhibit InP growth due to formation of InF; and reaction with the P
source with subsequent formation of PF3. The difference in PL QY between TBA and
hmim can be explained due to the lower microwave absorption by TBA during the
reaction resulting in lower F~ production for the ILs during the InP growth. The lower
MW cross section for TBA is clearly evidenced by the longer MW ramp times observed
for the TBA salts (Table 2.1).
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2.4 Conclusion

The experimental results suggest that a slow, controlled production of fluoride
ions during nanocrystal growth is crucial to produce the highest PL QY in InP. The slow
production of fluoride ions apparently allows controlled removal of defects to compete
with nanocrystal growth. The actual mechanism of etching is presumed to follow a

2958 \vhere the

similar pathway as observed in Si nanocrystals®® and InP nanocrystals
presence of HF leads to removal of oxidized P or enhances the cleavage of the Si-P
bond, which arises from the P> precursor (TMSsP). The oxidized P sites likely are
generated by thermal decomposition of In-palmitate or the In-acetate precursor.
Alternatively excess F ions may also interact with dangling P ions at the nanocrystal
surface, consistent with the NMR results and our previous observations®* (Figure 2.3).
At high fluoride ion concentrations (PFe” vs. BF4'), the rate of etching is faster than the
rate of the growth resulting in poor material performance. At low fluoride ion content
(hmim BF4 vs. bmpy BF4) the reaction results in faster growth than etching, which yields
poor PL QYs. The balance of etching and growth imply that during synthesis of InP
nanocrystals an ionic liquid with a fluoride counter ion serves two functions: 1) to super-
heat the reaction due to the high absorption cross section for microwave energy of the
IL converting that energy to convective energy, and 2) production of a transient in-situ
source for fluoride ions by thermal degradation of the counter-ion. MW chemistry allows
the careful control of etching relative to growth by balancing the MW cross section of the
reactants with the thermal degradation rate for the fluoride containing IL. The careful
control provided by the MW leads to a rapid, convenient synthetic methodology allowing
isolation of InP nanocrystals with nearly 50% PL QY's that is adaptable to a flow through
technology.?®> Such a technology may open the use of these materials in bio-imaging

applications where toxicity issues are a concern for bio-nanotechnology.
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CHAPTER THREE

COMPOSITION CONTROL AND LOCALIZATION OF S% IN CDSSE QUANTUM DOTS
GROWN FROM LI4[CD1oSE4(SPH)1¢]

Reproduced with permission from Journal of the American Chemical Society.
Copyright 2008 American Chemical Society.

3.1 Introduction
Preparation of emissive quantum dots (QDs) have evolved to the point where
very narrow size dispersions of the desired binary or ternary semiconductor can be

prepared routinely, whether through the use of molecular reactants,*%%7°

single source
dual component precursors,’’ or single source inorganic clusters.’**""> The growth of
the 11-VI QDs from inorganic clusters, while well documented,?**%73% js mechanistically
poorly understood. Depending on the reaction temperature and conditions, we’? and
others®® have observed variable concentration of S* incorporation into CdSe QDs
grown from [Cd10Se4(SPh)ss]*, the parentage of which can be traced to phenylthiolate
decomposition at the QD surface. Incorporation of S* is not surprising based on earlier
studies by Wang and Herron for CdS formation from the cluster [Cd1oS4(SPh)se]*,
where 60% of the S* incorporation came from phenylthiolate ligand decomposition.®’
They observed a surface mediated cleavage reaction between two bridging SPh™ groups
with ensuing production of S* and loss of diphenyl sulfide. Extrapolation of these
results to the growth of QDs from [Cd10Ses(SPh)ss]* would suggest a CdSSe alloy with
a composition approaching 60% S? might be expected based on stoichiometry.
However, the rae of incorporation would be influenced by the rate of decomposition of
the phenylthiolate which is both temperature dependent and surface area dependent on
the growing QD.

In this solid solution the anion distribution throughout the QD may exist as a
homogeneous, heterogeneous, gradient, or perhaps a core-shell®*’® depending on the
competition between phenylthiolate decomposition, phenylthiolate concentration, and

rate of S versus Se® addition to a growing QD surface. (Figure 3.11)
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Figure 3.1: Possible composition scenarios for a CdSSe QD grown from the cluster,
Li4[Cd1ose4(SPh)1a].

I*® due to the

The possibility of a core-shell motif was first suggested by Gamelin, et a
observation of enriched S* content at the QD surface. A core-shell motif is not
necessary to observe enrichment of S* at the surface based on our NMR observation®
of strongly bound SPh" at the QD surface, which would result in the identical conclusion
of S* enrichment but not imply a core-shell motif. The remarkable stability of the
phenylthiolate at the surface (impervious to ligand exchange in pyridine) and the lack of
detrimental effects on the quantum yield implies that the phenylthiolate anion exists
either bound to the face or on unique vertex and edge sites, as suggested in our earlier
study.40 These results have prompted a more in-depth study into understanding the
quality of the resultant QD grown from the inorganic cluster source, the nature of the
anion distribution in the solid solution, and the complexity associated with the
incorporation of defect ions into a growing QD.

A CdSSe alloy is observed in the size regime greater than 1.5 nm, with a S*
incorporation value of ~60% for sizes in excess of 3.5 nm. The correlation of
stoichiometry and microanalysis of the CdSSe alloy is remarkable, but does not imply

that the alloy is uniform overall size regimes. By correlating X-ray fluorescence (XRF),
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thermogravimetric analysis (TGA), solid state NMR, UV-Vis absorption, and powder
XRD (size analysis), we demonstrate the formation of a CdSSe gradient as the QD
grows. The size of the QDs in this study was calculated based on Debeye-Scherrer
analysis of the pXRD <110> face which has been demonstrated to be valid for QD size
estimation. The largest sizes were validated also by TEM. The optical absorption of the
CdSSe materials shows a blue shift in the energy due to the increasing S* content, as
predicted by the effective mass approximation for a ternary semiconductor. Solid State
NMR analysis provides evidence of a combination of TOPO and the phenylthiolate
species passivating the CdSSe nanocrystals below 5 nm. Above 5 nm no
phenylthiolate contributions are observed and the S* content in the nanocrystals
asymptote in the XRF analysis. SSNMR correlated to XRF and effective mass
approximation studies lead us to conclude that an™ ion distribution approaches the
stoichiometric value of 60% for sulfur and 40% for selenium.

3.2 Experimental

3.2.1 Chemicals. The molecular clusters Lis[Cd1cSe4(SPh)s6] and Lis[Cd10Ses(SePh)qg]
were prepared as previously described.’*®® Hexadecylamine (HDA, 90%), 85%
HsPO4 12 M HCI, were used without further purification.

3.2.2 Instrumentation. Elemental composition for Cd**, S*, and Se* was carried out in
an Oxford Instruments ED2000 X-ray fluorescence (XRF) spectrometer with a Cu-K,
source. The mole ratio for Cd** to Se? to S* for each sample was analyzed using XRF
with four repeat analyses for statistical validation. For a standard XRF measurement,
the powdered samples were completely dissolved in 90% HNOj; to allow total elemental
composition to be analyzed. In order to allow compatibility with the XRF sample holder,
the samples were heated to remove excess NO, and then diluted to ~5 mL with a 2%
HNOj3 solution. All measurements were carried out at the K. line for the element, Cd**
(23.1 keV), Se* (11.2 keV), and S* (2.3 keV). Total counts need to above 10 cps to
reduce error in the analysis. Calibration curves were generated using commercially
prepared 1000 ppm elemental standards in 2% HNO3, which results in accuracies of £3
ppm for Cd**, +4 ppm for Se*, and +16 ppm for S*. Composition analysis of bulk
samples were used to further validate the method.
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Optical absorption was analyzed in a 1-cm cell in toluene (~1 x 10° mol) using a
Cary 50 UV-Vis spectrophotometer. Powder X-ray diffraction (pXRD) was carried out
on a Rigaku DMAX 300 Ultima 3 diffractometer using Cu-K; (A = 1.5418 A) with the d-
spacing calibrated to a Si° standard to verify crystal motif. Using the Debye-Scherrer

formula (Eq. 1) the QD diameter was calculated,

- KA
fcosb (1)

where 1 is the QD diameter, A is the X-ray wavelength, B is the full width at half
maximum of the peak, 6 is the angle at the peak, and K is the shape factor. The <110>
peak was used to calculate the QD diameter to eliminate complications from
overlapping reflections. QD sizes and morphology were verified and the shape factor
calibrated by transmission electron microscope (TEM) for select samples using a JEOL-
2010 operated at 200 kV. The QDs were dispersed on holey carbon (400 mesh) from a
toluene solution.

Thermogravimetric Analysis (TGA) samples were placed into alumina crucibles
for analysis on an SDT 2960 (Simultaneous DSC TGA) and were heated to 300 °C or
600 °C at a rate of 2 °C/min under a flow of N, gas at 60 mL/min. Percent weight loss
was determined for each sample using the accompanying TA Universal Analysis 2000
software package. A 3.5 and 5.7 nm CdSSe alloy grown from the cluster was
measured by TGA at 300 °C and at 600 °C and the resultant powder analyzed by XRF
for S*, Se?, and Cd** content.

Solid State *C CP-MAS NMR experiments were performed at room temperature
on a Varian Unity/Inova 500 MHz spectrometer with a 2.5-mm broadband MAS probe
double tuned to "H (500.3 MHz) and the X channel to "*C (125.8) MHz. A spinning
speed of 12 kHz was used on all experiments. '*C CP-MAS experiments were
performed on  Lis[CdxSes(SPh)g], TOPO capped CdSSe grown from
Lis[Cd10Ses4(SPh)], CdSe and CdSe recapped with thiophenol by ligand exchange
procedures was prepared by Cd sterate microwave synthesis. Optimum 3C CP-MAS
experiments were acquired using an acquisition time of 50 ms, a recycling delay of 3

sec, a contact time of 1.6 ms and a "H 90° pulse length of 5 ps. '>C CP-MAS build up
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curves were created by varying the contact time between each experiment (0.5, 1, 1.6,
2, 2.5, 5ms). The chemical shifts were referenced to TMS (0 ppm).

3.2.3 Synthesis of CdSSe QDs from Lis[Cd1cSes(SPh)4e]. A series of CdSSe QDs (2
— 5.7 nm) were prepared from the single source inorganic cluster Lis[Cd1pSes(SPh)4g] in
HDA at 230 °C. QDs below 2.0 nm were also prepared and isolated by carrying out the
identical reaction at lower temperature (120 °C). The generic reaction was carried out in
a flame dried round bottom flask in which 200 g of hexadecylamine (HDA) was added,
degassed, and placed under Ar at 70 °C for ~1.5 h; and then raised to 120 °C. To the
HDA was added 2.0 g of LijfCd1Ses(SPh)s] (as a powder) and the reaction
temperature was increased to 230 °C at an approximate rate of 1-2 °C /min. Aliquots
(15 mL) were isolated every 10-20 nm. These samples were isolated from the reaction
mixture and purified using standard dissolution - precipitation protocols, in which the
aliquots were solvated in toluene, methanol was added to induce precipitation, and
centrifugation to collect the precipitate (3x). A final purification step was applied by
dissolving the precipitate (20 mg) into liquid TOPO (1 g, 80 °C) for 5 min and
precipitation of the QD from the TOPO using the above dissolution-precipitation
procedure above. TOPO exchange was utilized based upon the literature precedence
implying the surface of CdSe nanocrystals may be etched by treatment with TOPO,
although no significant impact on the cation to anion ratio was observed.* The samples
were stored under vacuum following isolation of the solid.

3.2.4 Synthesis of CdSe QDs from Lis[Cd10Ses(SePh)sg]. A pure CdSe QD was
grown from the molecular precursor Lis[Cd1oSes(SePh)+g] in an analogous fashion to the
alloyed materials. Briefly, to a flame dried round bottom flask 40 g of HDA was added,
degassed, and placed under Ar at 70 °C for ~1.5 h. To the HDA was added 400 mg of
Lis[Cd10Ses(SePh)+s] prepared by previously published methods.®® The reaction was
heated to 230 °C and monitored by absorption spectra until the desired sizes were
reached. These samples were cleaned by selective precipitation with toluene/methanal,
followed by TOPO exchange.

3.2.5 Microwave Synthesis of CdSe QDs from Cd stearate (CdSA). A pure CdSe QD
was grown from the reaction of cadmium steraate (CdSA) and TOPSe as described

previously.”® The reaction was carried out in decane in a CEM microwave (300W) at
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230 °C for 30 sec. This sample was cleaned by selective precipitation with
toluene/methanol. Size was confirmed by optical absorption and pXRD. Thiophenol
was ligand exchanged onto the CdSe surface by dissolving the CdSe sample into
thiophenol and sonication at ~45 °C for 1hr.
3.2.6 Homogeneous Acid Etching of CdSSe QDs. Uniform etching of the crystallite
faces can be accomplished with a 1I-VI specific etchant using a 1:1 (V:V) 12 M HCI:85%
HsPO4.*° To etch the QD samples, the acid etchant (50-200 L depending on degree
of etching desired) was added to 50 mg of the CdSSe QD in excess TOPO with 1 mL of
toluene and allowed to stir for ~1 min. The solution was quenched and the etched QDs
precipitated by addition of methanol. The size of the QD was verified by TEM and
absorption analysis.
3.3 Results / Discussion

QD growth, whether from elemental or single source precursors, is controlled by
the nucleation and growth steps of the reaction. Growth begins with a pure nucleus
(nucleation step) and can incorporate defects as the crystallite grows depending on the
concentrations and the kinetics for the specific ion addition to the growing nanocrystal
surface.?  When the single source cluster reaction is carried out in a strongly
coordinating solvent, it is presumed that QDs are generated from a similar mechanism
as proposed by Wang and Herron for formation of CdS bulk materials from
[Cd10S4(SPh)g].3>3""Tng?*3840.72:87.9192 The mechanism is believed to involve cluster
coupling induced by loss of the terminal phenylthiolate, with subsequent growth
occurring by a combination of cluster rearrangement into the bulk structure and S*
incorporation arising from decomposition of the [Cd(SPh)4]* or SPh™ with the formation
of CdS and (Ph),S at the nanocrystal surface. In effect, the cluster has a core CdeS4,
and the stoichiometry is balanced in the reaction by the decomposition of the four

Cd(SPh)4 caps to produce

Li[Cd1¢S4(Sph)1s] —2 5 (CdS)qo+ 6 (Ph);S +4 Li-SPh

six additional S* ions, six diphenyl sulfides, and four Li-SPh. The decomposition of the

tetrahedral capping moieties balance the Cd : S ratio in this material.
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The decomposition of phenylthiolate to produce diphenyl sulfide and S* can be
mechanistically described as a simple Lewis acid catalyzed nucleophilic aromatic
substitution.®*** The ratio of S* incorporation from the capping moieties is controlled by
the reaction temperature and conditions. In a strongly passivating solvent, QDs can be
formed instead of bulk materials due to kinetic trapping by ligand passivation.*’

For nanocrystals grown from [CdioSes(SPh)s]*, the probability of S%
incorporating into the growing nanocrystal with subsequent alloy formation therefore
would not be surprising. The temperature of the reaction will dictate the percentage of
phenylthiolate decomposition and subsequent S* content in the growing QD, while the
depletion of available phenylthiolate will affect the continued incorporation into the
growing quantum dot. The nature of the resultant alloy may be a homogeneous solid-

solution (uniform or a gradient from core to surface),”

70,95 |38,96

a heterogeneous solid-

solution, or a core-shel material (Figure 3.1).

Highly faceted, narrow size disparity CdSSe ( £ < 7% for 5.7 nm sample) were
isolated from the single source cluster route in the size range from 1.5 — 5.7 nm, as
measured by TEM, absorption, and pXRD (Figure 3.2). pXRD (Figure 3.2D) analysis
indicate the CdSe and CdSSe QDs have wurtzite symmetry, while the CdS QDs are
cubic. Control samples of pure CdSe and CdS were also isolated from single source

clusters using the respective pure chalcogenide.
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Figure 3.2: A) TEM image of 5.7 nm CdSSe QDs with a S*:Se* ratio of 66:34 by
XRF. B) HRTEM images of the same sample with visible lattice fringes. C)
Absorption spectra of ~2.4 nm CdSe, CdSSe, and CdS QDs. CdSSe QD S*:Se” is
36:64 by XRF. D) pXRD spectra of ~2.4 nm QD samples.

3.3.1 Elemental Distribution in the as-prepared CdSSe. In Table 1, the Se*
concentration are shown for the series of isolated CdSxSe .x QDs grown from the single
source cluster Lis[Cd10Ses(SPh)s], Lis[Cd10S4(SPh)s], Lis[Cd1oSes(SePh)qg], CdSe
passivated by TOP (CdSe-TOP) and CdSe ligand exchanged by thiophenol (CdSe-
SPh). The CdSe-TOP and CdSe-SPh QDs were grown by a microwave synthesis using
cadmium stearate. It is worth noting that the XRF cannot distinguish between S*
incorporated into the lattice and SPh™ on the QD surface within the S? / Se? ratio and
therefore cannot distinguish between CdSSe alloy and a CdSe/CdS core-shell motif.
Although many micro-analytical techniques can be used to evaluate S* content, XRF is
the most accurate for analyzing the S* to Se? ratios, as there are no complications from

overlapping peaks as observed in XPS.%"*® (Figure 3.3)
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Figure 3.3: Sample XRF Spectra for CdSSe nanocrystals.

Inspection of Table 1 indicates that for the five individual reactions for formation
of the CdSSe QDs (four at 230 °C and one at 120 °C), an increase in S* content is
observed as the QDs increase in size up to ~3.5 nm, where the S%*/Se? ratio
asymptotes at ~60% sulfur. The S* content in CdSe-TOP (3.1 nm) is 0%. Upon ligand
exchanging with thiophenol, the S* content for the 3.1 nm CdSe-SPh is 51%. The
marked increase in S? implies a significant fraction may arise from contributions of
phenylthiolate bound to the surface and S* incorporated into the QD. In all CdSSe
samples in Table 1, a high concentration of S% is observed, although for reaction
temperatures of 120 °C, the S* content is suppressed presumably due to the reduced
thiophenolate decomposition at lowered reaction temperatures resulting in less S*

available for incorporation.
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Table 3.1: Experimental results for S*/Se* composition, QD diameter by Scherrer
broadening of <110> pXRD reflection, and exciton absorption (1se -1sy). * is the
%[Se)/([Se]+[S]) measured by XRF while ** is the %[Se] calculated by the effective
mass approximation. Bracketed numbers are diameters verified by HRTEM.
Highlighted samples are depicted in Figure 3.2. Reactions marked by " are

synthesized via cadmium stearate microwave synthesis.

XRF  Eff. Mass Appox. Abs. A XRD (Scherrer)
% [Se]* % [Se]** (nm) diameter (nm)

cdsse 64 78 477 2.44
(230 °C) 69 76 502 2.93
77 81 511 3.03
Growth 1 67 77 517 3.16
58 77 522 3.26
58 89 457 1.96
75 90 489 2.32
85 87 498 2.56
Growth 2 66 76 507 2.97
60 74 516 3.26
37 78 560 4.42
36 78 567 4.71
52 70 473 2.57
60 77 488 2.64
61 71 497 2.96
58 78 509 2.97
Growth 3 55 77 514 3.10
36 78 539 3.65
35 81 548 3.81
36 82 564 4.30

39 73 567 5.13 [5.09]

34 69 570 5.74 [5.78]
- 85 463 2.08
SSNMR - 76 499 2.80
Growth 4 - 68 505 3.23
- 73 529 3.64
- 74 546 4.06
- 67 567 5.68
88 99 430 1.56
cdsse 77 81 450 2.05
(120 °C) 76 79 466 2.25
74 84 486 2.40
100 100 498 2.22
cdse 100 100 519 2.46
100 100 526 2.65
100 100 532 2.77
CdSe-TOP' 100 100 544 3.10
CdSe-SPh' 49 100 544 3.10
cds 0 0 352 2.41

31



To rationalize the S* content observed in the CdSSe alloys and CdSe-SPh
sample, the presence or absence of phenylthiolates at the QD surface must be
established. The presence of phenylthiolate bound to a QD surface will substantially
modify the actual S* content measured in a QD sample resulting in a significant

skewing of the XRF results, and thus an incorrect conclusion of the material motif.

] ] T T 1
200 150 100 50 0
ppm

Figure 3.4: Solid State >C CP-MAS NMR of A) Lis[Cd10Ses(SPh)ss] B) 2.1nm CdSSe
C) 2.8nm CdSSe D) 3.2nm CdSSe E) 3.6nm CdSSe F) 4.1nm CdSSe G) 5.5nm
CdSSe H) 3.1 nm CdSe grown from CdSA synthesis |) 3.1nm CdSe (CdSA grown)
capped with thiophenol J) Tri-octylphoshphine oxide K) Stearic Acid.
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To analyze the surface of the prepared CdSSe and CdSe QDs, cross polarization
magic angle spinning (CP-MAS) solid state NMR experiments were performed on one
of the CdSSe growth reactions to help determine the nature of the ligands bound to the
surface of the QDs. The CP-MAS data in Figure 3.4 shows the carbon signatures of the
organic surface ligands for the aromatic resonances arising from SPh", aliphatic
signatures arising from TOPO, TOPSe, and stearic acid, and the —-COOH signature
from stearic acid. The aromatic resonances of Lis[Cd1cSe4(SPh)ss] (Figure 3.4A) can
be assigned as 137.49 ppm (alpha), 134.57 ppm (ortho), 127.17 ppm (meta), and
123.32 ppm (para) and the signatures at 9 and 46 ppm can be assigned to impurities
from triethylamine. The CdSSe grown from LisjCd1oSes(SPh)+] (Figure 3.4B-G) are
consistent with the assignments for thiophenol bound to the QD surface. The aliphatic
signatures for the CdSSe cluster are observed between 10-40 ppm, and can be
assigned as contributions arising from TOPO, consistent with the observed resonances
for TOPO in Figure 3.4J. For the 3.2 nm CdSSe QD (Figure 3.4D), the linewidth
appears to increase dramatically which may arise from chemical shift anisotropy
between different sites on the CdSSe QD surface. This conclusion is reasonable as the
highest phenylthiolate concentration relative to TOPO is observed at this size.

NMR assignments for the CdSe-TOP QD (3.1 nm) grown from CdSA (Figure
3.4H) show contributions from the —COOH feature (180 ppm), assignable to stearic acid
(Figure 3.4K). In addition, the aliphatic region consists of contributions from stearic acid
and TOP in the 10-40 ppm range. CdSe-TOP QD was ligand exchanged with
thiophenol which results in complete loss of the stearic acid signature (180 ppm) and
the predominant aliphatic contributions (10-40 ppm). In the aromatic region the
signature for thiophenol is clearly present (Figure 3.4l) for CdSe-SPh.

Integrations of the aromatic and aliphatic regions of Figure 3.4B-G reveal the
relative ratio of ligands bound to the surface of the QD as it grows from 2.1 — 5.7 nm.
Using these ratios the number of SPh™ and TOPO ligands were determined and plotted
in Figure 3.5. The loss of the resonance for thiophenol (Figure 3.4G) for the 5.7 nm
QD was confirmed on replicate measurements on QD samples between 5 and 5.7 nm in
size. The concentration of thiophenol to aliphatic can be evaluated semi-quantitatively
using >°C CP-MAS NMR signals.
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Figure 3.5: Number of ligands bound to CdSSe QDs plotted vs. QD diameter.
Percent of ligands were determined semi-quantitatively by ">°C CP-MAS NMR.

3C CP-MAS experiments were chosen over >°C MAS to determine the relative ratio of
SPh : TOPO due to the improvement in signal to noise, faster experiment collection
times, and "*C and 'H are only present as surface ligands therefore the cross
polarization should have a minimal effect on signal intensity. To ensure that signal
intensities were not affected and T relaxation was allowed to fully recover, a series of
MAS experiments were performed where the recycle delay was varied (3, 6, 10, 20 sec)
and the optimum recycle delay was determined to be 10 sec. A comparison was made
between the intensity ratios for the CP-MAS and MAS experiments to validate that the
CP-MAS experiment did not skew the reported ratios. Assuming the alkane passivant is
predominately TOPO, the relative ratio from the MAS experiment was 1 TOPO : 6 SPh’,
while the CP-MAS had a ratio of 1 : 5.8. Although the T for the '*C signal was not
measured, the agreement in CP-MAS and MAS measurements at 10 and 20 sec delay
suggest the analysis is fairly accurate. Build up curves were also performed to ensure

T1-rno Was not compromised and the "*C signal was allowed to fully recover (Figure 3.6).
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Figure 3.6: *C CP-MAS build up curve on 3.6nm CdSSe. Individual peaks were fit to
4 aromatic and 3 aliphatic signatures. Each individual build up curve was normalized
for ease of viewing. All profiles have similar build up except peak 1 (methyl carbon
on TOPO) and peak 4 (para carbon on SPh’). Contact times used were 0.5, 1.0, 1.6,
2.0,2.5,5.0 ms.

The plot of the number of ligands versus size is intriguing, as it suggests the
phenylthiolate content increases with increasing size up to at 4 nm, and then decreases
as the QD continues to grow. Ligand exchange by TOPO, pyridine or HDA does not
modify the observed phenylthiolate concentration ratio in these materials. This
observation is consistent with our earlier publication*® where the phenylthiolate was
observed to be remarkable robust on the QD surface, exhibiting a lack of exchange by
pyridine at 70 °C or TOPO at 80 °C.

The difference in the phenylthiolate concentration between small (3.5 nm) and
large (5.7 nm) CdSSe samples is further evidenced by analyzing TGA data for these
materials. TGA on a 3.5 nm CdSSe and 5.7 nm CdSSe exhibit marked differences for
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ligand loss at 600 °C. The mass loss at 600 °C is assignable to thermal degradation of
two SPh™ ligands with production of a free S* and diphenylsulfide, as observed in the
earlier TGA studies by Wang and Herron.®” The smaller QD shows significant loss of S*
associated with ligand loss at 600 °C (42% -2 21%), while the 5.7 nm QD shows
insignificant changes in S (66% - 63%) when heated to 600°C. The lower loss for S*
corroborates the lack of SPh™ on the QD surfaces as observed in the NMR data.

The NMR data and TGA analysis conclusively show that SPh" is present in these
materials for sizes below 5 nm and is a contributor to the observed S* in XRF. It is
important therefore to note that the total S* content reported in Table 1 will be artificially
high, however the observation of ~60% S* content above 3.5 nm where SPh™ coverage
is dropping cannot be attributed solely to SPh", particularly for the 5.5 nm QD where no
SPh™ is experimentally observed. Although a core-shell motif could explain this
observation, our ’Se NMR CP-MAS data at short contact times from earlier studies
clearly demonstrate Se? at the surface by 'H-""Se CP-MAS experiments.*® This result
has been confirmed for all sizes in this study (unpublished result), and is currently being
analyzed. To properly project the CdSSe composition and thus the elemental
distribution, the quantity and characteristics of SPh™ at the QD surface must be better
understood and analyzed.

3.3.2 Nature of the CdSSe alloy. While the presence of SPh™ on the QD surface could
rule out a simple core-shell motif to explain the S* enrichment, it does not rule out S*
ion incorporation into the growing QD. The actual nature of the alloy formed during the
reaction, whether a homogeneous or inhomogeneous alloy is still unknown (Figure 3.1).
Insight into the nature of the alloy may be gained by considering the impact of formation
of a solid solution on the electronic properties of the semiconductor QD using an
effective mass approximation (EMA) to account for the tuning of the semiconductor
band gap by the alloying of the ternary ion. The change in the exciton absorption as a
function of size and composition can be generated by use of the theoretical model
described by Rosenthal, et al’® for CdSSe QD homogeneous alloys. By applying the
size dependent confinement formula of the EMA (Eq. 2) and utilizing known energy
shifts for pure cluster grown samples,® an expression can be generated for the shift in

the exciton as a function of elemental composition,

36



a, ¢ a, ¢
Eg(x,d):x{Eg(CdS,oo)+Fl+d—12}+(1—x){Eg(CdSe,oo)+F2+d—22}—b(d)x(1—x) 5
where a and ¢ represent the reduced mass of the e and h*, (fit as empirical
parameters), d is the QD diameter, and b is the bowing constant describing the

nonlinear effects of ion doping.
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Figure 3.7: Five separate CdSSe QD reactions grown from Lis[Cd1oSes(SPh)+s].
Sizes measured by pXRD Scherrer-Debye analysis and calibrated by HRTEM.
Dashed lines are theoretical effective mass approximation of the indicated
concentrations of S:Se. Squares are pure CdSe QD samples. Circles are pure CdS
QD samples from Ref. 43

Figure 3.7 shows the change in the energy for the first exciton absorption for the
five individual reactions for CdS«Se1x QDs . The experimental data is overlaid with

theoretical plots calculated by the EMA. Inspection of the absorption value for the
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exciton versus the measured size shows there is a shift in the energy gap when
compared to pure CdSe or CdS QDs of the same size. The first excitonic transition
exhibits a blue-shift of 41 nm for a QD of the same size (Figure 3.2C). The core-shell
motif, where CdSe and CdS phases are completely segregated, does induce a shift in
the absorption edge, but has a much weaker (~8 times less) effect at low dopant
concentrations.”>® The observed shift in the first exciton transition of CdSSe relative to
CdS and CdSe QDs provides direct and conclusive evidence of S? incorporation into
the lattice. Although the effective mass equation is an approximation for describing the
QD absorption properties, the experimental plots support a homogeneous alloy
formation. The details of the alloy whether uniform or a gradient from core to surface is
not defined by the absorption data alone, and only the correlation of all the experiments
can provide a map of the formed alloy.

3.3.3 Qualitative model of the QD. Using a model for the alloy growth based upon the
initial observations of Wang and Herron®” for growth of CdS from Lis[Cd10S4(SPh)se],
one might suspect the final composition of a QD grown form Lis[Cd10Ses(SPh)4s] to
exhibit a ratio containing 60% S* and 40% Se®. This can be deduced based on
stoichiometry, where the composition is 10 Cd : 4 Se* : 6 S* (from SPh’) and the
remaining products consist of 6 (Ph),S, and 4 Li-SPh. The actual stoichiometry will be
further enriched in S% arising if the remnant four Li-SPh further decompose at the QD
surface. The additional S* generated by this decomposition would result in a 66% ratio
of S* arising from the phenylthiolate decomposition, and a ratio of ~ 1. 1.2
Cd:chalcogenide. While decomposition of phenylthiolate is critical, this is a temperature
dependent reaction and at the initial reaction temperatures, crystallization theory?
should dominate, with a pure nuclei forming first. As the temperature of the reaction
increase, phenylthiolate decomposition will increase roughly proportional to the
available surface area above a critical temperature leading to what one might suspect
will be an enrichment of S* approaching the 60% reaction stoichiometry of the cluster.
In the growth of CdSSe QDs from [CdioSes(SPh)ss]*, the reaction will be complex
dominated by the decomposition mechanism, which is temperature dependent; the

concentration of surface bound phenylthiolate, and the rate of S?% incorporation versus
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Se? incorporation since the rate of atom addition is dictated by the reactivity of the QD
surface.

Evidence of the model can be generated by inspection of the Cd:chalcogenide
ratio for the QDs from XRF compared to the change in the S* content estimated by
EMA. Measuring the S* content by EMA and XRF provide insight into the average
composition relative to the total S* composition as a function of the QD size. The
Cd:chalcogenide ratio is approximately 1:1.1 (Cd:S+Se) across all samples indicative of
an anion rich surface. A plot of the percentage [Se] and [S] extracted by the EMA and
by XRF versus size for the growth reactions are combined and shown in Figure 3.8A
and B. The S* content calculated from the EMA, which correlates with band gap tuning
arising from alloying; exhibits a slow increase (22 - 31%) with increasing QD size (3.65 -
5.9 nm). The exception is the 1.5 nm QD where only 1% S? incorporation is observed.
An intriguing observation worth noting in Figure 3.8A is the observation in the effective
mass approximation that the 1.5 nm CdSSe QD is only 1% sulfur, which is accounted
for by incorporating the thiophenol content observed in Figure 3.5. The observation of
insignificant S% incorporation in this size regime is indicative of a pure nucleus as
predicted by nucleation theory. Efforts by Gamelin, et al have pointed towards the
critical nuclei for CdSe to be roughly 1-2 nm in size, in agreement with our observation.

The change in S* content for the XRF data is more dramatic. At sizes below 3.2
nm, the S content is varied with a composition of 15- 40%. Above 3.2 nm, the s*
content exhibits a discontinuity with values of ~60% S*. The XRF data is influenced
significantly at small sizes by surface contributions from bound phenylthiolate based
purely upon surface to core ratios for the QDs. As the QD grows the surface
contribution to total S* content will become less significant. The marked increase for
S?% in the XRF above 3.2 nm, but no significant jump in the EMA data implies increased
phenylthiolate decomposition is occurring at the QD surface, resulting in increased S*
content. Coupling this result with the stoichiometric expectations for the QD growth

from a cluster, the ratio of 60% incorporation is consistent.
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Figure 3.8: A) CdSSe concentrations calculated by the effective mass approximation
plotted against QD size B) CdSSe concentrations calculated by XRF plotted against
QD size.

To evaluate the jump in S% arising from increased phenylthiolate decomposition,
Figure 3.5 and 3.8 are compared. In Figure 3.5, the NMR data, which tracks
phenylthiolate and alkane ligands at the surface of the QD, shows a maximum
phenylthiolate content at ~4 nm and drops to non-measurable levels above 5 nm for
CdSSe QDs. If we consider the fact that the sulfur incorporation is a complex issue of

temperature, and the available surface area of the QD for phenylthiolate decomposition,
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the decrease in phenylthiolate in the NMR below 4 nm can be accounted for by
enhanced phenylthiolate decomposition resulting in S% incorporation. The assumption
that S* incorporation is influenced by reaction temperature is clearly seen in Table 1,
where lower sulfur content is observed for reactions carried out at lowered reaction
temperatures (120 °C). The nearly invariant composition in the EMA coupled to the
stepped increase in XRF reflects the gradient nature of the alloy due to the complex
reaction pathway for QD growth from clusters coupled to contributions from enhanced
decomposition rates and potentially changes in surface energy of the growing QD. The
loss of phenylthiolate from the QD surface and increased S* content at the largest
sizes, can be supported by the broadening of the absorption feature for the first exciton
(Figure 3.9). The broadening of the absorption feature is partially due to a loss of
distribution as shown in TEM image (~7%), but is also likely due to the apparent

discontinuity in the S incorporation in these sizes.
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Figure 3.9: Absorbance profile of growing CdSSe from Lisj[Cd1Ses(SPh)s]. Above
~550nm further growth is possible by growth by decomposition of SPh™ surface
ligands leading to lose of first exciton and size distribution.

41



The conclusion that S? is incorporated into the growing alloy for QDs below 5
nm, a 3.26 nm CdSSe QD was analyzed for S* content during growth and subsequent
etching with a II-VI acid etchant (H;PO4:HCI). A similar approach to etching has been
carried out by Peng, et al."® In Figure 3.10 the experimental data shows that the S*
content in both the growing and etched QD nearly track perfectly for removal of a single
shell from the QD, and is observed to reproduce the ion content at the smallest size.
The lack of agreement is consistent with the probability that etching is not uniform for all
faces. The remarkable observation is the rapid decrease in S* content for the first shell

removal.
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Figure 3.10: The %Se (and %S) from XRF analysis from a 3.26 nm CdSSe QD taking
during growth (circles) and then subsequent acid etching (squares) by H3PO,4/HCI
(50% v:v). The shaded area represents removal of ~0.4 nm, approximately one
lattice plane.

Comparing this observation to the NMR data, which indicates the presence of
phenylthiolate, allows the conclusion that the high S% content is due primarily to the

presence of phenylthiolate and not core shelling. Removal of approximately two shells
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from the QD vyield a value for S* consistent between the grown and etched sample by
XRF. The remarkable correlation between the etching experiment (Figure 3.10), the
Se* concentration as a function of size measured by the EMA (Figure 3.8A), the
increased S? incorporation reflected in NMR and XRF (Figure 3.5 and 3.8B) supports
the conclusion that an alloy is formed in the reaction and phenylthiolate is the major

contributor of the apparently high S? concentration.
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Figure 3.11: A) Sulfur incorporation vs. QD size. Line 1 depicts growth of a uniform
60S/40Se alloy. Line 2 depicts growth of a 2 nm pure CdSe core with 70S/30Se
(solid) 60S/40Se (dashed). Line 3 depicts growth of a 2.25 nm pure CdSe core with
70S/30Se (solid) 60S/40Se (dashed). Other points are experimental growth reactions
determined by XRF. B) Model of CdSSe QD, showing crystal structure of a CdSSe
QD with organic ligands passivating the surface. CdSSe QD cross-section is cut on
the <110>. Model depicts pure CdSe nucleus with CdSSe alloy.

3.4 Conclusion
The nature and ion distribution within the CdSSe QD alloy requires a model that

can account for the experimentally derived S* composition by XRF (Figure 3.8), the
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postulation of a pure core (~1.5 — 2nm), and the S* contributions arising from surface
bound phenylthiolate contributions, as observed in Figure 3.5. In Figure 3.11, a plot of
the fractional S* composition as a function of QD size is shown. The experimental XRF
data from four separate reactions is plotted. Assuming the cluster stoichiometry of 60%
S% arising from phenylthiolate decomposition and contributions from bound
phenylthiolate based on the NMR results yields the black line (Line 1). Although the
agreement is reasonable for QD > 4 nm, the lack of agreement with experimental data
below 4 nm in size suggests the QD is not a uniform alloy. Incorporating a pure CdSe
nuclei as suggested by nucleation theory, yields Line 2 and 3 (blue and red), where a 2
nm (blue) and 2.25 nm (red) pure CdSe core is assumed and subsequent 60:40
(dashed) and 70:30 (solid) S* to Se* incorporation arises as the QD grows. Inclusion
of a pure core gives surprisingly good agreement with the experimental data for a 2 nm
core with an alloy at 70:30 S?: Se?. The theoretical plots were generated by predicting
the number of atoms based on sizes and number of SPh™ based on *C CP-MAS NMR.
A number of assumptions are made in the generation of these plots such as uniform
growth, no defect sites, and 100% surface passivation by ligands based on available
binding sites.

Although the data below 4 nm is scattered, suggesting a rather complex reaction,
the agreement suggests a model where a pure nuclei is generated and S* addition
reaches equilibrium above 4 nm (Figure 3.11B). The complexity of the reaction arises
from the different rates of S* production from SPh™ decomposition, increase in reaction
temperature and rate of S* incorporation in the growing QD. It is believed the S*
incorporation rate becomes more uniform as the observed phenylthiolate concentration
bound to the QD drops, presumably reflecting near-instantaneous degradation upon
phenylthiolate adsorption on the QD surface.

Taking the complete data set, a model (Figure 3.11) can be proposed for the
CdSSe alloy grown from the molecular cluster. At the core, a pure CdSe nuclei of ~1.5
nm exists with phenylthiolate bound to the QD surface. As the particle grows, the
reaction temperature, surface area and phenylthiolate decomposition rate increase,
likewise the level of S* alloying increases. At the largest sizes, loss of phenylthiolate,

verified from the CP-MAS, but continued incorporation of S* is observed supporting the
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increased decomposition rate and implying that a constant S* rate should be observed
reflecting anion availability and the thermodynamics of the reaction.  The rate of
incorporation approaches the stoichiometric value by XRF, and exhibits an increasing
alloy composition by EMA. The slow increase in EMA reflects the slow rate of alloying
formation in the core of the QD relative to the outer most shells.

The data supports a model where the Se* is not restricted to the core and the S*
to the surface, as expected for a core-shell, but rather represents a solid solution whose
composition is controlled by thermodynamic parameters, namely S* concentration,
energetics of S* versus Se? addition to a growing QD, and the conversion from a
kinetically controlled reaction to a thermodynamically equilibrated process. It is not
surprising that the compositional distribution of the S* in the CdSSe QDs approaches
the stoichiometric value of 60% but the mechanism is quite complex if one considers the
implications of nucleation theory and the influence of the precursor concentrations on
the kinetics as the reaction progresses since the available reactant concentrations (S*

vs. Se” vs. Cd®") are in constant flux.
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CHAPTER FOUR

SIZE AND SITE DEPENDENT RECONSTRUCTION IN CDSE QDS EVIDENCED BY
""SE{"H} CP-MAS NMR SPECTROSCOPY

Reproduced with permission from Journal of the American Chemical Society.
Copyright 2010 American Chemical Society.

4.1 Introduction

Semiconductor quantum dots (QDs), which are widely studied by optical
spectroscopy, exhibit unique size-dependent properties that can be strongly influenced
by reconstruction at the surface or in the core of the QD.**'°""%* The exact nature of
the reconstruction and the impact of surface ligation on reconstruction in a QD as a
function of size are still controversial. Theoretical studies'®"'® on CdSe QDs have
suggested reconstruction should occur in these materials due to surface strain.
Analysis of the average QD structural environment by X-ray diffraction,'"’
EXAFS/XANES,'® and Rutherford back scattering’®'"® imply that overall QDs only
experience minimal reconstruction that anneals out as the QD grows. More advanced
studies have suggested a better model may require the inclusion of discrete sites
(surface vs. core) and a size dependent behavior to fully interpret the impact of
reconstruction in a QD."*®"""""% A series of advanced studies on CdSe QDs using pair-
distribution function analysis of X-ray data has probed the question of reconstruction to
a greater degree and suggests reconstruction is localized at the nanocrystal surface,
while the core of the nanocrystal is largely unperturbed.”""'21'* Recent studies of the
size dependent elastic properties’’® have confirmed these findings but indicate CdSe
below 3 nm exhibits a strongly perturbed structure potentially due to a change in the
nature of reconstruction in the QD. Size dependent analysis of CdSe QDs by pressure
dependent Raman measurements has also observed a change in the Grlineisen

parameter for CdSe QDs below 3 nm.”"'?°

While these techniques have provided
insight into the overall changes in the structure as a function of size, the use of an

analytical technique that is selective for select elements within the lattice and specific to
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the location of these elemental sites would be ideal to address the nature of bonding
and reconstruction experienced by a QD.

Due to the element specificity inherent to nuclear magnetic resonance (NMR)
methods, ease of synthesis and well studied properties for CdSe,'*''?? this study
analyzes the size dependent reconstruction on "’Se enriched CdSe QDs (Cd’’Se) using
NMR methods to structurally depth profile specific "'Se atoms in local chemical
environments. Solid-state NMR studies of Cd’’Se QDs, ranging in size from 2 — 7 nm,
with a 5 - 6% size dispersity are analyzed allowing discrete assignment of the core,
surface and passivant "’Se sites within the QD, as well as evidence of size dependent
QD reconstruction. Of the NMR active species in a CdSe QD (''*Cd, "’Se, *C, *'P, and
1H) ,4041:43.102,104123-127 e 77Se atom (spin = 1/2) is convenient to study because of the
environmental sensitivity of its chemical shift*® and the ability to isotopically enrich the
element.  For the Cd""Se QD samples, the NMR chemical shifts as functions of size
reveal that the ligation layer is unique and apparently uncoupled to QD size effects,
while the surface (outer most shells) and core (inner most shells) environments exhibit
different magnitudes of reconstruction depending on the size of the QD. As the QD
grows, reconstruction appears to be more localized to surface layers while the core
appears to be largely unperturbed. Since semiconductor QDs and more importantly
CdSe are being applied in a diverse range of technologies, understanding the structural
attributes of reconstruction and the impact on the outermost planes relative to the core
of the QD is crucial.

NMR methods can allow the differentiation of discrete chemical environments
within a QD by analyzing the chemical shift of the elemental sites and discriminating the
elemental signal associated with a surface versus a core of a QD.40-43101.102,104,126-139
Cross-polarization magic angle spinning (CP-MAS) can allow the surface versus core
signals to be delineated, since CP enhancement is a heteronuclear short range

40,41,43,133

process dependent on numbers of nuclei, relative geometries, and the

Hartmann-Hahn matching condition.0:42129.140.141

Spin-echo measurements allow a
more global analysis of the lattice properties and by coupling spin-echo and CP
experiments, it is possible to delineate the NMR contributions from the surface and sub-

layers in the QD. Although there could be multiple "H populations influencing the CP
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signals (which are face, site, and passivant density specific), the passivant 'H nuclei
nearest the surface layer will dominate the polarization transfer process. Carr Purcell
Meiboom Gill (CPMG) NMR acquisitions increase NMR sensitivity for these samples
without significant distortion of the "’Se line shape, allowing "’Se T (spin-lattice) and T
(spin-spin) relaxation measurements for the QD. Interpretation of the NMR data is a
powerful analytical tool for structural analysis in QDs butis limited by the broadening of
NMR features due to disorder and spin-spin interactions in nanoscale materials with
high surface-to-core ratios.*%°

Isotopic enrichment of the Se sites enhances spin diffusivities, facilitating
assignment of Se signals to different layers within the QD through analysis of the
variable CP contact times. NMR chemical shifts as functions of size reveal that the
ligation layer is unique and apparently uncoupled to QD size effects, while the surface
(outer most shells) and core (inner most shells) environments exhibit different
magnitudes of reconstruction depending on the size of the QD. Based on chemical shift
analysis as a function of CP times, global reconstruction is observed for QDs below 3
nm while the reconstruction appears to be self-limited for QDs greater than 3 nm. As
the QD change size, reconstruction appears to be more localized to surface layers while
the core appears to be largely unperturbed. Surface reconstruction appears to
influence the effectiveness of spin diffusion between QD surface and core regions,
which could have implications to NMR studies across semiconductor nanostructure

interfaces.'4%143

The T4 and T, results show a discontinuity around 4 nm which may
imply the largest change in reconstruction occurs in this size regime. Analysis of the
chemical shifts using the Ramsey expression coupled to valence bond theory provides
insight into the changes in local bonding that occur with size and indicates the surface
sites have greater s-character for the Cd - Se bonds due to compressive strain. The
change in bonding is consistent with the expectation for passivant chelation and surface
dangling bonds in a QD. The NMR based model for Cd’’Se reconstruction supports the

13

findings of Billinge, et. al.'™ and Scholes, et. al, '"® who postulate size dependent

reconstruction.
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4.2 Experimental

4.2.1 Chemicals. Cadmium stearate (CdSA) (90%, Strem Chemical), 1-Octadecene
(ODE) (90%, Sigma Aldrich), Selenium powder, (99.66% enriched ’Se, Isoflex USA),
and Tri-n-octylphosphine (TOP) (90%, Alfa Aesar) were used without further
purification.

4.2.2 Synthesis of Cd’’Se QDs from Cadmium Stearate (CdSA). Cd’’Se QDs were
grown by lyothermal methods using a modified literature reaction involving CdSA and
TOP-""Se.?® CdSA was added to 1-octadecene in a 3-neck round bottom flask under N,
and degassed according to the literature procedures. The reaction mixture was heated,
TOP-""Se was injected, and allowed to stir until the target QD size was obtained; size
was monitored by UV-Vis absorption of aliquots. The reaction temperatures used were
180, (3.1 nm) 280, (4.32 nm) and 300 °C (6.1 and 6.9 nm) for each targeted QD size.
The reaction was allowed to cool to room temperature and the QD isolated by
centrifugation through standard selective precipitation methods via the addition of n-
butanol to the reaction mixture followed by toluene/methanol dissolution/precipitation
steps. The samples were dried under vacuum at room temperature and the solid
powdered samples packed into 2.5 mm zirconia Varian NMR rotors.

4.2.3 Synthesis of Cd”’Se QD from Lis[Cd1o’ Se4(SePh)s¢]. For comparison a Cd’’Se
QD lacking an "’Se enriched passivant layer was prepared as the smallest QD (2.9 nm)
via a single source precursor route'** using Lis[Cdio’ Ses(SePh)ss] grown in the
presence of hexadecylamine at 230°C. The actual enrichment level of the core and
surface of the 2.9 nm QD will be less than 100%, as it is known that selenophenol
(SePh) will decompose during the reaction and act as a Se donor atom during QD

growth. 38144

Thus, the passivant layer will consist of a SePh (un-enriched Se) and
TOP/TOPO following ligand exchange. Once the reaction was at the desired size, the
reaction was allowed to cool to room temperature and the QD isolated by centrifugation
through standard selective precipitation methods using toluene/methanol
dissolution/precipitation steps. The sample was dried under vacuum at room
temperature and the solid powdered sample packed into 2.5 mm zirconia Varian NMR

rotors.
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4.2.4 Solid State Nuclear Magnetic Resonance. All solid state NMR experiments
were performed on a Varian Unity / Inova 11.75 T spectrometer with a Chemagnetics
triple-resonance 2.5-mm broadband Magic Angle Spinning (MAS) probe using zirconia
rotors. The probe was tuned to: 500.1 MHz for 'H and 95.36 MHz for ’Se; the third
channel was not used in this study. An MAS speed of 12 kHz was used in all
experiments, (except some "H Ty experiments conducted at 24 kHz MAS). The ""Se
chemical shifts were determined relative to an external reference standard of dimethyl
selenide, Se(CHs),, at 0 ppm. Multiple “’Se experiments were run on the samples
including "’Se{"H} CP-MAS, ""Se spin-echo, and "’Se saturation recovery — CPMG.
4.2.4a CP-MAS: "’Se{'H} CP-MAS spectra were acquired using 'H decoupling,
ramped cross-polarization (CP), an acquisition time of 5 ms, a recycling delay of 3 s,
and a 90° pulse length of 5 ys. The contact time was varied (1 — 40 ms) allowing
different polarization transfer times between the 'H and "’Se nuclei. Least squared fits
of CP-MAS NMR spectra to multiple Gaussian line shape components were
accomplished in Mathematica. During the initial fitting the amplitude, FWHM, and
chemical shift position were allowed to float on the 12 or 15 ms contact time point. This
time point was chosen because contributions for the core and surface were readily
observable. Once the fundamental resonances were identified the other time points
were fit keeping the FWHM and chemical shift position constant and allowing only the
amplitude to be varied. CP-MAS buildup data were constructed from integrated area
verses contact time and fit to the following equation,
M, [exp(T;l;) — exp(T;gSe)]

1 _ T*HSe

. (1)

M(7)

The validity of assumptions underlining the derivation of Eq. 1 are discussed later in the

text.

4.2.4bSpin-echo: ""Se spin-echo spectra were performed with an acquisition time of
1.5 ms, a recycling delay of 180 s, and a 90° and 180° pulse length of 3.25 and 6.50 us,
respectively. Least squared fits for the spin echo NMR spectra were accomplished in

Mathematica with total number of peaks for each spectrum kept to a minimum. Spin
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echo pulse methods were chosen to measure the overall Se environments in the QDs in
order to avoid loss of signal to noise due to ring-down.

4.2.4c Saturation Recovery — CPMG: "’Se spin lattice relaxation (T+) times and spin-
spin relaxation (T2) times were determined by using a saturation recovery — CPMG
pulse sequence. The parameters used for these experiments include a recycle delay of
1's, a 90° and 180° pulse length of 3.25 and 6.5 ps, 20 saturation 90° pulses (NSat)
separated by 50 ps, 1000 echo pulses (vEcho) separated by 1 ms. Delay between
saturation and acquisition was varied from 0.1 ms - 4320 s depending on the sample.
Saturation recovery — CPMG pulse sequence used to measure spin relaxation times is

as follows (Figure 4.1).

d tLlox ‘ ’ :
\
\_ Sat J T, \_ B,
Delay  Delay

Figure 4.1: Pulse sequence used for saturation recovery — CPMG experiments.

Comparison of the total integrated signal area vs. relaxation delay allows for T4 of the
overall QD to be calculated. Analysis of the FID decay of each echo train, allows for the
T, of the overall QD to be determined. T; and T. were calculated for the Cd’’Se

samples using the following expressions

y(r) = Ax [1 — exp(%)] 2

y(7) = A x [1 - exp(ﬁ)] + A, x [1 - exp(ﬁ)], (3)
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where T,1 and Ty, represent bi-exponential time constants for T

128131,133,134.136.145  Figure 4.2 shows ""Se spin echo and "Se CPMG spectra for

decay.
the 3.1 and 6.9 nm Cd’’Se overlaid on top of each. Figure 4.2 shows the consistency

between the experiments and that 'H was not needed during the measurements.
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Figure 4.2: Overlay of ""Se CPMG (black) and spin echo (red) showing consistency
between two experiments. A) 3.1 nm CdSe, B) 6.9 nm CdSe.

4.2.4d 'H Spin Lock: 'H T1on relaxations were measured using a spin lock pulse
sequence with an acquisition time of 5 ms, recycle delay of 3 s, 90° pulse length of 5 ps
and a spinning speed of 12 and 24 kHz. The spin lock time was varied from 5 to 145
ms.

4.2.5 Instrumentation

4.2.5a UV-Vis. Optical absorption was analyzed in a 1 - cm cell in toluene (~1 x 10°
mol) using a Cary 50 UV-Vis spectrophotometer. The absorption maxima for the first
exciton was used to estimate the QD size during the reaction to form the QD."’

4.2.5b Powder X-ray diffraction. Powder X-ray diffraction (pXRD) was carried out on a
Rigaku DMAX 300 Ultima 3 diffractometer using Cu Ky (A = 1.5418 A) with the d-
spacing calibrated to a Siy standard to verify crystal motif. Using the Debye-Scherrer'**

52



formula the QD diameter was calculated using the <110> peak which helps eliminate
complications from overlapping reflections.
4.2.5¢ Transmission Electron Microscopy (TEM). QD size, dispersity, and
morphology were analyzed by TEM using a JEOL-2010 microscope operated at 200 kV.
The QDs were dispersed on holey carbon (400 mesh) from a toluene solution. Size
dispersities were measured by averaging ~ 100 individual dots from the TEM.
4.2.5d X-Ray Fluorescence. Elemental composition analysis for Cd** and Se* were
carried out in an Oxford Instruments EDygo X-ray fluorescence spectrometer with a Cu
Kq source. The Cd?* to Se* mole ratio was determined for each sample by running four
repeat analyses to minimize statistical error. For a standard XRF measurement, the
powdered samples were completely dissolved in 90% HNOg3, heated to remove excess
NOy, and then diluted to ~3 mL with a 2% HNO3 solution (to allow compatibility with the
XRF sample holder). All measurements were carried using the K, line for Cd2+( 23.1
keV) and Se* (11.2 keV). Calibration curves were generated using commercially
prepared 1000 ppm elemental standards in 2% HNO3, which results in accuracies of 3
ppm for Cd** and 4 ppm for Se?".
4.3 Results / Discussion

From a simplistic viewpoint, a QD can be envisioned as a fragment of a larger
bulk crystalline lattice consisting of a series of shells in which the outermost layer is
truncated along high energy lattice planes. The presence of surface passivants in the
surface ligation layer can alter the bonding interactions in the QD potentially causing
both the surface and the core to relax to minimize strain. Surface reconstruction in bulk
materials is a common phenomenon that lowers the potential energy of
dangling bonds and can result in strong perturbation of the chemical potential over

multiple layers.'*

In Figure 4.3A, a simplified representation of the different potential
environments experienced by a Se atom in CdSe can be defined, such that one can
visualize a passivation layer dominated by the surface-to-ligand interaction (dark blue);
a surface layer that is perturbed by the chemical potential of the ligation layer (light
blue); and a core (white) that resembles the bulk chemical environment. If we consider
the QD surface ligation layer (Figure 4.3B), dangling bonds due to unpassivated sites

and ligation of the Cd (or Se) sites by a passivating ligand such as trioctylphosphine will
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lower the local symmetry as well as change the chemical environment of those sites.
Whether these local changes in chemical potential are represented as a gradient with
complete global reconstruction (Figure 4.3C) or rapidly damped resulting in only the
outermost layers being reconstructed (Figure 4.3D); will be strongly dependent on the
material type, QD size, and nature of the passivant. Literature reports suggest either

model may be applicable depending on the QD."'*""

Damped reconstruction

AN Y % Surface truncated
_Ig::}‘@ - "‘:'ﬁ reconstruction
Figure 4.3: A) Drawing of a 4 nm, truncated wurtzite CdSe QD highlighting the
distinctive regions within the QD representing the surface ligation layer (dark blue),
near surface layers (light blue) and core layers (white). B) Ligand passivation layer
on the <101> plane of a CdSe QD. C and D) Possible reconstruction models where
lattice reconstruction induced by surface ligation is C) weakly or D) strongly damped
by the within the lattice planes.

4.3.1 Analysis of passivating layer, surface, and core. Spherical Cd’’Se QDs
passivated by stearic acid and TOP-"'Se in the size range 3.1 nm to 6.9 nm exhibiting a
wurtzite morphology with 5-6% size dispersity were prepared by standard lyothermal
growth methods using cadmium stearate and TOP-""Se, and for comparison a 2.9 nm
QD was grown without TOP-""Se, via a single source precursor route™*

Lis[Cd1o’"Ses(SePh)sg]. Characterization data (absorption, TEM, and pXRD) for the

using

54



individual QD samples are available in Figure 4.4. The results of ’Se{'"H} CP-MAS and
spin-echo NMR measurements on wurtzite Cd’’Se QDs are summarized in Table 4.1,
which report chemical shifts of lineshape components observed in the NMR spectra.
Peak intensities are not tabulated in Table 4.1 because they are not necessarily

indicative to number of spins in the different reservoirs.
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Figure 4.4: Characterization data for CdSe QDs [) 2.95 nm, Il) 3.1 nm, Ill) 4.5 nm, 1V)
6.1 nm, and V) 6.9 nm. A) UV-Vis, B) pXRD, and C) TEM.

The size dependent "’Se{'"H} CP-MAS NMR measurements of Cd’’Se at multiple
polarization times are shown in Figure 4.5. The CP-MAS NMR profiles exhibit both size
and CP contact time dependent changes between 0 to -1000 ppm. The changes in the
CP-MAS NMR profiles with contact time will be complex due to potential contributions

from ligation layer influences of cross polarization dynamics and changes in spin
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Figure 4.5: "’Se{'"H} CP-MAS NMR at 4 ms, 12 ms, and 40 ms contact times for
Cd’’Se QDs. A) 2.9nm (black), B) 3.1nm (light blue), C) 4.3mm (red), D) 6.1nm
(green), and E) 6.9nm (dark blue). Fits are assigned as following: Peak 1 (slashed)
core ""Se sites; Peak 2 (dotted) near-surface and surface ’’Se sites; and Peak 3
(solid) surface "’Se site bound to a TOP ligand. The peak labeled with * identifies
the NMR resonance associated with a surface bound TOP through a "’Se on the QD
surface. The overall fit of the deconvuluted spectra has been added to each
spectrum.

diffusion with size between the surface and core sublayers. Isotopic enrichment
(99.7%) of ""Se is expected to dramatically increase "’Se spin diffusion rates in these
samples. It is reasonable to expect that at short contact times (1-4 ms) the surface Se
sites should be more efficiently polarized via direct 'H-""Se dipolar couplings; at
intermediate contact times (8-15 ms) a mixture of surface and core Se sites will polarize
due to spin diffusion through the "’Se lattice; and at longer contact times (>22ms) the
core Se sites will be the dominant contributors through spin diffusion to the largest spin
reservoir.

In Figure 4.5, the individual NMR features exhibit different spectral linewidth and
contact time dependent intensities consisting of two reasonably sharp features and a
broad feature (only one sharp feature and one broad feature were considered in

lineshape fits for the 2.9 nm QD). Inspection of the ’Se NMR features in Figure 4.5
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Figure 4.6: A) Spin echo (i-v) and direct pulse (vi) NMR of i) 2.9nm (black), ii)
3.1nm (light blue), iii) 4.3nm (red), iv) 6.1nm (green), v) 6.9nm (dark blue), and vi)
Bulk CdSe (orange) B) Size dependent changes in the composition of surface and
core assuming T4 and T, are similar for the regions. Circles represent core signal and
squares represent surface signals. The hour glass represents the smallest QD
grown from cluster.
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reveals all "’Se signals have a more negative chemical shift in comparison to ’Se in
bulk CdSe. Since the efficiency of cross polarization drops rapidly with the distance, the
CP-MAS NMR resonances between -479 to -512 ppm (Peak 1 in Table 4.1) observed to
be most intense at the longest polarization times suggest these Se NMR signature
must arise furthest from the ligation layer and thus are assigned to core "’Se sites (at
least 2 to 3 lattice planes down). The broad feature (-500 to -590 ppm; Peak 2) and the
sharpest feature (~ -600 ppm; TOP-""Se peak, labeled with an asterisk in Figure 4.5) in
the CP-MAS data are most intense at the shortest polarization times and thus likely
reflect contributions from Se atoms at or near the passivation layer on the QD due to the
short range efficiency of CP methods. The TOP-""Se feature (* in Figure 4.5) is
assigned to the passivation of the QD due to the absence of the feature in the NMR for
the 2.9 nm CdSe QD grown in the absence of TOP-"’Se (Figure 4.5A). Furthermore,
the assignment for TOP-""Se is consistent with the predicted NMR shift if one considers
the relative electronegativities of selenium and phosphorus (2.55 and 2.19,
respectively), which would result in increased shielding of Se sites bound to TOP due
to the increased electron density on the more electronegative Se atom. Finally, the
assumption that the sharpest feature is TOP-"'Se is also consistent with the greater
rotational and translational freedom for the ligand.

The chemical shifts for Peaks 1 and 2 are QD size dependent and therefore it is
reasonable to assume the 'Se sites are assignable to lattice sites within the QD. The
broader linewidth for Peak 2 with respect to Peak 1 may reflect a distribution in the
chemical environments for these near-surface "'Se sites. The chemical shift for the
TOP-""Se peak (* in Figure 4.5) does not show a QD size dependence as expected for
nuclei that have minimal interaction with the QD lattice. The validity of the assignments
from CP-MAS are supported by the spin echo NMR for the bulk-like and surface like
features (Figure 4.6A). The assignments of the core and surface sites for Se in Cd’’Se
are consistent with earlier reports.*®'%’

Comparing CP-MAS data to spin-echo measurements provides further insight
into the spectral features observed in NMR, since spin echo is a more quantitative
representation of different "Se populations. For both CP-MAS and spin echo

measurements, a decrease in the NMR intensity for the surface "'Se (relative to the
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core sites) is observed with increasing QD size (Figure 4.5 and 4.6A) as expected for
the decreasing surface to volume ratio as the QD grows. The observation can thus be
correlated with the number of atoms in the lattice planes of the QDs by plotting the
percentage of the core and surface for a theoretical QD and for the integrated area for
the NMR signals as a function of QD size (Figure 4.6). The contributions of the core
and surface NMR signals from spin echo (Figure 4.6A) appear to follow a size
dependent trend between 4.3 and 6.9 nm, while the ~3nm QDs do not follow the
observed trend. The trend for QDs larger than 4 nm can be understood by considering
the regions described in Figure 4.3A where a surface can be defined within 2 A (~1
lattice plane, solid line) or within 3.25 A (~2 lattice planes, dashed line). If we consider
a projection along the <002> plane for a wurtzite CdSe QD, this observation would
suggest that the assigned fits for surface contain surface and near surface Se atoms
within the suggested 2 lattice planes, while the core Se resonances arise from the
remaining n-2 lattice planes; n is the number of lattice planes.

Although the finding of significant changes occurring below 4 nm is in good
agreement with experimental observations that QDs below 4 nm are structurally

t,/7113114 it is possible the failure to follow the surface to core trend lines in

differen
Figure 4.6B for QDs below 4 nm may reflect the low number of definable lattice planes
for a QD of this size; lattice disorder arising from twinning or cubic inclusions in the
wurtzite lattice;'®” or potentially a mixture of wurtzite and zinc-blende structures within
the Cd’’Se QD sample.”* All these phenomena would result in local variations to atom
density and the inability to follow a theoretical plot based on a pure wurtzite structure.
Whether the assignment of definitive core and surface contributions reflect disorder or
reconstruction is unclear; however, the observation of discrete core and surface NMR
signatures that correlate with the number of lattice planes and the size of the QD,
suggests significant reconstruction occurs over several layers, while the core sites
experience a smaller degree of reconstruction for QDs bigger than 4 nm in diameter

(Figure 4.3D).
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Figure 4.7: ""Se{"H} CP-MAS build up curves for A) 3.1nm, B)4.3mm, C)6.1nm,
E) 6.9nm Cd’’Se QDs. The dark blue line represents the intensity of the core (peak
1) "’Se sites, the light blue line represents surface (peak 2) /’Se sites, and the green
line represents the ligation layer (peak 3) for “’Se bound to TOP. Contact times used
to generate build up curve are: 1, 2, 4, 8, 10, 12, 15, 22, and 40 ms.

4.3.2 Site dependent CP buildup curves. Although the data in Figure 4.7 fit well to
the canonical CP buildup equation (Eq 1),"’ this equation was derived with limiting
assumptions that are not appropriate to the present samples. For a 100% enriched
sample the i) "’Se is not low in abundance relative to 'H because of its isotopic
enrichment,™” and ii) homonuclear dipolar coupling allows signal enhancement of ’Se
sub-layer atoms that are not directly coupled to 'H. The breakdown of assumption (i)
can result in an increase of the observed time constants relative to the values expected
in the limit of low "Se abundance.”>'*"""*° To properly describe the CP data in Figure
4.7 and Table 4.2, ""Se spin diffusion from the cross-polarized surface into the bulk of
the QD must be considered and thus in the study we use the superscript * to emphasize
that T*nse, T*10n are phenomenological parameters that are affected by the non-

negligible population of the "’Se reservoir and by "’Se spin diffusion.

The best-fit time constants, Tse and T 14, for core, surface and TOP bound
"’Se as a function of Cd’’Se QD size are summarized in Table 2. For the two smallest
QD samples (3.1 and 4.3nm), the TOP-""Se layer exhibits a longer T pse than the
surface QD layer. This result suggests differential importance of ligand binding on

different QD surfaces; in other words, the surface Cd’’Se layer is most strongly coupled
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to a subset of the overall TOP-""Se. Comparing the data for the TOP-""Se layers for
different QD sizes, an apparent discontinuity is observed between the small samples
(3.1 and 4.3nm) and the larger samples (6.1 and 6.9nm). This observation could
suggest an abrupt size dependent change in the passivant layer as previously
reported.’®® Repeated measurements confirm the values in Table 4.2 suggesting that

the results are not experimental artifacts.

The origin of the anomalies observed for the surface T*nse and T*4,4 in the 6.1
nm Cd’’Se and the Ti,n observed in the 4.3 nm Cd’’Se is unclear. A possible
explanation for the behavior at 6.1 nm could concern the formation of a stable
crystalline facet which has been observed to change the apparent ligand packing for
CdSe above 4.5 nm."®® Although the frequency of the assigned "’Se resonance for the
TOP-""Se in the CP-MAS data shows no discernable shift with QD size, the 4.3 nm
Cd’"Se QD data exhibit a directly detected T1,n that is smaller than the analogous value
extracted by CP-MAS. This observation indicates "’Se is likely only polarized by a small
subpopulation of H on the surface. Inspection of the direct pulse MAS measurement
for the *'P data for the QDs with size (Figure 4.8) confirms this assumption since two

distinct *'P species are observed
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Table 4.2: Time Constants for Cd’’Se QDs

(The --- indicate the T*;,, for the core signals are too long to be measured in the experimental
time frame)

e | e | Samoes | Sares
Peak 1 T'hse(ms)| 28.5+5.7 | 22.6+2.5 | 13.7+12 | 99+0.9
(Core, Blue)  |T"ju (ms)

Peak 2 T'ase(ms)| 29+0.3 | 22+0.1 | 20+03 | 1.7+0.3
(Surface, Teal) |T",u(ms)| 48.7+7.1 | 43.6+1.4 | 23.5+3.4 | 493+52
Peak 3 T'hse(ms)| 5.0£0.5 | 5102 | 1.7+£03 | 1.3+0.2
(TOP-""Se, Green)| T, (ms) | 75.8 £ 14.5| 67.9+£3.9 | 16.7+2.3 | 19.6+2.7
'H Spin Lock Tipu(ms) | 83.1+09 |21.52+0.7 [28.36+0.5| 31.9+ 0.6
Tipu(ms) | 19.3£0.6 | 7.7+£0.2 | 9.06+£0.5 | 93+0.3

Calculated by overall
integration of "Se | T jse(ms)| 3.1£0.2 | 2.1+0.1 1.7£0.2 | 1.3+0.1

CP-MAS intensities
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Figure 4.8: *'P Direct pulse MAS NMR on A) 2.9 nm, B) 3.1 nm, C) 4.3 nm D) 6.1
nm, E) 6.9 nm, F) TOP-Se

TOP and TOPO. Analyzing the total integrated area between the two regions suggest
that the percentage of TOP bound to Se, TOP to Cd, and TOPO in the samples are
unfortunately not uniform across the QD samples and require further investigation into
the reaction conditions (temperature, time, reactants) and size dependent changes to
the observed surface passivation.  This is also apparent in the '"H NMR under high
spinning speed (24 kHz) showing that multiple sites are present. Although this does not
eliminate the possibility of changes in the ligand packing modulating the degree of
reconstruction, it is also possible that as the QD grows changes to specific features*°
(edge, vertex) on the surface of the QD may result in the observed discontinuity in TOP-

""Se T*use and T*1,n with QD size. The change in ligand packing at the QD surface
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could potentially impact the cross-polarization behavior for this size domain; however, it

is not possible to definitively support this observation based on the NMR results alone.

To ensure the values for T*yse (build-up time constant) and T*i,4 (decay time
constant are not misinterpreted in CP-MAS experiments, the value of Ti,q must be
independently measured using a 'H detected spin lock experiment to validate the
assignments from CP-MAS.™" In Figure 4.9 the 'H spin-lock experiment on the Cd’’Se
QDs exhibits multiple "H contributions attributable to different 'H sub-populations with
mobility differences. While 'H spectra lack the resolution necessary for making
assignments, different 'H sites include positions along the alkane chain or TOP

passivants on potentially different QD faces.

I I I I ]
4000 2000 0 -2000 -4000
Hertz

Figure 4.9: 'H Spin Lock Experiment at a spinning speed of 24kHz. The higher
spinning speeds allows for the multiple 'H features to be observed.
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The measured Tio4 and T*,n correlate best for “"Se{'"H} CP-MAS signal from TOP-
"’Se; we consider this result reasonable because these "Se atoms are most strongly
coupled to 'H. These values are much longer than the values assigned to T*use,
confirming the validity of the assignments. We were not able to obtain a good fits to the
TOP-""Se CPMAS buildup data using the directly measured 'H Ty, values, indicating
that different 'H sites transfer polarizations to "’Se with different degrees of efficiency.
Since surface and core regions correspond to ’’Se that is not directly coupled to 'H, we

believe the larger observed T*1,4 are subject to spin diffusion effects.
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Figure 4.10: T*4s. for surface (red), core (blue), and total (black) "’Se vs. QD
diameter. Solid curves are best fit lines.

4.3.3 Spin Diffusion and Anticipated Size Effects from Spin Diffusion. The
measured T hse Values in Table 4.2 are observed to depend both on depths within a QD
and overall QD size. A plot of the T*yse data versus size for the surface, core, and
total integrated NMR intensity exhibits a linear decrease with increasing size (Figure

4.10). It should be noted that the total T*yse was determined by fitting the rise of total
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integrated "’Se intensity from Figure 4.5 for CP contact times up to the peak intensity in
each build-up curve. Since CP-MAS measurements are dominated by short range
contacts, the value for T*yse most likely reflects spin diffusion form the surface layers
into the core of the QD. The observed linear decrease with size is suggestive of a
diffusion problem within the QD; which would be expected to be important given the QD
size dependent surface curvature and surface-to-volume ratio. Unfortunately, a purely
geometric approach to describing the T*yse data in terms of spin diffusion as a function
of QD size as described by a Fick’s Law diffusion analysis in which the QD core is
assumed to be represented by spherical symmetry and uniform spin diffusivity is not
capable of explaining the QD size trends in Figure 4.10. Fick’'s model predicts an
increase rather than the observed decrease in T*yse for the total integrated signal as the
QD increases in size. Possible explanations of the observed behavior can be described
in terms of a breakdown of assumptions underlying the spin transport model, which
assumes the spin diffusion is not influenced by the interfaces that arise in a QD, and
more importantly will be size dependent. Chemical shift differences between surface
and core "’Se signal suggest that the surface layer has a different structure from the
core and that spin diffusivity should vary between sub-layers. The surface layer could
be a diffusional barrier with decreasing thickness as QDs grow indicative of a size
dependent reconstruction in the outer layers of a Cd’’Se QD. Size dependent surface
properties may also play a role since shorter T*yse for larger QD samples could be
explained in terms of increased ligand coverage, ligand packing differences on the QD
facets, and decreased ligand dynamics.120 Although spin diffusion appears to be
critical for the CP-MAS build up behavior, the observed size dependence of T*yse for the
TOP-""Se does not explain the QD size dependence of the T*yse in the deeper layer

under the simplified spin diffusion model.

Figure 4.10 shows a clear dependence of T*4se On depth and overall QD size. A
possible explanation for QD size effects could be geometric effects on spin diffusion. If
we make simplifying assumptions of spherical symmetry, uniform "’Se spin diffusivity,
and constant passivation layer properties (e.g., 'H density and molecular dynamics),
analysis of Fick’s law spin diffusion could be used to predict a QD size dependence of

T*use. In addition, we neglect any loss of /’Se or 'H magnetization by assuming that T
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or T4, are infinite for both nuclei. The governing spin polarization transport equation for

this model would be,

A, Do, ﬁl
a ral )

where 1, is the ""Se nuclear spin polarization, D is the ""Se spin diffusivity, r is a radial

coordinate centered at the center of the QD, and ¢t is CP contact time. At the surface of

the QD, we model CP build-up using the boundary condition at r = a,

DJl, 1
= (Iz_lz,CP)
aor Ty (5)

where a, is the QD radius, Tyse is a time constant for ’Se{'"H} CP via direct dipolar

coupling, and I, cp is the “infinite time” ""Se spin polarization in thermal equilibrium with
spin-locked 'H. This mathematical problem is equivalent to a problem described by
Crank™? involving surface evaporation of solute from an initially uniform spherical

particle. The solution for the time dependence of overall cross polarized ’Se signal

oc[Jj I Zdr] is,

- 6L exp(~D V)
SR rLL-) ©®

where T is the total integrated ""Se NMR intensity and T_is its infinite-time asymptotic

2
value. The parameter L is defined asl= a , and g is the n" root of

HSe

B, cot B, +L—1=0. With conservative estimates for a, Thse, and D (a2 > 9.6 NM?, Thse

<10?s, D <10 nm?s), it is reasonable to expect L >> 1 and £, = n 1. In this regime, 3,
would depend weakly on a and Tyse. Considering only the most significant term (n = 1)

of the infinite series in Equation 6, this model predicts T*4se ~ a%/(°D). Thus, this
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simple spin transport model would predict a roughly quadratic increase in the observed
T*yse with increasing QD radius.

The black curve in Figure 4.10 (T*4se measured by integrating the whole ""Se
lineshape in variable CP contact experiments) clearly shows that observed build-up of
"’Se CP-MAS NMR signal is not consistent with the presented transport model. T*yse
decreased with increasing QD diameter instead of exhibiting an increase proportional to
a®. Although the data in Table 4.2 show a decrease in observed T*4s. in the TOP-""Se
with increasing QD radius, under this model such a variation is also unlikely to explain

the observed size dependence of T*ys. for the overall ”’Se integrated intensity.

4.3.4 T, Spin-Relaxation Dynamics. The measurement of transverse spin relaxation
rates in the Cd’’Se QD are complicated by the presence of dipole-dipole coupling,
structural interfaces, and the near unity isotopic enrichment of the "’Se sites, although
homonuclear coupling effects are attenuated by MAS. Dipole-dipole coupling in
semiconductors has recently attracted much attention due to the differences in reported
T, values when measured by CPMG (Carr Purcell Meiboom Gill) and Hahn-echo

133,134,138,145153  The recent studies on semiconductors have indicated

approaches.
complex spin relaxation pathways in semiconductors, including Si, Ge, and Y,03, may
give rise to a bi-exponential decay for CPMG measured process in which the long T,
relaxation has been attributed to dipole-dipole coupling. The exact nature of the bi-

exponential relaxation in the CPMG results is still under discussion.'*

The T4 and T, spin-relaxation data were measured for the total sample without
attempting to deconvulute the contributions of specific sites. Although the measurement
of T4 and T, for individual components would be ideal, unfortunately these experiments
are cost preventative and difficult to assess due to overlapping signals. The ensemble
averaged T4 and T, signals were measured by saturation recovery - CPMG

techniques'®*1%° (

Figure 4.11 and summarized in Table 4.1). In all cases the T4 is fit to
a single exponential decay, while the T, is fit to a bi-exponential decay. The
experimental results for the CdSe QDs indicate that only a small size dependence in T4
values (160 to 286 s) is observed; however, larger changes in long time component of

T, decay occur with size. The fast T, component does not follow any obvious size
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dependence 4.3nm sample seems to be an outlier. It is worth noting the size range is
reminiscent of the discontinuity that occurs for ligand packing on CdSe,'®® elastic
modulus changes,'”® and the measured T, data. We speculate this may suggest this
QD size may be structurally and electronically unique, further studies are underway.
The slower T, decay component decreases from Tz4 =61 (2.9 nm)to T2, =16 ms (6.9

nm).
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Figure 4.11: Size dependent A) T, and B) T data for Cd”’Se: 3.1nm = light blue,
4.3nm =red, 6.1nm = green, 6.9nm = dark blue. The data is fit to a single
exponential function for T4 and bi-exponential function for T».

4.3.5 Changes in bonding. Changes in the structural and associated electronic

environments in QDs will impact the chemical bonding.*'#*1%

X-ray diffraction has
shown the Se atoms in the core of the CdSe QD exist largely in chemically similar
tetrahedral environments, while the surface sites exist in distorted sites due to surface
ligation and dangling bonds. Recent experimental results on core and core-shell QDs
indicate the structural changes may be more complex with depth dependent localized
changes in the lattice.’*1"®""® |nterrogation of the NMR spectra provide direct insight
into the size dependent changes in atomic disorder and local chemical potential
changes occurring around the Se atoms as a function of size by analysis of the

chemical shift anisotropy.
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The expected change in the chemical shift for the Se sites as a function of size
can be rationalized by considering the implication of changes in bonding around the Se

42,127,156

atom through the use of the Ramsey expression. The Ramsey expression

relates opis° to the probability of an electron being in the excited state which can lead to

less shielding and a more positive chemical shift. The paramagnetic term is defined as
iso 0e’n’
of =~ T O )< ({2 6 4 o4 )< PIZ )]

AE
n=0
where L is the permittivity of vacuum, e is the charge of an electron, h is Planck’s

constant divided by 21, m is the mass of an electron, ¢, is the angular momentum
operator which is the change in / with respect to the magnetic field, and q,is the distance
between two dipoles. AE, in the equation is the energy separation between the ground

state, o), and n™ excited state, n),which scales with the bandgap (Eg) in a

semiconductor.*>127:156
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Figure 4.12: Ramsey plot of chemical shift (ppm) and absorbance with respect to
inverse band gap energy (1/eV) for Cd’"Se QD samples (2.9nm (black), 3.1nm (light
blue), 4.3nm (red), 6.1nm (green), 6.9nm (dark blue)). Pink hour glass represents
bulk CdSe within all three plots. A) Represents core ’’Se sites B) Represents near-
surface and surface "’Se sites C) Represent surface ’’Se sites bound to TOP. Open
circles correlate to CP-MAS assignments and open squares correlate to spin echo
assignments.
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A plot of the chemical shift for the core (Figure 4.12A), surface (Figure 4.12B)
and TOP-""Se (Figure 4.12C) resonances versus the inverse bandgap energy are in
agreement with the Ramsey expression but the differences between the specific sites
are informative. The spin-echo and CP-MAS exhibit different slopes for the data but the
same trend for the core and surface resonances. The NMR resonances for the core
and surface terms exhibit a shift to a more positive value with increasing size
(decreasing bandgap) with the core component exhibiting a shallower slope than the
surface term. The observed linear shift in the core and surface with size suggests that
the "’Se sites are more shielded as the QD size decreases, particularly at the surface
sites. The TOP-Se signal exhibits no significant change in chemical shift. The lack of
an observed shift for TOP-Se is not surprising, as the ligation of the surface is expected
to be largely insensitive to changes in the QD structure as the bonding interaction
between Se and phosphorous is dominated by d-back bonding interactions. The shift in
frequency with size for the core component is consistent with the early reports
correlating the Ramsey equation predicted shift with bandgap energy in QDs.**'%’

The strongest evidence of the observed “Ramsey-like” behavior for the NMR
chemical shift and the QD size can be generated by plotting the chemical shift change
with respect to the effective mass approximation commonly referred to as the “Brus”
equation. It can be shown that the chemical shift, Av(veuk - vap) is inversely proportional
to AE4(Eg(bulk) — E4(QD)) based on the Ramsey expression.” Thus one may write an

expression linking Av to the size dependent effective mass approximation, such that

1 ad’+hd+c
Av d’ 8)

where d is the radius of the QD, c is an empirical constant for the confinement term, b is

a constant for the coulomb term, and a is a correction term.”® The fit of Eq 8 is shown in
Figure 4.13 indicating good agreement between the observed chemical shift and the
observed optical transition for the first exciton (1S3> 1S¢) in the CdSe QD. The ratio of
the confinement to Coulomb term is consistent for the spin-echo and CP-MAS

experimental fits (~1.2 (core) and ~ 1.1 (surface)), and more importantly are similar to
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the ratio extracted from the optical experiment (1.5), implying the observed correlation
of NMR and EMA is meaningful.

The results confirm the NMR measured core and surface signatures represent
independent sites that are uniquely coupled to changes in the internal electronic
properties of the QD and thus the size dependent correlation of the NMR shifts to the
Ramsey expression and the effective mass approximation has implications with respect
to the orbital hybridization for the Se atoms within the QD. To rationalize the slope
difference in Figure 4.12 between the core and surface, a model to explain the observed
chemical shift difference based on changes in the electron orbital hybridization for a Se

atom in a tetrahedral site is useful.
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Figure 4.13: Spin Echo and CP-MAS (contact time = 12 ms) "’Se NMR data
illustrating the change in chemical shift vs. QD size. A) Spin Echo core, B) Spin
Echo surface, C) CP-MAS core, and D) CP-MAS surface sites. Cd’’Se QD samples:
(2.9nm (black), 3.1nm (light blue), 4.3nm (red), 6.1nm (green), 6.9nm (dark blue).
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The bonding for the Se atom is dominated by a mixture of s, p and to a partial extent d-
orbital overlap with Cd. Of these the valence band for CdSe is largely dominated by the
Se p-orbital character. Using a simple hybridization model to assess the bonding for a
Se atom in tetrahedral symmetry, the sigma bonding interaction can be approximated
as 0.25 s-orbital character and 0.75 p-orbital character per bond. As the tetrahedral
symmetry is reduced by trigonal or tetragonal distortion, the bonding will exhibit an
increase in the s-character. An increase in s-character would result in increase in
electron density at the nuclei and thus a resonance with a more negative chemical shift.

X-ray absorption spectroscopy analysis'®

of CdSe QDs support the conclusion of
increasing s-character is with decreasing QD size. While the XAS methods cannot
distinguish between core and surface atoms, it is reasonable to believe the logic is
transferrable and an increasing s-character in the conduction band (Cd based orbital) is
consistent with the increased surface to core contribution to decreasing size. The
results are consistent with the NMR results from Chmelka, et. al. on ZnSe postulated
electronic changes in the QD based on density functional theory predictions.’®

A more quantitative analysis of this simple model is provided by further
interpreting the Ramsey expression in terms of the orbital overlap model since o, is

dominated by the 4, electrons on Se,

op~{r7),AET2Q g

where <r‘3>4 is the inverse cube of the radius of the 4, electrons (orbital extension);
p

AE" is the mean excitation energy which is correlated to the bandgap energy in
semiconductors; and £Q is the charge-density-bond order matrix."®'%®  While it is

difficult to independently interpret the three factors since <r*3>4 and XQ are closely
p

connected, the trend in the data can be interpreted for the core versus surface by
invoking changes in the respective orbital character. For a given size if the symmetry is
reduced from a pure T4 site at the surface; the s-character in the bond increases, while
the p-character decreases, in effect reducing the bonding interaction (XQ) between the
p-orbital on the Se and the Cd resulting in a smaller value for o, and thus a more

negative chemical shift for the surface resonances. The oversimplified angular orbital
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overlap model correlates well with the observations from the Ramsey plot (Figure 4.12).
Thus the QD can be envisioned as consisting of core layers with undistorted tetrahedral
symmetry sites and a self-terminated outer shell that experiences reconstruction (Figure
4.3). The differences in chemical environment lead to the experimental observation that
the core "’Se resonances are shifted to a more positive chemical shift relative to the
surface (outer shell layers) Se atoms. Physically the results most likely reflect a
combination of changes in the lattice strain arising from broken symmetry due to
ligation of the surface, reconstruction of un-ligated sites (dangling bonds), and the
contributions from ligand induced compression. Interpreting the observed chemical shift
with size implies a decrease in the orbital overlap for both core and surface occurs as
the QD grows. From a bonding perspective this could be interpreted as a decrease in
the covalent character of the bond as the QD increases in size. Such a change is
reasonable as bulk CdSe is better described as an ionic semiconductor, while a cluster
of CdSe atoms is better describe as a coordination type complex with greater covalent

character.

4.4 Conclusions

The NMR results strongly support a model in which Cd’’Se QDs contain core
and surface regions. For QDs with diameters less than 4 nm, reconstruction seems to
be more global (Figure 4.3C), effecting both surface and core signals. Cd’’Se QDs
greater than 4 nm in diameter are better modeled by a strongly localized, surface
truncated model (Figure 4.3D) in which reconstruction is limited to the surface region.
Trends measured by NMR support the interpretation that reconstruction is more
extreme for small QDs supporting previous claims that QDs undergo surface
reconstruction to relieve the stress created due to truncation of the high energy surface
planes. Analysis of direct polarization and ""Se CP-MAS NMR indicates that surface
layer thickness and ligand surface coverage depend on QD size due to surface
reconstruction. Sub-layer ’Se is polarized in a CP-MAS experiment by "Se spin
diffusion through isotopically enriched lattices, though polarization transport in spherical
geometry alone is not enough to explain observed size dependences of observed

relaxation and polarization transfer rates.
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The precise "Se NMR peak shifts can be correlated with size dependent core
and surface site contributions. The different observed slopes for the core and surface
chemical shifts from the Ramsey equation suggest unique depth-dependent bonding
character exists in the QD. Valence bond theory arguments coupled to the Ramsey
expression and EMA imply the highly distorted surface leads to greater s-character than
the core, implying the bonding is distorted from T4 to a trigonal or tetragonal symmetry
in the outer shell of the QD. The increase in s-character for these distorted surface
sites result in further shielding of the nuclei and thus the observed chemical shift is a

more negative value.
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