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Abstract
SYNTHESIS AND PHOTOPHYSICS OF DENDRONIZED NANOMATERIALS
by

Rolande R. Hodel

Advisor: Professor Dr. Harry D. Gafney

Quantum dots (QDs) refer to a size domain in which the physical properties of a
material are a function not only of its composition, but also its size. Generally size is
controlled through the introduction of a surfactant. Traditionally, n-trioctylphosphine
oxide (TOPO) is added to limit the extent of aggregation of the semiconductor cadmium
selenide (CdSe). However, TOPO binds strongly to the QDs surface. This research was
undertaken using octadecene (ODE) as the coating agent. Here, we describe the synthesis
of CdSe quantum dots in ODE, and show that a narrow range of dbt sizes is accessible.
We also demonstrate that the surface of ODE coated QDs, unlike their TOPO coated
counterparts, can be modified by means of a phase transfer reaction. Furthermore, the
weaker binding of ODE to the dots presents the opportunity for covalently attaching
aliphatic and aromatic thiol functionalized dendrimer wedges, called dendrons. Change in
photophysics caused by the attachment of thiol dendrons is measured using absorption,
emission intensity and lifetime. The composition of dendronized QDs of a specific size

was determined by thermogravimetric analysis, and elemental analysis is our final goal.
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Statement of Problem:

The primary focus of this dissertation is to determine if the photophysical
properties of CdSe QDs can be improved by replacing an organic coating with an organic
matrix, specifically, covalently bound aliphatic and aromatic thiol dendrons. CdSe QDs
are commonly synthesized in trioctylphosphine oxide (TOPO) that serves as the reaction
solvent and as coating for the QDs. The disadvantage of TOPO is that it is bound strongly
to the cadmium ion and thus resists being displaced by thiol dendrons. To solve the
problem of residual coating, CdSe QDs will be synthesized in octadecene that will again
act simultaneously as solvent and coating. Photophysical measurements such as
absorption and photoluminescence spectroscopy will demonstrate whether ODE is a
suitable coating for the synthesis of CdSe QDs. Nuclear magnetic resonance
measurements will be employed to prove the extent of coating replacement by the

dendron.

To preserve a small size for the QDs and to keep them from agglomerating, QDs
must be coated at all times. This passivation of the surface states may stabilize the QD,
enhance photoluminescence and reduce nonradiative decay pathways, thereby increasing
the quantum efficiency of emission from the QD. Thus, one part of this work is the
synthesis of Fréchet-type polybenzylether dendrons of different generation for later
attachment to CdSe QDs. The main work will be to determine how to attach the dendrons

successfully to the QD and to investigate photophysical changes.
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Part I Introduction

1. Introduction

Since Richard P. Feynman (Nobel Laureate in Physics, 1965) first predicted the
field of nanotechnology more than half a century ago in his famous 1959 Cal Tech
lecture entitled, “There is Plenty of Room at the Bottom”, nanotechnology has become a
major player in science.' Nanotechnology is the process of generating, manipulating and
deploying nanomaterials, which are materials possessing sizes on the order of a few
nanometers, or 1/1,000,000,000 of a meter. This technology represents an area in science
‘holding significant promise, since nanomaterials, hundreds of times smaller than human
cells, offer properties different from molecular and bulk species. In fact, the particle size
range for nanomaterials is similar to that of the macrocomponents in cells. Therefore, the
impact nanotechnology will have on communications, information storage, and material
sciences is anticipated to be comparable to that of the nuclear revolution of the 1930s,” or
the molecular revolution in the life sciences in the 1980s.>° At the same time,
understanding the principles of nanotechnology may provide an infrastructure which can
be extended to give insights into critical biologic systems related to diagnostics, disease

control, correction of genetic disorders, and 1ongevity.6’7

The classical approach to nanoscale materials, referred to as the top down
approach, has been to utilize traditional engineering principles that remove unwanted

domains from macroscopic materials by grinding, casting, lathing or using small-scale
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lithography. This strategy offers very little control over critical molecular features such as
atomic position or final size of the nanoparticle. On the other hand, the manipulating and
positioning of individual atoms and molecules has now been realized. Heinrich Rohrer
(Nobel Laureate, 1986)° used a scanning tunneling microscope (STM) tip to resolve
atomic-scale features on the surface of even the poor, conducting material silicon,
Si(111). Himpsel et al. pushed the envelope further, distinguishing different oxidation
states in non-conducting nanostructures of CaF, and CaF on Si (111).° In 1989, Don
Eigler created the now well-known display made of 35 xenon atoms on a nickel surface
spelling out “IBM” and demonstrating that atom positioning can be controlled precisely.
This was achieved at high vacuum and near liquid helium temperature. Today, atoms can
be positioned under ambient conditions,'® something necessary if these processes should
ever find commercial applications.'’ Furthermore, Franz Himpsel and co-workers have
recently been able to create 2D arrays of gold atoms on silicon that resemble the bit
structure of a standard CD-ROM, but at the nano- instead of micro-scale, and to write to
these arrays by removing individual clusters of gold atoms." With this advancement,
Himpsel and co-workers have realized the storage of 1 bit of information in a 5 x 4 atom

unit cell, which is very close to the 5 x 5 x 5 atom volume that Feynman predicted.'

In recent years, the excitement generated by nanotechnology has lead to an ever-
expanding use of the term. Today nanotechnology includes any material with significant
features less than 100 nanometers in size.'” With this new expanded definition,
nanotechnology is no longer limited to making nanoscale productive systems, as

envisioned by Feyman, but now includes anything with small features, i.e., fine particles,
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thin coatings, large molecules, or even ‘big things’ with ‘tiny holes’ such as doped
zeolites, glasses, clays, alumina or silica.” Therefore, many areas of chemistry, materials

science, microelectronics, and biotechnology can now be categorized as nanotechnology.

The work in this dissertation is concerned with one specific area of
nanotechnology, namely that of semiconductor nanocrystals referred to as quantum dots
(QDs). The application of energy, usually in the form of photons, to a semiconductor can
excite an electron from the valence band to the conducting band if the excitation energy
is close to or greater than the band gap energy. The excitation of the electron leaves a
hole, or positive charge, in the valence band. The hole, in turn, is coupled to the excited
electron via a Coulomb interaction, thereby slightly lowering the total energy of the
system. This electron-hole pair is referred to as an excifon. In quantum dots (QDs), the
overall size of the material is smaller than the exciton Bohr radius. The size of the
nanoparticle limits the number of energy levels, and leads to transitions with smaller half-
widths. This situation, referred to as quantum confinement, leads to changes in the

absorptive and emissive behavior of the semiconductor material.'*

In 1982 Rossetti and Brus" reported the first preparation of a group II-VI
semiconductor nanoparticle, namely cadmium sulfide (CdS), with a mean particle
diameter of greater than 20 nm. These authors also investigated the band-edge
luminescence properties, reported in the same paper. However, quantum confinement
effects, such as a change in the band gap as a function of particle size, were not observed

since the size range of the particles was larger than the exciton Bohr radius.’® Ten years
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later, Bawendi and coworkers at the Massachusetts Institute of Technology (MIT)"
reported the organometallic synthesis of nearly mono-dispersed, high quality quantum
dots (QDs) of cadmium sulfide (CdS), cadmium selenide (CdSe), and cadmium telluride
(CdTe). However, this breakthrough synthesis required reaction temperatures above the
flash point of n-trioctylphosphine oxide (TOPO), the coating for the quantum dots as well
as the reaction solvent. Furthermore, highly toxic dimethyl cadmium and dimethyl
selenium precursors were employed in this synthesis. Today, TOPO coated CdSe
quantum dots are produced commercially (Evident Technologies, Applied NanoWorks).
However, with a cost of $40/mg of material, using these QDs for additional studies is

prohibitively expensive.

Recently, Peng et al.'’*% reported a much improved, versatile, and
environmentally friendly synthesis. Studying the Bawendi synthesis, Peng found that
hexylphosphonic acid (HPA), an impurity in TOPO, plays a major role.”' Once the
dependence on hexylphosphonic acid was discovered, Peng and coworkers were able to
develop a broad array of possible precursors and solvents for the synthesis of high-quality
CdSe QDs. “High-quality” refers to QDs being comprised of crystalline particles with
narrow size distribution, good photo stability, and surface properties that allow for high
luminescence quantum yields.”> Research has shown that surface passivation of free
valences at the particle surface can be achieved by epitaxial overcoating QDs with
inorganic materials. This suppresses the radiationless recombination and causes an
increase in luminescence quantum yield. Similar results have yet to be achieved when

passivating the surface with organic materials. The first goal of this thesis is to synthesize
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reliably and repeatedly high-quality CdSe QDs starting with cadmium oxide (CdO) and a
combination of reagents identified by Peng, et al.'® The details of this synthesis will be

presented in Chapter 9.

CdSe QDs are stronger emitters, with a 5-15 % luminescence quantum yield,”
than, for example, are many organic fluorescent dyes.*** Using wavelength matched
fluorescent latex spheres as a standard, the fluorescence intensity of a single CdSe QD
was found to be equivalent to that of approximately 20 rhodamine molecules.”® However,
to increase the utility of the CdSe quantum dots for biotechnology and lighting
applications, the strength of emission needs to be increased. Different approaches to
accomplish this have been reported. In an effort to increase luminescent output, Guyot-
Sionnest and Hines developed an improved method to synthesize CdSe QDs with an
inorganic coating of zinc sulfide (ZnS). Abbreviated CdSe/ZnS, these QDs are referred to
as core/shell nanocrystals.”” As observed previously by Brus,'® the ZnS coating enhances
the fluorescence quantum yields of the nanocrystal by 40-60%. Zinc sulfide (ZnS), zinc
selenide (ZnSe) and other coating materials such as those listed in Chapter 2.3 (Table 2.3)
also serve as coatings to prevent agglomeration and crystal growth.28 Most applications
require small particles with narrow size distribution. To prevent agglomeration and
crystal growth the QDs have to be coated or embedded in a matrix. Inorganic coatings
generate a core/shell type QD. One way to synthesize core/shell QDs is by adding
alternating dimethylzinc (Me,Zn) and bis(trimethylsilyl)sulfide ([TMS];S) to a solution

of CdSe QDs.”
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CdSe QDs are synthesized in an n-trioctylphosphine oxide (TOPO) and n-
trioctylphosphine (TOP) solution. TOPO/TOP serves a dual function as reaction solvent
and as organic coating, which prevents the QDs from agglomerating. The luminescence
quantum yield of TOPO/TOP coated CdSe QDs does not exceed 5-15% of the
theoretically possible 100% as compared to a rhodamine G6 standard.” Attempts to
modify the QD surface by first removing TOPO using pyridine as the interim coating

before attaching organic thiols was only partially successful.”’

Thermogravimetric
analyses (TGA) indicate incomplete removal of the TOPO coating. Experiments show
that after the introduction of the new coating (pyridine), 10-15% of TOPO remains bound
on the QD surface. These TGA results were confirmed by quantitative proton nuclear
magnetic resonance spectroscopy (NMR) studies. Bawendi reasons that since only 30%
of all possible surface cadmium binding sites are passivated with TOPO before the TOPO
coating 1s exchanged, the 10-15% remaining TOPO ligands after that exchange reaction
may take the form of bridging positions binding over several cadmium atoms which
would account for stronger bonding strength observed.® It is known that the oxygen in
TOPO is datively bound to Cd™* and the phosphorus in TOP is covalently bound to
Se??' However, despite the difficulties, many attempts to increase luminescence
quantum yield by modifying the organic coating surface of CdSe QDs have been
undertaken starting out from TOPO/TOP coated QDs, but to date, with limited success.
One exception is the recent report of the use of an organic coating, namely long chain

primary amines, to result in an increased luminescence quantum yield similar to that

found with core/shell QDs.>"*>*
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To improve systematically the luminescence output and quantum yield through
surface modification, and to facilitate complete surface exchange, the work presented
here is performed exclusively using CdSe QDs coated and dissolved in octadecene
(ODE).?° With only a double bond to donate electron density to the positively charged
cadmium ion, ODE may be considered to be more weakly bound to the QD than
TOPO/TOP. One indication of this weak binding constant is the fact that
CdSe/TOPO/TOP coated QDs can be easily precipitated from ODE by adding TOPO to
an ODE solution of ODE coated CdSe quantum dots. The successful exchange is readily
apparent through a dramatic change in the solubility of the QDs. TOPO/TOP coated QDs
dissolve in polar solvents, such as chloroform, and not in non-polar solvents like hexane
as is preferred by their ODE coated counterparts. TOPO/TOP coated QDs precipitate
using acetone or butanol, while ODE coated QDs precipitate from a chloroform/methanol

mixture.’

The term “dendrimer” derives from the Greek words “dendron” meaning tree, and
“meros” meaning part, and was introduced in 1984 by Donald A. Tomalia.***
Dendrimers are well-defined hyper-branched globular macromolecules constructed
around a core unit. During synthesis, éach successive reaction step, or series of the same
alternating reaction steps, leads to an additional generation of branching. The initial
method of dendrimer synthesis was Tomalia’s divergent approach.’® However, in 1989,
Fréchet et al. synthesized dendrimers by a convergent method.”” The convergent

approach has definite advantages over the divergent method, since the latter method starts

with the core unit and adds each additional generation, risking structural defects that
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cannot easily be repaired. The convergent method, on the other hand, starts on the
periphery of the dendrimer and works towards the core. The number of synthetic steps
per generation stays constant, but defects can be eliminated by column chromatography if
necessary. The same principle is true for dendrons, since the difference between a
dendron and a dendrimer is that the former has a focal point instead of a core and is

shaped like slices of a round pie while the latter is the whole pie.

Since the primary focus of this dissertation is to manipulate the photophysical
properties of CdSe QDs by the attachment of various types of dendrons to the OD, the
synthesis and characterization of the dendronized QDs were performed (cf. Chapter 7).
Characterization included UV-Visible absorption spectroscopy, photoluminescence (PL)
spectroscopy, nuclear magnetic resonance spectroscopy (NMR), transmission electron
spectroscopy (TEM), thermogravimetric analyses (TGA), and X-ray powder diffraction
(XPD). Finally, an attempt to determine the number of dendrons of different generations
that are attached per QD is presented along with a discussion of the effect of dendron size

on luminescence of the QDs in Chapter 8.
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2. Nanomaterials

2.1 Bulk Semiconductor Materials

Semiconductors are crystalline materials with properties between a pure
conductor (such as gold or copper) and an insulator (such as rubber or teflon).
Semiconductors can be pure crystals like silicon or may be composed of elements from
the periodic groups of II-VI, III-V, or IV-VI. Since the conduction can be tuned by
temperature, controlled doping with a conducting material, or other external stimuli,

semiconductors are widely used in the electronics and computer industries.

Although the composition of semiconductors vary, all semiconductors require an
external stimulus such as voltage or photon flux to conduct electricity. The advantage of
a required stimulus is that it allows one greatly to alter the electrical conductivity of the
material in a controlled manner. In a bulk semiconductor, the large number of atoms,
typically on the order of 10° leads to many degenerate energy levels, which effectively
form bands, rather than discrete energy levels. At ambient temperature and in the ground
state, electrons are located in the lower energy continuum, known as the valence band,
while the higher energy continuum (i.e., conduction band) is unoccupied. These two
bands are separated by an energy gap (Eg), the magnitude of which is a characteristic
property of the bulk macro crystalline material and is typically between 0.3 €V and 3.8

eVv.3®

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Figure 2.1. A depicts the energy levels in a molecule. Each pair of bonding
electrons in a molecule adds one bonding and one antibonding molecular orbital to the
energy diagram. Figure 2.1 A shows three bonding molecular orbitals (MO) and three
antibonding MO’s. When a molecule is excited an electron moves from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)
as indicated with a solid line arrow pointing up. Eventually the molecule relaxes and the
electron returns back to the ground state, represented with the dashed arrow pointing
down. The energy levels in a molecule are distinct when compared to the closely spaced
energy levels that form the two continuum bands of a semiconductor material, as shown
in Figure 2.1. B. These two bands are separated by the band gap energy Eg.39 When
energy is supplied in the form of heat, voltage or photons, electrons from the valence
band that gain enough energy move across the band gap to the conducting band. As
mentioned before, this excitation leaves a hole or positive charge in the valence band.
Since a Coulomb attraction exists between the excited electron and the valence hole, the

electron and hole form a “bound” pair known as an exciton.

In a bulk semiconductor of known composition, the band gap energy is fixed.
Naturally, the excited electrons stay only briefly in the conduction band before returning
to the valence band. As the excited electrons return to the valence band, electromagnetic
radiation corresponding to the energy of the band gap is emitted. The band gap and,
therefore, the transition are fixed which, in turn, defines the emission wavelength for the
system. The band gap spacing is a characteristic property of the semiconductor and is

related to the distance between any given electron/hole pair, i.e., the Bohr radius.
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LUMO —,

Energy

HOMO

Figure 2.1. (A) Molecular orbital diagram with highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). Energy levels are discrete.
(B) Semiconductor energy diagram with valence band (VB) and conducting band (CB).
Energy levels are continuous.*’

The Bohr radius of the bulk exciton is given by

Rel 11
%=—T[~:+—T} (1)

e |\m, m,
where ap is the Bohr radius, € is the bulk optical dielectric coefficient, h is the Planck’s
constant divided by 2. m, and m, are the effective masses of the electron and hole,

respectively, and e is the charge on the electron.”® Selected elemental and compound bulk

semiconductors and their optical characteristics are summarized in Table 2.1.
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Table 2.1. Selected elemental and compound bulk semiconductors and their optical
characteristics. Eg is the band gap of the bulk semiconductor in (eV.) and A T is the
approximate photoconduction threshold wavelength in (nm). Adapted from'’. CdS, CdSe,
CdTe band-gap energy Eg in (nm)."”

Semiconductor Eg (eV) AT (nm)
Elemental
Si 1.12 1107
Ge 0.66 1879
Oxides
TiO; (rutile) 3.00 413
TiO; (anatase) 3.15 394
ZnO 3.35 370
WO; 3.2 388
MoOs 29 428
Fe,0; 2.2 564
Sn0, 3.8 326
Chalcogenides
Cds 2.42 (512 nm) 512
CdSe 1.70 (716 nm) 729
CdTe 1.50 (827 nm) 827
ZnS 3.2 388
ZnSe 2.58 481
PbS 0.50 2480
HgS 0.50 2480
HgTe 0.14 8857
Groups [I-V
GaAs 1.43 867
GaP 2.24 554
InAs 0.33 3758
InP 1.29 960
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Nanocrystal research was originally motivated by the desire to understand better
the bulk structural and electronic properties of semiconductor materials by looking at
their properties on the molecular scale.*’ Quantum dots are one type of nanomaterial with
a characteristic size of 1-10 nm in diameter. As will be shown in the next section,
quantum dots display a wealth of energy transitions. Their band gap energy can be
manipulated by changing the size of the quantum dot, offering the opportunity of a much

wider range of emission wavelengths.

2.2 Nanomaterials

In 1996, Paul Alivisatos published the first review article on semiconductor
nanocrystals.4° There he described efforts made to understand novel bonding geometries
and the state of knowledge about structure and composition of colloidal semiconductor
nanocrystal surfaces. Since this time, additional reviews have been published. A selection
of which are discussed here. Wise*” focuses his review on the influence of surface effects
on QD properties by proposing to study semiconductors of group IV-VI, such as lead
sulfide (PbS) and lead selenide (PbSe). He noted that certain nonlinear optical properties
of quantum dots would be most enhanced in the strong confinement limit (i.e., where R /
ap << 1 with R being the radius of the quantum dot and o the Bohr radius of the bulk
exciton given by equation 1). The most common materials of the group 1I-VI and III-V
semiconductors do not reach strong enough confinement, since R / ap is only 0.16.
However, according to Wise, PbS and PbSe quantum dots fall within the strong quantum

confinement limit with R / ag = 0.04. This fact led to electronic spectra with energy
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spacings that allow for the investigation of quantum effects without the influence of the
bulk surface states. The review by O’Brien®® focused on the preparation of nanoparticles.
In particular, the review discussed synthetic methods such as arrested precipitation in

2343

solution and matrix assisted synthesis in various types of matrices including

44,45 4748

zeolites, micelles,46 glasses, and films.* The molecular precursor method
described by Bawendi and coworkers was the first published organometallic synthesis of
CdS, CdSe, and CdTe quantum dots.'” The main advantages of this method are the
degree of control over particle size and its versatility in allowing for chemically altering
the surface of a QD. The same year, Rajeshwar published a review on semiconductor-
based composite materials that also included a chapter on nanomaterials.” Today the
importance of nanomaterials is reflected in the increasing number of journals dedicated
solely to nanotechnology, the large number of national and international conferences, the
creation of nanotech science centers, and the increasing number and value of government
grants. Most recently, Rotello reviewed the status of nanocrystal research and outlined
the new opportunities afforded through the use of nanocrystalline material today. His
focus was on the ability to control nanoparticle properties within the synthetic design by
allowing for the formation of self-assembled monolayer systems.’® By manipulating the
synthetic procedures, control from the molecular to the microscopic level can be

provided. Table 2.2 lists some of the semiconductor nanomaterials routinely synthesized

today.

There are two major effects that are responsible for the uniqueness of quantum

dots as compared to their bulk counterparts. First, in nanocrystals the number of surface
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atoms is a large fraction of the total, making it useful in catalysis and biological
applications. Second, quantum size effects transform the intrinsic properties of the
nanocrystals. The actual size of the particle determines the electronic and physical
properties of the material. For example, in cadmium sulfide (CdS), a widely used material
to study quantum size effects, the band gap can be tuned from 2.5 to 4.0 eV., while the
excitation lifetime ranges from several nanoseconds down to picoseconds’'. Never before
seen physical changes are manifested by a fourfold drop in melting temperature of CdS
quantum dots from 1600°C to 400°C°>>* which may eventually lend itself to applications
such as lead free solder.”* Another example of the uniqueness of quantum dots is the
focusing of the intensity of light to the point that the photons interact with each other,
resulting in nonlinear optical effects. As a result, switches based on the focusing of
energy within quantum dots are now being developed, since they are potentially much
faster than currently used switches. Therefore, quantum dots are hugely versatile and are

55-57

finding applications in optoelectronics, photovoltaic devices,**® biolabeling, ***%

63-66

biocatalyst,61 drug delivery,62 tunable lasers, and telecommunication devices such as

optical amplifiers and waveguides.®"®
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Table 2.2. Examples of semiconductors QDs, size range, stabilizer used and references.

Semiconductor d (nm) Stabilizer References
CdsAsy, CdsP,  10.0-30.0 AOT reverse micelles 69,22
CdsP,, ZnsP; 1.0-2.0 Hexametaphosphate 70

Cds 1.3-4.0 Thiols, Sulfonic acids 29
Cds 1.2-17.0 TOPO/TOP, Polyphosphate 17,22
CdSe 2.0-4.0 Thiols 22,71

CdTe 2.0-4.0 Thiols, TOPO/TOP 17,22,72

Fe;0; 6.0-15.0 Alkylamine 73
GaAs 3.5-4.5 Quinoline 74,75
Ge 5.8-6.8 Silica matrix 76,77

Hgl, 1.0-2.6 Acetonitrile, no additional 78

stabilizer

HgS, HgTe 2.0-5.0 Polyphosphate, Thiols 22
InAs, InP 3.0-6.0 TOPO/TOP 22,79

MoS, WS, 1.03.5 No additional stabilizer 80
PbS 1.0-<20 Poly(vinyl alcohol) 42,81

Alkanethiols

PbSe 3.0-13.0 1-Octadecene 82
Si 1.0-2.0 Octanethiol 83,84

Sn0, 4.0-20.0 In glass 85

TiO, (anatase) 4.0-5.0 No additional stabilizer o)
Zn0, Zn$S 1.0-10.0 1-Thioglycerol 22,86
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Nanoparticles of the group I-VII (e.g., AgBr), II-VI (e.g., CdSe), III-V (e.g.,
GaAs), and IV (e.g., Si) semiconductors are known. The band-gap energy of
nanomaterials shifts to lower energy when compared to the band gap of the bulk material.
The energy E(R) of the first electronic transition band-gap for a particle of radius (R) can

be approximated by

RPz*| 1 1| 1.8¢€°
E(R)=E_+ e 2
B=E 0 ]:m mJ eR ?

e

In equation (2), E, is the energy band-gap of the bulk semiconductor, ¢ is the bulk optical
dielectric coefficient, % is Planck’s constant divided by 27, me* and my, are the effective
mass of the electron and hole, respectively, and e is the charge of the electron. Equation
(2) shows the dependence of the band-gap energy with particle size. The negative term
considers Coulombic attractions, which, at a certain radius, are balanced by the kinetic
energy. However, this equation ignores two important effects: the coupling of electronic

states to vibrations and the structure of the particle’s surface.®’

Today, manipulating the size of a QD is well understood. Spherical QDs can be
synthesized reliably and repeatedly with any particle size and narrow size-distribution.
Nucleation and growth are critical factors and are influenced by choice of reagents and
reaction ternperature.23 By varying the monomer concentration in the starting reaction
solution, i.e., the concentration of Cd*" in the synthesis of a CdS quantum dot, size, shape

1.3 found that an

and size/shape distribution can be influenced. For instance, Peng et a
excess of monomer produces rice-shaped QDs. Similarly, the formation of extremely

high aspect ratio CdSe nanorods (30:1), as well as arrow-, teardrop-, tetrapod-, and
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branched tetrapod-shaped nanocrystals of CdSe, was achieved by the growth of the
nanoparticles in a mixture of hexylphosphonic acid and trioctylphosphine oxide. Thus,
the most influential factors in shape control were found to be the ratio of surfactants,

injection volume, and time-dependent monomer concentration.”

However, understanding how to manipulate the particle surface in a way that
allows for control over photophysical properties is less understood. As will be
demonstrated in the following section, inorganic and organic coatings have been
investigated in great numbers in an attempt to improve the luminescence quantum yield.
While inorganic coatings have achieved significant increases of 40-60% in the emission
quantum yield, a similar success with organic coatings has been found for only a single
organic functionality. Organic coated quantum dots with strong emission have been a
synthetic goal for many years, because of the increased potential for further synthetic
manipulation of the material. The recent attempts to find new organic coatings for

quantum dots are summarized in the following section.

2.3  Cadmium Selenide Quantum Dots Coating

The quantum yield (®ey,) of a system is defined as the ratio of emitted intensity

I divided by the absorbed intensity, I 4s. The quantum efficiency of a system

CD — I em - __ kradiative
mor ok +k ®)
abs radiative nonradiative
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is the ratio of the rate constant of radiative decay over the sum of the rate constants of the
radiative plus the nonradiative decays determined by the number of nonradiative
transitions in the system. The more nonradiative transitions that exist in the system, the
smaller the quantum yield since nonradiative transitions compete with the radiative rate,
i.e., the emission of electomagnetic radiation. The electron/hole recombinations that
occur nonradiatively are thought to be surface transitions and, therefore, are greatly
influenced by the surface chemistry and electronic environment, i.e., solvent effects.
Highly luminescent quantum dots with high values of ®., are increasingly sought after
for use in light-emitting devices and biolabeling.”® However, how modifications of the
surface of QDs changes the photoluminescence (PL) are not fully understood.”" It is
known that coating quantum dots can greatly enhance photoluminescence (PL) and
quantum yield (@) and decrease the lifetime.” For example, passivating CdSe QDs
with several atomic layers of an inorganic wide band gap semiconductor, such as ZnS,
ZnSe or CdS can increase QY by 40-60%.% “* A wide variety of so called core/shell
quantum dots have been reported and Table 2.3 lists some of these core/shell systems and

the methods of their preparation.
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Table 2.3. Examples of core/shell type semiconductor quantum dot composites. The core
semiconductor is identified within parentheses. Adapted from ' and references therein®,

(Core) Shell ~ Preparative Route Reference(s)”
(CdSe)ZnS Chemical solution growth in inverse micelles 151
(ZnS)CdSe Chemical solution growth in inverse micelles 151
(CdSe)ZnSe Chemical solution growth in inverse micelles 152
(ZnSe)CdSe Chemical solution growth in inverse micelles 152
(CdSe)ZnS Injection of organometallic precursors in hot solvent 153,154a
(CdSe)ZnSe Above method combined with electrospray 154b,c
(CdSe)ZnS Above method combined with electrospray 154d
(CdSe)CdS Injection of organometallic precursors in hot solvent 150
(InP)ZnCdSe, Injection of organometallic precursors in hot solvent 155
(CdTe)CdS Organometallic colloidal synthesis 156
(Ge) silane Chemical solution growth 157
(Ge) silica Chemical solution growth 157
(Si) silica Pyrolysis/oxidation 158
(CdS)HgS Colloidal solution growth 159a
(CdS)PbS Chemical solution growth 160
(CdS)S Hybrid electrochemical solution growth 161
(TiO2)MoO; Modified sol-gel 162

The resulting brighter emission is due to changes in the surface chemistry of the

core dot. The surface of non-coated QDs consists of atoms that are not fully coordinated

and, therefore, have free unbound electrons. Furthermore, the surface atoms act like

defects. Both unbound electrons and surface defects allow for nonradiative electron
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energy transitions at the surface, thereby lowering (®.y,). The inorganic coating reduces
the occurrence of nonradiative transitions with increasing defect-free passivation.” The
electron hole is confined to the QD core, while the electrons are delocalized throughout
the core/shell structure. It has been proposed that this phenomenon is explained by the
increase in photostablity of core/shell QDs.””> Photooxidation requires a hole trapped on
the surface, a phenomenon less likely in a core/shell QD. The inorganic coating also
neutralizes surface defects by tying up “dangling” bonds, further increasing
photoluminescence output. Recently, quantum dots with double inorganic shells
CdSe/CdS/ZnS and CdSe/ZnSe/ZnS were reported to deliver up to an 80% QY.* Earlier
attempts using a CdS/HgS/CdS core-shell-shell material produced only decreased

quantum yields.””*®

Colloidally prepared quantum dots are free floating and can be attached to a
variety of organic coatings via metal coordination to the organic functional group, such as
thiols, amines, nitriles, phosphines, phosphine oxides, phosphonic acids, and carboxylic
acids. The surface chemistry can be used to alter effectively the properties of the QD
including brightness and excited state lifetime. Table 2.4 lists a variety of semiconductor
QDs coated in different polymer matrices and references. However, organic coatings are
not limited to polymers. Small molecules with any of the functional groups previously
mentioned will coat a QD and influence its photophysics. Table 2.5 lists some of the

many organic coated QDs that have been prepared and described.
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Table 2.4. A selection of semiconductor quantum dot nanocomposites, listed with their
respective polymer coating, and adapted from reference 16 and references therein *. Note
that today poly(amidoamine) (PAMAM) is considered a dendrimer rather than a polymer
and would be listed elsewhere 2.

Semiconductor QD(s) Polymer Matrix Reference(s) £
CdS N-poly(vinylcarbazole) (PVK) 163a,b
ZnS Poly(ethylene oxide) 164
CdSe Poly(p-phenylene) vinylene (PPV) 165a,b
CdS Polypyridine (functionalized) 166
CdSe PVK-oxadiazole derivative 167
CdS Poly(vinyl alcohol) 168
CdSe or CdS Poly(2-methoxy,5-(2'-ethyl)-hexyloxy-PPV) 169a,b,c
CdSe or (CdSe)ZnS Phosphine-functionalized block copolymer 170a,b
CdS Polydiacetylene 171
Si Polystyrene 172
CdSe or (CdSe)ZnS PPV 173a,b
CdS Chelating polymer (Chelex) 174
CdS Polyamine dendrimer (PAMAM) 175a,b &
CdSe Poly (3-hexylthiophene) 176
PbS Polyacrylamide 177
CdS Polystyrene-maleic anhydride 178
(ZnS)Mn ioelt}lfl(;;rr;flgfscid) or poly(methyl 179
CdTe or HgTe Poly(diallyldimethylammonium chloride) 180a,b
(CdS)ZnS, (CdSe)ZnS Poly(lauryl methacrylate) 154e
CsTe Polypyrrole 180e
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If increased photoluminescence is the goal, currently the only successful organic
coating are organics with amine functionalization.'**** As previously mentioned, the
QY for CdSe in a TOPO/TOP coating does not exceed 5-15%. The quantum efficiency,
however, can be improved to 40-60% by surface passivation with organic alkylamine
coatings such as hexadecylamine (HDA) or dioctylamine,” and dodecylamine.'® Thus,
organic coatings can achieve the same high luminescence quantum efficiencies as

inorganic coated core/shell QDs.'®

Strictly speaking, there are organic coated QDs, such as CdSe/TOPO, and
functionalized QDs such as CdSe coated for example with an organic thiol. The later are
synthesized using a process refered to as surface modification or surface functionlization.
The difference between coated ODs and surface functionalized QDs lies in the type of
synthesis. If the organic material to be attached to the surface is present during the
synthesis of the QD, then the organic material is commonly refered to as coating. When
that organic coating of a QD is subsequently replaced by an organic material, such as a
alkylthiol or alkylamine, the process is refered to as surface modification and the QD

refered to as a functionalized QD.

Chen'"! demonstrated the effect of a coating on the properties of the QD. CdSe
QDs synthesized in TOPO/TOP solution are hydrophobic and dissolve in organic
solvents such as chloroform and toluene. Exchanging the TOPO/TOP coating with
mercaptobenzoic acid oriented with the carboxylic acid functionality on the periphery

and the thiol group attached to the QD, hydrophilic, water soluble CdSe QDs are
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obtained. Because of the different solubility, these quantum dots can now be applied with
specific patterns on glass matrices via self-assembled-monolayer techniques. Some of the

common organic coatings for QDs are listed in Table 2.5.

Rotello™ reviewed nanoparticle building blocks such as monolayer-protected
clusters (MPC) and mixed monolayer-protected clusters MMPC’s synthesized by the
Schiffrin reaction.'® In the Schiffrin reaction, dodecanethiol is added to organic-phase
AuCly followed by reduction with sodium borohydride, which leads to thiol-coated gold
nanoparticles ranging in size between 1 and 3 nanometers. Monolayer functionalized
nanoparticles show different stabilities depending on type and amount of coating. The
monolayer also acts as a shield to prevent agglomeration and increased particle size, and
provides a scaffold for the attachment of functional molecular entities that, in turn, can

become building blocks of larger entities.
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Table 2.5. Selected semiconductor QDs and nanoparticles functionalized with organic
ligands and references.

Semiconductor/ . .

Nanomaterial Organic Coating References
Au Porphrin-alkanethiolate 103
Au Thiolated poly(ethyleneglycol) 104

Alkanethiols, glutathione, tiopronin,
thiolates poly(ethylene glycol), p-

CdSe mercaptophenol, aromatic alkanethiols, 105
phenyl alkanethiols, (y-mercaptopropyl)-
trimethoxysilane.

CdSe Poly(ethylene glycol) 46

CdSe Thiolated PAMAM dendrons 106

CdSe Thioglycolic acid 69

CdSe DNA 107

CdSe Chelated Dithiothreitol (DTT) 108

2-Mercaptoethanol, 1-thioglycerol,
2,3-dimercapto-1-propanol,

CdTe P p, P 72
2-mercaptoethylamine, L-cysteine,

2-(dimethylamino)ethanethiol,

Pd C6 and C12 Alkanethiols 109
CdSe Mercaptoacetic acid 26
ZnS Mercaptoacetic acid 86
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Murray synthesized a range of thiolated gold nanoparticles using 4-
mercaptophenol and other thiolated ligands. He successfully applied known organic
reactions such as place exchange, polymerizations, Sy2 and coupling to further modify
and functionalize the surface. These modified nanoparticles exhibited increased stability
in comparison to CdS quantum dots. These monolayer protected gold particles were
generally air- and solvent stable.''” Pietro synthesized a series of analogs similar to
Murphy’s thiolated gold nanoparticles, but with CdS instead of Au''! Pietro then
measured the rate of decomposition of differently substituted thiophenols and correlated
the decomposition rates with the appropriate substituent Hammett parameter (o),
demonstrating the influence of the para substituent on the stability of the QD. He also
demonstrated that the decomposition rate to form a disulfide) correlates with the
excitonic fluorescence intensity with the faster rate of decomposition correlating with
higher emission intensity. From this, he proposes a mechanism of photodecomposition
that results in the formation of bulk CdS, and an organic byproduct that is the disulfide of
the thiolated coating. His proposed mechanism implies electronic contact between the
QD core and substituents on the organic coating and demonstrates the influence of the

organic coating on the photophysics of the QD.'”

Mercaptoacetic acid (MAA) has been used to functionalize QDs. The thiol
covalently binds to the QD surface and the carboxylic acid functional group of MAA
offers the opportunity to further modify the particle (cf. Scheme 2.3.1) However, MAA
undergoes photo-oxidation and is not stable, and it does not reproducibly functionalize

QDs.'? The stability of QDs increases slightly with increasing alkyl chain length.'?
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Unfortunately, even mercaptoundecanoic acid (MUA) used in conjunction with CdSe is
not robust enough to withstand the necessary reaction conditions for generating thiolated
gold particles. Reiss™® reported findings of 60-85% photoluminescence intensity using
MUA coated CdSe/ZnSe QDs. The increased QY, however, stems from the use of

core/shell QDs rather than the influence of the organic coating. Mirkin'®’

took advantage
of the inherent lability of short chain mercaptopropionic acid (MPA). Instead of coupling
DNA to the carboxylic acid functionality of MPA he replaced MPA with DNA by

covalently coupling the thiol functionality of the proteins to the core/shell QD surface,

however, observing a 26 % drop in photoluminescence.

Leblanc® has recently demonstrated that thioglycolic acid capped CdSe QDs
sandwiched between two layers of organophosphorus hydrolase (OPH) within a sensing
assembly produces higher photoluminescence than the same QDs in solution. OPH is an
enzyme often used to digest neurotoxins since OPH catalyzes the breakdown of the P-O,
P-S, P-F, and P-CN bond often found in neurotoxins. The lower QD luminescence in
solutions, when compared to the same QD in a sensing assembly, can be understood
when one considers that the solvent cage introduces surface traps (i.e., electron and hole
traps) in quantum dots which lower the quantum yield of emission. However, the
increase in photoluminescence can be used to design detecting devices for

organophosphorus neurotoxins.
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Scheme 2.1. Abbreviated scheme to functionalize coated QDs with further surface
modification by attaching proteins.

One notices in Table 2.4 that PAMAM is still listed amongst polymer coatings.
Today PAMAM is classified as a dendrimer. Dendrimer and dendron functionalized
coated QDs are discussed next, in Chapter 4 after a detailed excursion into the history and

synthesis of dendrimers and dendrons in Chapter 3.
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3. Dendrimers and Dendrons

Dendrimers are a type of ordered polymer. As previously noted, the term
“dendrimer” derives from the Greek word “dendron” meaning tree and “meros” meaning

4
113,11 who

part. It was first postulated in the 1940s by macromolecular pioneer Paul Flory
received a Nobel Prize in 1974 for his theoretical and experimental achievements in the
physical chemistry of macromolecules. Fritz Vogtle'” began synthesizing small-
branched molecules in the 1980s, but it was Donald A. Tomalia®* and George R.
Newkome''® who both published the synthesis of their respective “starbust”

multigenerational dendrimers in 1985. These two papers laid the groundwork for this

new area of organic macromolecules.

Dendrimers are well-defined, hyper-branched, globular macromolecules
constructed around a core unit rather than the chain-like structures of conventional
polymers. During the synthesis of a dendrimer, each successive reaction step or series of
the same reaction steps leads to an additional generation of branching. The molecular
weight of the dendrimer is easily controlled by the iterative sequence of reaction steps.
Thus, the final product has a distinct molecular weight instead of the broad weight
distribution commonly observed in polymers. The highest molecular weight dendrimer
being synthesized today has a nine allyl unit core.''”""® Since each of the allyl units has 3
connection points, it follows that a generation one dendrimer has 27 branches, which
grow to 243 branches in generation three. Six more generations later at generation nine,

177,147 functional groups cover a 13 nm diameter spherical molecule. Even with a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

fraction of functional groups described above, dendrimers have inspired various

119,120 121,122

applications for the attachment of antibodies, as contrast agents, as drug

123,124 . 126,127

delivery agents, in catalysis'®, and in light-harvesting devices.

DAB, a poly(propylene imine) dendrimer, first reported by Miielhaupt'*® and De
Brabander,'? is now commercially available. DAB is an abbreviation for the dendrimer
core, the 1,4-diaminobutane. The repeat unit is a propylamine group, abbreviated ~Am-,
and the number designates the number of amine functionalities that doubles with each
generation on the periphery of the dendrimer. For instance, DAB—-Am—4 is the name for a
dendrimer with a diaminobutane core (DAB), with polyamine repeat units (—Am-) and 4
primary amines. Thus, DAB-Am—4, DAB-Am-8, DAB-Am-16, DAB-Am-32, and
DAB-Am-64 are dendrimers of generation one through five (cf. Figure 3.1.). Only in
DAB does the number in the name designate the number of peripheral amine groups
rather than the number of generation. The cost for the fifth generation DAB-Am—64 is
$163/g. Since DAB-Am-64 has a molecular weight of 7,168 g/mol, the cost for the
dendrimer is $1168/mmol. Production of the fifth generation DAB—-Am—64 requires 10
synthetic steps (cf. Scheme 3.1). Thus, the fifth generation DAB-Am-64 dendrimer is not
cost efficient to mass synthesize for further research purposes, such as the surface

modification of a QD.
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Figure 3.1. Structure of the fifth generation DAB dendrimer interior consists entirely of
tertiary amine groups linked by three-carbon chains.' 19
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Scheme 3.1. Synthesis of a poly(propylene imine) dendrimer (reaction A and B)
employing Michael addition (A) followed by reduction (B).'"

A more versatile and also commercially available dendrimer is the

poly(amidoamine) dendrimer, also known as PAMAM (cf. Figure 3.2). This dendrimer

was first synthesized by Tomalia®® using the reaction scheme shown in Scheme 3.2.
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PAMAM is available with terminal amine or carboxylic acid functionalities. Each
generation doubles the number of amine functionalities, while each %2 generation doubles
the number of carboxylic acid functionalities. At $1193/g the tenth generation PAMAM
initially seems more cost efficient than DAB. However, with a calculated molecular
weight of 934,698 g/mol, the actual millimolar cost is $ 1.12x10%mmol, which is three

orders of magnitude higher than DAB.
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Figure 3.2. Structure of the fourth generation of a poly(amidoamine) (PAMAM)
dendrimer.'*°
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Scheme 3.2. Synthesis of an ethylene diamine (EDA) core PAMAM dendrimer
consisting of two consecutive steps: Michael addition of primary amine to methylacrylate
(A) followed by amidation of the formed multiester with EDA (B).**? 6

In addition to DAB and PAMAM, there are three other well-studied classes of

116

higher generation dendrimers. They are Newkome’s [27]-arborol system ~ (cf. Figure

3.3.A), Fréchet’s aromatic polyether dendrimers™! (cf. Figure 3.3.B), and Moore’s

phenylacetylene dendrimer'®’

(cf. Figure 3.3.C). The later is most noteworthy and
relevant to this dissertation, as it has been used in light-harvesting devices. Moore
reported observing an interesting gradient effect. As the generations increase, the number
of conjugated bonds decreases from the periphery to the core.'”® As shown in Figure
3.3.C the third generation has one alkyne linking aromatic rings, the second generation
has two alkynes with one benzene ring, and generation one has three alkynes alternating
with benzene rings. Consequently, a directional energy flow to the core was measured
with the help of a chromophore that had been attached to the core.'”’” The ability of a

dendrimer to direct energy to the core is important to the work presented and will be

discussed further in Chapter 6.
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Figure 3.3. Classes of well studied dendrimers are (A) Newkome’s [27]-arborol system
is an attempt to mimic micelles,''® (B) Fréchet’s aromatic polyether dendrimers,”' and
(C) and Moore’s phenylacetylene dendrimer.'”’
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Many other interesting dendrimers have been reported and characterized.'
Zimmerman’s review' - focused on the dendrimer’s ability to function in host-guest type

133

interactions, which can be useful in applications such as encapsulating agents, ~ artificial

132,134 122

gene-transfer materials, and MRI (magnetic resonance imaging) contrast agents.
Meijer’s teview' " focused on the structural aspects of dendrimers and their physical
properties. One of the unexpected findings was that dendrimers are so flexible that back
folding of the peripheral branches is possible making the core more accessible than
expected. In general, the dendrimer is flexible and adapts its form and shape depending
on experimental circumstances. In addition to these findings, Fréchet showed that by
taking advantage of the spatial arrangement of functionalities in the dendrimer, the
dendritic scaffold could be utilized as unique artificial building blocks to encapsulate,

isolate, or shield a guest molecule, catalyst or quantum dot. His review also included an

extensive literature survey on dendrimers.'**

The dominant methods of dendrimer synthesis are Tomalia’s divergent approach
and Fréchet’s convergent method,'* both of which are schematically shown in Figure
3.4. DAB and PAMAM are both synthesized following Tomalia’s divergent approach
(Scheme 3.1 and 3.2). The divergent method starts with the core unit and adds generation
after generation. The number of coupling reactions increases with each successive
generation therefore increasing the risk of structural defects that cannot be repaired
easily. As the structural defects increase, the molecular weight distribution for the
dendrimer broadens. The convergent method starts at the other end, the periphery of the

dendrimer and works its way to the core. The number of synthetic steps per generation
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Figure 3.4. Divergent (A) and convergent (B) approach to synthesizing dendrimers.

stays constant, but the number of functional groups decreases requiring less of each
reagent with each additional generation. Defect materials can be eliminated via column
chromatography, since the molecular weight for defective dendrimers will be different
from the target dendrimer. However, the disadvantage with the convergent synthesis is
that it limits the obtainable number of generations to around 5 or 6 generations,
depending on the dendrimer. The generation limit is caused by the increase in congestion

in the dendrimeric core that drops the reaction yield with each additional generation.
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Fréchet discussed these limitations in a review on convergent synthesis of dendrimers

published in 2001."%¢

A major difficulty is assessing the purity of dendrimers. Various NMR techniques
such as 'H, °C, and "N are widely used but are limited in their ability to detect small
impurities or irregularities in the dendrimer branch. Also with higher generation numbers,
the solubility of the dendrimer in the deuterated solvents becomes an issue. The most
recent advances in ESI (electron spray ionization) and MALDI-TOF (matrix assisted
laser desorption ionization — time of flight) mass spectroscopy have been useful in
analyzing small impurities and finding small imperfections in a dendrimer."*” However,
these techniques are limited to dendrimers that are polar or basic in nature because of
incompatibilities within the sample ionization region. For example, compounds such as
the Fréchet-type dendrimers that do not sufficiently ionize (ESI), or do not interact with
the matrix (MALDI) are more difficult to analyze. Due to the highly symmetric design
and the large number of repeating functional groups in a dendrimer, using infrared
spectroscopy to characterize dendrimers is impractical. Similarly, elemental analysis is
not able to detect subtle changes in the molecular structure.’’ In addition, the well
documented ability of dendrimers to encapsulate small molecules becomes a
disadvantage when attempting to purify the dendrimer from reagents and solvent

molecules.

The same difficulties discussed for dendrimers are also encountered with

dendrons. The difference between a dendron and a dendrimer is that the former has a
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single focal point instead of a core. Thus, the dendron is shaped like a slice of a pie while
the dendrimer is more like the whole pie. Currently, dendrons have not been reviewed
separately, although this class of molecules has been mentioned in the reviews on
dendrimers. However, dendrons become important when one realizes that Fréchet’s
convergent method actually synthesizes dendrons first. The dendrimer is complete only
when the dendrons are attached to the central core unit. This thesis focuses on attaching
various dendrons to CdSe quantum dots. Chapter 4 summarizes the current state of

knowledge on the subject of dendronized nanoparticles and their synthesis.
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4. Dendronized Nanomaterials

The binding of inorganic nanoparticles to organic molecules has created a rapidly
expanding field of research. To prepare such conjugates from nanomaterials, the surface
chemistry of the nanoparticles must be designed so that the stabilizing ligands are fixed to
the nanoparticle. In the case of gold nanoparticles and cadmium sulfide (CdS) or
cadmium selenide (CdSe) quantum dots (QDs), the binding of an organic molecule to the
particle surface is frequently accomplished using a thiol functional group. In many
instances the organic molecule is a simple alkyl thiol with variable chain length. When
these alkyl thiols react with a nanoparticle, the resulting product is a monolayer-protected

104,109,138-140 .50 4 1 Tlaia o il ed r Virmince onibon ottt £V
cluster (MPCs). Table 4.1 lisis a variety of dendrons attached o (1

DanoDarlicais,

60

Thiols with terminal functional groups at the end of the chain,” such as

mercaptoacetic acid,”® are used to facilitate the coupling of larger molecules, such as

139,142 03 133,136,143

fluorescein,'*! ferrocene, phorphrin,'® and even buckminsterfullerene.

DNA and proteins have been coupled to mercaptopropionic acid coated QDs via amide
bond formation.'®”'* In addition, biological molecules can be attached to nanoparticles

directly via the thiol groups that are already part of the peptide molecule.”*'*
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Table 4.1. List of Dendrons and Dendrimers attached to semiconductor QDs and Metal

Nanoparticles and references.

Nanomaterial Dendrimer, Dendrons Reference
Ag PAMAM 150
Au Thiol functionalized PAMAM 153
Au Nonaferrocenyl dendron 154
Au Fréchet-type polyaryl ether 155,156
Au Attached Biosensors 60
Aus PAMAM-OH 151
CdS Functionalized DAB 157
CdSe Dendrimer stability 148
Cds PAPAM vs. polymer stability 149
Cds Blue, Red Respectively 158
CdS PAPAM arrested precipitation 43
CdSe N-functionalized PAMAM Dendrons 159
CdSe, TiO, Dendrimers 13
CdSe/CdS Dendron boxes 160
(CdSe)/ZnS OH-functionalized Dendrons 146
CdSe PAMAM 161
Cu™, Pt”, Pd*  PAMAM, displace for Au, Ag, Pd, Pt 152
Pd 162

14 Dendrons attached to 1 QD
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By far the largest number of publications on dendrimers in conjunction with
nanomaterials is concerned with the use of the PAMAM as a nanoreactor and stabilizer of
nanomaterials. Dendrimers can control the size of a synthesized semiconductor
nanoparticle, in particular CdS. Unlike the previously discussed synthesis of QDs (cf.
Chapter 2), this dendrimer is used as a template that controls the growth of the QD, sets
the size of the QD and then stabilizes the QD after the synthesis.'*® Murphy was the first
to report the fact that the final size of the QD increases with the molecular weight, i.e.,
higher generation dendrimers. PAMAM stabilized CdS QDs are synthesized via
arrested precipitation.'”’ In short, addition of Cd** ions to a dendrimer solution is
followed by addition of S* ions, that produces the CdS nanoparticles.'”® To show the
template effect that the PAMAM dendrimer has on the synthesis of CdS QDs, Murphy

synthesized CdS QDs using linear polymer analogues.'®

Murphy concluded that the
higher concentration of chelating nitrogens in the PAMAM dendrimer provided a key
feature for the synthesis of small, defect-free CdS nanoparticles.'* The results show that
QDs can be obtained with a narrow size distribution. However, the quantum yield of
emission had dropped significantly. PAMAM dendrimers have also been used to

synthesize metal nanoparticle dendrimer composites, such as silver,” gold,”" copper,

platinum, palladium, gold and silver.'>

There are multiple methods described for the exchange of the QD TOPO coating
by thiolated organic compounds. Peng'**''? demonstrated recently the usefulness and
workability of using thiol core functionality. This effort shows that the dendron will

attach covalently to a nanocrystal, using triethylamine in the case of an aromatic thiol and
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a stronger base such as tetramethylammonium hydroxide in the case of an aliphatic thiol

dendron.

Nie? successfully attached a protein to a CdSe/ZnS QD. He uses mercaptoacetic
acid to functionalize the QD surface. By replacing the datively bound TOPO coating with
a covalently attached mercaptoacetic acid coating he achieves a change in solubility from
chloroform to water or methanol. The later solvents are better suited for an amide

coupling reaction.

This thesis, however, probes the influence dendrimers, or more specifically
dendrons, have on the photoluminescence properties of semiconductor QDs. Energy
transfer in dendritic macromolecules has been demonstrated with the energy transfer
occurring through space instead of through bonds. Increasing dendron generations led to
a steady increase in photoluminescence.'®'® Fréchet created an efficient, almost
quantitative, system comprised of a terbium ion core and carboxylic acid functionalized
polyaromatic ether dendrons.'® He demonstrated that the PL intensity can be increased
when using dendrons of larger generation.'® However, several groups have recently
obtained results that indicate that attaching organic ligands to QDs quenches the
photoluminf;:scence.46’112’159’160 For instance, Fox demonstrated energy transfer from
surface-bound arene to the gold nanoparticle core. However, she still observes emission

quenching of the photoluminescence of the gold nanoparticles.'>
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Part II Discussion and Results

5. Synthesis and Characterization of Coated CdSe QDs

Financial as well as safety concerns for the research presented here dictated the
necessity of finding alternative sources of CdSe QDs, other than the standard sources of
purchasing or synthesizing them via Bawendi’s organometallic route. A viable solution
was Peng’s environmentally friendly alternative.”’ During an investigation of quantum
dot formation, Peng discovered that the phosphonic acid impurity in the technical grade
n-trioctylphosphine oxide used by Bawendi played a crucial role in the synthesis of CdSe
QDs. This discovery meant that neither dimethyl cadmium nor dimethyl selenide, which
are extremely toxic, are necessary. This discovery, in turn, has led to an expanded range
of sources for both cadmium and selenium. Cadmium oxide, cadmium acetate, and
cadmium carbonate, amongst other cadmium salts, can be used in place of dimethyl
cadmium. Furthermore, the toxic dimethyl selenium solution can be replaced by using
selenium powder dissolved in n-trioctylphosphine. Fatty acids, amines, and phosphine
oxides can serve as ligand/solvents for the synthesis of high quality nanocrystals as long
as phosphonic acid is present in the final solution. In addition, the Peng synthesis can be
executed at a temperature that is below the flashpoint of TOPO, reducing the risk of
explosions during synthesis. In the Peng synthesis, size is controlled by monomer
concentration and temperature with the total synthesis leading to small nanoparticles with

a narrow size distribution. In fact, the size distribution of the obtained CdSe QDs is
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reportedly so narrow (5-10% relative standard deviation) that lengthy, size-selective

precipitation is no longer necessary.

The final size and size distribution of the CdSe QDs synthesized herein are
determined by UV/Visible (UV/Vis) absorption spectroscopy and photoluminescence
(PL) measurements. UV/Vis spectroscopy is a common technique for determining size,
since published absorbance/size correlation charts are available which, in turn, have been
verified using transmission electron microscopy.'® The PL emission peak gives
information on particle size distribution (not particle size) and is expressed as units of full
width at half maximum (FWHM). The bandwidth of the emission spectra, denoted as the
Full Width at Half Maximum (FWHM) stems from the temperature, natural spectral line
width of the dots, and the size distribution of the population of dots within a solution or
matrix material. Spectral emission broadening due to size distribution is known as
inhomogeneous broadening and is the largest contributor to the FWHM. Narrower size
distributions yield smaller FWHM. For CdSe a 5% size distribution corresponds to ~
30nm FWHM while in PbSe a 5% size distribution corresponds to ~ 100nm FWHM. An
acceptable industrial standard for size distribution is a PL FWHM of < 40 nm (source:
Evident Technologies Product Catalog). Here, FWHM data are recorded to characterize
PL emission peaks only. Theoretically, UV/Vis absorption peaks also have a FWHM.
However, absorption peaks of small QDs in the size range of 2.0 nm to 2.5 nm are so

broad that measuring FWHM is meaningless.
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In the next several sections, the synthesis and characterization of quantum dots

used during this project are discussed.

5.1 Synthesis and Characterization of TOPO coated CdSe QDs

Initially, CdSe QDs were synthesized with a TOPO coating using the Peng
synthesis in order to produce a standard for comparison during the characterization of
various QD containing synthetic products. The experimental details for this synthesis are
described in Chapter 9. A typical UV/Vis spectrum and PL spectrum for TOPO coated
CdSe QDs (i.e., CdSe/TOPO (I)) are shown in Figure 5.1. The absorption maximum of
476 nm indicates a QD of 2.2 nm in diameter using an absorbance/size correlation chart
(cf. Figure 5.2). Unfortunately, a rising baseline characteristic of CdSe nanoparticles
obscures spectral data at wavelengths significantly lower than the observed maximum. 146

The PL has a maximum at 498 nm and a FWHM of 32 nm. Lifetime measurements yield

an emission lifetime of T = 14 ns, which agrees with reported values.”
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Figure 5.1. UV/Vis absorption (eecccec) and PL (aaaaaa) spectra of CdSe/TOPO (I).
UV/Vis maximum lies at 476 nm (expanded 400 000 times). PL. emission maximum at
498 nm (excitation set at 400 nm) and FWHM is 32 nm.

5.2 Synthesis and Characterization of ODE coated CdSe QDs

The synthesis of CdSe QDs in octadecene (ODE) solution instead of a TOPO
solution does not alter the particle size, the size distribution, or the absorption and
emission properties of the final product. UV/Vis absorption maxima of different batches
(i.e., synthesis performed on different days) ranged from 450 to 510 nm, which indicates

a difference in particle size from 1.5 to 2.5 nm.
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Figure 5.2. Size versus UV/Vis absorption peak position of CdSe/TOPO QDs. Adapted
from www.evidenttech.com.

Figure 5.3 shows the UV/Vis absorption and PL spectrum of the ODE coated
CdSe QDs. From the UV/Vis absorption, we determined that the diameter of the CdSe
QDs is 2.4 nm. The PL spectrum is used to verify the narrow size distribution (i.e., a
FWHM of 36 nm). Thus, the ODE coated CdSe QDs have the same size and size
distribution as the TOPO coated QDs (cf. Figure 5.1). Moreover, identical
photoluminescence emission spectra, obtained at two different excitation wavelengths,
namely excitation at 470 nm and at 400 nm, establish the homogeneity of the sample. The
lifetimes for these two batches are 14 ns for CdSe/TOPO and 15 ns for CdSe/ODE.

Lifetimes for a total of eight batches of CdSe/ODE are discussed in the next section.
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Figure 5.3. UV/Vis absorption (ecceosc) and PL (aranas) and ( ) of CdSe/ODE (1II).
UV/Vis maximum at 496 nm (expanded 3,000,000 times). PL emission maximum at 518

nm, both times when excitation wavelength is set at 470 nm (aaaaan), and at 400 nm
(—), Full width at half max (FWHM) is 36 nm.

A TEM (cf. Figure 5.4) was measured for a sample of the CdSe/ODE QDs. One
can clearly see from that figure that the size distribution in this particular sample appears
larger than FWMH measurements suggest. However, problems with equipment delayed
the TEM measurements and the sample was not measured directly after sample
preparation. During the delay, the sample was improperly stored and handled. Thus, the
change in size distribution can be attributed to agglomeration. A follow-up UV/Visible
spectrum was not measured due to the low concentration of the TEM sample. Similarly,
an attempt to obtain information on the crystallinity by x-ray diffraction failed due to

insufficient sample thickness.
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Figure 5.4. TEM for a sample of CdSe/ODE (II). Fringes are due to the scanner.

A second attempt to obtain a TEM with a freshly prepared sample, this time of
dendronized QDs revealed round particles with narrow size distribution. From experience
it was ascertained that the particles are certainly smaller than 5 nm in diameter. Due to

problems with the development of the film taken of that sample a TEM picture is not

available.
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Thermogravimetric analysis (TGA) has shown that progressive heating of QDs
leads to volatilization of the organic fraction. A residue of CdSe presumably remains in
the sample pan. TGA experiments (cf. Figure 5.5) result in an estimated total organic
content of 75%. The first weight loss, labeled A in Figure 5.5, corresponds to ~15% of
the weight of the total product, and is assigned to the removal of trapped solvent (i.e.,
hexane). The second step (cf. B in Figure 5.5) starts at temperatures above 200°C. This is
a higher temperature than the temperature that free ODE volatilizes (cf. dashed line in
Figure 5.5), but is assigned to volatilization of bound ODE. However, the total removal
of ODE from the QD surface is not complete until ~350°C has been reached. This
fraction accounts for 60% of the total product weight. Another decrease of 5% weight
occurs up to 550°C, but the cause of this weight loss is not presently known. It could be
due either to the loss of organic material, or to volatilization of low melting small QDs.
The later explanation is rather unlikely, however, since the removal of ODE should lead
to agglomeration and formation of bulk CdSe at that point in the thermogravimetric
process. Values of the weight fractions for CdSe/ODE are, therefore, 15% of the total
weight loss is due to solvent, 60% is from the ODE coating and 5% from possible
decomposition products of ODE. This gives a total organic weight loss of 80%, which
implies that the remaining 20% of the total weight is inorganic CdSe. Normalizing the
TGA to 100% by removing the 15% due to solvent volatilization gives a final

composition of approximately 25% inorganics and 75% organics for CdSe/ODE (II).
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Figure 5.5. Thermograms for ODE (dashed line) and two samples of CdSe/ODE (II)
(thin and thick solid line). Temperature increment was 20°C/min.

Elemental analysis of CdSe/ODE is not consistent with the inorganic content
found by TGA. Elemental analysis yields C, 83.60%; H, 15.51%; Cd, 0.92%; and Se,
0.85% (cf. Chpter 9). Values found for carbon and hydrogen agreed with the mole ratio
calculated for ODE within error limits. Assuming that the Cd and Se percentages found
in elemental analysis are correct then the QD composition is 50 ODE molecules to 1 Cd
to 1.3 Se with an overall inorganic content of only 1.77%. It seems unlikely that this
many ODE molecules could be coordinated to each cadmium ion. However, when one
assumes that the C percentage is applicable, then the elemental ratio changes to 8§ ODE
molecules to 1 Cd to 1 Se with an overall inorganic content of 9.26%, which is closer to

the fraction of inorganics obtained from TGA, i.e., 25% inorganic. Moreover, this is not
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the first time that discrepancies between TGA and elemental analysis have been
observed. Working with gold QDs coated with alkylthiols of different chain length,
Murray finds that elemental analysis seemed to under-report the gold content. However,
the C, H, O, S ratio of the different coatings are in agreement with the atom ratio as
expected from the molecular composition.*® Furthermore, he found TGA to under-report
by 5% the organic content in palladium dodecanethiol QDs.'® Fox reports a 7%
disagreement between TGA and elemental analysis for the organic portion of thiolated
gold QDs.'? Vossmeyer, on the other hand, can achieve agreement only when comparing
TGA results of 44% organics with the C, H, O portions in the elemental analysis, but
disregarding sulfur completely. In his case, working with thiolated CdS QDs, the source
of sulfur is two-fold. He raises the interesting question whether the mass loss in TGA
could be mainly due to decomposition of the organic ligand in course of which the Cd-SR

and/or CdS-R bonds are cleaved. Only the latter would be in agreement with TGA data.”’

Initially, the lifetime measurements for CdSe/ODE were analyzed assuming a
single lifetime, as expected from literature data (cf. Table 5.1. entry 3 and 4). However, a
much better fit to the experimental data was obtained when two lifetimes were assumed
(entry 5-10). Batches 3 and 4 were retro fitted with two lifetimes (values in parentheses).
Batches 5 to 10 gave lifetimes ranging from 6.5 to 35.7 ns for the fast component (i.e., T 1
in Table 5.1) and from 101.9 to 162.5 for the slower component (i.e., T 2 in Table 5.1)
depending upon the batch. Understanding the variation in the lifetime measurements for
what is otherwise the same material lead to repeating the measurements with sample #10.

Table 5.2 lists the lifetimes obtained for that sample at different times and the time (t)
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elapsed. From these data, it is obvious that the lifetime does not change significantly over
time with a single exception. Both the slow and fast component lifetimes are faster when
the QD is repeatedly excited with a laser within a close time interval (i.e., 3 minutes). The
research done thus far does not provide a possible explanation for the mechanism leading
to two separate lifetimes for this system. Normally, the existence of two separate
lifetimes implies the existence of an inhomogeneous mixture of two species.
Investigating cadmium tellurium (CdTe) QDs, Eyc:hmueller166 finds that the mean
luminescence lifetime depend on the emission wavelength, with the mean lifetime
decreasing from ~ 120 ns at 1.94 eV to ~20 ns at 2.43 eV. However, he finds only one
lifetime, as does everyone else. Another possible explanation is the difference in the size
distribution from batch to batch as indicated by the value of the FWHM. Mostly, the
lifetimes seem slower when the size distribution increases. Currently, a full explanation
for the mechanism leading to two separate lifetimes for this system is not available.

Table 5.1. CdSe/ODE QD batches 1 to 10, FWHM [nm)], lifetime t [ns] and UV/Vis

absorption maxima. For comparison, a sample of CdSe/TOPO acquired from Evident
Technologies, measured T = 14 ns.

CdSe/ODE

Batch # FWHM [nm] 1l [ns] 12 [ns] UV/Vis [nm]
1 30 492
2 30 468
3 30 15 (4.35) (31.06) 450
4 29 22 (6.99) (34.02) 510
5 36 19.4 125.6 474
6 34 21.5 103.8 496
7 32 19.1 101.9 498
8 32 6.5 107.9 484
9 38 8.5 162.5 474
10 42 35.7 159.6 470
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Table 5.2. Repeat lifetime measurements for CdSe/ODE QD batch #10.

Time elapsed [hrs] 11 [ns] 12 [ns]

t=0 35.7 159.6
t=17 29.6 158.1
t=17:03 21.3 148.9
t=19 28.8 155.7
t=21 28.2 155.2

5.3  Synthesis and Characterization of MAA coated CdSe QDs

NMR evidence indicates that mercaptoacetic acid (MAA) replaces the ODE
coating completely. After washing CdSe/MAA with copious amounts of hexane ODE
peaks are no longer visible in the NMR (see Chpter 9 for peak positions of CdSe/ODE).
The NMR shows only the one resonance at 3.1 ppm (3.27 ppm for free MAA) that is
expected from MAA in D;0. Figure 5.6 shows both the UV/Vis absorption and the
photoluminescence spectrum of a typical sample of CdSe/MAA (III). Comparison of the
UV/Visible absorption spectra of CdSe/ODE and CdSe/MAA (cf. Figure 5.7) shows a 12
nm red shift in the QD peak for the CdSe/MAA. This shift indicates a small size increase
from 2.2 nm to 2.3 nm in diameter and, therefore, implies that only minor crystal growth
occurs when exchanging the coordinating ODE coating for the covalently bound
mercaptoacetic acid coating. Additionally, the FWHM of the PL spectra (cf. Figure 5.8)
indicates that the size distribution does not change during the replacement of ODE with

MAA.
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Figure 5.6. UV/Vis absorption (ceccce0) and PL (aansan) of CdSe/MAA (III). UV/Vis
maximum at 506 nm (expanded 400 000 times). PL emission maximum at 520 nm
(excitation set at 400 nm), FWHM 40 nm.

A more dramatic change is the drop in PL emission intensity. As can be clearly
seen in Figure 5.8, the relative emission intensity drops fifty fold when comparing the
CdSe/MAA (solid line) with CdSe/ODE (dotted line). The broad peak ranging from 550
nm to 700 nm with a maximum at approximately 614 nm (cf. solid line in Figure 5.8) is
not noticeable, since the dominant peak at 520 nm is very strong. However, in the
CdSe/MAA, the muted dominant transition makes the broad emission peak more
noticeable. The possible explanations for the differences in the overall shape of the PL
spectrum are either (i) the broad peak in CdSe/MAA is due to the CdSe/ODE (i.e., the
starting material) and adding MAA only decreases the intensity of the main emission
peak or (ii) the peaks at 520 nm and 614 nm are solely due to CdSe/MAA. The
sharpening of the broad emission peak between 550 nm and 700 nm and the slight shift
from 604 nm to 626 nm in maximum of this peak could be due to the change from a

physisorbed coating (i.e., the ODE) to a covalently bonded coating (i.e., the MAA). In the
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next chapter, we will discuss the synthesis and characterization of the dendrons that will
later be attached to the CdSe QDs using a similar technique to the attachment of MAA to

CdSe present here.
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Figure 5.7. Comparison of UV/Vis absorption spectrum of product CdSe/MAA (1H)
(solid line) and starting material CdSe/ODE (II) (dotted line).
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Figure 5.8. Comparison of PL spectrum of the product CdSe/MAA (III) (solid line) and
the starting material CdSe/ODE (II) (dotted line).
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6. Synthesis and Characterization of Dendrons

In the previous chapter, the synthesis and characterization of CdSe QDs with
various types of organic coatings was presented. Birman'®’ suggested embedding a
semiconductor quantum dot array into an organic medium because the interaction of the
Frenkel excitons in the organic molecules with Wannier excitons in the QD would allow
one to control the optical non-linearity of the quantum dot/organic matrix system. Frenkel
excitons are excitons arising from dipole-dipole interactions with strong electron/hole
correlation and with the exciton being fixed in location within the crystal. Wannier
excitons, on the other hand, are excitons that have a weaker electron/hole correlation and
are free to move about the crystalline/molecular system. The existence of the organic
matrix also allows the system parameters such as QD radius and QD spacing within the
organic matrix to be well defined and controlled. Although Birman does not identify
dendrons as a possible source of organic coatings, from his cited references,'®® one can

conclude that thiolated CdSe and CdS QDs may be worth investigating.

From the suggestions presented by Birman and from the consideration of
synthetic accessibility, the synthesis of focally substituted organothiol dendrons with
different functionalized cores is pursued in this work. Dendrons are characterized by the
core functionality, i.e., amine, thiol, alcohol, and the number of repetitions of the

structure, i.e., the number of generations.
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However, as explained in more detail below, the alcohol functionality had to be
converted to a thiol, thus creating two sets of dendrons. The first set has an aromatic thiol
as the core functionality, whereas, the second set has a thiol group attached to the one end
of a three-carbon alkyl chain, making it an aliphatic thiol dendron. Figure 6.1 shows the
structures of all three sets of dendrons with R = OH being the alcoholic dendrons, R =
NCH;C=0CsHsSH being the aromatic thiols, and R = SH representing the aliphatic thiols
for the three generations (cf. Figure 6.1A for generation one, Figure 6.1B for generation

two and Figure 6.1C for generation three).

The alcoholic and aromatic thiol dendrons are synthesized according to
previously published pI‘OCGdUl‘CS.169 The Fréchet-type synthesis used by Gorman to create
the basic dendron allows for the scale-up of the reaction, since the total number of
reaction steps decreased from three synthetic steps/generation in the original Fréchet
synthesis to two synthetic steps/generation.’’ In particular, the activation of the nth
generation alcoholic dendrons by mesylation (cf. Scheme 6.1) and then the reaction of the
mesylated dendron with the repeat unit alcohol to give the next higher generation [G-(n +
1)]-OH (cf. Scheme 6.1) improves the overall reaction yield of the basic dendron. The
terminal substituent on the dendron is added to the basic dendron in a similar manner as a
standard repeating unit (cf. Scheme 6.2). However, instead of making the methyl ester,
benzyl chloride is used to make the benzyl ester, which is then reduced to the alcohol
with benzyl oxide groups on the benzene rings in the para positions. Before the thiol
functionality can be added to the dendron, it must first be synthesized. This synthesis is

shown in Scheme 6.3. The addition of the thiol functionality to the dendron begins by
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Figure 6.1. Structures of dendrons (IV) to (XII).
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converting the alcohol in the dendron to a secondary amine. (cf. Scheme 6.1) The acyl
chloride core structure with its protected aromatic thiol group (synthesized as in Scheme
6.3) is then covalently attached to the secondary amine forming an amide link (cf.
Scheme 6.1) to create a functionalized dendron intermediate. The final step in the
creation of the functionalized dendron is to deprotect the aromatic thiol. The yield of the
deprotection step varies from 73% to 86 %, depending on the generation. The overall
yield of the 17-step synthesis that gives the third generation deprotected aromatic thiol is

less than 20%. Syntheses of the lower generation dendrons have higher percent yields.

P - —
[G-1]-OH
Terminal iv v
Substituent [G-1]-NHCH; [G-1]-Amide ——n [G-1]-SH
i /
—— [G-1]-OMs i
\———+ [G-2]-OH —  [G-2]-OMs
iv
[G-2}-NHCH;3 [G-2}-Amide [G-2]-SH
[G-2]-OMs < i
[G-3]-0 ——>  [G-3]-OMs
ili iv
{G-3]-NHCH; [G-3]-Amide [G-3]-SH
[G-3]-OMs / i
il
=== [G-4]-OH  =—=—== [G-4]-OMs
i = CH3S0,Cl, CH,Cl,, NEt;, DMAP
ii = KoCOj3, 18-crown-6, Butanone or Acetone, repeat unit
iii = Methylamine, DMSO, sealed tube, 60-70 °C
iv = Et3N or pyridine, acid chloride core in DCM,
v = 1. NaOH, THF, MeOH, reflux; 2. HCI

Scheme 6.1. Synthesis of generation n=1, 2, and 3 aromatic thiol dendrons (V, VIII, and
XI) and alcohol dendrons (IV, VIL, and X), adapted from'®.
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. HO
1. CH4OH, H*, reflux O
HO > OH
O Q 2. LiAIH,, THF O

OH

O HO Repeat Unit
/ (X11)
HO
1. Benzyl chloride, K,COg, d
18-C-6, Acetone i OH
2. LiAlH,, THF Terminal
0 Substituent
[G-1]-OH
(iv)

Scheme 6.2: Synthesis of repeat unit (XIII) and terminal substituent (IV) that is also the
first generation alcohol, adapted from'®.

oH CIC(S)N(CHa)p, & sealed
OH MeOH, Dabco, M vacuum tube,
HoSO4, DMF, 50°C 0 'T' 220°C-230°C
O~ OH 0”0~
4-Hydroxy benzoate o o~

0
_lodine ftri- N/ SJ\N/

o) /{?\
S7 N methyisilane, (COCl), |
100°C, 2 hrs CHyCly,
DMF, 25°C
o O/ o Cl

0" OH

4-Dimethylcarbamoyi Core Unit (XIV)
sulfanyl-benzoic acid

Scheme 6.3. Synthesis of protected thiol acyl chloride core unit (XIV). This is the core
functionality for the aromatic dendron, adapted from.'®
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However, during the purification of the functionalized dendrons, we discovered
that the thiol dendrons dimerize by the time these dendrons are eluted from the silica gel
column, because oxidation of the SH group results in a sulfur-sulfur bridged dimer.
Reduction of this bridged dimer with dithiothreitol (DTT), as shown in reaction Scheme
6.4, did not succeed in separating the dimers. Previous successful studies into the
reduction of sulfur-sulfur bridged dimer systems used a 20 to 1000 fold excess of DTT
and degassing of the solvents from 2 to 10 hours.'”"!"" However, these methods did not
work with the dendronic systems. Furthermore, the cyclic DTT reaction byproduct is not
UV active and, therefore, does not show in thin layer chromatography (TLC). Since the
byproduct of the reaction cannot be monitored, verifying the removal of this byproduct
during the purification of the reaction mixture is difficult. Peng'® has used DTT
successfully to reduce sulfur-sulfur bridged dendrons. Since his dendrons were soluble in
a water/methanol mixture, Peng was able separate the DTT by-product from the reaction
mixture allowing for purification of the dendrons. However, Simanek has shown the
insufficiency of the DTT reduction in larger dendronic systems.'” Since the standard
DTT reduction technique does not work for the dendrons synthesized herein, new
methods for sulfur-sulfur reduction was needed. Both Gunsalus'” and Fox'®
successfully used NaBHy in THF to reduce sulfur-sulfur bridged dimers. In the Gunsalus
experiments, small bridge dimers were reduced. However, in the Fox experiments the
dimerized thiolated dendrons were reduced and attached to gold nanoparticles in one
step. With small modifications, we were able to reduce the dimerized functionalized

dendrons using the Gunsalus procedure of NaBH, in THF.
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Scheme 6.4. Using DTT the reduction of the first generation aromatic thiol dimer (XVII)
is unsuccessful. It should be noted that sodium boron hydride is successful in reducing
the sulfur-sulfur bridge. However, for brevity, this mechanism is not shown.

Once the problems with the purification of the aromatic thiols were solved, we
were then able to begin the synthesis and purification of the aliphatic thiols. Generation

one and two alcoholic dendrons are converted to the respective generation aliphatic thiol

dendrons by a two step modified procedure'’* (cf. Scheme 6.5 for details).

d‘;w d°SH

) ~_'._.> Vi)

Scheme 6.5. Synthesis of the first (VI) generation aliphatic thiol dendron. i =
triphenylphosphine, THF, diisopropyl azodicarboxylate, thioacetic acid, ii = reduction to
remove protecting group using lithium aluminum hydride and hydrochloric acid work-up.
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Unfortunately, the third generation alcoholic dendron did not react under the
reaction conditions shown in Scheme 6.5. However, during the synthesis of the third
generation aromatic thiol, the third generation mesylate (XV) was made. Since this
material was available, we were able to use the third generation mesylate with sodium
hydrogensulfide (i.e., NaSH) to make the third generation aliphatic thiol dendron (cf.
Scheme 6.6). To prevent the problems encountered during the purification of the aromatic
thiol dendrons, the aliphatic thiol dendrons were not purified using a silica gel column.

Instead, an extraction with methylene chloride was sufficient.

. T

CHCI3

(Vi)

Scheme 6.6. Synthesis of the third generation aliphatic thiol dendron (XII). For clarity a
first generation dendron is shown instead of a third generation dendron.

The alcohol functionalized dendrons of generation n =1, 2 and 3 (IV, VIL, X) are
characterized by 'H and *C NMR. Generation 1 and 2 are also confirmed by mass
spectroscopy. The third generation could not be characterized by mass spectroscopy
because the molecular mass is too large for the available instrumentation. The details of

these characterizations can be found in Chpter 9.
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The first- and second-generation aromatic thiol dendrons (V, VIII) are also
characterized by 'H and >C NMR. The 'H NMR confirms the SH proton of the second-
generation dendron but not of the first generation. The inability to detect the first
generation SH is thought to be due to rapid S-H proton exchange. The first and second
generation thiol dimer has also been confirmed by mass spectroscopy. Again, the third
generation thiol has too great a molecular mass for mass spectroscopy. Both generations
one and two of aliphatic thiol dendrons (VI, IX) are characterized and confirmed by 'H,
3C NMR, mass spectroscopy, and elemental analysis. The details of these
characterizations can be found in Chpter 9. In the next Chapter, we will present the

synthesis and characterization of dendronized CdSe QDs.
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7. Synthesis and Characterization of Dendronized CdSe QDs

One novel aspect of this work is the use of ODE as a photoactive coating of the
QD instead of the TOPO/TOP and an examination of the reactivity of ODE coated QDs.
The reason for our choice of ODE as a coating is the fact that TOPO/TOP coated QDs
present synthetic constraints when attempting to replace the datively bound TOPO/TOP
with the desired dendron. For example, Lajos Balogh'*® was able to displace the standard
TOPO/TOP coating of a QD (generally a CdSe/ZnS QD, or a similar core/shell quantum
dot) with pyridine to be able to attach amine functionalized dendrons. However, during
the replacement of TOPO with pyridine, the QD surface was exposed, which allows for
crystal growth. Peng succeeded in synthesizing a thiolated QD by adjusting the pH to
10.3 using tetramethylammonium hydroxide.'® The disadvantage to this synthetic
approach is that it requires a high-quality dry box. Furthermore, contradicting reports
exist in the determination of the exact amount of TOPO remaining attached on the QD
surface after ligand exchange. Bawendi determines that up to 15% of TOPO remains
firmly bound on the QD surface.’® Alivisatos concurs after first claiming not to find any
phosphorus using XPS, and thus no TOPO, then adding to have found 12% P by
integrating a small P peak.” Contradicting these findings Peng publishes 'H NMR results
of CdSe/TOPO QDs before and after the replacement of TOPO by aromatic hydrophilic
thiols. The peaks in the aliphatic proton region of TOPO were completely replaced and
two new broad peaks in the aromatic region appeared, belonging to the thiol.''> ODE, on
the other hand, can be displaced readily from the surface of the QD because of the

weaker bond. This factor facilitates the covalent attachment of the incoming dendron. An
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illustration of this is the fact that ODE can be readily replaced by TOPO when
CdSe/ODE (II) is stirred in the presence of TOPO. The successful exchange between
ODE and TOPO is accompanied by a change in solubility from non-polar to polar
solvents and based on the lack of change in the absorption spectrum, without a significant
change in QD diameter (i.e., a change < 0.2 nm). The PL spectrum of CdSe/ODE QDs
indicates that emission intensity and particle size distribution is unaffected as well. In the
remaining sections of this Chapter, we will discuss the attachment of the dendrons

synthesized in Chapter 6 to the QDs discussed in Chapter 5.

7.1  Synthesis and Characterization of Alcohol Dendronized CdSe QDs

In Chapter 5, we discussed the synthesis of mercaptoacetic acid coated CdSe
QDs. Nie®® has successfully attached proteins to a mercaptoacetic acid coated core/shell
QD (abbreviated CdSe/ZnS/MAA). Due to the protein size (i.e., 100 KDa), only 2-5
proteins can be attached to a QD with a 5 nm diameter. Thus, the binding of a large
protein directly to the surface of a QD, instead of to the QD coating, would not be
practical, since most of the QDs surface would be left unprotected. Dendrons, although
their molecular weight is much smaller than that of a protein, are not expected to
completely cover the QDs surface because of steric hindrance due to the branching in the
dendron. Since we expected similar behavior in comparison to the protein experiments,
we planned to use the surface modification of MAA coated QDs to synthesize the
dendron coated QDs. However, the surface modification for these experiments will be

achieved via esterfication using the alcohol dendrons (IV, VII, X) instead of amidation.
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Various attempts to couple alcohol functionalized dendrons to the carboxylic acid
of the CdSe/MAA (III), which would result in an ester link between the mercaptoacetic
acid coated QDs and the alcohol dendrons, failed. The first attempt involved the
commonly used coupling reaction for  esterfication  which  applies
dicyclohexylcarbodiimide (DCC) and dimethylaminopyridine (DMAP).®*'”>'"® This
attempt was probably unsuccessful due to steric hindrance, since the DCC has to couple
to the carboxylic acid hydroxide oxygen, and the dendron alcohol functionality to the
carbonyl carbon of the carboxylic acid in MAA. Fischer esterfication was dismissed as a
possible route due to the lack of stability of CdSe QDs in hydrochloric acid, which was
determined by the addition of a small amount of hydrochloric acid to the CdSe QDs.
Addition instantly decolorized the yellow QD solution, indicating the destruction of the
CdSe QDs. From this colorless solution, an unknown black precipitate forms. Attempts to
proceed via a mixed anhydride intermediate'™'""'"® failed most likely due to the
presence of traces amounts of acid in the acetic anhydride. Thus, the only remaining
choice for an esterfication reaction was the use of coupling reagent BFsectherate.'””'®!

Unfortunately, this reagent is too weak an electrophile to cause the desired coupling

reaction.

7.2 Synthesis and Characterization of Model Ligand Coated CdSe QDs

The experience of coupling alcohols to MAA coated QDs showed that sometimes
the standard organic synthetic pathways may not be applied to reactions involving QDs.

Since the syntheses of the thiol dendrons used in this project are not high-yield syntheses
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(cf. Chapter 6), very little of the dendron is available for testing different reaction
mechanisms. Therefore, a model compound with the same basic functionality as the
dendrons needed to be found in order to test new synthetic pathways. For this purpose, 6-
mercaptopurine riboside (MPR), a commercially available thiol (cf. Figure 7.1). MPR
was chosen because of its aromatic thiol and due to the lack of any interfering functional
groups that might also react with the QDs such as additional thiols or primary and
secondary amines. MPR has a molecular weight of only half the mass of the first
generation dendron, but it is a large, commercially available thiol and, therefore, chosen

as an acceptable model ligand for the aromatic thiol dendrons.

" % OH
LA
3 «

N

N

/ N
HS / \ N
N———/
Figure 7.1. The molecular structure of 6-mercaptopurineriboside was chosen to serve as
a model ligand to explore possible routes to attach thiol dendrons to CdSe QDs.

With the model compound chosen, the first obvious challenge was to find the
appropriate solvent mixture to allow both main components, the MPR and the CdSe/ODE
QD, to interact without either component precipitating out of the mixture. ODE coated
QDs dissolved readily in hexane and benzene, but not in polar solvents. The model ligand

does not dissolve in non-polar solvents, but is slightly soluble in methanol and very
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soluble in DMSO. The initially attempted synthesis of CdSe/MPR involved using a
methanol/ODE mixture. However, when the QD/ODE solution was added to the
MPR/methanol mixture, the MPR precipitates. The solution to the overall problem of a
suitable solvent system was found by carefully balancing the ratio of methanol and
DMSO with the QD/ODE mixture. This ratio was experimentally determined by adding a
methanol solution to an existing QS/ODE solution without stirring. The addition
generates two layers in the round bottom flask. A saturated MPR solution in DMSO was
added dropwise with stirring. The concentration of MPR initially added to the
methanol/QD/ODE solution was based on experience from synthesizing MAA coated
QDs. The base, tetradecylammonium hydroxide, was then added dropwise and the
reaction was refluxed overnight at 59°C. When the reflux was completed and stirring was
discontinued, the methanol and ODE phases separated again. Both phases were cloudy
and colorless. However, a yellow solid was stuck to the wall of the flask. Attempts to
dissolve this yellow precipitate with a plethora of organic solvents were unsuccessful.
The appropriate solvent was found by accident, when a small amount of the yellow solid
was left in a centrifuge tube needing to be washed. During cleaning of this tube with
water, a bright yellow, clear solution was formed. CdSe/MPR (XVI) dissolves in both
water and D,0O. Thus, with these adaptations, namely using chloroform and DMSO in
addition to methanol and changing the ratio of that solvent mixture, the two-phase system
that is used to make MAA coated QDs (cf. Chapter 5) works very well with this model

ligand.
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Figure 7.2 shows the UV/Vis spectra of the free MPR and the CdSe/MPR QD
(XVI). The PL spectrum of the CdSe/MPR QD is also shown. As was seen with the
MAA coated QDs (cf. Figure 5.8), the photoluminescence intensity drops. However, for
this system, the drop in photoluminescence intensity is accompanied by a size
distribution increase. In fact, the FWHM for CdSe/MPR is 50 nm instead of the 30 nm
seen in CdSe/MAA QDs (cf. Figure 5.8). The change in the FWHM of this broad peak is
probably due to an increase in particle size distribution, comparable to the one observed

when coating CdSe/ODE ODs with MAA.
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Figure 7.2. UV/Vis absorption (cocccee) and PL (Aaaaas) of CdSe/MPR (XVI) in water.
UV/Vis absorption of MPR ligand in DMSO (—). UV/Vis maximum of CdSe/MPR

(XVI) is 460 nm (oo00000) and 316 nm for the MPR ligand (——). Both expanded 30,000
times. PL emission maximum lies at 488 nm. Full width at half max (FWHM) is 50 nm.
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Thermogravimetric analysis (TGA) experiments for CdSe/MPR (XVTI) (cf. Figure
7.3) result again in three distinguishable temperature Zones, designated A, B, and C.
Zone A, which is from 0°C to 200°C, shows a 5% weight loss. This weight loss is
attributed to the loss of trapped solvent (H,O, bp = 100°C). The fact that the pure MPR
ligand has zero weight loss for the first 200°C seems to confirm this assumption. Zone B
from 200°C to 600°C shows a 75% and 65% weight loss (from two different samples)
represents the loss of the organic coating. Zone C (all temperatures > 600°C) gives the
estimate of total inorganic content at 20% and 30%, depending upon QD sample. The
difference between the two TGAs can be explained by considering the difference in QD
size for the two QD samples. The batch represented by the thin line in Figure 7.3 was
synthesized with bigger QDs, in order to obtain x-ray diffraction measurements. These
measurements will be discussed later. The large QDs have an UV/Vis absorption
maximum at 510 nm, implying a 2.5 nm diameter size (cf. Fig. 5.2). The QDs represented
by the thick solid line were only 2.1 nm in diameter (i.e., have a UV-Vis max at 470 nm).
The noise that is apparent in the small diameter sample is due to very small amount, i.e.,
1.5 mg, of CdSe/MPR QDs used. Ideally, the sample size should be 8-10 mg. One can
clearly see that the onset of the final Zone (i.e., Zone C) is different for both samples,
namely 750°C for the smaller QDs versus 650°C for the larger QDs. As discussed before
in Chapter 5, the reasons for the onset variation due to QD size are not well understood.
However, possible mechanisms for the difference in the onsets will be discussed in

Chapter 8.
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Figure 7.3. Thermograms for MPR ligand (dashed line) and two samples of CdSe/MPR
(XVI) (thin and thick solid line). Temperature increment was 20°C/min.

In summary, the experience with the MPR model ligand gave the following
results. The solubility of the different components has to be considered carefully when
preparing the reaction mixture. The solubility of the final product may differ significantly
and in unexpected ways from the solubility of all of the starting materials. The yield of
any given reaction batch may be as low as 14 mg (see Chpter 9 for further details) and,
therefore, not always suited for the characterization measurements that were originally

planned.
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7.3 Synthesis and Characterization of Aliphatic Thiol Dendronized QDs

After working with the model ligand, the first endeavor in attaching a dendron to
the CdSe/ODE QDs was made using the first generation aliphatic thiol dendron (VI)
instead of an aromatic dendron. The reason for this choice was the amount of available
dendron in case problems arose during the synthesis. The aliphatic thiol dendron like all
the others synthesized (cf. Figure 6.1), is insoluble in methanol. However, methanol is an
integral component of the reaction scheme for attaching the thiol model compound (cf.
Section 7.2). Therefore, a new solvent mixture was required which would dissolve the
dendron but still have the bilayered system necessary to perform the thiol attachment.
The solution becomes a mixture of ODE: methanol: chloroform in a 2:1:1 ratio. With this
new solvent mixture, the reaction proceeded as planned. However, the product, CdSe/SC-
G1 (XIX) fell out of solution and no solvent, as of yet, has been discovered to redissolve
this product. Consequently no solution measurement data, such as UV/Vis, PL, or NMR
are available for this compound. Furthermore, prolonged attempts to get this material into

solution led to premature decomposition.

After this experience, dendronized QD solutions were always degassed with
copious amounts of argon during washing, precipitation and dissolution. The purified
samples are stored in the freezer (-5°C) under an argon blanket. This rigorous treatment
has led to a significant increase in shelf life. In fact one of the dendronized QD samples

has yet to decompose (e.g., the second generation aliphatic thiol dendronized CdSe QD).
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Since all remaining aromatic and aliphatic thiol dendrons are soluble in
chloroform, but not in methanol, the solvent ratio of 2:1:1 ODE: methanol: chloroform
previously determined was used for all remaining samples. The reaction of the second-
generation aliphatic thiol dendron, G2-CSH (IX) proceeded as planned. This time,
however, the product of CdSe/SC-G2 (XX) was soluble in chloroform. Figure 7.4 shows
the UV/Vis spectrum (open circles) and the PL spectrum (open triangles) of the
dendronized QDs. Lifetime measurements yield a two component decay with the fast
component having a lifetime of 5.2 ns and with the lifetime of the slower component
being 132.6 ns. '"H NMR shows broadened peaks (cf. Chpter 9) as is expected from

published literature'*'®2,
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Figure 7.4. UV/Vis absorption (ccccco0) and PL (AAAAAA) of CdSe/SC-G2 (XX) in

chloroform. UV/vis maximum of CdSe/SC-G2 (XX) (escccoc) is 476 nm, luminescence
maximum is 498 nm and the FWHM is 34 nm.
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TGA data (cf. Figure 7.5) for QDs functionalized with the second generation
aliphatic thiol dendron show that Zone A gives a 5% weight loss due to trapped solvents
and reagent impurities. The free dendron sample loses only less than 2% at that stage. Up
to 600°C (cf. Zone B in Figure 7.5) 65% and 75% organic matter is lost. Further, 20%
and 30% of presumably inorganic mater is lost in Zone C (cf. Figure 7.5). However, the
graphs in Zone C first level off, but above 900°C more weight loss is registered. At
1200°C only 5% and 15% of the original mass remains. As will be discussed in Chapter 8
elemental analysis of this sample does not agree with these percentages; instead

elemental analysis finds lower than expected percentages for Cd and Se.

Weight [%]
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Figure 7.5. Thermograms for the second-generation aliphatic thiol dendron G2-CSH
(IX)(dashed line) and two thermograms from one batch of CdSe/SC-G2 (XX) (thin and
thick solid line). Temperature increment was 20°C/min.
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Although the third generation aliphatic thiol dendron G3-CSH (XII) was
synthesized, the dendronized QD, CdSe/SC-G3 (XXI) was not. The reason for not
pursuing the synthesis of the third generation dendronized QD was that the
photoluminescence intensity was not improving as the dendron increased in generation
(as observed in the data for all of the first and second generations aliphatic and aromatic
dendrons). In fact, rather the opposite happens and will be discussed in more detail later
in this Chapter. Thus, the focus shifted to the question of how many dendrons actually
bind covalently to the QD surface and how to measure experimentally this number of
attachment. While TGA seems to provide some answers, TGA in conjunction with

elemental analysis may give the best explanation and will be discussed in Chapter 8.

7.4  Synthesis and Characterization of Aromatic Thiol Dendronized QDs

The first generation aromatic thiol dendronized QD using dendron G1-SH (V),
(cf. Figure 6.1) was synthesized according to procedures and methods established in
Section 7.3. As with the first generation aliphatic thiol dendron the reaction product
CdSe/S-G1 (XVII) precipitates to yield an insoluble solid. TGA data for these materials,
however, were obtained (cf. Figure 7.6). They establish for them the highest inorganic
relative content (i.e., 55%) for any of the dendronized QD samples. This rather low
content of organics may be responsible for the low solubility in organic solvents.
However, the low organic content does not necessarily mean a smaller number of

dendrons are attached to the QD as compared to the second generation coated QDs. The
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smaller molecular weight of the first generation dendrons is less than half of the

molecular weight of the second generation.
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Figure 7.6. Thermograms of CdSe/S-G1 (XVII) are each (thin and thick solid line) from
two different preparations and are compared with the TGA of free dendron G1-SH (V)
(dashed line). Temperature increment was 20°C/min.

All three samples, QDs and free dendron show a loss in Zone A of 5% of the total
weight (cf. Figure 7.6). Zone B, assigned to the loss of the bound dendron, is 40% and
50% of the total weight for two separate samples. Since the lack of solubility prevents
determining particle size using UV/Vis, the particle size of these samples could not be
established and, therefore, the change in the bound dendron weight between samples
cannot be quantitated. From the experience with the MPR model ligand coated QDs (cf.
Section 7.2), the variation in relative weight loss for the organic coating can be attributed
to a variation in QD size. In Zone C a total of 45% and 55% of the weight is lost. The

TGA registers weight loss above 900°C, with a final percentage of 10% and 25%

remaining at 1200°C. As mentioned previously, the nature of the material lost was
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assumed to be inorganics but is actually still unknown. Interestingly, the sample
represented by the thick line continues losing weight until the end of the run at 1100°C,
while the other sample levels off as expected. TGA data reported on CdSe/TOPO by
Bawendi does not explain any of the observations here. First, he focuses on determining
the relative amounts of surface pyridine, TOPO and the percent removal of TOPO.*" He
does not mention the temperature range he employs. However, other TGA studies found
in the literature for other types of QDs, mainly CdS,'®*'™ CdTe,'® gold®™'® or

palladium,'®

show thermographs of a temperature range between 50°C and 600°C. A
systematic study on weight loss and particle size of QDs with the same dendron coating

is needed to resolve these uncertainties.

The reaction of the second generation aromatic thiol dendron, G2-SH (VIII)
yielded the product, CdSe/S-G2 (XVHI), which is soluble in chloroform. Therefore,
Figure 7.7 shows the UV/Vis spectrum (open circles) of the dendronized QD as well as
the PL spectrum (open triangles). The truncated PL spectrum of the starting material (cf.
Fig. 7.7, solid line) clearly illustrates that the emission intensity decreases with the
attachment of the dendron. On the other hand, the constant FWHM of 40 nm in the PL

spectrum indicates that the QD size distribution does not increase.
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Figure 7.7. UV/Vis absorption (eccccce) and PL (asaaan) of CdSe/S-G2 (XVIII) in
chloroform. PL of CdSe/ODE (II) starting material in hexane ( ). UV/Vis maximum
of CdSe/S-G2 (XVIII) is 492 nm (expanded 1,000,000 times), and is unchanged from the
starting material (not shown). PL emission maximum is positioned at 512 nm (a2a222).
Peak position of truncated starting material is unchanged, but relative intensity is 3 times
higher. Full width at half max (FWHM) is 40 nm for both product and starting material.
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Figure 7.8. TGA of CdSe/S-G2 (XVIII) repeated twice (thin and thick solid line) and
compared with TGA of free G2-SH (VIII) dendron (dashed line). Temperature increment
was 20°C/min.

TGA data (cf. Figure 7.8) for QDs functionalized with the second generation
aromatic thiol dendrons show that Zone A gives a 10% weight loss. Up to 600°C (cf.
Zone B in Figure 7.8) 70% organic matter is lost and the entire 90% remaining of the free
dendron. In Zone C 10% to 15% is lost and the graphs level off this time just past 900°C.
At that point only 5% and 10% remain. A summary of the TGA data for all compounds

can be found in Table 7.1.
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Table 7.1. Summary of TGA results. Temperature Zones A, B, and C correspond to the
labels in the TGA figures of respective compounds.

Dendronized Zone A Zone B Zone C
Coz?tglsg; or 50°C-200°C 200°C-600°C 600°C-1200°C
Dendrons Trapped Solvent Organic Material Inorganic Material

CdSe/ODE 15% 65% 20%
ODE 20% (ODE) 80%

CdSe/MPR 5% 70%, +/-5% 35%, +/-5%
MPR 0% 70% 30% (organics)
CdSe/S-G1 5% 45%, +/-5% 50%, +/-5%
G1-SH 5% 85% 10% (organics)
CdSe/S-G2 10% 70% 20%, +/-2%
G2-SH <2% 98%, +/-2%

CdSe/SC-G2 5% 70%, +/-5% 25%, +/-5%
G2-CSH <2% 70% 30% (organics)

Unfortunately, it was apparent from the previous experience with the other
systems in this study that attaching the third generation aromatic thiol dendron to the

CdSe QDs would fail.

The question that automatically arises from the data presented in Chapter 7 is how
many dendrons actually bind to the QD surface? Elemental analysis, providing an
empirical ratio of all elements involved, TGA data and empirical calculations will be

discussed in Chapter 8.
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8. Dendron binding to QDs surfaces

As detailed in Chapter 7, dendronized QDs have been made by covalently
attaching a variety of synthesized thiol dendrons (cf. Chapter 6) to previously prepared
CdSe/ODE QDs (cf. Chapter 5). CdSe/ODE (II) proved to be rather stable when kept
under argon even at room temperature. Figure 8.1 shows the slow decay of the QD
surface as determined from a blue shift in the UV/Vis absorption. This blue shift is due to
the decrease in particle size during the initial decay. Peng investigated this blue shift in
more detail and found that upon controlled etching with hydrochloric acid the CdSe QDs
decreased in size from about 3.3 nm to about 2.5 nm prior to precipitation'®. The
blueshift in Table 8.1 is small compared to Peng’s findings. On further aging the particles
agglomerate to yield bigger particles as evidence by an absorption red shift. Over a 10-
month period, the particle size increase for the CdSe/ODE (II) was less than 0.2 nm in
diameter. One also begins to notice a visible fine precipitate in the sample solution,
possibly being agglomerated particles too large to stay in solution. Dendronized QDs are
similarly stable when kept under argon in the dark at - 5°C, although the overall stability

was not studied systematically.

With the realization that dendronizing QDs does not lead to improved emission
intensity (cf. Chapter 7), the focus of this work shifted to examining the nature of the
material obtained. TGA was used extensively during this examination (cf. Table 7.1). It
was reassuring to find that repeated TGA measurements on dendronized QDs from the

same batch or measurements from different batches of the same dendronized QDs were
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consistent with the small differences between batches being easily explained by small
changes in particle size. It is intuitively believable that larger dendrons attached to QDs
would have a larger weight loss in a region where organic materials are known to
decompose compared to QDs coated with small dendrons, such as generation one thiol.
Zone A, B, and C are somewhat arbitrary and were chosen because of precedent in the

1iterature,156”86’187

and the experience with thermograms of ODE (cf. Figure 5.5), that
completely vanishes below 600°C. Contrary to these assumptions, entries in Table 8.1

(which presents the data in Table 7.1 with expansion of Zone C) show that at 600°C, 30%

of the model ligand (MPR), 10% of the first generation and 30% of the second-generation
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Figure 8.1. Measuring decomposition in CdSe/ODE QDs by UV/Vis absorption over a
period of 10 month. The sample was degassed with argon and kept at room temperature
in a sealed quartz cell. The inset shows the change in absorption maximum over ten
month time period.
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dendrons still remain. This lack of complete organic consumption before 600°C may be
due to the fact that the TGA is purged with nitrogen, thus preventing the complete
combustion reaction. Since CdSe melts above 1300°C, it was assumed that CdSe would
be left in the platinum sample pan once all organics are removed. The CdSe/ODE is the
only QD for which the TGA reaches a constant weight loss at 600°C and does not lose
any additional material upon further heating. At 600°C, 900°C as well as 1200°C the
curve remains constant. Thus, it was first assumed that the leftover material, 20% of the
total sample weight, was indeed all CdSe. However, this assumption would later lead to
contradictory data when compared to the elemental analysis data described below. All the
thiolated QDs steadily lose weight, although the first generation thiolated dendronized
QDs decrease in weight at a faster rate than either the aliphatic and aromatic, second-
generation thiolated dendronized QDs. For the second generation QDs, the weight is
approximately level between 600°C and 900°C, but drops again after 900°C. This latter

observation will be explained in more detail shortly.

QDs submitted for elemental analysis in addition to CdSe/ODE (II), were the
model ligand coated QD CdSe/MPR (III) and the second-generation aliphatic thiol
dendron CdSe/SC-G2 (XX). The first generation aliphatic thiol dendron, CdSe-SC-G1
(XIX), was not submitted for elemental analysis due to loss of sample caused by
premature decomposition (cf. Chapter 7.3). The first and second generation aromatic thiol

dendrons were not analyzed.
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The TGA data of CdSe/MPR and CdSe/SC-G2 QDs are supported by elemental
analysis data recorded at 900°C. At that temperature the remaining weight for the
CdSe/MPR sample and CdSe/SC-G2 sample in TGA are 28% and 17.5% +/- 2.5%,
respectively. Elemental analysis of CdSe/MPR found 27.90% of cadmium and selenium
combined. CdSe/SC-G2 was analyzed twice by elemental analysis and resulted in
16.76% and 15.75% of inorganics. As mentioned above, TGA data for CdSe/ODE are not
supported by elemental analysis. Repeated TGA experiments result in a residual
inorganics of 20% (by weight), which are presumably CdSe in a 1:1 ratio; whereas,
elemental analysis finds less than 2% Cd and Se combined with a Cd:Se ratio of 1:1.3.
The 1:1.3 ratio of Cd to Se might be caused by the inclusion of uncharged Se, since the
reaction is run in a 3-fold excess of Se. However, this excess would need to be
investigated further, since it leads one to conclude that the base CdSe/ODE QD has an
overall net charge. Reported elemental analysis results concerning the ratio of Cd and Se
agree on a close to 1:1 ratio, 1.02 +/- 0.14.° A 1.05 ratio found by elemental analysis was
also confirmed by x-ray photoelectron spectroscopy (XPS) that resulted in a ratio of
1.03."® However, these analyses were performed on CdSe QDs that were synthesized
with Bawendi’s traditional organometallic reaction that uses dimethyl cadmium and
dimethylselenium in a 1:1 ratio. However, it is worth pointing out that Peng uses Cd and
Se in ratios up to 1:10 excess of Se, in order to boost PL quantum efficiency.'™ As
detailed in Chpter 9, CdSe/ODE QDs are synthesized employing a 1:3 ratio. Elemental

analysis data for the Peng-type CdSe QDs are not available.
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However, the elemental analysis led to the discovery that attaching a thiol
containing compound (either the model ligand MPR or the G2-CSH) replaces portions of
the Se in a QD with sulfur. For example, the elemental analysis results of CdSe/SC-G2,
third entry in Table 8.2, finds weight percentages that calculate to a ratio of 10 dendrons,
8 non-dendron sulfur, 15 cadmium and 7 selenium. Recalculating these ratios this time
keeping C, H, O, S elements in ratios allowed for by the dendron, namely 79 C, 79 H, 6
0O, and 1 S, and assuming a Cd to Se ratio of 1:1 the analysis would result in C, 64.59%;
H, 5.42%, S, 2.18%; Cd, 11.48%; Se, 8.06%. The largest deviation is found for sulfur,
3.18% representing a 45% excess, and selenium, and 3.94% representing a 49% loss.
This is a most unexpected finding and, to the best of our knowledge, has never before
been reported. This replacement of Se by S may explain both the difficulty in removing
all of the organics before 600°C (since the organic S is firmly entrenched in the QD) as
well as the continuous decrease in weight in the TGA at 900°C. CdS sublimes around
980°C, which leads one to assume that the change between 600°C and 900°C is due to
further loss of organics and the weight loss between 900°C and 1200°C may be due to the
sublimation of CdS with the remaining weight being CdSe. These unexpected results
were confirmed by repeated elemental analysis of the second generational aliphatic
dendronized QD and the model ligand coated QDs, CdSe/MPR. The obvious next step in
such an exciting find would be to determine a method for removing the organic
dendron/ligand while maintaining the entrenched sulfur. If such a process could be
discovered, this new synthetic approach leads to mixed core/shell QDs without an overall
increase in QD diameter. Since the decrease in photoluminescence is due to the

attachment of thiolated organic coatings, removal of the organics would most likely yield
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a significant increase in emission photoluminescence comparable to the increase
observed in other core/shell QD systems. Peng found 20-40% photoluminescence
quantum yield increase and Alivisatos reports up to 50% increase, both for CdSe/CdS
core/shell QDs.”** In fact Peng'” just published research on determining the
dissociation pH for thiol ligands from CdSe, CdS, and CdTe QDs. Contrary to findings
reported in Chapter 7.1, namely that CdSe QDs are not stable in hydrochloric acid, Peng
finds that titration with HCI, H,SOs, or trifluoroacetic acid does not decompose the QDs.
As long as the pH is adjusted to the pKa of the thiol ligand, the QDs are recoverable
without any noticeable change in their absorption spectra. However, attempts to remove
the organic coating via dissociation of the thiol ligand will not result in
photoluminescence enhancement since the cleaving occurs between the Cd and S bond.
Preferential would be a method that cleaves the sulfur-carbon bond thus leaving the
sulfur to coat the QD surface to create a core/shell QD. In fact, Gao'® recently published
the photodegradation of thiol ligands on CdTe QDs. As a result he finds strong
photoluminescence enhancement. The fluorescence quantum yield can reach up to 85%.
In addition these QDs were found to be very stable and water soluble, which makes them
a candidate for biolabeling.'® However, the same enhancement of photoluminescence
quantum yield may not be achieved with CdSe. The standard potential of expected for a
thiol is too low to quench CdTe emission. In contrast, CdSe bandgap is lower than the

standard potential of a thiol, thus hole trapping can occur.'®!
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Table 8.1. TGA results at three different temperatures previously summarized as Zone C.

Zone C At 600°C At 900°C At 1200°C
CdSe/ODE 20% 20% 20%
ODE 0%

CdSe/MPR 35%, +/-5% 20%, 28% N/A, 10%
MPR 30% 15%

CdSe/S-G1 50%, +/-5% 22%, 37% 10%, 25%
G1-SH 10%

CdSe/S-G2 20%, +/-2% 7%, 12% 6%, 10%
G2-SH 0%

CdSe/SC-G2 25%, +/-5% 15%, 20% 3%, 17%
G2-CSH 30%

The elemental analysis data in Table 8.2 give a ratio of 1:1.3:50 for the
Cd:Se:ODE quantum dots. Such a result dispels the notion that ODE is similar to TOPO
in the sense that one ODE binds to the Cd atom on the QD surface”. TOPO binds so
strongly to the CdS surface that even the bidentate 2,2-bipyrimidine (C4N,H3), replaces
TOPO only partially.'” This work shows that ODE is easily and completely replaced by
a thiol ligand. An attempt to verify the 1:50 ratio of Cd to ODE, by measuring the 'H
NMR failed, however, because the 'H NMR is not able to distinguish between free and

coordinated ODE.

In calculating the empirical formula for the dendronized QDs, one the other hand,

one has to take into consideration the portion of material that is not accounted for, i.e., the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

analysis rarely adds to 100% total weight. Since TOP, containing both oxygen and
phosphorus, neither of which is measured in the elemental analysis, it is difficult to
remove them from the prepared CdSe quantum dots. The removal of TOP in the
CdSe/ODE system was verified by *'P NMR. The *'P NMR showed no trace of
phosphorus. The lack of an NMR peak indicates that TOP is most likely not attached to
the surface of the QD. Both, 'H and *'P have 100% abundance. The y values representing
the spin state are only half for *'P as compared to 'H. That means that a *'P NMR
spectrum with twice the number of scans is as sensitive as a 'H NMR. Thus, ruling out a
major weight contribution from phosphorus, most of the missing weight can be attributed
to the amount of oxygen present in the dendrons. Since oxygen was not part of the
elemental analysis, this amount has to be assumed and added to the total. The calculated
values for oxygen, indicated with an asterisk in Table 8.2, are added and then the total
results were normalized to 100%. This normalization is required because the oxygen in
the dendrons does not completely account for the missing weight. The remaining weight
is probably due to solvent trapped within the dendrons (as evidenced by the TGA results).
Only after these adjustments does the ratio of the elements present calculate to integers.
Moreover, only with the addition of the calculated oxygen values and normalization of
the total weight is the integrity of the atom ratio within a dendron or the model ligand
preserved. For example, the deprotonated model ligand has 10 carbons, 11 hydrogens, 4
nitrogens, 4 oxygens and 1 sulfur as determined from the molecular structure. From
Table 8.2, it can be ascertained from the ratio of C:H:N:O:S that 5 model ligands are
present in a sample with 5 Cd and 1 Se. Thus, the overall composition of the QD

(ignoring the organic ligand) is 5 Cd:1 Se:5 S.
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Table 8.2. Elemental analysis and calculated atom ratios of QDs starting material
CdSe/ODE (II), one of the dendronized QDs CdSe/SC-G2 (XVIII), and the model ligand
coated QDs, CdSe/MPR (XVI). Numbers with an asterisk * are calculated oxygen values
based on carbon found by elemental analysis.

C% H % N % 0% S % Cd % Se %
Atomic
weight 12.011 1.0079 14.0067 15.9994 32.06 112.41 78.96
CdSe/ODE 46 ODE, 1 Cd, and 1.3 Se.
Found 83.60 15.51 0.92 0.85
Calculated 84.07 14.11 0.95 0.87
# Atoms 828 1656 1 1.3
CdSe/MPR 5 MPR, 5 Cd, and 1 Se.
Found 26.09 3.13 12.03 *14.33 8.10 25.11 279
Calculated 26.73 2.47 12.47 *14.24 7.14 25.02 3.51
# Atoms 50 55 20 *20 5 5 1
CdSe/SC-G2 10 Dendrons, 8 non-dendron S, 15 Cd, and 7 Se.
Found 66.23 6.17 *6.70 3.18 11.81 3.94
Calculated 66.92 5.62 *6.77 3.17 11.89 3.90
# Atoms 790 790 *60 18 15 8
CdSe/SC-G2 10 Dendrons, 8 non-dendron S, 17 Cd, and 8 Se.
Found 62.55 5.82 *6.33 3.84 12.68 4.08
Calculated 62.96 5.28 *6.37 3.83 12.68 419
# Atoms 790 790 *60 18 17 8

As mentioned previously, the aliphatic thiol dendronized QDs CdSe/SC-G2 were
analyzed twice. The resulting ratios after all the adjustments were performed show that
there is a higher S content in the Cd:Se:S base QD than the amount of S provided by the
covalently attached dendrons. In other words, if the C and H ratio (cf. Table 8.2) gives a
total of 10 dendrons present, then only 10 S atoms should be present in the base QD. The
elemental analysis, however, indicates a total of 18 S which implies that 67% of the Se in

the CdSe QD was replaced with S. As discussed in Chapter 6, the aliphatic dendrons

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

were synthesized from an alcohol functionalized dendron using thioacetic acid (TAA).
Purification of these dendrons was difficult and NMR confirms the presence of residual
TAA. Since TAA would also add to the C and H percentages in the elemental analysis,
the amount of TAA must be considered when calculating atom ratios. Recalculating the
data with TAA taken into consideration does not cause a significant change in the final C
or H ratio, since the TAA has significantly fewer C and H atoms in comparison to the
large second generation dendron. Thus, one can conclude that the excess S originates

from TAA impurity.

To further prove the replacement of Se by S and thus the presences of core/shell
CdSe/CdS QDs instead of pure CdSe QDs, x-ray powder diffraction was attempted.
However, before attempting to measure the dendronized QDs, x-ray powder diffraction
of the CdSe/ODE system was attempted, but was unsuccessful due to the low inorganic
content of the sample (cf. Table 8.2). With this background in mind, the CdSe/MPR
system was chosen because it has a larger inorganic portion than the second-generation
aliphatic dendronized QDs. Wurtzite CdS nanoparticles usually show two sets of three
peaks, the first set in the two theta (26) range between 20 and 35 degrees and the second
set in the 20 range of 40 to 60 degrees. The peaks in the first range represent the (002),
(100), and (101) planes which, in the smallest particles, will fuse into a single broad peak.
Similarly, the three peaks in the second range, which represent the (110), (103), and (112)
planes, will also appear as a single broad peak in small QDs.”"'*® Unfortunately, the x-
ray diffraction patterns for CdSe nanoparticles are reported to be almost identical to the

CdS nanoparticles. In the x-ray diffraction spectrum depicted in Figure 8.2, one can
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barely distinguish the fused peaks in the 20 to 35 degree 26 region. Furthermore, the
second region of peaks is even less clear. Thus, for the CdSe/MPR system the x-ray

powder diffraction spectrum can be attributed to either the CdS or CdSe.
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Figure 8.2. X-ray diffraction of CdSe/MPR (XVI).

Since x-ray powder diffraction did not definitively determine the presence of
core/shell CdSe/CdS quantum dots, the characterization of this new core shell system was
also attempted using "H and >C NMR of the organic ligand covalent bond to the S. The
CdSe/CdS/MPR QD system is the ideal system for such a study since it has only a single
H attached to the aromatic ring that carries the thiol sulfur making the NMR less difficult
to interpret. However, the proton of interest is 3 bonds removed from the cadmium, CH-

N-C-S-Cd, thus lowering any effect the QD core may have on the chemical shift. In fact,
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the proton of interest shifted upfield by 0.1 ppm, from 8.5 to 8.4. At this point, however,
it is not possible to verify if this small shift is caused by the surface attachment of the
sulfur to a CdSe quantum dot or the incorporation of the S into the CdSe quantum dot to
make a core/shell CdSe/CdS quantum dot. While it is true that *C NMR might lead to a
definite answer of the ligand binding in these unique QD systems, unfortunately the lack
of solubility of the CdSe/CdS/MPR QD system prevents the attainment of a °C NMR

(i.e., the "H NMR took 24 hours to acquire).

9. Conclusions

CdSe QDs with a diameter of 2.0-2.5 nm have been synthesized in a solution of 1-
octadecene (ODE). The QDs were monodisperse, highly luminescent, and were soluble in
nonpolar solvents such as hexane. The surface of the QDs was then modified with thiol
functionalized dendrons and thiol functionalized ligands. This passivates the QD surface
and affects the overall photophysical properties of the CdSe QD. The expected
enhancement of the luminescence emission quantum yield was not realized. However,
TGA in combination with elemental analysis uncovered a previously unreported
phenomenon, namely that the sulfur of the dendron does not bind covalently to the Cd
atoms on the QD surface, but rather displaces the Se in the QD to make a core/shell
CdSe/CdS/dendron QD system. An independent confirmation of this finding could be
obtained using energy dispersive X-ray (EDAX)® or extended x-ray absorption fine

structure (EXAFS) measurements. >+
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Since one of the most important aspects in QD synthesis is the production of
highly luminescent materials and it has been shown that core/shell quantum dots show
significant increase in photoluminescence, an obvious next step in this research is to
develop synthetic techniques that would detach the organic materials from the S in the

these new CdSe/CdS/dendron systems.

Such a technique would yield 2 nm CdSe/CdS core/shell QDs, which represents a
2-fold decrease in diameter from the currently available core/shell systems. CdSe/CdS
core/shell QDs are reported with CdSe core of 2.3 to 3.9 nm.” A shell of three
monolayers of CdS ads 1 nm thickness. The total core/shell QD diameter for a 2.3 nm
core adds up to a particle size of 4.3 nm in diameter. Similarly, one might also want to
focus on semiconductor materials other than CdSe, which has been widely studied. ZnSe
emits brightly in the blue region and is tunable from 2.8 to 3.4 eV with quantum yields of

20% to 50%.*
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Part III Experimental

10. Reagents and Instrumentation

Chemicals bought from Aldrich were of commercial reagent quality and used as
received. Solvents for reactions were purchased from Aldrich in the anhydrous form.
They were all degassed with high purity argon and used without further purification or
drying. Bulk solvents for column chromatography are from Fischer and are of reagent
grade purity. Octadecene (ODE) and tetradecylphosphonic acid (TDPA) are from Alfa

Aesar. All reactions are performed under high purity argon from Air gas, Inc., PA.

Flash column chromatography was performed using Silica gel 230-400 mesh 60A
and 150A from Fisher Scientific. Flexible TLC plates for thin layer chromatography
came from Fisher Scientific, silica gel 60A, F-254, and 200 micron. Spots were
visualized using a black light at 254 nm. ODE was visualized by developing plates in an
aqueous solution consisting of a mixture of sodium carbonate and potassium

permanganate.

UV-Visible spectra were obtained using a Hewlett Packard 8452A Diode Array
Spectrophotometer. NMR spectra were measured using a Bruker 400 MHz FT-NMR
equipped with a QNP probe. Photoluminescence (PL) spectra were recorded on a SPEX
Industries Inc., SPEX 1681, 0.22 m Version 3.30 ¢ spectrometer with DM3000 software.

Lifetime measurements were performed with a Quanta-Ray DCR Nd:YAG Laser

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

instrument. TGA determinations were made on a Perkin Elmer 7 Series/ UNIX TGA 7
fitted with a high temperature furnace. X-ray powder diffraction was taken with a Phillips
APD 3720, with a PW 1729 x-ray generator. Transmission electron microscopy (TEM)
was performed with a JEOL 4000-EX electron microscope (Japanese Electron Optics

Ltd., Japan) at a resolution of 1.7 A.

Schwarzkopf Microanalytical Laboratories of Woodside, New York performed
elemental analyses. Mass spectral data were acquired on an Agilent Technologies 1100
Series LC/MSD model G1946D using atmospheric pressure photo ionization (APPI).
Ionization was carried out with a drying gas flow of 6 liters/min., a nebulizer pressure of
60psi, drying gas temperature of 300°C, vaporizer temperature of 450°C and a capillary
voltage of 4000 volts. The mass range scanned was between 140 and 1500 amu with
fragmentor values ranging from 60 volts at 50amu to 125 volts at 1800 amu. Both
positive and negative ion data was collected. Samples were prepared by dissolving in a
mixture of chloroform and toluene (dopant) and were introduced into the mass
spectrometer with methanol containing 0.1% formic acid, S0uM ammonium acetate and
0.1% chloroform. The flow rate of the solvent was 500ul/min. Data was processed using

Agilent's Chemstation software.

10.1 Preparation of CdSe QDs

Synthesis of n-trioctylphosphine oxide (TOPO) coated QDs, CdSe/TOPO (1).
Cadmium oxide (CdO) (52.0 mg, 0.4 mmol) and tetradecylphosphonic acid (TDPA)

(223.0 mg, 0.8 mmol) are placed in a round bottom flask, evacuated and backfilled with
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argon. A reflux condenser is attached to the round bottom flask. A magnetic stirrer and a
high temperature thermocouple are inserted. The flask is immersed in a sand bath, 2 mL
TOPO is added, and the mixture is heated to 310°C. After 45 minutes at that temperature,
the red emulsion turns to a clear colorless liquid. Selenium powder (94.75 mg, 1.2 mmol)
is placed in a small vial, evacuated and backfilled with argon. Two mL of »-
trioctylphosphine (TOP) is added to the selenium powder, and the mixture is sonicated
until the black powder is dissolved and a clear colorless liquid is obtained. In the mean
time the temperature in the round bottom flask has been lowered to 270°C. At that
temperature the selenium solution is injected rapidly, causing the temperature to drop
below 250°C and the solution to turn clear yellow. After five additional seconds the heat
is removed completely, the solution is cooled to room temperature and n-butanol is added
to precipitate the CdSe/TOPO QDs as a yeHow powder. The QDS are soluble in
chloroform or toluene. Several wash cycles are performed by first dissolving the QDs in
toluene, then centrifuging any insoluble impurities, followed by precipitating the
supernatant containing the QDs with butanol. This precipitate is centrifuged and the
colorless solution is decanted. The yellow precipitate is dissolved in toluene and
centrifuged again, repeating the cycle. The material, dissolved in toluene is stable for at

least half a year when kept under argon.

Synthesis of Octadecene (ODE) coated CdSe QDs, CdSe/ODE (II). Cadmium
oxide (CdO) (52.0 mg, 0.4 mmol) and tetradecylphosphonic acid (TDPA) (223.0 mg, 0.8
mmol) are placed in a round bottom flask under argon. Five mL ODE is added and the

mixture is heated to 310°C. After 45 minutes at that temperature the red emulsion turns
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into a clear colorless liquid. Selenium powder (94.75 mg, 1.2 mmol) dissolved in 2 mL »-
trioctylphosphine (TOP) is prepared in a small vial and is injected rapidly to the round
bottom flask at 270°C. Again a drop in temperature below 250°C occurs. When the
solution has turned pale yellow, after about five seconds, the heat is removed completely.
Upon cooling to room temperature a white precipitate forms and is removed via
centrifugation. The CdSe/ODE QDs are soluble in hexane and ODE. Stored in ODE
solution and under argon atmosphere, the CdSe/ODE QDs are stable. Excess ODE can be
removed by extraction with a methanol/chloroform 1:1 solution” to obtain a yellow
powder, yield: 245mg. "H NMR (C¢Ds), & 0.88 (t, 3 H, CH3), 1.26 (s, 24 H, CH,), 1.37
(m, 4 H, CH,), 2.02 (q, 2 H, CH,), 4.93 (d, 1 H, =CH,), 5.01 (d, 1 H, =CH>), 5.8 (m, 1 H,
=CH). Anal. Calcd for (CigH36)46Cd;Se; 5: C, 84.07; H, 14.11; Cd, 0.95; Se, 0.87. Found:

C, 83.60; H, 15.51; Cd, 0.92; Se, 0.85.

Synthesis of Mercaptoacetic acid (MAA) coated CdSe QDs, CdSe/MAA (1II).
Fourteen mL of CdSe/ODE (II) was placed in a round bottom flask under flowing argon.
14 mL methanol containing MAA (200 pl, 3 mmol) was added, and
tetramethylammonium hydroxide (6 mmol, 25w% in methanol) added dropwise. The
mixture was heated under reflux at 59°C overnight. The reaction was then stopped and
allowed to cool to 28°C. Stirring ‘is discontinued and the two layers are allowed to

separate. The ODE layer on top is now colorless and is removed. The yellow methanol
layer on the bottom, which contains the CdSe/MAA QDs (III) was washed with hexane
causing the QDs to precipitate. The QDs are dissolved in water and are precipitated with

ethyl acetate. The precipitate was washed with hexane until a TLC spotting test for
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alkenes is negative. The final purified precipitate was dried for 1 hr in vacuum at ambient
temperature. The compound is sufficiently soluble in water or deuterium oxide for NMR
studies. Yield: 14 mg. 'H NMR (D;0), & 3.1 (s, 2 H), 4.7 (D,0) solvent peak). Free

MAA: 3.26 (s, 1 H).

10.2 Preparation of Fréchet-type Dendrons

General procedure for the synthesis of protected aliphatic thiol dendrons (XXII,
XXIII). Triphenylphosphine (2 equiv) was placed in a flask under argon and dissolved in
2 mL of anhydrous THF. The solution was cooled to 0°C and diisopropyl
azodicarboxylate (2 equiv) was added dropwise with stirring, forming a thick, white
precipitate in a yellow solution. After the reaction mixture was stirred for 30 minutes,
thioacetic acid (2 equiv) and dendritic alcohol (IV or VII) (1 equiv) were dissolved in 1
mL THF and added to the reaction mixture dropwise. After stirring for 5 hours at 0°C,
the reaction mixture was stirred overnight at room temperature and then quenched by the
addition of 1 mL of ethanol. The solution was concentrated under a stream of argon, and
the resulting thick oil dissolved in dichloromethane (DCM). Silica gel (230-400 mesh)
was added to the oil DCM mixture forming a slurry that was dried on a rotary evaporator.
The residue was suspended in hexane and loaded onto a column of silica gel (230-400
mesh) prepared in hexane and first eluted with hexane (500 mL) and then with
hexane/ethyl acetate (99:1). Only after the TLC shows no sign of triphenylphosphine

oxide (approximately after 1 L of eluent), is the eluent strength increased gradually to 3%
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ethyl acetate. After this chromatographic purification the yield of protected dendritic

thiols ranges between 50-60%.

G1-SC(=0)CH3 (XXII): 'H NMR (CDCl3) & 1.30-1.40 (m, 2 H), 1.57 (s, 3 H),
2.05-2.11 (m, 2 H), 2.25 (s, 3 H), 2.81 (t, 2 H), 5.01 (5,4 H), 6.87 (d, 4 H, ] = 9 Hz), 7.11
(d, 4 H, ] = 9 Hz), 7.26-7.45 (m, 10 H); *C NMR (CDCls) 24.98, 27.90, 29.65, 30.54,
41.08, 69.91, 114.16, 127.45, 127.84, 128.16, 128.49, 137.15, 141.84, 156.70, 195.60;
Mol. Wt.: 510.69; (M + NH4")": 528.2, API-ES pos. scan; Anal. Caled for C33H3405S: C,

77.61; H, 6.71; O, 9.40; S, 6.28. Found: C, 75.87; H, 7.42; S, 8.52.

G2-SC(=0)CH3 (XXIII): 'H NMR (CDCl3) & 1.30-1.40 (m, 2 H), 1.50-1.68 (m,
13 H), 2.02-2.10 (m, 2 H), 2.16-2.20 (m, 4 H), 2.22 (s, 3 H), 3.67 (t, 2 H), 3.80 (t, 4 H),
5.00(s,8H),6.71 (d,4H,J =9 Hz), 6.85(d, 8 H, J=8 Hz), 7.04 (d, 4 H, ] =8 Hz), 7.10
(d, 8 H, J = 9 Hz), 7.28-7.43 (m, 20 H); *C NMR (CDCl3) 25.50, 27.86, 28.18, 30.50,
37.93, 38.29, 41.59, 44.68, 63.17, 68.12, 69.80, 113.67, 114.06, 127.47, 127.86, 128.15,
128.25, 128.51, 137.10, 141.69, 141.98, 156.65, 156.78, 195.58; Mol. Wt.: 1199.58; (M
+ Cl'): 1234.2, APPI neg. scan; Anal. Calcd for Cg;Hs,O4S: C, 81.10; H, 6.89; O, 9.34;

S, 2.67. Found: C, 74.6; H, 7.32; S, 2.73.

General procedure for the synthesis of deprotected aliphatic thiol dendrons (VI,
IX). The protected dendritic thiol (1 equiv) was placed in a flask and dissolved in 5 mL
of anhydrous THF. The solution was cooled to 0°C and degassed with argon for 15

minutes. A solution of lithium aluminum hydride (1 M in THF 1.1 equiv) was added
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dropwise. Upon stirring for 2 hours, the reaction was quenched with a degassed, aqueous
solution containing 5% sodium phosphate (Na;HPOy), extracted into a DCM layer, and
dried over sodium sulfate. The solvent was evaporated. The products yields are 42% for

G2-CSH (IX) and 55% G1-CSH (VI). They were used without further purification.

G1-CSH (VI): 'H NMR (CDCls) § 1.35-1.45 (m, 2 H), 1.57 (s, 3 H), 1.82 (m, 3
H), 2.05-2.11 (m, 2 H), 2.49 (m, 2 H), 5.01 (s, 4 H), 6.87 (d,4 H, I =9 Hz), 7.11 (d, 4 H,
J = 9 Hz), 7.26-7.45 (m, 10 H); °C NMR (CDCl3) 24.60, 27.97, 29.69, 30.54, 40.82,
69.96, 114.13, 127.51, 127.91, 128.22, 128.55, 137.15, 141.84, 156.69; Mol. Wt.: 468.65;

(M +NH;)": 486.1, (M + Na")": 491.0, API-ES pos. scan.

G2-CSH (IX): 'H NMR (CDCls) & 1.30-1.42 (m, 2 H), 1.50-1.65 (m, 13 H),
2.06-2.12 (m, 2 H), 2.14-2.20 (m, 4 H), 3.55 (m, 2 H), 3.86 (m, 4 H), 5.01 (s, 8 H), 6.71
(d,4H,J=9Hz),6.85(d,8H,J=8Hz),7.04(d,4 H, =8 Hz), 7.10 (d, 8 H, ] = 9 Hz),
7.28-7.43 (m, 20 H); °C NMR (CDCly) 25.01, 27.96, 28.94, 37.93, 38.37, 44.75, 44.83,
63.43, 68.30, 70.00, 113.76, 114.17, 127.53, 127.91, 128.16, 128.30, 128.56, 137.20,
141.62, 142.05, 156.73, 156.89. Mol. Mol. Wt.: 1157.54; Anal. Calcd for C79HgoOsS: C,
81.97; H, 6.97; 0O, 8.29; S, 2.77. Found: C, 74.60; H, 7.32; S, 2.73.

Preparation of third generation aliphatic dendritic thiol G3-CSH (XII) 97.198 14
a stirred solution of third generation dendritic alcohol (X) (1 equiv, 0.275 mmol, 690 mg)
in 5 mL DCM under argon sodium hydrogen sulfide (3.1 equiv, 0.86 mmol, 48 mg)

dissolved in 1 mL DMSO was added dropwise. After stirring overnight at room
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temperature, the mixture was cooled to 0°C and acidified adding 0.1 N HCl dropwise
(H,S evolution). The mixture was extracted with chloroform and the organic layer
washed with water and brine (saturated aqueous sodium chloride solution). The organic
portion was dried over sodium sulfate and evaporated to dryness. The product G3-CSH
(XII) was used without further purification: yield 36%; 'H NMR (CDCl3) & 1.2-1.9 (m,
35 H), 2.0-2.3 (m, 14 H), 2.6-2.9 (m, 3 H), 3.1-3.4 (m, 2 H), 3.6-3.9 (m, 12 H), 5.0 (s, 16
H), 6.7 (d, 12 H,), 6.9 (d, 16 H), 7.0-7.2 (m, 30 H), 7.2-7.5 (m, 42 H); ’C NMR (CDCls)
24.98,25.59, 27.92, 38.32, 38.61, 44.59, 44.79, 45.04, 60.36, 67.95, 68.24, 69.92, 113.71,
114.13, 127.50, 127.89, 128.05, 128.18, 128.54, 128.73, 137.13, 141.63, 142.01, 156.68,

156.84,156.91, 171.13, . Mol. Wt.: 2535.33.

10.3 Preparation of Dendronized CdSe QDs

Preparation of CdSe/MPR (XVI). To 14 mL of CdSe/ODE QDs (245 mg
CdSe/ODE dissolved in 14 mL ODE) under argon, a mixture of chloroform (7 mL),
methanol (7 mL) and DMSO (1 mL) containing 6-mercaptopurine riboside (MPR) (200
mg, 0.7 mmol) is added carefully creating a bilayer system. The yellow color of the top
layer indicates the presence of the QDs. The bottom layer containing the thiol ligand is
clear and colorless. The layers are mixed with vigorous stirring and
tetramethylammonium hydroxide (0.5 mL, 1.2 mmol, 25w% in methanol) solution is
added via syringe. The reaction is heated to reflux at 57°C and kept overnight. The
reaction is cooled to room temperature and stirring is discontinued. The reconstituted

layers now show the yellow color of the QDs in the bottom layer, and the top ODE layer
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is colorless. The top layer is removed and ethyl acetate is added to the yellow bottom
layer. The resulting precipitate is washed with several aliquots of hexane until the wash
solution does not give a positive test for alkenes (ODE) in TLC. The precipitate was dried
and is sufficiently soluble in deuterated D,O to record an 'H NMR: yield 100 mg; Free
MPR ligand: "H NMR (DMSO) & 3.58 (d, 2 H), 3.96 (m, 1 H), 4.13 (t, 1 H), 4.46 (t, 1 H),
5.07(, 1 H),5.23 (d, 1 H), 5.54 (d, 1 H), 5.89 (d, 1 H), 8.20 (s, 1 H), 8.5 (s, 1 H), 13.85
(s, 1H); °C NMR (DMSO) 61.06, 70.11, 74.19, 85.60, 87.52, 135.36, 141.16, 143.87,
145.22, 176.00. MPR bound to CdSe QD: 'H NMR (D,0) & 3.75 (d, br, 2 H), 4.2 (br, 1
H), 4.35 (br, 1 H), 4.45 (br, 1 H), 4.5-4.7 (solvent H,0), 6.0 (br, 1 H), 8.2 (s, br, 1 H), 8.4
(s, br, 1 H); Anal. Calcd for (CioH12N404S)sCdsSe: C, 26.73; H, 2.47; N, 12.47; O, 14.24;
S, 7.14; Cd, 25,02; Se, 3.51. Found: C, 26.09; H, 3.13; N, 12.03; S, 8.10; Cd, 25.11; Se,

2.79.

General procedure for the synthesis of dendronized CdSe QDs (XVII, XVIII,
XIX, and XX) was adapted from the preparation of CdSe/MPR, since the mercaptopurine
riboside is used as a model ligand. The exception being that the use of DMSO was not
necessary since the thiol dendrons dissolve in chloroform. On the other hand, care must
be taken not to precipitate the dendrons when adding methanol, which that is needed to
create the bilayer, which in turn is needed to gauge the completion of the reaction. All
dendronized QDs are washed with hexane to remove ODE, dissolved in chloroform and

precipitated with methanol.
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CdSe/S-G1 (XVII): CdSe/ODE (II) (245 mg in 14 ml ODE), G1-SH (V) (137
mg, 0.228 mmol) dissolved in 7 mL chloroform, 7 mL methanol, and
tetramethylammonium hydroxide (0.1 mL, 0.24 mmol, 25w% in methanol) are added
under argon. The mixture was refluxed overnight at 59°C. After purification 9.2 mg of a

yellow powder is obtained that is insoluble.

CdSe/S-G2 (XVII). CdSe/ODE (490 mg in 20 mL ODE), G2-SH (VIII) (154.88
mg, 0.12 mmol) in 10 mL chloroform, 10 mL methanol, and tetramethylammonium
hydroxide (0.1 mL, 0.24 mmol, 25w% in methanol) are added under argon and refluxed
overnight. A yellow precipitate is collected and purified. This product dissolves in
chloroform. Yield: 105 mg. "H NMR (CDCls) & 1.3-1.6 (br, 15 H), 1.9-2.4 (br, 9 H), 2.7
(br, 1.5 H), 2.9 (br, 1.5 H), 3.1 (br, 1H)] 3.4 (br, 15 H), 3.8 (br, 2 H), 4.4 (br, 15 H), 4.7-
4.9 (br, 4 H), 5.0 (s, 8 H), 6.7 (br, 8 H,), 6.9 (br, 4 H), 7.0 (br, 10 H), 7.1 (br, 4 H), 7.2-7.5

(br, 22 H).

CdSe/SC-G1 (XIX). CdSe/ODE (245 mg in 14 mL ODE), G1-CSH (VI) (100
mg, 0.21 mmol) in 7 mL chloroform, 7 mL methanol, and tetramethylammonium
hydroxide (0.1 mL, 0.24 mmol, 25w% in methanol) was added under argon and refluxed

overnight. The yellow precipitate was collected and purified. Yield 55 mg.

CdSe/SC-G2 (XX). CdSe/ODE (490 mg in 20 mL ODE), G2-CSH (IX) (320 mg,

0.28 mmol) in 10 mL chloroform, 10 mL of methanol, and tetramethylammonium

hydroxide (0.5 mL, 1.2 mmol, 25w% in methanol) was added under argon and refluxed
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overnight. The precipitate was purified and dissolves in chloroform. Yield: 180 mg; 'H
NMR (CDCl;) & 1.30-1.65 (br, 15 H), 1.9-2.2 (br, 6 H), 2.5-2.8 (br, 7 H), 3.5-3.7 (br, 4
H), 4.8 (br, 8 H), 6.5 (br, 4 H,), 6.7 (br, 8 H,), 6.9-7.1 (br, 12 H,), 7.1-7.4 (br, 20 H); °C
NMR (CDCls) 22.66, 25.07, 27.94, 29.70, 31.59, 38.26, 44.71, 55.88, 68.20, 69.86,
113.76, 114.15, 127.50, 127.83, 128.24, 128.49, 137.14, 142.0, 156.63. Anal. Calcd for
(C79H79065)10S5CdysSer: C, 66.92; H, 5.62; S, 3.17; Cd, 11.89; Se, 3.90. Found: C,
66,23; H, 6.17; S, 3.18; Cd, 11.81; Se, 3.94. Anal. Calcd for (C79H79065)10S5Cd17Ses: C,
62.96; H, 5.28; S, 3.83; Cd, 12.68; Se, 4.19. Found (repeat sample): C, 62.55; H, 5.82; S,

3.84; Cd, 12.68; Se, 4.08.
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