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Abstract
Using atomically precise clusters to model materials
Alexander N. Beecher
Using two different model systems, this thesis considers the old, but
fascinating question: how do atoms or particles possessing a particular set
of individual characteristics combine to form assemblies with quite
distinct, ensemble characteristics, and how do those characteristics evolve
as a function of the size of the assembly? For the last thirty years,
numerous experiments studying the emergence of collective material
properties have focused on a class of semiconducting, colloidal
nanocrystals commonly known as quantum dots, which are notable for the
size-dependence of their optical properties. Despite years of effort, even
the most uniform quantum dot samples possess some heterogeneity in
size, shape, and composition, which has prevented complete structure
determination

and

hindered

understanding

of

structure-property

relationships. Chapter 1 of this thesis presents an approach to overcoming
this challenge and reports the synthesis of a set of four, new, atomically
precise cadmium selenide nanocrystal samples, which we call CdSe(350
nm),

CdSe(380 nm), CdSe(408 nm), and CdSe(435 nm) after their lowest energy

absorption features. We determine their structures and formulas through a
combination of single crystal and powder X-ray diffraction measurements,
elemental analysis, and spectroscopy. We also describe the optical
properties of these samples and their sensitivity to ligand coverage,
compare

them

to

other

previously

reported

cadmium

selenide

nanomaterials, and discuss ongoing experiments.
Because CdSe(350 nm), CdSe(380 nm), CdSe(408 nm), and CdSe(435 nm) are
atomically precise, they allow us to correlate specific structural features
with material properties, which is the focus Chapter 2. Here we present a
series of Raman scattering experiments designed to probe the evolution of
vibrational structure with size. We find that the Cd-Se stretching region of
the Raman spectra exhibits two peaks, which are assigned to primarily

surface-derived and interior-derived atomic motions using density
functional theory calculations. By performing variable temperature
measurements, we discover that the smallest sample, CdSe(350 nm), exhibits
behavior that can be well-described using a model developed for small
molecules while the vibrations of the largest measured cluster, CdSe(408
nm),

are better described by a model developed for bulk materials. This

observation is evidence that the transition to a more bulk-like vibrational
structure occurs relatively rapidly when cadmium selenide materials are
approximately 2 nm in size.
The emergence of collective material properties is also the subject of
Chapter 3, but the topic is approached from a different perspective.
Instead of focusing on a series of atomically precise clusters that differ in
size, Chapter 3 presents a series of molecules composed of atomically
precise clusters. We prepare octahedral hexaruthenium carbonyl clusters,
[Ru6C(CO)16]2-, and use them as building blocks to assemble oligomers
linked by single metal atom bridges. We synthesize and structurally
characterize a set of compounds varying in length (from monomer to
trimer) and linker atom identity (cadmium and mercury) and study the
effect on electronic structure using infrared and UV-Visible absorption
spectroscopies and density functional theory calculations. With increasing
oligomer length, the UV-Vis absorption profile changes and shifts to
lower energy, which we attribute in part to the development of coupling
between neighboring clusters. Our calculations show that the infinite
polymer composed of [Ru6C(CO)16]2- linked by Hg2+ would be a onedimensional semiconductor with a 1.5 eV direct band-gap.
More detailed abstracts can be found at the beginning of each chapter.
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Chapter 1. Atomically precise cadmium selenide nanocrystals

Preface
The Owen group employs the lens of traditional inorganic chemistry to study
semiconducting colloidal nanocrystals subscribing to the principle that having a deep
understanding of the structural characteristics of a system is essential to controlling and
optimizing that system’s properties. The project described here is a pure expression of
that approach to science. This chapter presents a series of tetrahedral cadmium selenide
compounds that have been synthesized with an exceptional degree of monodispersity and
have been characterized via X-ray, optical, and spectroscopic methods. These atomically
precise quantum dots shed light on the fundamental structure-property relationships of
quantum-confined semiconductors. Portions of this chapter are based upon Beecher et al.,
JACS 2014.1
The work described in this section would not have been possible without the help of
many wonderful collaborators. This project emerged from the research of Prof. Brandi
Cossairt who as a post-doctoral fellow in the Owen Lab initiated studies of CdSe clusters.
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Brandi not only planted those scientific seeds, but also taught me (or tried to) how to do
rigorous inorganic chemistry. Dr. Xiaohao Yang, Dr. Pavol Juhas, and Prof. Joshua Choi
are thanked for their help with X-ray scattering experiments and pair distribution function
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the purpose of comparison to our own data. Dr. Paul Kowalski of Bruker Daltronics, Inc.
provided support for MALDI-TOF analysis. Dr. Michael Steigerwald and Dr. Yan Li
performed useful calculations that make true the promise of benefits arising from precise
knowledge of structure. Dr. Aaron Johnston-Peck used TEM to image the clusters, Dr.
Chenyang Shi studied the lattice dynamics of these materials, and Dr. Ivan Sergeyev and
Yunyao Xu are conducting ssNMR experiments. Thanks also to Dr. Zachariah Norman
for being tremendously generous with his time and his code; he provided invaluable
assistance with data fitting and Python. Finally, I would like to acknowledge the National
Science Foundation, which has funded the research described here.
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Abstract
Despite deep and lasting interest in luminescent semiconducting
quantum dots (QDs) for various technological applications ranging from
clean energy production to tissue imaging, displays, and solid-state
lighting, existing samples are heterogeneous, which has obscured the
relationship between their atomic and electronic structures and prevented
the atomic-resolution determination of their structures. We circumvent this
challenge by focusing on a class of cadmium selenide materials that do not
grow in the monotonic fashion typical of most crystallizations, but rather
form in a step-wise manner, preferentially adopting a sequence of
structures of enhanced stability. In this chapter, I describe the gram-scale
synthesis, isolation, and characterization of four cadmium selenide clusters
that exhibit characteristics typical of larger spherical QDs (e.g. sizedependent optical properties, metal-rich compositions, and mixed
carboxylate and amine ligation), but possess defined molecular formulas
(Cd35Se20X30L30, Cd56Se35X42L42, Cd84Se56X56L56, and Cd120Se84X72L72; X
= O2CPh and L = n-BuNH2). Through a combination of single crystal Xray diffraction and pair distribution function experiments, we determine
the structures of their inorganic cores revealing a series of tetrahedra cutout from the zincblende lattice and terminated by cadmium-rich {111}
lattices. Using complex modeling, the tetrahedral structure is tested
against a structural library of 250,000 candidates and stands out for its
exceptional goodness of fit. We also characterize these samples’ optical
properties and evaluate their sensitivity to ligand coverage by performing
a series of ligand titration experiments. We conclude by discussing the
unique stability of a tetrahedral structure and present several ongoing
NMR, imaging, and theoretical studies. Further theoretical and
experimental investigations of these materials will open the door to a
deeper fundamental understanding of structure-property relationships in
quantum-confined semiconductors.
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1.1 Introduction
1.1.1 Semiconducting colloidal nanocrystals
In this section, I will very briefly introduce some aspects of nanocrystal science that are
particularly important in the context of this research. Although this will be a fairly basic
discussion, I think it is useful to describe our perspective on and motivation for the study
of nanocrystals. For more thorough treatments of the physics, chemistry, and
technological applications of semiconducting colloidal nanocrystals, I recommend the
reader reference other sources, a few of the many available I have selected here.2–13
A nanocrystal is a fragment of a bulk crystal that retains the bulk’s crystalline atomic
structure, but excised to dimensions on the order of 1-100 nm (on the order of hundreds
to thousands of atoms as opposed to a few dozen for most small molecules or ~1023
atoms for bulk solids).3 Crystallites with these dimensions have very high surface area to
volume ratios and possess many atoms on the surface that do not have as many bonding
partners as core atoms do and are therefore more reactive. In order to stabilize these
crystallites, the “dangling” bonds of under-coordinated surface atoms are often bound by
ligands via a variety of binding motifs.8 These ligands have the added benefit of helping
solubilize the crystallite, allowing researchers to produce stable colloidal dispersions.14,15
To describe the nature of ligation to colloidal nanocrystal surfaces, we have applied the
covalent bond classification method developed by Malcolm Green in the mid-1990s,
considering nanocrystal ligands as charge neutral fragments and assigning them as either
two-electron donating “L-type” species (e.g. amines and phosphines), one-electron
donating “X-type” species (e.g. carboxylates and phosphonates), or two-electron
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accepting “Z-type” species (i.e. Lewis acids) (Figure 1.1).16–20 On many nanocrystals,
ligands from each of these classes are present and bind dynamically, coming on and off
the surface rapidly in response to solution conditions.17,21–26 As such, it is incorrect to
think of a nanocrystal’s structure as being static and definable in the way that the
structures of many small molecules are, but rather as a continually changing object with
variable composition and an innumerable set of ligand configurations. Thus, the most
convenient structural description of a colloidal nanocrystal for our purposes is: a small
crystalline, inorganic core bound by a dynamic shell of ligands.

Figure 1.1. Structure of a II-VI metal chalcogenide nanocrystal as described by the covalent bond
classification method.17,19

Although this description of nanocrystal structure is general enough to be applied to
many different classes of nanomaterials, the work reported here focuses on cadmium
selenide nanocrystals, which have the additional property of being semiconducting.
Interest in colloidal semiconducting nanocrystals first developed out of a desire to make
semiconductors with very high surface areas for photoredox chemistry, but it was A.I.
Ekimov working in the Soviet Union and Louis Brus, Michael Steigerwald, and others
working at Bell Labs in New Jersey who first realized that the fundamental
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optoelectronic properties of semiconductors change at those small size regimes.27,28 The
discovery that one could control crystallite color by controlling crystallite size opened up
a new field of science, and their series of papers on the physical and synthetic aspects of
semiconducting nanocrystals remain relevant to this day.2,14,29–36
Since these initial discoveries, the size-dependence of the optical properties of these
materials has been studied in enormous detail experimentally and theoretically over the
past thirty years. The first-order description of this relationship is that as the size of a
semiconducting material gets smaller, its band gap begins to widen due to quantum
confinement effects.14,2,4 In semiconductors, photo-excitation can produce excited-state,
bound electron-hole pairs, called excitons. A convenient way of understanding an exciton
is by analogy to the hydrogen atom, which like the exciton, has a negatively charged
particle (the electron in both cases) orbiting a positively charged particle (the proton for
hydrogen or the hole for an exciton) at a preferred radius. When the dimensions of a
material begin to approach the length scale of this radius, the wavefunction becomes
physically confined, thereby increasing its energy relative to the unconfined scenario.
This effect is analogous to shrinking the “box” in the particle in a box model taught in
many undergraduate general chemistry courses. Thus, the energy difference between the
ground state and the excited state, the band gap, becomes larger at very small dimensions.
Particles exhibiting this property of quantum confinement are often called quantum dots
or QDs. Cadmium selenide has become the model system for studying the effect of
quantum confinement for a number of reasons, but one is that it is relatively easy to tune
the band-gap of CdSe nanocrystals across the entire visible spectrum through size control
(Figure 1.2).6
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Figure 1.2. Absorbance spectra demonstrating the relationship between quantum dot size and
band gap. The narrowness of the absorption features and the degree of size control is particularly
remarkable in this example. Reproduced from Murray et al.6

The other main reason that CdSe nanocrystals have become so ubiquitous is that they are
relatively easy to synthesize in comparison to many other types of nanocrystals.14 Though
synthetic methods have advanced significantly since the early days of CdSe nanocrystal
research, it has been possible to prepare high quality samples with fine size control since
at least 1993.15 Successful synthetic approaches are based upon an understanding of the
crystallization process, which proceeds in several key steps according to the LaMer
model (Figure 1.3).10,37 First, precursors react to form a chemical species, commonly
called the solute, containing all components of the core (in the case of CdSe nanocrystals
this would be a species that has at least one [CdSe] unit). As precursors continue to
convert (Stage I), solute concentration increases, surpassing its equilibrium solubility
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(C∞) and forming a supersaturated solution. Eventually a critical concentration (Ccrit) is
achieved at which point nucleation occurs (Stage II).

During nucleation, the seed

(nucleus) of every crystallite found in the final sample spontaneously and rapidly forms,
and immediately upon formation begins to grow, leading to a sudden decrease in solute
concentration. Once solute concentration drops below Ccrit (Stage III), nucleation stops,
but growth continues as long as the solution remains supersaturated with respect to
solute.

Figure 1.3. Mechanism of nanocrystal formation. (a) Precursors first convert to form solute
species. (b) Following the LaMer model, once solute supply increases above the critical
concentration, crystallite nucleation and growth turns on, rapidly depleting the solute supply
below the critical concentration and arresting nucleation. Once solute concentration reaches the
equilibrium solubility level, growth ends.37

In situations where the growth rate is limiting, solute supply is high and growth proceeds
continuously towards the thermodynamic minimum, which by classical nucleation theory
is the bulk crystal (thus implying that all nanocrystals are kinetically-trapped species).38
To isolate nanocrystalline, as opposed to bulk, samples, many nanocrystal syntheses are
not run to completion, and instead the reaction is arrested at the desired size.15 More
controlled syntheses where the precursor conversion rate is limiting have been developed,
and in these cases, growth ends once all precursor is consumed producing nanocrystals of
a specific size in near quantitative yield.39,40 The ability to control each one of the steps in
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the crystallization process determines the quality of the final product. In ideal syntheses,
the process is high yielding and produces uniform nanocrystals of a particular target size.
Additionally, it is often desirable that the resulting CdSe nanocrystals have narrow
optical features and efficient photoluminescence for many applications.36
Photoluminescence is the key optical property in CdSe nanocrystals for four key reasons:
color tunability as already discussed, emission monochromaticity (the energies of emitted
photons are uniform), quantum efficiency approaching unity, and longterm stability with
lifetimes on the order of years as compared to minutes for many organic fluorophores.41
These characteristics have made CdSe nanocrystals attractive for a number of
technological applications including biological imaging, displays, and solid-state
lighting.42–45 Several products incorporating CdSe nanocrystals have already reached
market including the Kindle Fire and televisions offered by Sony and Samsung, which
use nanocrystals to produce more vibrant reds in their displays.46 Although these are
important applications, CdSe nanocrystals (or non-toxic analogues) have the potential to
be truly transformative to the LED lighting industry.44,47 Complete conversion to LED
lighting could generate annual energy savings approaching $50B.48 Because the active
component in most LEDs is a gallium nitride crystal that emits white-blue light, it is
necessary for many applications to use a down-converting phosphor to make the light
redder and more pleasant.49 However, the down-converting phosphor generally used by
industry incorporates rare-earth metals and emits broadly across the visible and into the
infrared losing a sizable portion of energy as heat.50 Replacing these rare-earth phosphors
with CdSe nanocrystals would eliminate the need for these precious metals, conserve
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energy, provide light precisely calibrated to be optimally pleasant, and help usher in a
new, highly efficient generation of lighting technologies.

1.1.2 Clusters as model systems
As discussed in the previous section, nanocrystal syntheses are challenging to control and
yield ensembles of particles of varying size, shape, and composition because there is
generally little energetic difference between nanocrystals of different size/shape. The
diversity in particle size and shape can be directly observed using high-resolution
transmission electron microscopy (TEM) where statistical analysis can provide a
quantitative description of the size distribution.51 Another way to characterize the
dispersity of a nanocrystal sample is by examining the width of the ensemble’s
absorption or emission spectrum, and empirical formulae have been developed to allow
for the extraction of dispersity directly from linewidth.52 Although the emission energy of
a batch of nanocrystals is dictated by their average size, the breadth of the emission
feature is determined by a combination of sample inhomogeneity and the spectral
linewidth of individual particles.53,54 Each particle emits photons with some spread in
energy distributed around an average value, but because the band-gap is so sensitively
dependent on nanocrystal size, even a slight deviation from perfect monodispersity
generates heterogeneous spectral broadening. Efforts to measure the natural linewidth of
a nanocrystal have revealed that even high-quality samples of nanocrystals have
linewidths 30 meV or 50% greater than a single nanocrystal.54
Dispersity of this sort is not only an issue for applications demanding a high degree of
optoelectronic uniformity, but it also obscures fundamental structure-property
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relationships.36 When the goal is to understand precisely how specific structural features
influence nanocrystal properties, ensemble averaging is a major challenge. Important
questions about the nature of defects (e.g. What are they and how can we prevent them?),
ligand binding (e.g. What are the dominant binding modes, association/dissociation rates,
and dependence on faceting?), and electronic structure (what causes the commonly
observed “blinking” phenomenon when nanocrystal emission spontaneously turns on and
off ?) are very difficult to answer through study of a polydisperse sample.
One approach to overcoming the challenges arising from ensemble averaging is to
perform measurements on single particles.53 These sorts of studies have yielded valuable
insights.55

For

example,

Galland

et

al.

conducted

single

nanocrystal

spectroelectrochemical experiments to study blinking dynamics and discover a new
nanocrystal blinking mechanism.56 The widely accepted mechanism of blinking invokes
charging of the CdSe crystal core, which activates a non-radiative recombination
mechanism, the Auger process, that is faster than radiative recombination and results in
the “off” or flickering state. By varying potential as they perform single particle
photoluminescence measurements, the authors discover a qualitatively different blinking
mechanism only present at positive potentials that they believe arises from charged trap
sites at the nanocrystal surface. According to the authors, these two mechanisms together
account for nanocrystal blinking, a discovery that required single particle resolution.
Another approach to circumventing the challenges posed by dispersity is to study
atomically precise model systems.57 In these samples, each particle is identical to every
other particle making the suite of characterization techniques commonly reserved for
interrogating small molecules both relevant and useful to nanoscience. Moreover, using
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an atomically precise model system makes it possible to correlate specific structural
features to specific material properties providing a distinct advantage over the single
particle spectroscopy approach because the structure of the single particle being probed is
generally not known. Of course, the downside to the model system approach is that a
model is only as useful as it is faithful to the system being modeled, but fortunately, over
the history of research into CdSe nanocrystals, workers have discovered several different
classes of CdSe materials possessing a high degree of structural uniformity. As one of
these classes is the focus of a large portion of this thesis, I will dedicate the next section
to a discussion of structurally uniform CdSe species.

1.1.3 Structurally uniform CdSe
Since the earliest reports of quantum-confined, semiconducting cadmium chalcogenide
nanomaterials, researchers have noticed the appearance of features in their absorbance
spectra that change in intensity without substantially shifting in energy as crystallite
growth continues.15,35 These persistent peaks have been attributed to remarkably stable
structures that, once formed, do not continue growing in a continuous, monotonic manner
even though the Gibbs-Thomson relationship predicts that larger particles are
thermodynamically favored over smaller ones.38 At the very small size regime and in
some, often low-temperature, synthetic conditions, it appears that the Gibbs-Thomson
relationship breaks down and instead of a smooth energetic landscape, there are local
thermodynamic minima which can kinetically trap growing particles (Figure 1.4). Due to
the remarkable stability and relatively small size of these species, they have been
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occasionally called “magic-size” clusters,58 a name that also captures the mysterious
nature of their size-preference whose origins remain poorly understood to this day.

Figure 1.4. A schematic of the Gibbs-Thomson relation. Large particles possess lower surface
area to volume ratios than small particles and therefore are favored thermodynamically. However,
at small sizes for some types of crystallites, the Gibbs-Thomson relation appears to break down
and particular sizes/shapes become more stable than others. Features not drawn to scale.

As magical as they may seem, we propose that this material class’s distinctive absorption
profiles derive from a common structural origin: the individual particles making up a
given example all share at least one well-defined dimension. Because a semiconductor’s
band gap is limited by its smallest dimension, this shared structural characteristic can
explain why the absorption features of these samples reproducibly appear at the same
energy and with the same shape with surprisingly little sensitivity to the method by which
they are prepared. In accordance with this hypothesis, we will from now on refer to these
particles using the term “dimensionally precise crystallite.”
The interest in dimensionally precise crystallites is both technological and fundamental.
Traditional methods of nanocrystal synthesis often struggle to produce high-quality
samples of ultrasmall (d < 2 nm) crystallites in good yield, and thus, dimensionally
precise crystallites, which are often ultrasmall and exhibit bluer emission, are attractive
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targets.59,60 Further, their stability and narrow, well-defined absorbance features imply a
high degree of uniformity making them appropriate for applications where
monodispersity is essential.60 At the fundamental level, as discussed in previous
paragraphs, the uniformity of dimensionally precise crystallites offers an opportunity to
understand precisely how the optoelectronic properties of nanocrystals arise from
structure. Determining the exact atomic structure of nanomaterials is notoriously
challenging due to their inherent heterogeneity and the difficulty of growing diffractionquality single crystals,61,62 but with dimensionally precise crystallites, these challenges
may be surmountable, and strides have already been made towards solving their
structures. Finally, dimensionally precise crystallites are interesting in their own right.
Key motivating questions that researchers in the field work to address include: how do
these species form, why are they stable, what are their structures, and what role do they
play in the mechanism of nanocrystal formation?59,60,63–65
Dimensionally precise crystallites can be roughly divided into four major classes that
each possess certain identifying characteristics. It can be difficult to assign a particular
report of a dimensionally precise crystallite to one of these classes, but Figure 1.5 offers
canonical examples that can help with classification. The first family of dimensionally
precise crystallites consists of a very large group of high-nuclearity metal chalcogenide
clusters whose well-defined structures have been solved by single-crystal X-ray
crystallography (SCXRD).66 These clusters can range widely in size and composition, but
we will restrict the discussion here to II-VI (ME where M = Zn, Cd, Hg and E = S, Se,
and Te) examples.57,67–75 These compounds are distinguished by chacogenolate ligand
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shells, which help confer the stability and rigidity necessary to grow diffraction-quality
crystals (Figure 1.5a), and we will therefore label this class the chalcogenolate clusters.

Figure 1.5. Representative absorption spectra and structures, if known, of the four classes of
dimensionally precise crystallites. (a) Chalcogenolate clusters have been structurally
characterized using SCXRD and have size-dependent absorbance spectra that are distinct from
those displayed by more conventional nanocrystals as shown in Figure 1.2. Compound 1 has the
formula [Cd10Se4(SePh)12(PPr3)4], compound 2 [Cd17Se4(SePh)24(PPh2Pr)4]2+ [Cd8Se(SePh)12Cl4]2, and compound 3 [Cd32Se14(SePh)36(PPh3)4]. (b) Quantum platelets are confined in one
dimension and exhibit very narrow absorption/emission features that depend upon the number of
layers in the platelet. (c) CdSe(418 nm) is distinguished by its sharp absorption feature at 418 nm
and broad photoluminescence. (d) Quantized growth clusters grow in a distinct step-wise manner
as opposed to the continuous process observed in most nanocrystal reactions (see Figure 1.2-1.4).
Different synthetic methods in the hands of different researchers achieve absorbance spectra with
peaks in similar locations. These figures have been reproduced from Soloviev et al.,72 Ithurria et
al.,76 Cossairt et al.,63 and Kudera et al.77 respectively.

The second class of dimensionally precise crystallite consists of two-dimensional,
wurtzite sheets, commonly called nanoribbons or quantum platelets, which are confined
in one dimension, but poorly defined in the other two (Figure 1.5b). Though it requires
high quality transmission electron micrographs to unambiguously assign a material to this
class, the absorption spectra are fairly diagnostic. The number of monolayers in a
quantum platelet defines its electronic properties (commonly observed band-edge
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emission maxima for CdSe quantum platelets are 395 nm (3.13 eV), 462 nm (2.68 eV),
512 nm (2.41 eV), and 550 nm (2.25 eV)), and as such, growth appears to be stepwise as
additional monolayers are deposited.76,78–82,64,83,84
The third class of dimensionally precise crystallites consists of a single CdSe species that
absorbs between 415 nm and 420 nm depending upon solvent and ligand shell (here
called CdSe(418 nm)) and has a distinct absorption profile (Figure 1.5c).7,58,63,81,84–88 When
heated, this compound grows either continuously85 or in a stepwise manner to form
quantum platelets,81,84,87 but does not itself appear to have a platelet structure. In fact,
structural determination of CdSe(418 nm) remains elusive, and other than its distinctive
absorption profile, the species lacks clear identifying characteristics.
The fourth class, which we here call quantized growth clusters, consists of a group of
materials that grow in a distinct stepwise manner converting from one stable size to a
larger stable size without the observable formation of intermediates (Figure 1.5d).
Commonly observed lowest energy electronic transitions (LEETs) for CdSe quantized
growth clusters are 315 nm (3.93 eV), 350 nm (3.54 eV), 380 nm (3.26 eV), 408 nm
(3.04 eV), 431 nm (2.87 eV), and 447 nm (2.77 eV) though these numbers depend
slightly on ligands and solvent.1,63,77,89,90
Although dimensionally precise crystallites all demonstrate remarkable stability, what
these structures are and why they are favored is not well-understood. Each class
possesses unique structural characteristics implying that each class is stable for different
reasons. In the following paragraphs, I will discuss how each class is synthesized, what is
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known about their structures and what that knowledge implies about the origins of their
stability.
The structures of the chalcogenolate clusters have been extensively studied and
characterized. The first crystal structures of these compounds started appearing about 30
years ago,67 and since then, dozens of structures spanning a wide range of sizes and
elements have been published. An important method of preparing chalcogenolate clusters
is through the reaction of MX2 salts with alkyl/aryl(trimethylsilyl)chalcogenides and
bis(trimethylsilyl)chalcogenides at moderate temperatures.91 In general, characterized
samples possess an approximately tetrahedral core of metal and chalcogen atoms.75
Although this core is rich in metal, it is bound by X-type chalcogenolate ligands so that
the overall stoichiometry of the cluster is chalcogen-rich. These ligands are crucial to
enforcing the structure of the cluster and allow them to be readily crystallized. Indeed, the
head-group of the chalcogenolate moiety participates in the cluster’s global electronic
structure, greatly influencing these materials’ optoelectronic properties. While the optical
transitions decrease in energy with increasing cluster size as in conventional nanocrystals,
they are well described as being core-to-ligand charge transfer processes,72,73 and their
absorption tends to be broad and their emission weak to non-existent.92
Evidence for the two-dimensional structures of quantum platelets comes primarily from
high-resolution TEM images, which show crystalline wurtzite sheets with lateral
dimensions extending nearly to a micron and thicknesses of several monolayers. The
number of monolayers in a particular sheet is evident in images of platelets stacking on
their edges. The experimentally determined thicknesses have been modeled theoretically,
and the observed optical features are correctly predicted.76,80,83 The preference for these
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long, flat structures is hypothesized to be a result of their relatively mild growth
conditions (<100 ˚C from CdCl2 and octylammonium octylselenocarbamate in one
preparation78), which favor expansion along the <0001> and <1100> axes instead of the
slightly more stable <0120> direction. Though quantum platelets are crystalline and
well-defined in one dimension, samples can exhibit a high degree of polydispersity in the
other two dimensions.
Of the four classes, the least is known about the structure of CdSe(418

nm).

To our

knowledge, the first report of this species was by El-Sayed in 2001 who studied its
formation upon treatment of conventional, spherical CdSe quantum dots with large
quantities of primary amine.93 Since then many other methods of synthesizing of
CdSe(418 nm) have been developed ranging from aqueous reverse micelle approaches85,94
to organic-phase reactions of cadmium carboxylates and phosphine selenides.63 In 2004,
Kasuya et al. proposed a DFT-calculated structure for CdSe(418 nm) based on an LDI-MS
investigation of CdSe(418 nm) that assigned its formula as (CdSe)34. The mass spectral data
also show a series of smaller (CdSe)n fragments with (CdSe)13, (CdSe)19, and (CdSe)33
featuring most prominently (Figure 1.6). Although these results have been replicated
multiple times,94–96 an analysis of these reports suggests that CdSe and other metal
chalcogenide materials reproducibly form stoichiometric, ligand-less fragments in the
gas-phase regardless of the composition of the original sample. In Kasuya et al.’s
original report for example, both bulk CdSe and CdSe(418 nm) give nearly identical mass
spectra (Figure 1.6).85 This observation is consistent with the conclusion that these
fragments are indeed highly stable in the gas-phase, but also shows that the LDI-MS
results do not reflect the solution- or solid-phase composition of the sample.
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Figure 1.6. LDI-MS of CdSe(418 nm) (curve 1), bulk CdSe (curve 2), bulk CdS (curve 3), and bulk
ZnS (curve 4) and DFT calculated structures of (CdSe)13 and (CdSe)34. Reproduced from Kasuya
et al.85

Subsequent work on CdSe(418

nm)

by Rosenthal, Owen, Billinge, and co-workers has

yielded new insights into its composition and structure.63,86,97 An array of analytical
methods including NMR spectroscopy, solution molecular weight analysis, and
Rutherford backscattering spectrometry have pinned down an approximate formula of
CdSe(418 nm) to be [(CdSe)4(Cd(O2CPh)2)(H2NC12H25)2]7(±1). High-resolution TEM images
show particles approximately 1-2 nm in diameter that do not look highly crystalline.98
Similarly, pair distribution function analysis of powder X-ray scattering data suggests
that CdSe(418 nm) is in fact disordered possessing many stacking faults as well as both
zincblende and wurtzite domains.97 As of this writing, two important questions remain to
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be definitively answered: what is the structure of CdSe(418 nm) and what accounts for its
apparent stability?
As for the final class, quantized growth clusters, not much was known about their
structures until the work described in this chapter was published.1 The characteristic stepwise growth mechanism, which implied that each size was somehow related to every
other size, was perhaps the most important clue that researchers had, but most reports of
quantized growth clusters have generally avoided discussion of structure noting the
difficulty of applying the commonly used characterization technique, transmission
electron microscopy (TEM), to such small, sensitive crystallites.77,84,89 A handful of
reports refer to a CdSe species absorbing at 350 nm as (CdSe)13 proposing a structure
calculated using density functional theory (DFT).81,85,95 This assignment derives from
laser desorption ionization mass-spectrometry (LDI-MS) experiments supported by
elemental analysis and Rutherford Backscattering Spectrometry measurements,95,99,100 but
is problematic for reasons discussed in the preceding few paragraphs.
After progressing through a long discussion of various examples of dimensionally precise
crystallites, I return to my own work focusing on elucidating the previously unknown
structure of quantized growth clusters described above. In short, the goals of the work in
this chapter are:
a) To synthesize, isolate, and structurally characterize atomically precise cadmium
selenide nanocrystals using X-ray, analytical, and spectroscopic techniques.
b) To extract lessons about structure-property relationships in cadmium selenide
nanocrystals that would not be obvious without an atomically defined system.
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1.2 Results and discussion
1.2.1 Synthesis and reactivity of atomically precise cadmium selenide quantum dots
To access single-sized, atomically-precise quantum dots (QDs), we found inspiration in
the reports of quantized growth clusters. This class of nanocrystals, as described in
Section 1.1.3, exhibit strong size preference and grow in an unusual “quantized” manner
in which small nanocrystals convert into larger ones bypassing intermediate sizes.77
Previous syntheses of these compounds required elevated reaction temperatures (>60 ˚C)
to effect precursor conversion, resulting in mixtures of QD sizes, which could not be
purified despite reported attempts to use various separation techniques like size-selective
precipitation.63,77,84
Our approach was based on the premise that lower reaction temperatures would allow us
to selectively produce a more pure sample under kinetically controlled conditions thus
avoiding a separation.36 We sought reactive precursors that would provide sufficient
driving force under these conditions, and discovered that the highly reactive selenium
precursor, bis(trimethylsilyl)selenide ((TMS)2Se), is suitable in conjunction with
cadmium benzoate. We carefully synthesize noxious ((TMS)2Se) using an adaptation of
known procedures101 by first reacting lithium triethylborohydride with elemental
selenium to produce lithium selenide, which is separated from the reaction co-products,
triethylborane and dihydrogen, and isolated as a fine, flowing white powder. Lithium
selenide reacts with bromotrimethylsilane, eliminating lithium bromide and yielding
(TMS)2Se, which is isolated as a pure colorless oil by vacuum transfer (Scheme 1.1).

23

Scheme 1.1. Synthesis of bis(trimethylsilyl)selenide.

For the metal precursor, cadmium benzoate offered several advantages: 1) it reacts
readily with (TMS)2Se to form the trimethylsilyl ester, which is easily purified away and
whose strong Si-O bond provides a reaction driving force; 2) its rigidity would promote
growth of single crystals; and 3) carboxylate ligation is commonly found on many
nanocrystals. Large batches of cadmium benzoate are synthesized by reacting cadmium
oxide with benzoic acid and benzoic anhydride in the melt under vacuum in a Schlenk
tube. Excess acid is washed away with toluene and the product is recrystallized from a
mixture of tetrahydrofuran and acetonitrile (Scheme 1.2). A SCXRD structure of this
compound was determined (Figure 1.7 and Table 1.7). Other cadmium carboxylates are
prepared via the reaction of dimethylcadmium with two equivalents of the desired
carboxylic acid in tetrahydrofuran (Scheme 1.2). These preparations were adopted in
order to provide access to anhydrous cadmium carboxylates of high purity, which are
essential for ensuring reproducibility and purity in subsequent steps. In general, all
reactions described here are performed under rigorous conditions to protect our samples
from oxidation or adventitious proton sources.

Scheme 1.2. Two routes to the synthesis of cadmium carboxylate precursors.
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Figure 1.7. A view of [(Cd(O2CPh)2)3(CH3CN)]n showing three repeat units. Thermal ellipsoids
are set at the 50% probability level. Grey ellipsoids = carbon; red ellipsoids = oxygen; yellow
ellipsoids = cadmium; blue ellipsoids = nitrogen; white spheres = hydrogen.

(TMS)2Se converts quantitatively into cadmium selenide upon mixing with cadmium
carboxylates and primary alkylamines at room temperature or below (Figure 1.9a).
Using 1H nuclear magnetic resonance (NMR) spectroscopy, we observe the clean
formation of the expected trimethylsilyl ester co-product indicating complete and
selective (TMS)2Se conversion. As expected, the reaction is sensitive to the ratio of
cadmium to selenium precursors (Figure 1.8). When equimolar quantities are used, a
red/brown precipitate forms as bulk cadmium selenide comes out of solution. As the
relative amount of (TMS)2Se is lowered to a ratio of 0.625:1, we enter a regime where a
distinctive two-peaked absorption profile is observed and further reductions in (TMS)2Se
only affect yield. This stoichiometry-dependence indicates that the product is rich in
cadmium.
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Figure 1.8. Quantum dot stoichiometry. (a) The effect of varying Cd:Se stoichiometry on the
synthesis of CdSe(350 nm). Increasing amounts of (TMS)2Se are added to a solution containing one
equivalent of cadmium benzoate and two equivalents of n-BuNH2. Initially, additional (TMS)2Se
is directly converted into CdSe(350 nm) to increase yield, but (b) above 0.625 equivalents, (CdSe(350
nm) begins to deteriorate. At a 1:1 ratio of Cd:Se, bulk CdSe precipitates.

The high reactivity of (TMS)2Se made it possible to monitor QD formation at low
temperature by in situ UV-visible absorbance spectroscopy (Figures 1.9b-d). As an
ethereal solution of n-butylamine (n-BuNH2), cadmium benzoate (Cd(O2CPh)2), and
(TMS)2Se, is warmed from -78 ˚C to -42 ˚C (Figure 1.9b), the precursors react and the π
to π* transitions of the benzoate ligands become obscured by a much stronger absorbance
from the cadmium selenide product (λmax = 263 nm). This species subsequently converts
into a previously unobserved species, CdSe(315 nm) (λmax = 315 nm), at 0 ˚C, which we
have been unable to isolate despite attempts to do so using a cold well in a glovebox.
Further warming to room temperature transforms CdSe(315
CdSe(350

nm).

nm)

into a larger species,

Controlled conversion to larger sizes continues at higher reaction

temperatures, ultimately producing QDs with dimensions of ~3 nm.12 The well-defined
isosbestic points visible in the spectral data at λ = 287 nm in Figure 1.9c and at λ = 287
and 325 nm in Figure 1.9d are characteristic of two families of molecules that
quantitatively interconvert without the formation of strongly absorbing intermediates.
Thus, the component spectra are representative of distinct, well-defined species. This
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behavior demonstrates the reaction’s extraordinary selectivity for specific products that
inhabit local thermodynamic minima and are therefore likely to have atomically precise
structures.

Figure 1.9: (a) Formation of CdSe quantum dots occurs upon combination of Cd(O2CR)2, nalkylamine, and (TMS)2Se precursors in diethyl ether at -78˚C followed by controlled warming to
room temperature. (b-d) In situ monitoring of QD growth with UV-visible absorbance
spectroscopy reveals isosbestic points indicating the direct conversion of smaller QDs into larger
ones without the accumulation of intermediates. Spectra were measured every two minutes.

Under these size-selective growth conditions, mixtures of multiple QDs are avoided, and
instead, the CdSe containing product is conveniently isolated by precipitation with
acetonitrile and subsequent filtration allowing us to selectively prepare a single quantum
dot size on gram scale. Starting from this product, we can synthesize two larger QDs
giving us access to a total of three single-sized QDs with lowest-energy electronic
transitions (LEETs) at 350, 380, and 408 nm (CdSe(350nm), CdSe(380 nm), and CdSe(408 nm)).
Our strategy is remarkable for its simplicity: gently heating a solution of n-butylamine
bound CdSe(350 nm) completely converts it into a mixture of CdSe(380 nm) and CdSe(408 nm),
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which is trivially separated by selective precipitation due to the low solubility of CdSe(408
nm).

A variety of cadmium carboxylates derived from sp2-centers (e.g. substituted benzoates
and furoate) and primary aliphatic amines (e.g. n-alkylamines and 3-phenylpropylamine)
can be used in lieu of the standard cadmium benzoate or n-butylamine precursors.
Examples are shown in Figure 1.10a. Interestingly, when cadmium carboxylates not
derived from sp2-centers (like cadmium oleate or cadmium phenylacetate for example)
are used, the reaction does not selectively form CdSe(350 nm) and instead of a colorless
solution, we observe a yellow solution whose absorption features are ill-defined and redshifted with respect to CdSe(350 nm). Similarly, while the reaction tolerates many primary
amines, it does not tolerate secondary or tertiary amines, nor is ligand exchange of amine
for trimethylphosphine possible without causing damage to the product as indicated by
degradation of the sample’s absorption features.

Figure 1.10. Quantum dot derivatives and stability. (a) UV-Vis spectra of CdSe(350 nm) prepared
with various primary amines and carboxylates. Regardless of the change, little effect is observed
in the UV-Vis profile suggesting that the structure of the inorganic core is preserved. (b) UV-Vis
of QDs taken in toluene before and after exposure to air, dichloromethane, or tetrahydrofuran
demonstrating sensitivity of QDs to various conditions.
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We also investigated the sensitivity of CdSe(350 nm) to various environmental conditions
(Figure 1.10b). While it is stable in an air-free environment at room temperature for
months, it degrades in air in a matter of days as judged by UV-Vis spectroscopy. After
two months, the sample exhibits the absorption spectrum seen in Figure 1.10b, which is
broad and relatively featureless reflecting what is likely a mixture of ill-defined CdSecontaining species. It is also worth noting that CdSe(350 nm) exhibits solvent-sensitivity
and degrades in coordinating solvents like tetrahydrofuran or chlorinated solvents like
dichloromethane, presumably because these solvents somehow influence the sensitive
equilibrium between bound and free ligands that stabilize the crystallites in solution.
Similarly, CdSe(350nm) slowly grows to the next largest size when stored in solution at
room temperature, particularly if the amine concentration is lower than 5 mM, suggesting
a dynamic equilibrium with a coordinatively unsaturated species preceding growth. This
observation will be discussed in more detail in a later section.

1.2.2 Optical characterization
The optical properties of these samples resemble those of conventional QDs with very
small dimensions (Figure 1.11 and Table 1.1) exhibiting intense, size-dependent
excitonic absorption features. The full width at half maximum (FWHM) of the lowest
energy electronic transition (LEET) decreases from 207 meV to 145 meV and then to 115
meV with increasing QD size, linewidths that are comparable to those of larger, relatively
monodisperse QD ensembles.102 The observed trend of increasing FWHM with
decreasing size is consistent with predictions and observations that exciton-phonon
coupling strengthens in small crystallites.103–107 Additionally, calculations show that the
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absorption features are highly sensitive to the arrangement of ligands on the QD surface
suggesting that the breadth in the absorption features may reflect heterogeneity in ligand
binding from particle to particle.108 These effects may diminish as one progresses from
CdSe(350 nm) to CdSe(408 nm) due to the smaller surface area to volume ratio of larger
particles and therefore reduced influence of surface on the optical properties.

Figure 1.11. The absorption (298 K, solid black lines), photoluminescence excitation (PLE, 77 K,
dotted red lines) and photoluminescence (77 K, dashed red lines) spectra of purified QDs. Blue
down-pointing arrows indicate the excitation wavelength for PL and green up-pointing arrows
indicate the emission wavelength used for PLE measurements. A small concentration of CdSe(380
nm) spontaneously forms from CdSe(350nm) at room temperature and is visible in the absorption and
PLE spectrum of CdSe(350nm). Similarly, a small concentration of a larger size is visible in the
absorption and PLE spectra of CdSe(408nm).

The photoluminescence (PL) of these samples is broad and substantially Stokes-shifted
but nonetheless size-dependent, characteristics that are typical of small QDs.63 Notably,
larger QDs (LEET ≥ 425 nm) formed at higher temperatures using similar synthetic
methods display band edge PL in addition to a broad trap-luminescence feature.12 Thus,
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the large Stokes shift and broad linewidth of the PL of CdSe(350nm), CdSe(380 nm), and
CdSe(408 nm) appear to be a consequence of their very small size and is perhaps related to
the strong coupling of the exciton to vibrational motions, a behavior that is typical of
small molecule fluorophores and bulk materials that undergo exciton self-trapping upon
distortion in the excited state.109,110 We have studied the vibrational structure of these
samples in detail using low-frequency Raman spectroscopy; these experiments are
described in Chapter 2.
Table 1.1. Summary of QD optical properties
QD

1st/2nd λ
max.
(nm)a

Abs.
FWHM
(meV)

PL max
/Exc. λ
(nm)b

PL
FWHM
(meV)b

(M-1cm-1)c

CdSe(350 nm)

350/333

207/304

457/346

527

1.5 x105

CdSe(380 nm)

380/357

145/257

484/368

471

2.3 x105

CdSe(408 nm)

408/384

115/175

529/396

461

3.5 x105

ε

a

To extract the FWHM, absorption spectra were expressed in eV and the regions corresponding
to the lowest energy electronic transition were fitted to a Gaussian function using least squares
regression analysis. b Measured at 77 K. c Measured at λmax of the LEET. Uncertainty on the order
of 10% arises from error in preparation of solutions for measurement and uncertainty in QD MW.

We have performed initial characterization of the PL dynamics using time-correlated
single photon counting methods at cryogenic temperatures as shown in Figure 1.12. We
have measured exciton lifetimes on the order of one hundred nanoseconds that increase
as a function of QD size. This indicates that the rate of population decay increases with
decreasing size though we have not determined whether this is due to an increase in the
rate of radiative or non-radiative pathways. Characterizing the excited state dynamics in
more detail is the focus of continued studies by collaborators at Brookhaven National
Lab.
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Figure 1.12. Time-correlated single photon counting measurements performed at cryogenic
temperatures. The data is modeled with a multi-exponential decay, and a dominant lifetime on the
50-200 nanosecond scale is extracted.

1.2.3 Structural characterization by X-ray methods
Determining the atomic structures of nanomaterials is notoriously difficult and quantum
dots, in particular, lack exact structural solutions.61 Single crystal X-ray diffraction
(SCXRD) has been successfully applied to certain well-defined nanomaterials,111,112 but
its applicability to less well-defined materials, including semiconducting QDs, is limited
by the stringent requirement that diffraction-quality single crystals be obtained. More
widely available are powder samples of nanocrystals that are orientationally and spatially
disordered. These samples produce broad, diffuse X-ray scattering features, which may
contain sufficient information to allow structure determination by total scattering and
atomic pair distribution function (PDF) analysis, which are explained in more detail
below.113,114 However, to obtain exact structure solutions, these X-ray techniques require
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bulk samples of ordered and atomically precise materials. While nanocrystal preparations
generally do not satisfy these requirements, the synthetic methods described earlier
provide access to exactly this type of sample.
In order to determine the structures of the reported samples, we combine SCXRD and
PDF analysis. Diffraction-quality single crystals of CdSe(350 nm) are grown via diffusion
of acetonitrile into a solution of diethyl ether. These crystals can be redissolved to verify
that the absorption spectrum is unchanged by the crystallization process. Although
disorder prevents modeling of the organic ligand shell and limits structure refinement to
1.8 Å resolution, the data are sufficient to identify CdSe(350

nm)

as a zinc-blende

tetrahedron terminated by cadmium rich {111} facets with the formula: Cd35Se20
(refinement data in Table 1.6). Some uncertainty exists as to the reliability of the
placement of the corner cadmium atoms though the inclusion of corner cadmiums
improves R1 by 1.5%. Both structures with and without corner cadmiums are shown in
Figure 1.13; the structural ambiguity will be discussed in more detail below.
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Figure 1.13. (a) Two views of the Cd31Se20 core structure and (b) two views of the Cd35Se20 core
structure (Se is orange, Cd is green). Thermal ellipsoids are set at the 30% probability level.

To obtain structures of CdSe(380

nm)

and CdSe(408

nm),

which did not readily form

diffraction-quality single crystals, we turned to PDF analysis of total X-ray scattering
from powder samples (see Experimentals in Section 1.4.4). In brief, the PDF is a
weighted probability distribution of interatomic distances generated by taking a Fourier
transform of the integrated scattering data. The PDFs of all three QDs are shown in
Figure 1.14. The sharp, well-resolved peaks suggest high symmetry and a well-defined
local structure. The PDF of CdSe(350 nm) (Figure 1.14a), for example, exhibits sharp
features to at least 1.3 nm, which is consistent with a monodisperse sample of quantum
dots with dimensions on the order of the single crystal solution. Broad features visible at
higher r originate from interparticle correlations of a relatively ordered powder.113 As
expected from the optical data, the PDFs of CdSe(380 nm) and CdSe(408 nm) exhibit sharp
features that extend to progressively longer distances.
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Figure 1.14. Experimental PDF data (blue) with simulated PDFs (red) overlaid for the three
different QDs studied. The quality of the agreement is very good as shown by low residuals
(black) and goodness of fit values, Rw.

While ab initio determination of a structural solution from the PDF alone is a significant
challenge, the SCXRD of CdSe(350 nm) provided a candidate structural model, a zincblende tetrahedron with the formula Cd35Se20. A simulated PDF generated from the
single crystal structure with corner cadmium atoms is in excellent agreement with the
experimental data resulting in very low residual signal intensity across the fitted range
(Rw = 0.14, fitting range = 1 to 20 Å). We arrived at similar structural models for
CdSe(380 nm) and CdSe(408 nm) by hypothesizing that their structures are larger tetrahedra
expanded by additional layers of atoms. Simulated PDFs of pyramids cut from the zincblende lattice closely match the experimental PDFs as shown in Figures 1.14b and 1.14c.
The fits are excellent, with lower Rw values of 0.12 for CdSe(380 nm) and 0.10 for CdSe(408
nm)

(fitting range = 1 to 20 Å). For comparison, previously published simulations of bulk

CdSe (Rw = 0.12, fitting range = 1 – 40 Å), 2.4 nm CdSe nanocrystals (Rw = 0.28,
fitting range = 1 – 40 Å), and C60 (Rw = 0.18, fitting range = 1 – 10 Å) have larger
residual signals.97 It is important to note that it is difficult to compare Rw values
measured across different fitting ranges and for different materials due to the influence of
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systematic errors that depend upon atomic scattering factors and increase with larger
fitting ranges. However, these examples give us a sense for the high goodness-of-fit.
To assess the reliability of our solutions, we explored other candidate structures by
simulating their PDFs and comparing the magnitude of their Rw values. Very different
structures, including those previously reported for bare, stoichiometric “magic-sized”
clusters,85,95,115,116 are easily ruled out by their qualitatively distinct PDFs and much
larger Rw values (Figure 1.15). This structural technique very simply and conclusively
resolves a conflict in the field over the assignment of the CdSe species absorbing at 350
nm.81,95,99

Figure 1.15. PDF analysis of previously assigned CdSe “magic-sized” clusters, (a)
(CdSe)13(NH2Me)13, (b) (CdSe)34, and (c) (CdSe)48 as calculated by Nguyen and Kasuya.85,115 The
blue line corresponds to experimental data, the red line to simulated data, and the black to the
residual signal not accounted for by the simulation. The first structure is compared with the
experimental PDF data of CdSe(350 nm) while (CdSe)34 and (CdSe)48 are compared to CdSe(380 nm)
because these comparisons give a better fit. For each example, the large residual signal not fit by
the model (Rw) demonstrates that these structures differ greatly from those isolated in this study.
Prediction of "magic size" clusters can be improved in comparison to experiment by using
benchmarked first principle methods, as recently reported by Nguyen et al.116

To further test the sensitivity of PDF to less drastic structural changes, we also simulated
PDFs of known tetrahedral clusters with chalcogenolate surface ligands and zinc blendelike cores and discover that they better reproduce the experimental data (Figure 1.16)
than the previous set of structures.69,117 However, the fits are still relatively poor in
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comparison to the structures that we propose, which can perhaps be attributed to the
clusters’ chalcogen rich compositions and distorted zinc blende structures.

Figure 1.16. PDF analysis of chalcogenolate clusters. The blue line corresponds to experimental
data, the red line to simulated data, and the black to the residuals. Structures are colored as: Cd =
green; Se = orange; S = yellow; P = blue; O = red; and C = grey. A search of the Cambridge
Structural Database for high quality structures of similar size and composition to the reported
QDs yielded three candidate clusters. Both (a) [Cd10Se4(SePh)12(PEt3)4] and (b)
[Cd32Se14(SePh)36(OPPh3)4]
were
reported
by
Eichhöfer.117
(c)
[Cd32S14(SCH2CH(OH)CH3)36•(H2O)4] was reported by Weller et al. and resembles other
landmark examples of chalcogenolate clusters reported by Dance or Herron and Wang.57,67,69
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Before PDF simulation, the sulfur atoms in this last cluster were replaced by selenium atoms, and
the lattice constant was expanded to better reflect the longer cadmium selenide bond length. All
three of these clusters were compared to the experimental PDFs of both CdSe(350 nm) and CdSe(380
nm). Qualitative differences between the simulated and experimental PDFs are reflected by higher
Rw’s and stress the sensitivity and reliability of PDF fitting methods. Despite similarities in shape
and composition, the PDF modeling distinguishes between chalcogenolate clusters and the
reported structures.

We also investigated a series of models that differ from the proposed tetrahedral solution
in a more subtle manner. Both addition and subtraction of single atoms at the edges,
corners, and faces lead to poorer agreement and increased Rw (Figure 1.17a).
Comparisons of simulated and experimental data were made across several ranges of r (1
- 12 Å, 1 - 16 Å, 1 - 20 Å, 1 - 22 Å, and 1 - 25 Å) to evaluate any bias caused by interQD correlations at high r or correlations from organic ligands at low r that are not part of
the simulation (Figure 1.17b). For CdSe(380

nm)

and CdSe(408

nm),

the results

unambiguously support the pristine tetrahedral structure with purely cadmium enriched
surfaces including four corner Cd atoms. The consistency among different fitting ranges
demonstrates that the PDF results are reliable and not dominated by data collection
statistics, for example. The quality of the fit for CdSe(350 nm) depends on the fitting range,
a result that might be explained by the greater contribution of inter-QD and organic
ligand scattering correlations in the data. This ambiguity suggests that the information
content in the PDF data alone is marginal for making this determination. However, the
structure solution with all four corner atoms is preferred for several reasons: 1) The Rw
minima are clustered close to this structure; 2) Models of the larger QDs evaluated over
all fitted ranges favor corner atoms; and 3) Removing 1 - 3 corner atoms would lead to
lower symmetry. These observations support the tetrahedral assignments shown in
Figure 1.14 for all three sizes.
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Figure 1.17. PDF structure modeling. (a) Atomic structure models of CdSe(350 nm) and their
agreement factor (Rw) to the experimental data across the range r = 1-20 Å. The Cd and Se atoms
are colored in magenta and green, respectively. (b) Change in Rw for CdSe(350 nm) (bottom),
CdSe(380 nm) (middle), and CdSe(408 nm) (top) as a function of single atom additions/subtractions to
the pristine tetrahedron. Five different fitting ranges were evaluated: 1-12 Å (red dots), 1-16 Å
(green up-pointing triangles), 1-20 Å (blue squares), 1-22 Å (black down-pointing triangles), and
1-25 Å (turquoise pentagons). ∆Rw is calculated relative to the best fitting model, which is
generally the pristine tetrahedron (∆Rw = Rw - Rw(min)).
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Despite PDFs sensitivity to atomic structure and various structural changes, it has more
trouble characterizing a sample’s overall shape and polydispersity.118,119 Because we
consider the QDs described here to be atomically precise, they are a great model system
for developing a more rigorous approach to structure determination of nanomaterials
called complex modeling.120 This method combines the inputs of techniques like SCXRD
and PDF with experimental data from other methods including elemental analysis, NMR,
and thermogravimetric analysis to name a few, to more tightly constrain a search through
vast libraries of computationally generated candidate structures to find the one which best
agrees with each input dataset.
Using a zinc-blende lattice as a framework, we computationally generated over 250,000
distinct candidate CdSe structures each possessing continuous connectivity, a tetrahedral
lattice structure, and varying numbers of atoms. We then simulated the pair distribution
functions of these structures and compared the simulated PDFs to the experimental PDF
of CdSe(380 nm). The goodness of fit is expressed as Rw with lower values indicating
smaller residuals and better fits. It should be noted that the tetrahedral structure presented
earlier is not a unique solution, and many of the candidate structures have better Rw’s.
However, when we apply the additional parameter of surface area to the structure search
as a way of distinguishing reasonable structures from non-physical ones (donut-shaped,
etc.), the proposed tetrahedral structure stands out from the other candidates. In Figure
1.18a, we plot the Rw’s for all 250,000 unique structures against the average number of
free bonds per atom in each structure. This process reveals that the tetrahedral structure
we have found for CdSe(380 nm) distinguishes itself from the 250,000 other candidate
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structures that we tested for its exceptional agreement with the PDF data and low surface
energy as indicated by an average free bond per atom value below one.

Figure 1.18. Complex modeling of X-ray scattering data. (a) Goodness of fit, Rw, for the
simulated PDF of a candidate structure to the experimentally measured PDF of CdSe(380 nm) is
plotted against the average number of free bonds per atom for each structure. The red star
represents the tetrahedral structure solution. (b) PDF Rw is also plotted against a goodness of fit
value derived for modeling of SAXS data. The tetrahedral structure reproduces the experimental
SAXS data far better than any other candidate structure.

To introduce an additional experimental input, we turned to small angle X-ray scattering
(SAXS) experiments, which are more sensitive to particle size and morphology than
PDF.121 For these measurements, we collected SAXS data for CdSe(380 nm) dissolved in
toluene using the Advanced Photon Source at Argonne National Laboratory. A similarly
large structure space was computationally generated, and both PDFs and SAXS patterns
were simulated for each candidate structure. These simulated patterns were compared to
the experimentally measured PDF and SAXS data respectively and goodness of fit
values, Rw, were calculated with lower values indicating better agreement (Figure
1.18b). As before, the simulated PDF of the tetrahedral model had very good agreement
with the experimental PDF relative to the other candidate structures. What stands out to
an even greater degree is the quality of fit observed for the simulated and experimental
SAXS patterns. By this metric, the tetrahedral model is literally off-the-charts with a
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simulated SAXS pattern that better agrees with the experimental SAXS data by two
orders of magnitude relative to the next best fitting structure. Although the application of
complex modeling to CdSe(380 nm) does not prove that the proposed tetrahedral structure
is correct, it provides confidence in our model and highlights the ability of this approach
to distinguish between a large variety of similar structures. These results point to an
exciting future where determining the structure of nanomaterials becomes routine for a
wide range of samples.

1.2.4 Determination of formulas and characterization of the ligand shell
Due to disorder in the single crystals and the relatively weak scattering power of the
organic ligands, X-ray structural analysis did not allow complete characterization of the
molecular formula. We instead deduce the formulas of CdSe(350

nm),

CdSe(380

nm),

and CdSe(408nm) using inductively coupled plasma optical emission spectroscopy (ICPOES), combustion analysis, and infrared absorption and nuclear magnetic resonance
(NMR) spectroscopies (Table 1.2, Figures 1.19 and 1.20). The Cd:Se ratios measured by
ICP-OES are consistent with the structures determined by X-ray diffraction. The Cd:Se
ratio fixes the benzoate content because each cadmium in excess of selenium must be
charge-balanced by two benzoate anions to arrive at a neutral quantum dot-ligand
complex. We also exclude the possibility that there are any charged ligands on the QD
surface because we use rigorously air-, water-, and acid-free conditions during synthesis.
To double-check whether the surface is bound by any salt-pairs, like n-butylammonium
benzoate, we added basic, non-coordinating N,N-diisopropylethylamine and observed no
changes by NMR indicative of deprotonation.
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Figure 1.19. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of (a, b)
Cd(O2CPh)2, Cd(O2CPh)2·(n-BuNH2)2, and (c, d) CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm). The
spectra unambiguously support the presence of benzoate and amine surface ligands.

Diffuse reflectance infrared spectroscopy confirms the presence of n-butylamine and
benzoate ligands on the surface of the QDs, but the spectra are most remarkable for how
similar they are, indicating that the size of the CdSe core has little effect on ligand
vibrations. For a discussion of the size dependence of core vibrations, see Chapter 2. We
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calculated the difference in energy between the symmetric and asymmetric C-O
stretching modes to characterize the nature of carboxylate binding. However, the value
we determine, ∆ν = 145 cm-1, is ambiguous, and examples of carboxylate salts exhibiting
a ∆ν in this range have been observed for unidentate, chelating, and bridging modes.122
We, therefore, suspect that at any given moment many different carboxylate binding
modes are present.

Figure 1.20. 1H NMR spectra of Cd(O2CPh)2·(n-BuNH2)2, CdSe(350 nm), CdSe(380 nm), and CdSe(408
nm) in benzene-d6. To acquire the spectrum of CdSe(408 nm), a ligand exchange was performed,
substituting n-butylamine for n-octylamine to improve solubility. A star (*) marks a residual
toluene solvent impurity, and a red triangle labels the –NH2 resonance of Cd(O2CPh)2·(nBuNH2)2, which is substantially shifted in the 1H NMR spectra of the QDs.

The 1H NMR spectra of each QD exhibit the broad resonances characteristic of
nanocrystals tumbling in solution.123 Each peak is readily assignable to the protons on the
benzoate and n-butylamine ligands, and the relative peak areas show that the number of
n-butylamine ligands is equal to the number of benzoate ligands within the 10%
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uncertainty of the integration. Thus, in the case of CdSe(350 nm), the 15 excess cadmiums
are balanced by 30 benzoate anions and an additional 30±3 n-BuNH2 ligands. This line of
reasoning yields the chemical formulas Cd35Se20(O2CPh)30(H2NR)30 for CdSe(350
Cd56Se35(O2CPh)42(H2NR)42 for CdSe(380

nm),

nm),

and Cd84Se56(O2CPh)56(H2NR)56 for

CdSe(408 nm). However, a range of ligand compositions is possible and cannot be ruled
out given the scatter in the elemental analysis data.
Table 1.2. Summary of QD structural properties
QD

Chemical Formula

Edge
length
(nm)

Coord.
sites

# of
ligandsa

CdSe(350 nm)

Cd35Se20(O2CPh)30(H2NR)30

1.71

60

60

CdSe(380 nm)

Cd56Se35(O2CPh)42(H2NR)42

2.14

84

84

CdSe(408 nm)

Cd84Se56(O2CPh)56(H2NR)56

2.57

112

112

ICP-OES.
Cd:Se
ratiob
1.71
±0.14
1.61
±0.17
1.53
±0.06

Theo.
Cd:Se
ratio

Measured
% mass C

Theor.
% mass C

1.75

32.92

34.90

1.60

31.63

32.19

1.50

27.96

29.87

a

Uncertainty in individual measurements of amine content is 10 % due to the difficulty of
accurately integrating the broad NMR signals. Repeated measurements support a 1:1 amine to
benzoate ratio for each QD (CdSe(350 nm) average ratio 1.045 with a standard deviation of 0.050;
CdSe(380 nm) average ratio 1.025 with a standard deviation of 0.066). b Determinations of cadmium
and selenium content were made by inductively coupled plasma optical emission spectroscopy
(ICP-OES). CdSe(350 nm) was measured a total of five times. CdSe(380 nm) and CdSe(408 nm) were
each measured three times.

The number of ligands found on each QD matches the number of vacant coordination
sites

assuming

four-coordinate

cadmium

centers

and

monodentate

benzoate

coordination. One ligand on every coordination site leads to a surface without dangling
bonds perhaps explaining the special stability of these structures. The high ligand binding
density (~10 nm-2) also argues against the hypothesis that these samples’ broad, weak
emission features result from exciton trapping by mid-gap states. Because their surfaces
have ligand binding densities greater than those which are sufficient to passivate enough
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mid-gap states to substantially enhance band-edge photoluminescence in larger, spherical
nanocrystals (3-4 nm-2),17 we instead prefer the explanation that the broad, Stokes-shifted
photoluminescence results from reorganization upon photoexcitation of the QD following
the Franck-Condon principle.109,110

Figure 1.21. Model used for ligand packing calculations. The green tetrahedron represents the
inorganic core of a QD and the transparent blue shell indicates the region of ligand binding,
generated by sweeping a ligand of particular length over the core’s surface.

On a cadmium selenide {111} facet, the density of coordination sites (6.2 sites/nm2) is
higher than the packing density of crystalline alkane chains (4.9 chains/nm2) and the
binding of one ligand to each coordination site over large areas is unlikely.17,124 On these
small, tetrahedral QDs, however, the effective curvature substantially increases the
volume available to the ligand shell. We performed some arithmetic to determine the
effect of curvature on the ligand packing density. In Table 1.3, we compare ligand
packing on a tetrahedral surface to ligand packing on a flat surface. The three QDs are
modeled as perfect tetrahedra with the corner cadmium atom to corner cadmium atom
distance used as the edge length. As shown in Figure 1.21, the volume of the ligand layer
surrounding the QD is approximated by calculating the difference between the QD core
represented by the green tetrahedron and the volume of a larger tetrahedron with rounded
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edges and corners. The faces of this larger tetrahedron are 0.8 nm above the faces of the
QD core, which is approximately the distance between cadmium and the para-hydrogen
atom of the benzoate ligand as determined from the crystal structure of
[(Cd(O2CPh)2)3(CH3CN)]n (see Figure 1.7).
Table 1.3. The effect of curvature on ligand packing density

Sample

QD
Ligand
surface
binding
area
density
(nm2) (ligands/nm2)

Volume
of ligand
shell on
tetrahedron
(nm3)

Volume of
ligand shell on
planar surface
of equivalent
area
(nm3)

Factor of
volume
increase
from
curvature

Calculated
density of C,
H, N, O
atoms in
ligand shell
(atoms/nm3)

Calculated
density of C,
H, N, O atoms
of ligands on a
planar surface
(atoms/nm3)

CdSe(350 nm)

5.06

11.8

12.5

4.05

3.08

72

222

CdSe(380 nm)

7.93

10.6

16.3

6.35

2.58

77

199

CdSe(408 nm)

11.44

9.79

20.7

9.15

2.26

81

184

We compare the volume and density of ligands in this rounded ligand shell to ligands
packed on a planar surface with the same total surface area.

On the tetrahedron

representing CdSe(350 nm), the volume of the ligand shell is three times greater than the
volume of the ligand shell on an equivalent planar surface. As the tetrahedron increases
in size, the effect of curvature on ligand shell volume diminishes though the effect is still
significant: the volume of the ligand shell on the tetrahedron representing CdSe(408 nm)
remains two times greater than the volume of a ligand shell on an equivalent planar
surface. On a planar surface rather than a tetrahedron, the volume density would be ~200
atoms/nm3, which is greater than the volume density of diamond (176.2 atoms/nm3), a
purely covalent, close-packed structure.
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Table 1.4. Volume density of ammonium benzoate salts reported in the Cambridge Structural
Database
Compound Name

CSD Code

Density (g/cm3)

Density (atoms/nm3)

Guanidinium Benzoate
Imidazolum Benzoate
Ammonium Benzoate
3-Phenylpropylammonium Benzoate
Triethylammonium Benzoate

GIHCIK
HEPXUW
YABFEO01
MOKTUC
EPEDUZ

1.194
1.315
1.275
1.214
1.156

95.237
99.921
104.834
107.955
115.339

Based on the rounded shell model, the atomic density of C, H, N, and O is estimated to be
~70 - 80 atoms/nm3. This value is lower than the volume densities reported in crystal
structures of representative ammonium benzoate ammonium salts (105 atoms/nm3)
(Table 1.4). Thus the ligand shell on our QDs is less densely packed than a typical
organic crystal, perhaps explaining the ligand shell disorder encountered in the single
crystal diffraction studies. Further, the trends in volume density as a function of size
indicate that for very small particles the proposed chemical formulas are not limited by
the packing density of ligands whereas for larger particles it becomes more difficult to
attain the high ligand packing densities necessary to stabilize the tetrahedral geometry,
perhaps explaining why such shapes are not often encountered in larger CdSe
nanocrystals.

1.2.5 The effect of ligand binding on optical transitions
To better understand the nature of the optical transitions in CdSe(350 nm), CdSe(380 nm), and
CdSe(408 nm) and how they are affected by ligand binding, we have recently turned to
time-dependent density functional theory (DFT) calculations. We generate a model for
calculations by removing a layer of cadmium and selenium atoms from the CdSe core of
CdSe(350 nm) to provide the structure Cd20Se10. We terminate the inorganic core with an
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appropriate number of chloride and ammonia ligands, which are similar to the native
benzoate and n-butylamine ligands but less computationally expensive.

Figure 1.22. The HOMO-1 and LUMO of Cd20Se10Cl20(NH3)20 as determined by DFT. Cadmium
is shown in teal, selenium in orange, chlorine in green, nitrogen in blue, and hydrogen in white.
The HOMO is localized to particular surface selenium atoms while the LUMO is much more
diffuse, spreading across many cadmium atoms.

These preliminary calculations confirm that our samples can in fact sustain the high
ligand binding densities predicted by their structures and formulas. More importantly,
they provide insight into the nature of the optical transitions. We discover that the highest
occupied molecular orbital (HOMO) does not significantly participate in the optical
transitions. Instead the allowed transitions are between a collection of HOMO-n orbitals,
which have predominantly 4p(Se) character, and the diffuse lowest unoccupied molecular
orbital (LUMO), which has 5s(Cd) character and delocalizes widely across several atoms
(Figure 1.22). Thus, in these clusters, we can think of an electron being excited from an
occupied, high-lying surface state to an unoccupied, low-lying core state, and as such,
these transitions should be highly sensitive to ligand coverage. This insight is supported
by a set of similar calculations that have recently been published and find a strong
dependence of the electronic levels and band-gap upon fluctuations in the ligand shell.108

49

We are currently using DFT to investigate models with different arrangements of ligands
to understand the ligand-dependence of the optical transitions in more detail.
We decided to experimentally probe the relationship between ligand binding and the
optical properties of our QDs by monitoring their absorbance spectra as we performed a
series of ligand titration experiments to influence the equilibrium between bound and free
ligands. The broad exchange averaged signals observed in 1H NMR spectra (Figure 1.20)
suggest that bound ligands are in rapid equilibrium with ligands that freely diffuse in
solution. By adding ligands to a solution of QDs, we shift the equilibrium as shown in
Figure 1.23. Whereas we expect the addition of a cadmium carboxylate bis(amine)
complex to result exclusively in cadmium binding (Figure 1.23a), interestingly, addition
of an L-type ligand like n-butylamine can both increase amine coverage via direct L-type
binding and decrease cadmium carboxylate coverage via an L-type promoted Z-type
ligand displacement reaction (Figure 1.23b).11,17

Figure 1.23. Schematic showing the binding equilibrium of amine and cadmium carboxylate
bis(amine) complexes to a nanocrystal surface.

The experiments involved first preparing solutions of QDs in a non-coordinating solvent,
toluene, and then taking absorbance spectra as increasing amounts of titrant were added.
Each absorbance spectrum is modeled using a set of Gaussians to extract the energy,
width, and amplitude of the dominant first and second absorption features. The fitting is
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discussed in more detail in the experimentals (Section 1.4.3) and representative figures
demonstrating how the fitting was performed are shown in Section 1.7. In addition to
monitoring changes in absorbance as a function of ligand concentration, we also varied
ligand type (n-BuNH2 vs. Cd(O2CPh)2

(n-BuNH2)2), QD (CdSe(350 nm), CdSe(380 nm),

and CdSe(408 nm)), and temperature (-42 ˚C, 0 ˚C, and 20 ˚C). Plots of the results of all of
these experiments are shown in Section 1.7, but for brevity, here I will only discuss the
titrations of n-BuNH2 and Cd(O2CPh)2

(n-BuNH2)2 into CdSe(380 nm) at -42 ˚C.

Addition of n-BuNH2 to a solution of CdSe(380 nm) at 42 ˚C leads to a sharp shift to lower
energy of the first and second absorption features with a concomitant narrowing of peak
width while the amplitude is largely unaffected (Figure 1.24a). The spectral response is
most dramatic during the first 10 mM of n-BuNH2 titration and subsequently plateaus
suggesting that nanocrystal binding sites are rapidly saturated. At much higher
concentrations of amine (> 100 mM), the characteristic absorption features of CdSe(380
nm)

lose their sharpness and eventually diminish entirely, reflecting substantial

degradation of the QD’s structure in these conditions.
The behavior of the second electronic transition tracks the behavior of the first indicating
that the states responsible for both transitions are affected in similar ways by the addition
of amine. The shift of the first and second electronic transitions to lower energy suggests
a stabilization of unoccupied molecular orbitals via amine binding to under-coordinated
surface cadmiums. The narrowing of the absorption features may be related to a reduction
in the heterogeneity and dynamics of ligand binding to the QD surfaces. By saturating the
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system with amine, we may provide a driving force to pack ligands in an efficient
arrangement.

Figure 1.24. The effect of titrating (a) n-BuNH2 and (b) Cd(O2CPh)2 (n-BuNH2)2 on the
energy, width, and amplitude of the first and second electronic transitions of CdSe(380 nm) at -42
˚C in toluene. The change in fit parameters with respect to the fit parameters of the original, pretitration spectrum in shown.

Remarkably, when a complex of Cd(O2CPh)2

(n-BuNH2)2 is titrated into a solution of

CdSe(380 nm), the absorption features respond in a similar, though less dramatic, fashion as
they did in the case of n-BuNH2 with a distinct shift to lower energy and a narrowing of
peak width (Figure 1.24b). However, the magnitude of the narrowing is smaller while
the change in peak amplitude is greater. By pushing the equilibrium towards cadmium
carboxylate binding, we expect to be fully passivating any under-coordinated selenium
atoms in the particle ensemble, which could slightly increase the average size of the
particles, relaxing quantum confinement, lowering the band gap, and producing the

52

observed red shift. Though we are not sure what is the operative mechanism, these sorts
of studies clearly demonstrate that the optical properties of the QDs are highly dependent
upon the nature and degree of ligand binding. Further analysis and study are necessary
before a clear picture emerges of how the various competing factors play out at an atomic
scale. A complementary future direction would be to pursue small angle X-ray scattering
(SAXS) measurements, which are conducted in solution on samples at relatively dilute
concentration to reduce the effects of interparticle scattering. As such, SAXS is uniquely
suited to provide insight into the solution structure of materials, which, as shown here and
elsewhere, is rather variable.21,22,26

1.2.6 Comparison to other cadmium selenide nanomaterials
Knowledge of each QD’s structure allows us to precisely understand the origins of their
properties in the context of the many other known cadmium chalcogenide materials of
different structure types. For example, one of the defining characteristics of a quantum
dot is the robust relationship between size and band gap. It might be expected that the
size-dependence of the optical properties of these molecule-like tetrahedral particles is
different from the size-dependence of the optical properties of larger spherical particles.
By plotting an effective radius against the energy of the lowest energy electronic
transition (LEET) for both our tetrahedral QDs and previously reported spherical
quantum dots,51 we discover that the size-dependence is nearly identical in the two
samples, suggesting that this relationship may persist for even smaller structures with
fewer than 55 atoms (Figure 1.25). We fit the combined datasets to a fourth order
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polynomial to generate an empirical sizing curve that is nearly identical to the one
determined previously,51 but better supported at energies greater than 3 eV.

Figure 1.25. Our QDs (red circles) exhibit very similar size-dependence to the experimental
(solid squares) and calculated (open squares) results used by Jasieniak et al. to create a sizing
curve. Merging our two datasets yields a new empirical sizing relationship d(nm) = 49.9019 −
(0.470699)λ + (1.66480×10-3)λ2 − (2.57705×10-6)λ3 + (1.49956×10-9)λ4 (green, solid line) that is
similar to the relationship found by Jasieniak et al. (black, dashed line), but better supported in
51
the small size regime.

The atomically precise compositions of CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm) made
their structural solution possible. In a few cases, the formulas and calculated structures of
other cadmium selenide species that adopt preferred sizes have been assigned on the basis
of laser-desorption ionization mass-spectrometry (LDI-MS) measurements.85,95,125
Among the range of species observed in these spectra, (CdSe)13, (CdSe)19, (CdSe)33, and
(CdSe)34 are found in greatest abundance.85 However, this technique often detects the
same CdSe fragments regardless of the sample.77,84,85 LDI-MS studies of CdSe(350 nm) are
consistent with this observation and produce signals for (CdSe)13, (CdSe)19, and (CdSe)34
in addition to other fragments (Figure 1.26). The lack of organic ligands suggests that
these fragments result from the special stability of gas-phase clusters formed by laser
ablation, but are not necessarily also stable in solution.
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Figure 1.26. Laser desorption ionization mass spectrum of CdSe(350 nm) prepared by drop-casting
a 0.2 mg/mL solution of CdSe(350 nm) in toluene onto a target plate. The wide window spectrum
shows a series of fragments corresponding to various stoichiometric species stable in the gasphase. The excerpts in the upper right show fragments corresponding to (CdSe)13 and (CdSe)34.
Simulations of these fragments do not exactly align with the observed peaks and are shifted by
about 30 m/z units, which perhaps can be attributable to reaction with oxygen. The overall
fragmentation pattern, however, closely resembles fragmentation patterns previously reported for
other CdSe materials.85

In contrast to these ligand-free, gas-phase species, the previously discussed family of
chalcogenolate-bound cadmium chalcogenide clusters with tetrahedral structures
(Figures 1.5 and 1.16) serves as a more useful comparison to CdSe(350 nm), CdSe(380 nm),
and CdSe(408 nm).57,66,67,69 Although it is true that the stability of chalcogenolate clusters is
enhanced by the presence of tightly bound chalcogenolate ligands, there appears to be
something particularly favorable about the tetrahedral morphology. In the case of
CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm), we believe their stability is likely a result of
several complementary factors associated with the tetrahedron: 1) a {111}-terminated
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tetrahedron minimizes the number of under-coordinated surface atoms in comparison to
“spherical” geometries, which are far more faceted and therefore possess more edges and
corners; 2) a tetrahedron has a relatively low surface-area-to-volume ratio, which lowers
the energetic penalty associated with the surface; and 3) the geometry accommodates a
high ligand coverage due to its curvature as previously discussed. Unlike other welldefined clusters, such as gold or silver particles, that form stable closed-shell electronic
structures with particular electron counts,111,112,126,127 the stability of the CdSe QDs
reported here is much more delicate and depends upon geometrical considerations. With
this in mind, it is unsurprising that the tetrahedral QDs are also relatively fragile and react
readily when heated or exposed to air, various solvents, or ligands. Highlighting this is
the observation that it is important to control for seasonal changes in laboratory
temperature; not doing so can lead to degradation of samples handled in ambient, though
of course air-free, conditions.

1.3 Conclusions and continuing studies
1.3.1 Summary
This chapter begins with a brief, general introduction to nanocrystals and then goes on to
describe the synthesis and characterization of a set of tetrahedral cadmium selenide QDs,
CdSe(350

nm),

CdSe(380

nm),

and CdSe(408

nm),

that share many of the defining

characteristics of standard cadmium selenide QDs – namely size-dependent absorption
and emission, anionic oxo-terminated ligands, and cadmium rich stoichiometries.
However, unlike standard cadmium selenide QDs, the cores of our samples are
atomically precise making them excellent model systems for investigating the intricacies
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of quantum dot properties. The reported structures and formulas provide a direct view
into the origins of quantum dot stability and optical properties without ambiguities from
distributions of crystal sizes and shapes.
We synthesize the smallest QD, CdSe(350 nm), at room temperature via the addition of a
highly reactive selenium precursor, bis(trimethylsilylselenide), to an ethereal solution of
cadmium benzoate and n-butylamine. The larger QDs are subsequently generated by
heating an isolated sample of CdSe(350 nm) in toluene and using solubility differences to
separate CdSe(380 nm) from CdSe(408 nm). We then determine the structures and formulas of
these QDs employing a combination of X-ray, analytical, and spectroscopic techniques.
After producing an initial structural model of CdSe(350 nm) using single crystal X-ray
diffraction, we turned to pair distribution function analysis to elucidate the structures of
the larger QDs and discovered a series of increasingly large tetrahedra with zinc-blende
cores and cadmium termination. Because X-ray techniques are relatively insensitive to
the light, disordered organic components of the QD, we used elemental analysis, NMR,
and IR spectroscopies to deduce the following molecular formulas: CdSe(350

nm)

=

Cd35Se20(O2CPh)30(H2NR)30, CdSe(380 nm) = Cd56Se35(O2CPh)42(H2NR)42, and CdSe(408
nm)

= Cd84Se56(O2CPh)56(H2NR)56. These formulas are consistent with ligand binding to

all available sites on the QD surface assuming four-coordinate cadmium. Although we
are confident in these assignments, we recognize that the solution structure of these QDs
may be somewhat variable and perform in situ titration measurements to probe the
equilibrium between bound and free ligands as well as the sensitivity of QD optical
properties to ligand binding.
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Using an atomically precise model system allows us to develop new structural techniques
as well as gain fundamental insights into the structure-property relationships of cadmium
selenide materials. We describe the application of the complex modeling approach that
draws upon multiple inputs and then evaluates structures to find ones that best satisfy the
combined dataset. This technique shows that the proposed structural assignments of the
QDs stand out among vast libraries of candidate structures and is ripe for further
development. We also discuss computational attempts to understand the origins of optical
transitions in these QDs. These indicate that photoexcitation promotes an electron from
an occupied surface selenium-based orbital to unoccupied cadmium-based orbitals. This
process appears to be highly dependent upon the arrangement and type of ligands on the
QD surface.
Finally, I conclude the chapter with a discussion of the unique stability of the tetrahedral
geometry. Although cadmium selenide “magic-sized” clusters have been discussed in the
literature for years, no one has provided a satisfactory explanation as to why these
clusters are particularly stable. In the case of CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm),
it seems that a tetrahedron is uniquely suited to minimize the number of unfilled
coordination sites per surface atom while simultaneously maintaining a low surface-areato-volume ratio.

1.3.2 Continuing studies and future work
In the next section, I will describe ongoing work and collaborations that revolve around
the set of compounds discussed in this chapter. They are popular/attractive samples to
study because of their high monodispersity.
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Expansion of the synthetic method to prepare larger QDs
We have recently developed an approach to synthesizing the next size in the QD series,
which possesses one more layer of cadmium selenide than CdSe(408 nm). Our approach
takes advantage of the system’s sensitivity to ligand chain length, which dramatically
affects solubility. Heating CdSe(350

nm)

bound by n-butylamine in toluene causes the

sample to grow, first generating CdSe(380 nm), which can go on to form CdSe(408 nm), but
because n-butylamine bound CdSe(408

nm)

is only minimally soluble in toluene, it

precipitates as a fine yellow powder, presumably preventing further growth. However,
when the starting material is instead CdSe(350 nm) bound by n-pentylamine, growth does
not stop when CdSe(408 nm) comes out of solution. Since n-pentylamine bound CdSe(408
nm)

is soluble in hot toluene, growth continues to the next QD in the series. Its larger size

reduces solubility enough that n-pentylamine is no longer sufficient to keep it in solution.
By carefully controlling temperature and reaction time, we can generate a mixture of
CdSe(408 nm) and precipitated CdSe(435 nm), which are readily separated by filtration or
centrifugation. Attempts to make sizes larger than CdSe(435

nm)

using an analogous

approach were unsuccessful.
Employing the same methods described earlier, we characterize CdSe(435 nm)’s optical
properties, structures, and formulas. UV-Vis, photoluminescence, and photoluminescence
excitation measurements (Figure 1.27a) show very similar absorption, emission, and
excitation profiles to those of the other samples. Two prominent, room-temperature
absorption features are reproduced in the low-temperature PLE data, while the PL
measurements reveal a broad peak shifted to lower energy relative to CdSe(408 nm). While
still relatively wide, the optical features are narrower than those exhibited by the smaller
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QDs, which continues the trend of peak narrowing with increasing size as might be
expected from decreased exciton-phonon coupling in larger particles (Table 1.5).103–107

Figure 1.27. (a) The absorbance (298 K, solid black lines), photoluminescence excitation (PLE,
77 K, dotted red lines) and photoluminescence (77 K, dashed red lines) spectra of all isolated
QDs: CdSe(350 nm), CdSe(380 nm), CdSe(408 nm), and CdSe(435 nm). Blue down-pointing arrows indicate
the excitation wavelength for PL and green up-pointing arrows indicate the emission wavelength
used for PLE measurements. (b) Experimental PDF data (blue) with the simulated PDF (red) of
the shown model of CdSe(435 nm) overlaid. The quality of the agreement is very good as shown by
low residuals (black) and goodness of fit value, Rw.

Pair distribution function analysis finds that the simulated data from the tetrahedral
Cd120Se84 model very accurately reproduces the measured data (Figure 1.27b).
Combined with 1H NMR spectroscopy which shows an approximately 1:1 ratio of amine
to benzoate and supported by elemental analysis, we deduce the formula
Cd120Se84(O2CPh)72(H2NR)72 (Table 1.5). Thus, CdSe(435 nm) is the largest atomically
precise cadmium selenide quantum dot ever isolated, with over 200 inorganic atoms and
an edge-length of 3.00 nm. Our inability to prepare even larger tetrahedral cadmium
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selenide QDs suggests that we are exiting a regime where the tetrahedral geometry is
preferred over other geometries and entering one where the Gibbs-Thomson relation,
which favors spherical particles, becomes dominant (Figure 1.4).38
Table 1.5. Summary of optical and structural properties for all isolated QDs

QD

CdSe(350 nm)
CdSe(380 nm)
CdSe(408 nm)
CdSe(435 nm)

Chemical Formula
Cd35Se20(O2CPh)30
(H2NR)30
Cd56Se35(O2CPh)42
(H2NR)42
Cd84Se56(O2CPh)56
(H2NR)56
Cd120Se84(O2CPh)72
(H2NR)72

Edge
length
(nm)

1st/2nd λ
max.
(nm)a

Abs.
FWHM
(meV)

PL max
/Exc. λ
(nm)b

PL
FWHM
(meV)b

Measured
% mass C

% mass C

1.71

350/333

207/304

457/346

527

32.92

34.90

2.14

380/357

145/257

484/368

471

31.63

32.19

2.57

408/384

115/175

529/396

461

27.96

29.87

3.00

435/410

117/211

583/420

435

26.51

27.07

Theor.

a

To extract the FWHM, absorption spectra were expressed in eV and the regions corresponding
to the lowest energy electronic transition were fitted to a Gaussian function using least squares
regression analysis. b Measured at 77 K.

Imaging the QDs
A number of attempts were made to image our QDs using transmission electron
microscopy (TEM), but due to their small size and apparent sensitivity to the electron
beam, this was a challenging endeavor. We acquired our best images of CdSe(408 nm)
(Figure 1.28) by suspending particles on a graphene substrate, plasma cleaning the grid
to remove organic contaminants, and collecting images using high-resolution scanning
TEM. Although these particles appear to be crystalline and are approximately the right
shape, they are larger than expected and are not extremely monodisperse. Therefore, we
suspect that the imaged particles are not reflective of our sample, but are instead formed
either before data collection due to air exposure or plasma cleaning or in situ as a result
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of beam damage. Future attempts to collect images may be aided by depositing samples
from lower boiling, high purity solvents to avoid organic contamination and mitigating
exposure to the electron beam by lowering the dose and imaging at cryogenic
temperatures.

Figure 1.28. High resolution scanning transmission electron micrographs of “CdSe(408 nm).”
While crystalline and roughly pyramidal, the rather high dispersity and large size suggests that
the observed particles probably formed either before imaging or in situ.

Solid state NMR measurements
Although solid-state NMR (ssNMR) spectroscopy routinely yields powerful insights into
atomic structure, it has to-date seen relatively little application to the study of inorganic
nanomaterials.25,128–135 With the advent of dynamic nuclear polarization (DNP), a
technique that uses diradical additives to dramatically enhance the sensitivity of ssNMR
experiments to even poorly receptive nuclei, this scenario is already beginning to
change.136 As the field develops, it is important to establish well-understood model
systems.
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To this end, we have recently begun pursuing DNP-enhanced ssNMR studies of our QD
samples. Preliminary results (Figure 1.29) highlight the promise of DNP with
enhancement of the

113

Cd signal by 73x, which implies that an experiment requiring one

day with DNP would take >10 years without it. However, one of the tradeoffs for signal
enhancement is signal broadening, which further widens the already wide features,
making the assignment to specific cadmium atoms challenging. Based upon the
observation that the peak at approximately 0 ppm experiences greater enhancement than
the peak at approximately -250 ppm, we hypothesize that this feature corresponds to
cadmiums on or near the QD surface because of their relative proximity to the radicals
responsible for the enhancement. This result is promising, and a more complete study is
presently in progress.

Figure 1.29. 113Cd ssNMR spectra of CdSe(350 nm). The data in blue are collected without DNP
while the data in red benefit from an enhancement factor of 73. The temperature at sample is
typically 105-108 K
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1.4 Experimental
1.4.1 General Considerations
Benzoic acid (≥ 99.5%), benzoic anhydride, dichloromethane (≥ 99.5%), selenium pellets
(≥

99.99%),

Super-hydride

solution

(1.0

M

lithium

triethylborohydride

in

tetrahydrofuran), and tetrahydrofuran (≥ 99.0%) were purchased from Sigma Aldrich and
used as received. Benzene- d6 (99.6%) and anhydrous acetonitrile (99.5%) were
purchased from Sigma Aldrich, shaken with activated alumina, filtered, and stored over 4
Å molecular sieves for at least 24 h prior to use. Diethyl ether, pentane, and toluene were
dried over alumina columns and stored over 4 Å molecular sieves for at least 24 h prior to
use. Bromotrimethylsilane (97%), n-butylamine (99%), n-pentylamine, n-octylamine, and
tetramethylethylenediamine (TMEDA) were purchased from Sigma Aldrich and dried
over calcium hydride, distilled, and stored in a nitrogen glovebox. Methanol-d4 was
purchased from Cambridge Isotope Laboratories and used as received. Dimethylcadmium
was purchased from Strem, vacuum distilled before use, and stored in a nitrogen
atmosphere glovebox. CAUTION: Dimethylcadmium is an extremely toxic liquid and
due to its volatility and air-sensitivity should only be handled by a highly trained and
skilled scientist.
Unless otherwise indicated, all manipulations were performed under air-free conditions
using standard Schlenk techniques or a nitrogen atmosphere glovebox. NMR spectra
were recorded on Bruker Avance III 400 and 500 MHz instruments and internally
referenced to the resonances of protio-impurities in the deuterated solvent. 1H NMR
spectra were acquired with sufficient delay to allow complete relaxation between pulses
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(15 s). Coupling constants are reported in hertz. UV−visible absorption data were
obtained using a Perkin-Elmer Lambda 650 spectrophotometer equipped with deuterium
and tungsten halogen lamps. In situ absorbance measurements were performed using a
fiber optic dip probe. Photoluminescence and photoluminescence excitation spectra were
recorded using a FluoroMax-4 from Horiba Scientific. Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) was performed on a Nicolet 6700 FT-IR from
Thermo Fisher equipped with a Harrick Praying Mantis™ Diffuse Reflection Accessory.

1.4.2 Synthetic methods
Synthesis and isolation of cadmium benzoate ((Cd(C7H5O2)2)3(CH3CN)1). To a
Schlenk flask, cadmium oxide (18.11 g, 141 mmol), benzoic acid (103.31 g, 846 mmol),
and benzoic anhydride (38.23 g, 169 mmol) are added, and the flask is sealed under
vacuum. The red-brown mixture is heated with stirring to 180 ˚C to achieve a colorless
melt, which resolidifies as the mixture is cooled to room temperature. Excess benzoic
acid and benzoic anhydride are removed by washing the solid on a fritted funnel with
toluene (3 x 200 mL toluene) and then dichloromethane (2 x 200 mL dichloromethane).
The resulting powder is dissolved in a mixture of 100 mL tetrahydrofuran and 200 mL
acetonitrile and concentrated by distillation with heat causing a milky white solid to
precipitate. The cooled suspension is filtered and the powder dried under vacuum at 100
˚C overnight to yield 24.75 g (47.7%) of free flowing white powder. The product is
insoluble or sparingly soluble in most common organic solvents with the exceptions of
coordinating solvents such as tetrahydrofuran, 1,4-dioxane, and benzonitrile. Single
crystals suitable for x-ray crystallography were grown upon cooling a saturated
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acetonitrile:tetrahydrofuran (~95:5) solution (see Figure 1.7 and Table 1.7). Solutions in
benzene-d6 were prepared for analysis by 1H NMR spectroscopy by adding two
equivalents of n-butylamine. 1H NMR (400 MHz, C6D6): δ = 0.66 (t, 3JH-H = 7, 6H, Me),
0.73 (s, ACN, -CH3), 1.00 (m, 4H, -CH2-), 1.18 (m, 4H, -CH2-), 2.61 (s, 4H, -NH2), 2.67
(t, 3JH-H = 7, 4H, -CH2-), 7.21 (t, 3JH-H = 7, 2H, Ar-H), 7.28 (t, 3JH-H = 7, 4H, Ar-H), 8.55
(d, 3JH-H = 8, 4H, Ar-H) ppm. 13C{1H} NMR (125.8 MHz, C6D6): δ = 0.29 (ACN, -CH3),
13.92 (-CH3), 20.15 (-CH2-), 35.28 (-CH2-), 42.53 (-CH2-), 128.21 (m-Ar), 130.63 (o-Ar),
131.05 (p-Ar), 136.44 (1-Ar), 174.31 (-CO2-) ppm. Anal. Calcd for Cd3C44H33O12N: C,
47.83; H, 3.01; N, 1.27. Found: C, 47.77; H, 3.08; N, 1.18.
Synthesis and isolation of other cadmium carboxylates. Cadmium bis(4thiomethylbenzoate), cadmium bis(4-bromobenzoate), and cadmium bis(furoate) are
prepared from the desired carboxylic acid and dimethylcadmium following a procedure
adapted from Hendricks et al.39 Briefly, in a nitrogen filled glovebox and in the dark, 1.98
equivalents of the carboxylic acid are dissolved in tetrahydrofuran to which 1 equivalent
of dimethylcadmium is added dropwise. Vigorous bubbling occurs and the solution is
stirred for 30 minutes. The solvent is distilled off under vacuum leaving a white powder,
which is then dried overnight under vacuum at 100 ˚C.
Synthesis and isolation of bis(trimethylsilyl)selenide (Se(Si(CH3)3)2). The following
two-step procedure is a variation on the one pot method reported by Detty and Seidler
that proved more reliable and higher yielding.101
Synthesis and isolation of lithium selenide (Li2Se). In a teflon sealed Schlenk tube
under argon, lithium triethylborohydride in tetrahydrofuran (100 mL, 1 M) is chilled to 0
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˚C, and selenium pellets (3.91 g, 49.5 mmol) are added. The mixture is allowed to warm
to room temperature and stirred for an hour resulting in a cloudy, white suspension.
Tetrahydrofuran and triethylborane are removed by distillation under vacuum
(CAUTION: Triethylborane is extremely flammable and should be carefully quenched
prior to disposal), and the resulting white solid is triturated with pentane (50 mL) and
collected on a fine glass frit in the glove box. The white powder is then washed with
toluene (50 mL) followed by diethyl ether (50 mL) and then dried under reduced pressure
at 150 ˚C taking care to avoid losing the very fine white powder upon evacuation. (4.28
g; 46 mmol, 93.4% yield). It is important to carefully protect lithium selenide from
oxygen to obtain a pure, colorless product. A known quantity of the powder and an
internal standard (N,N,N’,N’-tetramethylethylenediamine) are dissolved in methanol-d4
to check for the presence of organic impurities by 1H NMR spectroscopy; typical
syntheses produced a product that is > 98% free from tetrahydrofuran or ethyl containing
impurities.
Synthesis and isolation of bis(trimethylsilyl)selenide (Se(Si(CH3)3)2). To a nitrogen
filled

Schlenk

tube

containing

lithium

selenide

(4.50

grams,

48.5

mmol),

bromotrimethylsilane (14.47 grams, 94.52 mmol) is added via syringe. The suspension is
degassed using the freeze-pump-thaw technique, sealed under vacuum, and heated to 100
˚C for 24 hours. The flask is then attached to a bulb-to-bulb, vacuum transfer apparatus
and a clear, colorless oil is distilled from the suspension with the help of a heat gun (8.54
g; 37.9 mmol; 80.2% yield). If necessary, residual bromotrimethylsilane or
hexamethyldisiloxane can be removed by partial vacuum distillation (45 ˚C, 20 torr)
leaving pure Se(Si(CH3)3)2. In the event that accidental contamination of the reaction
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mixture or the starting material with oxygen occurs, an impure yellow product is obtained
upon distillation. This material should be purified by addition of tri-n-octylphosphine to
scavenge Se˚ and redistillation prior to long-term storage. 1H NMR (C6D6, 400 MHz): δ =
0.38. 13C{1H} NMR (125.8 MHz, C6D6): δ = 4.65 (-CH3) ppm.
Synthesis and isolation of CdSe(350 nm). Cadmium benzoate (2.00 g, 5.43 mmol) and nbutylamine (0.993 g, 13.58 mmol) are dissolved in diethyl ether (20 mL), and the solution
is cooled to 0 ˚C in an ice water bath.

In a separate flask, a solution of

bis(trimethylsilyl)selenide (0.612 g, 2.72 mmol) and diethyl ether (20 mL) is cooled to 0
˚C and then cannula-transferred into the cadmium precursor solution. The mixture is
allowed to warm to room temperature. After stirring for 30 minutes, the reaction mixture
is concentrated under reduced pressure, and the flask is brought into the glovebox. The
sticky white solid is triturated with acetonitrile (10 mL) and the is powder collected by
centrifugation (3 min at 7000 rpm). After decanting the supernatant, the pellet is
dissolved in a minimal amount of diethyl ether (< 5 mL), reprecipitated with acetonitrile
(10 mL), and again collected by centrifugation. This process is repeated once more. The
purified product is dried from ether under vacuum overnight at room temperature to
obtain 1.02 g of fine white powder. 1H NMR (500 MHz, C6D6): δ = 0.60 (br, 3H, Me),
0.99 (br, 2H, -CH2-), 1.36 (br, 2H, -CH2-), 2.98 (br, 2H, -NH2), 4.18 (br, 2H, -CH2-), 7.06
(br, 2H, Ar-H), 7.28 (br d, 1H, Ar-H), 8.15 (br, 2H, Ar-H) ppm.

13

C{1H} NMR (125.8

MHz, C6D6): δ = 13.88 (-CH3), 20.19 (-CH2-), 34.85 (-CH2-), 42.78 (-CH2-), 130.85
(Ar), 131.11 (Ar), 135.63 (Ar), 174.54 (-CO2-) ppm. Anal.: act. 32.92, 4.55, 3.43; theo.
34.90, 4.23, 3.70.
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Synthesis and isolation of CdSe(380 nm) and CdSe(408 nm). Under argon, CdSe(350 nm) (500
mg) is dissolved in toluene (35 mL) producing a colorless solution. After heating at 85 ˚C
for 30 minutes, a yellow precipitate forms. The suspension is brought into the glovebox
and centrifuged, separating the yellow CdSe(408
supernatant containing CdSe(380

nm)

nm)

precipitate by centrifugation. The

is decanted and the yellow pellet is washed with

toluene to remove remaining CdSe(380 nm). The supernatant is concentrated to dryness
under vacuum, the residue triturated with acetonitrile (10 mL), and the solids collected by
centrifugation. Both samples are dried under vacuum at room temperature yielding 264
mg of CdSe(380 nm) and 174 mg of CdSe(408 nm). Solutions of CdSe(408 nm) in benzene-d6
were prepared for analysis by 1H NMR spectroscopy by performing a ligand exchange to
replace native n-butylamine ligands with n-octylamine ligands.

In brief, the ligand

exchange is accomplished by dissolution of CdSe(408 nm) in a 10 mMol solution of noctylamine in toluene, followed by precipitation with acetonitrile, and centrifugation.
The pellet is submitted to this process twice more before drying the product under
vacuum.

1

H NMR CdSe(380 nm) (500 MHz, C6D6): δ 0.64 (br, 3H, Me), 1.05 (br, 2H, -

CH2-), 1.42 (br, 2H, -CH2-), 3.02 (br, 2H, -NH2), 3.94 (br, 2H, -CH2-), 7.02 (br, 2H, ArH), 7.11 (br, 1H, Ar-H), 8.08 (br, 2H, Ar-H) ppm.

1

H NMR CdSe(408 nm) (400 MHz,

C6D6): δ 0.91 (br, 3H, Me), 1.11 (br d, 10H, -CH2-), 1.26 (br, 2H, -CH2-), 2.99 (br, 2H, NH2), 4.08 (br, 2H, -CH2-), 7.15 (br, 3H, Ar-H), 8.15 (br, 2H, Ar-H) ppm. C,H,N analysis
of CdSe(380 nm): act. 31.63, 3.99, 2.88; theo. 32.19, 3.90, 3.42. C,H,N analysis of CdSe(408
nm)

: act. 27.96, 3.30, 2.37; theo. 29.87, 3.62, 3.17.

Synthesis and isolation of CdSe(435 nm). In a three-neck round-bottom flask equipped
with a gas adapter, septum, and thermocouple adapter, 448 mg. of n-pentylamine
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substituted CdSe(350 nm) are dissolved in 150 mL of toluene and heated to 100 ˚C under
argon. The solution becomes bright yellow and cloudy over the course of the reaction.
Progress is monitored by taking regular aliquots, and the flask is removed from heat once
the only abundant CdSe species in solution is CdSe(408 nm) or larger (~60 minutes). The
reaction mixture is concentrated under reduced pressure before it is brought into the
glovebox for purification. The bright yellow residue is dissolved in 10 mL of toluene and
centrifuged for 3 min at 7000 rpm. The insoluble pellet containing CdSe(435 nm) is washed
with 10 mL toluene and centrifuged again. This process is repeated twice more to
produce 77 mg. of CdSe(435 nm), which can be solubilized in relatively non-polar solvents
like toluene, benzene, and diethyl ether by addition of a small amount (10 µL) of noctylamine. 1H NMR CdSe(435 nm) (400 MHz, C6D6): δ 0.92 (br, 3H, Me), 1.18 (br d,
12H, -CH2-), 2.96 (br, 2H, -NH2), 4.07 (br, 2H, -CH2-), 7.16 (br, 3H, Ar-H), 8.03 (br, 2H,
Ar-H) ppm. Anal.: act. 26.51, 3.16, 2.32; theo. 27.07, 3.69, 2.87.

1.4.3 Optical characterization
In situ UV-Vis absorption. In situ UV-visible absorption data were collected using a
Perkin Elmer Lambda 650 UV-Vis spectrometer equipped with a Mono-Fiber TransferOptic that redirects the beam into a fiber optic dip probe. Under nitrogen, a 100mL threeneck flask fitted with a dip probe adapter, gas inlet, and a thermocouple adapter is
charged with an ethereal solution (60 mL) of Cd(O2CPh)2 (2.18 mM) and n-BuNH2 (5.46
mM). This solution is chilled to -78 ˚C and a solution of TMS2Se in ether (15 ml, 4.37
mM) is added dropwise with vigorous stirring. The temperature is raised to -42 ˚C by
submerging the flask in an acetonitrile dry ice bath. Spectra were recorded from 250 nm
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to 500 nm every two minutes. After the growth of a signal at 263 nm reaches completion,
the temperature is raised to 0 ˚C by submerging the flask in an ice water bath. After the
growth of signals at 315 nm and 300 nm reach completion, the temperature is raised to 22
˚C.
Ligand titration experiments and analysis. Ligand titrations were monitored using the
in situ UV-Vis dip-probe apparatus described above. Under nitrogen, a 100mL three-neck
flask fitted with a dip probe adapter, gas inlet, and a thermocouple adapter is charged
with a 0.25 mg/mL ethereal solution of either CdSe(350 nm), CdSe(380 nm), or CdSe(408 nm).
To minimize the effect of dilution during the titration, a relatively concentrated titrant
solution (on the order of 1M) is prepared by mixing either n-BuNH2 or Cd(O2CPh)2

(n-

BuNH2)2 with ether. These solutions are brought to the measurement temperature and the
dip probe is inserted into the three-neck flask. A spectrum of the original solution is
recorded, and then measured quantities of titrant are injected. Shortly after each injection
a spectrum is collected, and for each experiment approximately 40 spectra are generated
in total.
The spectra are processed using a set of fitting and plotting tools developed in Python to
extract out relevant feature parameters.137 In general, three Gaussians, one for each of the
first two transitions and one as a floating background, are sufficient to provide reasonable
fits to the spectra in the appropriate windows without over-parameterization. Examples
are shown in Section 1.7.
Empirical sizing formula determination. Data for our quantum dots (QDs) were
combined with data from Jasieniak et al.51 and then fit to a fourth order polynomial
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(diameter in nanometers as a function of position of the lowest energy electronic
transition in units of nanometers) using least squares regression analysis. We modeled the
volume of our QDs by summing the volumes of all Cd2+ and Se2- ions (ionic radii of 109
pm and 184 pm respectively).138 These volumes were used to calculate the radius of a
sphere with an equivalent volume.
DFT calculations. All density functional calculations were performed using Jaguar.139
Geometries were optimized, orbitals were calculated, and energies were determined at the
B3LYP/LACV3P** level; optical spectra were calculated using time-dependent density
functional theory (TD-DFT). We generate a computationally friendly cluster model,
Cd20Se10Cl20(NH3)20, by removing from the structure of CdSe(350 nm) a layer of cadmium
and selenium atoms and the appropriate number of ligands to maintain the correct
stoichiometry and substituting native benzoate and n-butylamine ligands for chloride and
ammonia ligands.

1.4.4 Structural characterization
Single Crystal X-ray Diffraction
Collection and Refinement Strategy: Single crystal X-ray diffraction (SCXRD) data
were collected on a Bruker Apex II diffractometer, and crystal data, data collection, and
refinement parameters are summarized in Tables 1.6 and 1.7. The structures were solved
using direct methods and standard difference map techniques, and were refined by
full-matrix least-squares procedures on F2 with SHELXTL (Version 2008/4).140,141 All
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atoms not found and refined were treated as a diffuse contribution to the electron density
without specific atomic positions using SQUEEZE/PLATON.142,143
Unit Cell and Space Group Determination: Data were first integrated and processed
using the primitive reduced cell found in APEX2, and the initial solution was transformed
to the space group Cmcm using PLATON. At this point, the data were re-integrated using
the C-centered orthorhombic unit cell reported in Table 1.6, and structure refinement was
performed.
Core Structure Determination: Least-squares refinement led initially to the Cd31Se20
core solution shown in Figure 1.13a, which has an R1 of 0.1969 after SQUEEZE is
applied. Additional modeling of residual electron density in the Cd31Se20 core prior to the
application of SQUEEZE leads to the Cd35Se20 core solution (Figure 1.13b), which has a
lower R1 of 0.1822 after SQUEEZE is applied. Anisotropic refinement with the ISOR
restraint was applied to all atoms. Additional Q peaks could be observed near the surface
of the Cd35Se20 core structure, but attempts to model this density were unsuccessful.
Modeling Organic Moieties: It was not possible to model organic moieties in the unit
cell. This has been observed previously in metal chalcogenide single crystals and has
been attributed to gross disorder.144,145 The SQUEEZE procedure in PLATON finds large
void spaces in the unit cell filled with electron density. For the Cd31Se20 core, SQUEEZE
calculates a residual void volume of 52,746 Å3, containing 21,766 electrons; for the
Cd35Se20 core, SQUEEZE calculates a residual void volume of 52,461 Å3, containing
20,732 electrons.
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Powder X-ray diffraction and pair distribution function analysis.
X-ray powder diffraction experiments were performed on the X17A beamline at the
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.
Diffraction data were collected using the rapid acquisition pair distribution function (RAPDF) technique at 100 K with an X-ray energy of 38.872 keV.146 A Perkin-Elmer flatpanel 2D detector was used for data collection with a sample distance of 118.269 mm.
The diffraction pattern of a Ni metal standard was measured to calibrate detector
geometry, and the scattering signal of an empty Kapton tube was measured and
subtracted as the background. The 2D diffraction pattern was integrated to give 1D
diffraction intensity in q-space using the SrXplanar program147 and transformed into the
PDF using PDFgetX3.148
The atomic PDF G(r) describes the probability of finding atom pairs at a certain distance,
r. Experimentally, the PDF is a sine Fourier transformation of powder diffraction data
using,

G r =

2
!

!!"#

! ! ! − 1 sin !" !",

!!"#

where Q is the magnitude of the scattering vector, and S(Q) is the total scattering function.
S(Q) is generated by normalizing and correcting the coherent scattering intensity Ic(Q)
using,

! ! =

!! (!) − ! !
+ 1,
!!
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where f is the X-ray scattering factor averaged over all elements in the sample. Qmin= 0.8
Å-1 and Qmax x= 22.5 Å-1 are limits placed on the Q range in the PDF transformation. The
minimum value is determined by the beamstop, and the maximum value is chosen to
reduce noise originating in the high-Q region.
Theoretically, the PDF can be calculated from an atomic structural model:

! ! =

1
!"

!!!

!! !!
! ! − !!" ,
!!

where the Dirac delta function is expanded to a Gaussian-like function after including
thermal parameters.118 We used SrFit to optimize the parameter set giving a structural
model whose PDF is most consistent with the experimental PDF. The quality of the fit is
characterized by the residual function:

!! =

!
!!!

!!"# !! − !!"#! !! ;!
!
!
!!! !!"# !!

!

,

where !!"# is the experimental PDF, !!"#! is the calculated PDF, and ! is the set of
refinable parameters used in the structure model.
The atomic structures of the QDs reported here are cut from the CdSe zincblende lattice
to a tetrahedral shape with optional addition or removal of atoms from the corners or
edges. Identical isotropic atomic displacement parameters (Uiso) are assigned for all
atoms of a particular element in a given structure. To optimize fits, we refined Uiso and
the lattice parameters of the base zincblende lattice.
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LDI-MS. The sample for laser desorption ionization mass spectrometry was prepared by
drop-casting a 0.2 mg/mL solution of CdSe(350 nm) in toluene onto a target plate. The
sample was sent to Bruker and analyzed on a Bruker UltrafleXtreme operating in positive
ion, reflector mode. External calibration was performed with insulin. For this sample,
30,000 shots were recorded at a laser rep rate of 1000 Hz. Laser power was set to above
threshold. Ion source voltage 1 was 25 kV, ion source voltage 2 was 22.35 kV, lens
voltage was 7.5 kV, and PIE delay was 190 ns.
High Resolution Scanning Transmission Electron Microscopy. A dilute solution of
rigorously purified CdSe(408 nm) in toluene is drop cast onto a graphene on holey carbon
substrate. This sample is sent to Brookhaven National Lab for imaging on the Hitachi
HD2700C Scanning Transmission Electron Microscope with ~1 Å resolution.
Solid State NMR. The sample was prepared in a nitrogen-filled glovebox by first filling
a sapphire rotor part way with

13

C-enriched CdSe(350 nm) and then adding 10 µL of a

90:10 deuterated/non-deuterated toluene solution of the biradical AMUPOL (20 mM).149
To this slurry, more 13C-enriched CdSe(350 nm) is added to finish filling the rotor. Finally,
another 10 µL portion of AMUPOL solution is added forming a thick gel. The rotor is
sealed with a silicone plug prior to mounting a drive cap for magic angle spinning; the
drive cap also helps make the rotor airtight upon removal from the glove box. Sample
measurements are conducted at Bruker in Billerica, MA on a Bruker 400 MHz/263 GHz
DNP-NMR system with 3-channel HXY probe. The sample temperature is 105-108 K.
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1.6 Crystallographic Data
Table 1.6. CdSe(350 nm) single crystal collection and refinement data.
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Table 1.7. [(Cd(O2CPh)2)3(CH3CN)]n single crystal collection and refinement data.
[(Cd(O2CPh)2)3(CH3CN)]n
lattice

Monoclinic

formula

C44H33Cd3NO12

formula weight

1104.91

space group

P21/c

a/Å

17.0374(12)

b/Å

9.1839(6)

c/Å

26.2103(18)

α/˚

90

β/˚

95.0770(10)

γ/˚

90

V/Å

3

4085.0(5)

Z

4

temperature (K)

150(2)

radiation (λ, Å)

0.71073

-3

1.797

-1

1.613

ρ (calcd.), g cm
µ (Mo Ka), mm
θ max, deg.

30.66

no. of data collected

64743

no. of data used

12607

no. of parameters

542

R1 [I > 2σ(I)]

0.0292

wR2 [I > 2σ(I)]

0.0562

R1 [all data]

0.0421

wR2 [all data]

0.0606

GOF

1.048

Rint

0.0397
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1.7 Additional figures and tables

Figure 1.30. Example of fitting a single UV-Vis absorption spectrum from the titration
experiment using one Gaussian for each of the two prominent features and one background
Gaussian.

Figure 1.31. Example of fitting the whole series of UV-Vis absorption spectra collected for a
single titration experiment.
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Figure 1.32. Titration of n-butylamine into solutions of CdSe(350 nm), CdSe(380 nm), and CdSe(408
nm) at -42 ˚C.

Figure 1.33. Titration of n-butylamine into solutions of CdSe(380 nm) at -42 ˚C, 0 ˚C, and 20˚ C.
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Figure 1.34. Titration of Cd(O2CPh)2
and CdSe(408 nm) at -42 ˚C.

(n-BuNH2)2 into solutions of CdSe(350 nm), CdSe(380 nm),

Figure 1.35. Titration of Cd(O2CPh)2
20 ˚C.

(n-BuNH2)2 into solutions of CdSe(380 nm) at -42 ˚C and
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Chapter 2. Vibrational structure of atomically precise cadmium selenide
nanocrystals

Preface
One of the primary benefits of studying a system with known structure is the ability to
precisely correlate properties with specific structural characteristics. The previous chapter
focused on developing such a system; the current chapter discusses a series of
experiments that begin to realize its promise. Here we describe Raman measurements of
the atomically precise tetrahedral cadmium selenide compounds whose synthesis and
characterization were discussed in the previous chapter. Raman spectra of these samples
exhibit two broad cadmium selenide stretching features, which vary in width, energy, and
relative area as a function of particle size and as a function of temperature. By fitting the
spectra and performing calculations, we assign the two features and examine the fuzzy
border between the world of small molecules and the world of nanomaterials, identifying
a transition in the vibrational structure of our samples that occurs at roughly 2 nm.
There are many people to whom I owe my gratitude. First and foremost is Prof. Andrew
Crowther who I initially asked to help measure the Raman spectra of a couple of my
samples as a favor, but ended up getting far more involved than anticipated when we
started getting the first interesting results. I thank Andrew’s students, Rachel Dziatko and
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Nilam Patel, who assisted with (or performed) a number of these measurements. Peter
Chen provided the control sample of spherical zinc-blende nanocrystals, and Dr. Nicholas
Anderson supplied the n-octadecylphosphonic acid and tri-n-octylphoshine oxide used in
the synthesis of spherical wurtzite nanocrystals. Dr. Michael Steigerwald performed the
calculations presented here, and he has in general been more than generous with his time
and wisdom. Dr. Omer Yaffe and Dr. Yinsheng Guo let us borrow and helped us to setup the cryostat. Finally, I am also grateful to the National Science Foundation for
supporting this work.
This chapter is based upon a draft of a manuscript currently in preparation.
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Abstract
The development of methods to tune the size of colloidal
semiconducting nanocrystals paved the way for a deeper understanding of
how bulk material properties, such as band-like electronic or vibrational
structure, emerge with increasing size. However, a significant challenge to
these studies has been that even the most monodisperse nanocrystal
samples possess some degree of heterogeneity in size, shape, and
composition. We overcome this challenge by studying a series of recently
reported cadmium selenide nanocrystals that have well-characterized,
atomically precise structures with dimensions between 1.7-2.6 nm. These
samples allow us to shed light on the evolution of vibrational structure
from individual, localized normal modes to collective, delocalized
phonons. We perform Raman scattering experiments at room temperature
and below and discover two Cd-Se stretching features at ~175 cm-1 and
~200 cm-1, which we assign to primarily surface-derived and interiorderived motions using calculations and by comparison to control samples.
We evaluate the size dependence of these modes and identify a relatively
sudden transition in their behavior that occurs at around 2 nm in size.
Below this transition, the vibrational structure is well-described using
models developed for small molecules; above it, the phonon confinement
model developed for extended solids becomes increasingly useful.
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2.1 Introduction
The development of methods to prepare colloidal semiconducting nanocrystals, or
quantum dots (QDs), with rigorous control over their dimensions was a major synthetic
advance that has yielded fundamental insights into the relationship between size and
material properties.1,2 The size-dependence of various properties such as melting point,3
pressure-induced phase transitions,4,5 and electronic structure6 are now understood with a
great level of detail. Similarly, vibrational structure has also been studied as a function of
size, and two general approaches have emerged: a phonon confinement model that treats
nanocrystals as small crystalline fragments cut out from the bulk material,7,8 and a
molecular normal mode model that treats any molecule including a nanocrystal as an
array of atoms assembled from the ground up.9,10 Both of these models are valid with the
normal mode approach performing better for small molecules or clusters and the phonon
confinement model accurately describing vibrational structure of larger crystallites.11
However, the size at which the transition between the two models occurs is an open
question. In this chapter, we describe low-frequency Raman experiments on atomicallyprecise cadmium selenide QDs (see Chapter 1 for details on synthesis and
characterization) whose well-defined structures and small sizes allow us to explore how
molecular vibrations evolve into the phonons of an extended solid and to locate the
border where the molecular normal mode model begins to fail and the phonon
confinement model takes over.
Despite extensive interest in using QDs for technological applications ranging from
solid-state lighting,12 displays,13 biological labeling,14 and next-generation energy
production,15 imprecise knowledge of QD structure remains an impediment to
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understanding the structural origins of their properties.16 Our investigation of the
vibrational structure of QDs overcomes this challenge by focusing on the QD model
system that we developed in the previous chapter (Figure 2.1).17 These samples retain the
characteristic properties of more conventional spherical QDs, such as size-dependent
absorption and photoluminescence, metal-rich stoichiometries, and carboxylate and
amine passivation, but assume structures that are atomically precise in size and shape
with dimensions between 1.7 and 2.6 nm. As discussed elsewhere, we have determined
their formulas to be Cd35Se20X30L30, Cd56Se35X42L42, and Cd84Se56X56L56 where X is
benzoate and L is n-butylamine, but for simplicity, will call the samples CdSe(350 nm),
CdSe(380

nm),

and CdSe(408

nm)

after the wavelength of their lowest energy electronic

transitions. Due to their small size, we will also often refer to them as clusters.

Figure 2.1. Three atomically-precise, tetrahedral cadmium selenide QDs possessing known
formulas and discrete dimensions with edge lengths ranging from 1.7 to 2.6 nm in size. The X
and L type ligands are benzoate and n-butylamine, respectively.

Previous Raman studies have characterized many aspects of the vibrational structure of
CdSe QDs such as the interfacial structure of core-shell nanocrystals18-21 and coupling
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between vibrational and electronic states.8,11,22-24 To underpin their analyses, these reports
generally rely upon a phonon confinement model, which describes the vibrations of
nanocrystals in terms of the vibrations, or phonons, of the parent solid. In bulk wurtzite
CdSe, non-resonant Raman scattering experiments reveal two peaks at 211 cm-1 and 169
cm-1 assigned to the longitudinal optical mode (LO) and the transverse optical mode (TO)
respectively,25,26 but because the Raman scattering process is only allowed at zero
momentum transfer (k = 0), the Γ point, measurements do not detect the rest of the
phonon branch.7 According to the phonon confinement model, when the dimensions of
the solid are now reduced, the momentum selection rules relax, and more of the phonon
dispersion curve becomes Raman allowed, which produces a broadening and shift to
lower energy of the Raman features. Indeed, in the spectra of larger spherical CdSe QDs,
it is typical to observe that the LO mode has broadened and shifted to lower energy,
while the TO mode is absent entirely.11,27 Interestingly, in many nanocrystal spectra, the
LO mode develops a shoulder at approximately 195 cm-1 that is commonly designated the
surface optical (SO) mode and is thought to originate from relatively low energy
vibrations of surface atoms.28-31 Despite polydispersity in shape and size, this approach
effectively models the vibrational structure of CdSe QDs in many cases.
Although useful, the phonon confinement model is imperfect and its shortcomings are
particularly evident as nanocrystal dimensions become very small.11,32 For example, Han
and Bester report that the peak at ~210 cm-1 commonly labeled the LO mode really
possesses both TO and LO character33 while Lin et al. find that the SO mode at ~195 cm-1
is not in fact localized on the surface.31 Rather, their force field calculations indicate that
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this mode extends throughout the nanocrystal and is better described as a mixture of both
surface and core motions.31
In contrast to the top-down phonon confinement approach, the use of molecular normal
mode analysis to interpret Raman spectra is prevalent in the cluster literature.9,34,35 Large
clusters and nanocrystals often consist of tens to hundreds of atoms meaning that the 3N6 rule quickly generates many Raman-allowed normal modes of slightly different
energies that combine to produce the overall vibrational spectrum. In large molecules, an
individual peak can therefore be composed of numerous underlying modes each of which
corresponds to a particular vibration. For metal chalcogenide compounds, this approach
is exemplified by the work of Løver et al. who measure infrared and Raman spectra of
thiophenolate-capped cadmium sulfide and cadmium selenide clusters and observe
several broad signals in the Cd-S stretching region.9 They assign the lower energy
features to cadmium-thiophenolate derived vibrations where the thiophenolate ligand is
thought to move as a rigid body, while the higher energy feature reflects a distribution of
stretching motions of interior Cd-S or Cd-Se bonds depending on the sample.9 Because
our samples have known formulas and atomically-precise structures, they are well-suited
to a molecular normal mode analysis approach.
In the following pages, we investigate how the vibrational structure of CdSe nanocrystals
evolves with size by performing micro-Raman spectroscopy on a series of three
atomically precise CdSe QDs. For comparison, we also measure the spectra of wurtzite
and zincblende CdSe nanocrystals (CdSe(Wz NCs) and CdSe(Zb NCs)), and bulk wurtzitephase CdSe (CdSe(Bulk)). We conduct experiments using two laser wavelengths to control
for resonance effects, and we also study temperature dependence by performing variable
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temperature measurements. Finally, we support our experimental results with density
functional theory (DFT) calculations of the vibrational structure of the atomically precise
QDs. Our results show that molecular normal mode analysis more effectively describes
the vibrational structure of our samples than does a phonon confinement model and allow
us to confidently assign the observed CdSe stretching modes. However, the vibrational
structure of the biggest atomically precise QD that we study, CdSe(408 nm), begins to
resemble the vibrational structure of larger spherical nanocrystals. This observation
indicates that the transition from a regime where molecular normal mode analysis is
applicable to one where a phonon confinement model is applicable is relatively sudden
and occurs around 2 nm in edge length.

2.2 Results and discussion
Before discussing the Raman scattering experiments, it is useful to provide some
background on the electronic structure of our samples in relation to the lasers used for
measurement. The optical features of the atomically precise QDs exhibit the same size
dependence as the optical features of larger, spherical nanocrystals despite their
tetrahedral shape.17 Their absorption and photoluminescence spectra are displayed in
Figure 2.2a, which also shows that all cluster Raman experiments are non-resonant.
CdSe(Wz NCs) (d = 3.0 nm), which are terminated by a mixture of n-octylamine and noctadecylphosphonate ligands, and CdSe(Zb NCs) (d = 3.3 nm), which are terminated by noctylamine ligands, were prepared using known methods.36-38 For these samples, the 633nm Raman measurements are non-resonant while 532-nm measurements are resonant as
shown in Figure 2.2b.
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Figure 2.2. Absorbance (black, solid line) and photoluminescence (blue, dashed line) spectra of
samples investigated in this study. Red (633 nm) and green (532 nm) vertical dashed lines
indicate the laser wavelengths used for Raman measurements. While Raman measurements of
CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm) are non-resonant, for CdSe(Zb NCs) and CdSe(Wz NCs),
Raman spectra collected with the 532-nm laser are resonant and those with the 633-nm laser are
non-resonant.

2.2.1 Room temperature measurements
Figure 2.3 displays the cadmium selenide stretching region of the 532-nm and 633-nm
Raman spectra of CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm) while Figure 2.4 displays
the full spectra. Three important sets of peaks are evident: cadmium selenide modes at
about 200 cm-1, benzoate and n-butylamine ligand modes throughout the entire detection
region, and silicon substrate modes at 300 cm-1, 520 cm-1 and 960 cm-1. As is clear in
Figure 2.3, the CdSe feature contains two broad, overlapping peaks at ~175 cm-1 and
~200 cm-1, with the 200 cm-1 peak growing in intensity relative to the ~175 cm-1 peak as
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the cluster size increases for both 532-nm and 633-nm measurements. During some of
our experiments, we observe sample photoluminescence, most prominently for the larger
clusters with the 532-nm laser (Figure 2.4). Although the Raman measurements are offresonant, optical excitation becomes more probable with increasing cluster size as the
lowest energy electronic transition approaches the laser wavelength.39 We hypothesize
that the photoluminescence is a result of two-photon processes and minor, strongly
photoluminescent impurities in the sample.

Figure 2.3. Representative (a) 532-nm and (b) 633-nm Raman spectra of the clusters and two
nanocrystal standards. Complete fits are shown in red with fit components in grey. The
nanocrystals are fit to Voigt functions, and the clusters are fit to two Gaussians. The background
is linear in each case.
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We fit the CdSe peaks at ~175 cm-1 and ~200 cm-1 of our cluster samples to two
Gaussians, which is an appropriate line shape for inhomogeneously broadened features
composed of a wide variety of normal modes. Previous Raman studies of CdSe
nanocrystals produced good fits with Lorentzians,11,19,20 an approach that is appropriate
for larger systems where the individual normal modes have begun to assume a more
collective, phonon-like character,7 but attempts to model our cluster spectra to
Lorentzians using Voigt functions with the Gaussian width fixed at the instrument
resolution produce poor fits. To account for sample fluorescence and a low energy
sloping feature associated with the ligands, we use a linear background because it
introduces fewer parameters while yielding better fits for these samples than can be
achieved with more complex line-shapes.40 For each cluster size, we measure multiple
samples over multiple days and fit each individual spectrum independently. The fit
results in Table 2.1 are a weighted average of all these measurements. This approach
generated robust fit results for the peak positions and widths, with good agreement
between 532-nm and 633-nm measurements, which is expected if both measurements are
non-resonant. However, for the largest clusters, there was significant covariance between
the peak widths and heights, resulting in unreliable peak areas. To account for this issue,
we also globally fit all 532-nm and 633-nm data for a given cluster size simultaneously,
producing a single set of fitting parameters for each cluster size (see Table 2.3 in Section
2.6). The resulting peak locations and widths matched the individual fits without the
corresponding uncertainty in peak area.
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Figure 2.4. (a) Full 532-nm and (b) 633-nm Raman spectra for the cadmium selenide clusters,
the ligand standard, which is Cd(O2CPh)2 (n-BuNH2)2, and the silicon substrate. CdSe, ligand,
and silicon peaks are indicated with dashed lines or boxes that are blue, red, and black,
respectively.
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Table 2.1. Uncertainty weighted averages of fit results for individual room temperature spectra
Sample
CdSe(350nm)
CdSe(380nm)
CdSe(408nm)
CdSe(Zb NC)
CdSe(Wz NC)

CdSe(Bulk)

Laser
532 nm
633 nm
532 nm
633 nm
532 nm
633 nm
532 nm
633 nm
532 nm
633 nm

532 nm

Low energy peak
Location (cm-1) FWHM (cm-1)
172.1 ± 1.3
21.5 ± 2.8
173.2 ± 1.4
18.8 ± 2.7
173.6 ± 4.3
20.7 ± 8.5
174.3 ± 4.5
19.8 ± 5.3
173.8 ± 4.5
27.1 ± 6.3
179.8 ± 1.7
24.0 ± 2.2
Not Obs.
Not Obs.
Not Obs.
Not Obs.
Not Obs.
Not Obs.
195.2 ± 0.9
8.4 ± 8.6
Transverse Optical
Location (cm-1) FWHM (cm-1)
170.2 ± 1.5
28.4 ± 5.9

High energy peak
Location (cm-1) FWHM (cm-1)
197.9 ± 1.9
29.0 ± 2.8
196.1 ± 1.7
28.6 ± 2.3
199.8 ± 2.0
26.2 ± 3.8
197.1 ± 2.1
24.9 ± 3.6
203.8 ± 1.4
26.6 ± 4.3
203.3 ± 1.2
23.7 ± 2.7
205.9 ± 0.4
15.2 ± 0.2
209.4 ± 3.3
12.7 ± 2.0
206.0 ± 0.6
13.0 ± 0.6
207.6 ± 0.2
8.2 ± 0.6
Longitudinal Optical
Location (cm-1) FWHM (cm-1)
203.8 ± 1.0
12.5 ± 4.8

As controls, we also measure the Raman spectrum of the complex, cadmium benzoate
bis(n-butylamine) (Cd(O2CPh)2

(n-BuNH2)2), which approximates the ligand shell of

the clusters, as well as spectra of CdSe(Bulk), CdSe(Wz NCs), and CdSe(Zb NCs). The “ligandonly” Raman spectrum has a broad sloping feature at 100 cm-1 with a very weak shoulder
at ~200 cm-1 (Figure 2.5). The low energy feature arises from a broad, inhomogenous
distribution of low-frequency vibrational modes (e.g. breathing modes) while the
shoulder at 200 cm-1 may derive from Cd-(O2CPh) stretching motions.9,41-44 The lowenergy sloping feature overlaps with the CdSe modes observed at about 200 cm-1 in the
Raman spectra of the cluster samples and makes fitting challenging (Figure 2.3). On the
other hand, the shoulder at ~200 cm-1 is both very weak and qualitatively different in
shape from the CdSe features and thus does not play an important role in our analysis.
Other ligand features at higher energies in the cluster spectra tend to be sharp,
corresponding to C-C stretches, CCH and CCC in-plane deformations, and C-H and C=O
out-of-plane deformations and closely match the “ligand-only” control spectrum (Figure
2.4).41,43,44
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Figure 2.5. 532-nm and 633-nm Raman spectra of Cd(O2CPh)2 (n-BuNH2)2, which has
benzoate and n-butylamine groups to match the ligands of our CdSe clusters.

Figure 2.3 also displays the Raman spectra and fits of CdSe(Bulk), CdSe(Wz NCs), and
CdSe(Zb NCs). Similar to previous reports, the spectrum of CdSe(Bulk) has a TO feature at
170±1.5 cm-1 and an LO feature at 204±1.0 cm-1.25,26,45 The spectra of the spherical
nanocrystals are qualitatively simpler than those collected for the clusters with very few
features other than a CdSe mode at ~200 cm-1, which appears to be composed primarily
of a single peak though the 633-nm Raman spectrum of CdSe(Wz NCs) exhibits a lower
energy shoulder. As expected, the CdSe modes of the CdSe(Wz NCs) and CdSe(Zb NCs)
samples are best fit to Lorentzians using Voigt functions with the width of the Gaussian
component fixed to the instrument resolution. In the case of the 532-nm data, we find that
a single Voigt models the feature very well with additional Voigts only marginally
improving the fit. For the 633-nm nanocrystal data, using two Voigts produces a better fit
for CdSe(Wz NCs).
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2.2.2 Peak Assignments
We first assign the two broad peaks at ~200 cm-1 and ~175 cm-1 in the room temperature
cluster spectra. The higher energy peak is preserved across all cluster, nanocrystal, and
bulk samples, while the lower energy peak occurs in the cluster and bulk spectra, but not
the nanocrystal spectra. A traditional phonon confinement approach would assign the
higher energy peak of the clusters to a mode analogous to the bulk longitudinal optical
(LO) phonon, while the lower energy peak would be assigned as the surface optical (SO)
phonon mode.30,31,46 This assignment is consistent with the observation that the peak area
of the higher energy “interior” mode increases relative to the peak area of the lower
energy “surface” mode as the cluster gets larger and the number of interior bonds
increases (Figure 2.6).

Figure 2.6. The peak area ratio of the high-energy interior feature to the low-energy surface
feature as a function of the ratio of interior to surface bonds. Smaller clusters exhibit a more
pronounced surface feature, and larger clusters exhibit a more pronounced interior feature. We
count the number of surface and interior bonds in each structure assigning any bond between an
interior Se and a surface Cd to the surface category, and any bond between two interior atoms to
the interior category. Linear fits are to guide the eye.

However, cluster and nanocrystal vibrations may not be directly analogous to the optical
phonons of the bulk, and as already discussed, previous calculations suggest that the
vibrational structure of nanocrystals is more complicated than this model implies.31,33 To
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probe the origins of the peaks at ~200 cm-1 and ~175 cm-1, we performed our own
calculations on CdSe(350 nm), CdSe(380 nm) and CdSe(408 nm), which are ideal candidates for
treatment with density functional theory (DFT) because they are both atomically precise
and relatively small by nanocrystal standards.47 We investigate three models:
Cd20Se10Cl20(NH3)20 which is one cadmium selenide layer smaller than CdSe(350

nm),

Cd35Se20Cl30(NH3)30 which corresponds to CdSe(350 nm), and Cd56Se35Cl42(NH3)42 which
corresponds to CdSe(380 nm). We use a mixture of chloride and ammonia ligands in the
correct number and ratio to simulate the native benzoate and n-butylamine ligands
because they are similar, but less computationally expensive. Including ligands provides
a better approximation of the true structure, but also results in lower cluster symmetry.47
We do not calculate Raman spectra due to the large number of atoms in these models.
Calculation results are shown in Figure 2.7. We assign little importance to the absolute
calculated mode energies, but consider the relative energy differences to be useful. We
find that the vibrational density of states is qualitatively the same for each cluster size and
shows that modes are distributed widely and relatively evenly across the shown energy
range with the exception of a single spike in vibrational density at ~240 cm-1, which
corresponds to motions originating from the ligands (Figure 2.7a). There is no obvious
increase in the relative number of modes at higher energy with increasing cluster size.
However, when we decompose the modes of Cd56Se35Cl42(NH3)42 into the motions of the
constituent atoms sorted by type (interior, surface, and ligand), we find that the motions
of interior atoms tend to be larger at higher energy while the motions of surface atoms
have approximately constant magnitude across the energy window (Figure 2.7b). For all
modes, the ligands account for roughly 90% of total atomic motion, which reflects the
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ligand shell composition – many relatively light atoms – and shows that ligand motions
are strongly coupled to the cadmium and selenium atoms. Visually inspecting the motion
of each normal mode reveals complex, highly asymmetric vibrations that are not easily
classified as being localized to the interior or surface or as the analogue of any phonon
mode. The chaotic nature of these motions is a direct result of the symmetry-lowering
ligands and suggests that using pseudohydrogens in place of chemically reasonable
ligands may provide a deceptively simple picture.

Figure 2.7. DFT calculation results for Cd20Se10Cl20(NH3)20, Cd35Se20Cl30(NH3)30, and
Cd56Se35Cl42(NH3)42. (a) We determine the vibrational density of states (VDOS) for all three
clusters by summing Gaussians with σ equal to 2 cm-1 for each mode and (b) show for one
cluster, Cd56Se35Cl42(NH3)42, a decomposition of the displacement magnitude of every atom in
each mode by atom type: interior, surface, and ligand. (c) We examine the proportion of Cd and
Se atomic motion occurring either in the interior or on the surface of the models and (d) find that
the arrangement of ligands strongly affects the motion of all atoms even those in the interior.

To quantitatively evaluate the observation that interior motions become relatively more
intense at higher energies, we discard ligand motion and calculate the proportion of
remaining total atomic displacement arising from motions of interior cadmium and
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selenium atoms (Figure 2.7c). Values above 50% are more localized on interior cadmium
and selenium atoms, and values less than 50% are more localized on surface cadmium
and selenium atoms. Regardless of size, all clusters show more surface motion at lower
energies and more interior motion at about 275 cm-1 with perhaps a slight shift of this
feature to higher energy for the larger clusters. This result suggests that the higher energy
peak at ~200 cm-1 in the experimental Raman spectra reflects atomic motions that are
more interior-like in nature while the lower energy peak at ~175 cm-1 reflects motions
that are predominantly surface-like in nature. Although we note that each mode involves
motions of every atom regardless of type, we will from now on refer to the peak at ~175
cm-1 as a “surface” peak and the peak at ~200 cm-1 as an “interior” peak.
These assignments are consistent with the intuitive idea that atoms on the surface of a
cluster are more loosely bound than atoms in the interior. The assignments also agree
with the trend of increasing interior peak area relative to surface peak area with
increasing size as shown in Figure 2.6. While the interior peak at ~200 cm-1 appears
shifted to lower energy in comparison to the LO modes of CdSe(Wz NCs), CdSe(Zb NCs), and
CdSe(Bulk), this is likely due to exceptionally strong coupling between surface and interior
motions in such small particles. From this perspective, what is perhaps most remarkable
is that the interior feature is observed at as high an energy as it is. As previously observed
in phenylchalcogenolate cluster compounds, it does not require many interior bonds
before vibrational features similar in energy to bulk modes appear.9 However, the
surface mode at ~175 cm-1 appears substantially shifted to lower energy in comparison to
the surface optical (SO) phonon mode at ~195 cm-1 commonly seen in the Raman spectra
of larger, spherical CdSe nanocrystals. Although the SO mode has in some cases been
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observed to shift to lower energy as nanocrystal size decreases getting as low as 183 cm-1
for some samples,32,48 others report the exact opposite trend.30 We consider the surface
peak in the clusters to be qualitatively different from the SO mode, and its unusually low
energy results from a combination of factors including the exceedingly small size of our
samples as well as their non-spherical shape, which will result in different symmetry
selection rules.
On top of these factors, we have also identified that the ligands play an important role in
determining the energies of the observed CdSe features. CdSe(350 nm), CdSe(380 nm) and
CdSe(408 nm) are passivated by a combination of n-butylamine and benzoate ligands, the
latter of which are more rigid than the n-alklycarboxylate or n-alklyphosphonate ligands
typically found on nanocrystal surfaces.16,37,49,50 Previous work on clusters capped by
similarly rigid phenylthiolate ligands assigns low energy Raman and infrared features in
the region of 150-180 cm-1 to concerted stretching motions of the Cd-SPh bond where the
phenylthiolate group is treated as a rigid unit.9,34,35 We note here the similarity in
molecular weight between phenylthiolate (109.19 g/mol) and benzoate (121.12 g/mol).
Visual inspection of DFT calculations of the complex Cd(O2CPh)2

(NH3)2 shows low

energy vibrational modes in which benzoate moves as rigid unit against cadmium
suggesting that similar motions on the surface of our clusters may contribute to the
surface feature.
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Figure 2.8. Models of Cd20Se10Cl20(NH3)20 with symmetrical and asymmetrical arrangements of
ligands. (a) In the symmetrical model, the vertex cadmium atoms each possess two ammonia
ligands and one chloride ligand, the edge cadmium atoms each possess one ammonia ligand and
one chloride ligand, and the remaining facial cadmiums each possess one chloride ligand
resulting in an even distribution of ammonia and chloride ligands on each face. (b) The
asymmetrical model has some faces enriched in ammonia ligands and some faces enriched in
chloride ligands. Cadmium is indicated in green, selenium in orange, chloride in purple, nitrogen
in blue, and hydrogen in white.

We have tested the effect of ligands on cluster vibrational structure by performing DFT
calculations on clusters with different arrangements of ligands. In the symmetric model,
the ligands are carefully placed to achieve as even an arrangement as possible with each
vertex Cd atom of the tetrahedron possessing one Cl and two NH3 ligands, each edge Cd
atom possessing one Cl and one NH3 ligand, and each facial Cd atom possessing a single
Cl ligand (Figure 2.8a). In this way, we passivate each face with the same number of Cl
and NH3 ligands. However, the asymmetric model possesses faces enriched in either Cl
or NH3 ligands, which results in a significantly more polar structure (Figure 2.8b). Our
results show that ligand arrangement affects the energy of motions of all atoms in the
structure, but it is particularly interesting that this effect is obvious even for the motions
of interior atoms not directly bound to ligands (Figure 2.7d). The more asymmetrical
ligand arrangement results in a significant shift to lower energy of the motions of interior
atoms. Thus, we deduce that an ensemble of clusters possessing a distribution of ligand
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binding motifs would exhibit vibrational features that are broadened and shifted to lower
energy, and this effect should be magnified for particles with smaller dimensions.
Following this reasoning, we attribute the breadth and low energy of the interior and
surface features in part to heterogeneity of the ligand arrangements on individual clusters
in a given sample.

2.2.3 Variable temperature measurements of CdSe Clusters
In addition to describing the origins of vibrational structure in nanocrystals in different
ways, the phonon confinement and normal mode approaches also differ in their
predictions of how modes respond to changing temperature. The phonon confinement
model predicts that the LO mode should narrow and shift to higher energy with
decreasing temperature due to reduced lifetime broadening.7,27,51 In contrast, normal
mode analysis predicts relatively little change in the energy and breadth of individual
nanocrystal features because their peak locations and widths result from the summation
of numerous, discrete modes meaning that the broadening can be considered more
heterogeneous in nature and therefore relatively insensitive to temperature.10
To evaluate which model better describes our samples, we perform variable temperature
Raman experiments. We measure 532-nm Raman spectra for each cluster and the ligandonly control (Cd(O2CPh)2

(n-BuNH2)2) between 78 K and 296 K in approximately 50 K

increments. Figure 2.9 displays the data with fits for CdSe(350 nm) and CdSe(408 nm). For
CdSe(350 nm), cooling the sample produces a negligible change in the Raman spectrum,
while for CdSe(408 nm), the interior feature shifts to higher energy and narrows, and the
surface feature broadens, shifts to higher energy, and becomes less intense. The data and
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fits for CdSe(380 nm), which behaves intermediately to CdSe(350 nm) and CdSe(408 nm), are
shown in Section 2.6, Figure 2.12a. The ligand-only measurements, which are shown in
Section 2.6, Figure 2.12b, reveal that the large background peak at ~100 cm-1 decreases
in intensity while the small peak at ~200 cm-1 is unaffected by decreasing temperature.

Figure 2.9. Representative variable temperature Raman spectra measured at 532-nm for (a)
CdSe(350 nm) and (b) CdSe(408 nm). The black, grey, and red curves are the data, individual Gaussian
fits, and total fit, respectively. The dashed line is centered on the higher energy peak at room
temperature to emphasize that this peak shifts to higher energy as CdSe(408 nm) cools, in contrast to
CdSe(350 nm).

Consistent with our analysis of room-temperature spectra, we fit the variable temperature
Raman spectra to two Gaussians corresponding to the two features with a linear
background. Figures 2.9 shows representative fits for the variable temperature spectra,
and Table 2.2 gives the fit results.52 As shown in plots of the room and variable
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temperature fit results (Figures 2.10, 2.11, and Figures 2.13 and 2.14 in Section 2.6),
ωint increases in energy with increasing cluster size and also increases in energy with
decreasing temperature though the trend is more pronounced for the larger clusters.
FWHMint, on the other hand, decreases with increasing size, and upon cooling, does not
substantially change for CdSe(350

nm),

decreases by ~2 cm-1 for CdSe(380

nm),

and

decreases by 9 cm-1 for CdSe(408 nm). Although there is a clear temperature dependence of
the cluster vibrational features, they respond differently depending upon size and neither
a normal mode nor a phonon confinement approach independently explains all the data to
satisfaction. We examine the size dependence of these trends in more detail below.
Table 2.2. Uncertainty weighted averages of individual fits to variable temperature spectra
Sample

CdSe(350nm)

CdSe(380nm)

CdSe(408nm)

Temp (K)
296
250
200
150
100
78
296
250
200
150
100
78
296
250
200
150
100
78

Surface Peak
Location (cm-1)
FWHM (cm-1)
178.4 ± 0.3
30.5 ± 1.4
177.2 ± 0.5
30.3 ± 0.8
177.2 ± 2.2
28.9 ± 3.5
178.2 ± 0.8
30.4 ± 2.3
175.5 ± 0.5
27.5 ± 3.3
179.8 ± 0.5
32.5 ± 1.2
178.5 ± 1.9
21.2 ± 4.0
176.2 ± 1.4
31.6 ± 4.3
176.3 ± 1.0
28.5 ± 5.0
176.0 ± 4.2
29.3 ± 5.5
176.8 ± 1.9
30.5 ± 3.8
173.9 ± 4.2
27.1 ± 9.7
176.5 ± 4.8
37.4 ± 1.2
189.8 ± 2.1
39.7 ± 4.4
187.0 ± 1.4
40.9 ± 0.5
189.4 ± 1.0
44.7 ± 4.6
191.5 ± 0.5
44.7 ± 2.2
191.8±4.8
46.9 ± 1.7

Interior Peak
Location (cm-1) FWHM (cm-1)
203.9 ± 0.7
26.6 ± 1.0
202.5 ± 0.03
28.6 ± 1.7
203.1 ± 2.6
28.2 ± 1.3
204.1 ± 0.5
25.9 ± 2.0
201.3 ± 0.8
32.0 ± 3.6
206.4 ± 0.5
26.0 ± 1.3
204.2 ± 2.1
23.0 ± 1.6
204.4 ± 1.6
22.5 ± 1.1
204.6 ± 1.1
23.3 ± 2.8
205.8 ± 1.9
22.0 ± 4.9
208.5 ± 2.1
17.3 ± 1.8
207.4 ± 2.0
18.2 ± 6.0
203.5 ± 0.5
17.9 ± 1.1
206.6 ± 0.2
14.7 ± 1.5
205.6 ± 0.7
14.2 ± 1.6
206.5 ± 0.02
12.3 ± 0.05
208.0 ± 0.4
11.0 ± 0.08
208.4 ± 0.9
9.2 ± 0.8

2.3.4 Evolution of vibrational structure with size
By studying a set of well-defined samples at the interface of discrete small molecules and
nanomaterials, we aim to a) understand how molecular vibrations evolve into the
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phonons of an extended solid and b) determine the boundary between the size regime
where vibrational structure is best described using normal mode analysis and the size
regime where a phonon confinement model is more appropriate.

To address these

questions, we analyze more closely the trends in the fitting results for room and variable
temperature spectra as a function of sample size.
Figure 2.10 shows that ωint and ωsurf increase in energy with cluster size and exhibit no
dependence on laser wavelength as expected for non-resonant Raman measurements. In a
similar manner, the energy of the LO mode in larger spherical CdSe nanocrystals also
increases with size, which according to the phonon confinement model is due to a
strengthening of momentum selection rules with increasing dimensions. Thus, for small
particles where the rules are more relaxed, measurements detect a wider region of the
optical phonon branches effectively decreasing the frequency and increasing the width of
observed modes.7,27,51 However, a normal mode approach would predict a similar sizedependence of peak energy and width. As particles shrink, a greater number of atoms
become under-coordinated and vibrate at lower frequencies. For the same reason, width
should simultaneously increase due to increased heterogeneity in the types of vibrations
underlying a given feature. Although there is too much uncertainty in our measurements
of peak width to confidently establish a trend (Figure 2.13 in Section 2.6), both ωint and
ωsurf reliably shift to higher energy with increasing size as predicted by both models.
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Figure 2.10. Energy of ωint and ωsurf as a function of size for both 532-nm and 633-nm Raman
data. Data for ωint are shown as blue circles, and data for ωsurf are shown as red squares. Unfilled
and filled markers reflect 532-nm and 633-nm data respectively, and are slightly offset from each
other along the x-axis to improve legibility. The dashed lines represent uncertainty weighted fits
and are intended to help guide the eye.

Whereas our room temperature measurements do not allow us to clearly distinguish
between molecular and bulk pictures, the variable temperature Raman measurements are
more definitive. While a normal mode approach predicts that there should be little change
in spectral features as a function of temperature because heterogeneous broadening
effects are relatively insensitive to temperature, a phonon confinement model instead
predicts that peaks should shift to higher energy and become narrower with decreasing
temperature due to a reduction in lifetime broadening effects.7 This model has been quite
successful at describing the changes to nanocrystal vibrational spectra as a function of
temperature.11,51 For example, Kusch and coworkers measured variable temperature
Raman spectra of 3.1 nm, 4.8 nm, and 7.8 nm nanocrystals, along with bulk CdSe, and in
each case, the LO frequency increased with decreasing temperature.27 CdSe(408 nm), with
an edge length of 2.6 nm, is only slightly smaller than the 3.1 nm nanocrystal sample
measured by Kusch et al., and the two samples show very similar temperature dependent
behavior (Figure 2.11).27 For CdSe(408 nm), the frequency of ωint increases from 204 cm-1
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to 208.5 cm-1 as temperature cools from 296 K to 78K while the FWHMint evolves from
19 cm-1 to 10 cm-1 over the same temperature range. These trends are in excellent
agreement with those observed for the LO mode of the 3.1 nm nanocrystal measured by
Kusch et al. albeit offset to lower energy and broadened as expected for our smaller
sample.
In contrast, for CdSe(350 nm) and CdSe(380 nm), the frequency and width of the interior
feature are less dependent on temperature, with width becoming nearly temperature
independent for CdSe(350 nm) (Figure 2.11). Our results are consistent with previous work
by Dzhagan et al. who see a similar transition in cadmium sulfide nanocrystals; while the
Raman features of 3.5 nm-diameter crystals are sensitive to temperature, 1.8 nm-diameter
crystals do not exhibit a temperature response.53 The relative temperature insensitivity of
the data for CdSe(350

nm)

and CdSe(380

nm)

is not well accounted for by a phonon

confinement model and instead accords better with a normal mode description. We thus
conclude that in the size regime of 1.7-2.6 nm, there is an inflection point where a CdSe
particle’s vibrational structure switches from being more molecular in nature to being
well-described by a model developed for bulk materials.
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Figure 2.11. (a) The frequency and (b) FWHM of the interior feature from variable temperature
532-nm Raman data. CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm) are the black, red, and blue data,
respectively. Solid lines are weighted fits to the data. Uncertainty comes from the standard
deviation of fitting multiple spectra at the same temperature.

It is interesting that the vibrational properties have a detectable and relatively sharp
crossover from molecular to more bulk-like behavior in comparison to other sizedependent material properties. For example, the electronic structure of cadmium selenide
has a famously well-described size-dependence, and its band-gap can be tuned through
size-control across the entire visible spectrum.1,6 Even in the small size regime, this close
relationship between electronic structure and size is maintained. As previously reported,
the lowest energy electronic transitions of the cluster samples studied here fall perfectly
on a size-dependence curve assembled for much larger spherical nanocrystals,17

115

indicating that the relationship between size and electronic structure breaks down at even
smaller sizes than 1.7 nm if it breaks down at all. Similarly, bond length is also sensitive
to size and can be used as an indicator of the transition between more molecular and more
bulk-like behavior, but again the measured clusters appear to be larger than the size
where this transition occurs. In the molecular limit, we expect bond lengths to increase;
however, the Cd-Se bond lengths in our samples as determined by PDF are within 0.05 Å
of those in bulk CdSe.17

2.3. Summary
An important fundamental question in materials science concerns the size-dependence of
material properties: at what point do models developed to describe bulk materials fail to
accurately explain the properties of increasingly small samples, or conversely, at what
point do models developed to explain small molecules begin to inadequately describe the
properties of increasingly large samples? In this paper, we explore these questions by
studying the vibrational structure of a series of atomically precise CdSe QDs. Room
temperature Raman measurements reveal two features in the CdSe stretching region that
we assign to primarily surface-derived vibrations for the lower energy feature and
interior-derived vibrations for the higher energy feature. This assignment is supported by
calculations, which also reveal that interior vibrations in small particles can be highly
sensitive to the arrangement of ligands on their surfaces. Finally, we conduct variable
temperature Raman experiments and discover that data collected for our largest cluster,
CdSe(408 nm), are well-described by the phonon confinement model while data collected
for the smaller clusters are better explained using normal mode analysis. This observation
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allows us to define a border where the vibrational structure switches from more bulk-like
to more molecular-like in nature, which for CdSe nanocrystals, is at ~2 nm.

2.4 Experimentals
2.4.1 General Considerations
Benzoic acid (≥ 99.5%), benzoic anhydride, dichloromethane (≥ 99.5%), selenium pellets
(≥

99.99%),

Super-hydride

solution

(1.0

M

lithium

triethylborohydride

in

tetrahydrofuran), tetrahydrofuran (>99.0%) selenium dioxide (99.8%), cadmium selenide
(10 µm, 99.99%), octadecene (90%), and oleic acid (99%) were purchased from Sigma
Aldrich and used as received. Benzene-d6 (99.6%), anhydrous acetonitrile (99.5%), and
anhydrous methylacetate (99.5%) were purchased from Sigma Aldrich, shaken with
activated alumina, filtered, and stored over 4 Å molecular sieves for at least 24 h prior to
use. Diethyl ether, pentane, and toluene were dried over alumina columns and stored over
4 Å molecular sieves for at least 24 h prior to use. Bromotrimethylsilane, n-butylamine
(99%), and n-octylamine were purchased from Sigma Aldrich and dried over calcium
hydride, distilled, and stored in a nitrogen glovebox. Cadmium oxide (99.99+%) and trin-octylphosphine (>99.7%) were purchased from Strem and used as received. Tri-noctylphosphine oxide was purchased from Aldrich and recrystallized according to
previously reported procedures.37 Cadmium benzoate (Cd(C7H5O2)2 • (CH3CN)0.2-0.3),
bis(trimethylsilyl)selenide (Se(Si(CH3)3)2), and cadmium tetradeconoate were all
prepared following literature procedures.17,38 The synthesis of n-octadecylphosphonic
acid used in the preparation of CdSe(Wz NCs) was reported by Anderson.54
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Unless otherwise indicated, all manipulations were performed under air-free conditions
using standard Schlenk techniques or a nitrogen atmosphere glovebox. NMR spectra
were recorded on Bruker Advance III 400 and 500 MHz instruments and internally
referenced to the resonances of protio-impurities in the deuterated solvent. 1H NMR
spectra were acquired with sufficient delay to allow complete relaxation between pulses
(15 s). UV−visible absorption data were obtained using a Perkin-Elmer Lambda 650
spectrophotometer

equipped

with

deuterium

and

tungsten

halogen

lamps.

Photoluminescence spectra were recorded using a FluoroMax-4 from Horiba Scientific.
Models of cluster structures are generated in Vesta.55

2.4.2 Synthesis
Synthesis and isolation of CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm). The set of cluster
samples were synthesized using a previously reported procedure without modification.17
Synthesis of wurtzite CdSe nanocrystals. n-Octadecylphosphonate- and n-octylamineterminated wurtzite nanocrystals were prepared by following a previously reported
procedure.36 To achieve the desired size (3.0 nm in diameter using the sizing formula
reported in Beecher et al.),17 the reaction was halted after 2.5 min. at 370 ˚C. The crystals
were purified in an air-free manner following a previously reported procedure using
methylacetate in place of acetone, toluene in place of chloroform, and pentane in place of
hexane.37 The samples were characterized by UV-Vis and NMR spectroscopies to
determine whether the sample was free of impurities.
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Synthesis of zincblende CdSe nanocrystals. Carboxylate-terminated zincblende CdSe
nanocrystals were synthesized, purified, and characterized via previously reported
methods.38 The nanocrystals used for the reported measurements are 3.25 nm in diameter.
A ligand exchange is used to remove native tetradecanoate ligands.38 The measured
particles are terminated by n-octylamine.

2.4.3 Characterization
Raman Spectroscopy: Working in a nitrogen-filled glovebox to avoid air exposure,
samples were prepared by dissolving the material of interest in toluene (approximately 10
mg. in 0.5 mL toluene) and drop-casting onto a fragment of silicon wafer (~5 x 5 mm) to
form a thin film that is visible by eye. Samples were loaded into quartz cuvettes and
sealed before bringing the samples to the Raman spectrometer.
A micro-Raman spectrometer measured CdSe samples with 532-nm and 633-nm lasers.
For our measurements, 2 mW of 532-nm or 3.6 mW of 633-nm light enters a Nikon
Eclipse Ti/U inverted microscope and a 30%R/70%T broadband beamsplitter directs the
light into a 40x/0.6 N.A. objective, which focuses the light to a ~1 µm diameter spot on
the sample. Back-scattered light collected by the same objective passes through a 75µm
confocal pinhole, a long pass filter, and into a 300 mm Acton SP2300 spectrometer with
a 1200g/mm grating and onto a Pixis 400 CCD imaging detector. The resolution for 532nm measurements is 5.2 ± 0.5 cm-1, determined from the 546-nm peak of a Hg calibration
lamp. The 633-nm measurement resolution is 3.8 ± 0.5 cm-1, determined from the 638.3nm peak of a Ne calibration lamp.
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CdSe(350 nm), CdSe(380 nm), CdSe(408 nm), CdSe(Zb NCs), CdSe(Wz NCs), and Cd(O2CPh)2
(n-BuNH2)2, which approximates the benzoate and n-butylamine ligands in our cluster
samples, were measured with 532-nm and 633-nm lasers. For CdSe(Bulk), we only
conduct measurements with the 532-nm laser due to sample fluorescence in the detection
region of 633-nm Raman measurements. Even minor sample fluorescence can saturate
the detector, so we routinely performed many shorter scans in order to increase total
acquisition time. For example, a six-minute acquisition time is typically composed of six
60-second scans. For 532-nm measurements, typical total acquisition times for the CdSe
clusters and bulk samples ranged from 4-32 minutes, and 1-5 minutes for the nanocrystal
and ligand-only samples. For 633-nm measurements typical exposure times for the CdSe
clusters ranged from 10-60 minutes, and 5-13 minutes for the nanocrystal and ligand
samples.
We measured variable temperature spectra using the 532-nm laser to maximize the
signal-to-noise ratio. Samples were loaded into a Oxford Instruments Microstat HiRes2
cryostat in the glove box, and the cryostat was pumped down by a Varian Turbo-V70
turbo pump backed by an Agilent TriScroll dry vacuum roughing pump. Liquid nitrogen
cooled the samples and an Oxford Instruments Mercury iTC temperature controller set
the temperature. We measured Raman spectra of CdSe(350 nm), CdSe(380 nm), CdSe(408 nm),
and Cd(O2CPh)2

(n-BuNH2)2 at 294 K, 250 K, 200 K, 150 K, 100 K, and 78 K. The

cooling rate was approximately 5K/minute. Typical acquisition times for variable
temperature measurements were 20 minutes.
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2.4.4 Modeling and calculations
We performed density functional calculations using Jaguar.56 Geometries were
optimized,

orbitals

were

calculated,

and

energies

were

determined

at

the

B3LYP/LACV3P** level. We generated cluster models based on the reported structures
and formulas by substituting chlorides for benzoates and ammonias for n-butylamines,
which are realistic approximations of the original ligands, maintain charge balance, but
are not as computationally expensive. Calculations were performed on three molecules:
Cd20Se10Cl20(NH3)20, which is based on the structure of CdSe(350

nm)

but missing a

cadmium selenide layer, Cd35Se20Cl30(NH3)30 for CdSe(350 nm), and Cd56Se35Cl42(NH3)42
for CdSe(380 nm). We produced two different regioisomers of the Cd20Se10Cl20(NH3)20
model by rearranging the ligands such that in the more symmetrical version all faces
present an even mixture of chloride and ammonia ligation (dipole moment = ~5.5 debye)
while the more asymmetrical version possesses faces enriched in either ammonia or
chloride ligands (dipole moment = ~19 debye). These geometries were then optimized
before performing further calculations. We processed the extracted vibrational data by
assigning each atom to one of three categories, interior, surface, or ligand, and then
determining the magnitude of every atom’s displacement for each vibrational mode. We
define a surface atom as a heavy atom that forms bonds with chloride or ammonia
ligands.
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2.6 Additional figures and tables
Table 2.3 Results of simultaneous fitting of all spectra for a given cluster (combined 532-nm and
633-nm data)
ω surf
) FWHM (cm-1)
21.2 ± 2.4
24.7 ± 7.6
29.2 ± 6.9

-1

CdSe(350nm)
CdSe(380nm)
CdSe(408nm)

Location (cm
172.2 ± 1.8
175.1 ± 4.2
176.6 ± 4.0

-1

Location (cm
197.7 ± 1.9
199.2 ± 2.3
204.2 ± 1.3

ω int
) FWHM (cm-1)
29.0 ± 2.6
26.0 ± 3.6
31.6 ± 3.8

Area Ratio
(ωint/ωsurf)
1.68 ± 0.50
2.05 ± 1.66
2.28 ± 1.09

Note: All energy and width uncertainties shown in Table 2.3 come from standard deviations of individual
fitting results combined for both the 532-nm and 633-nm measurements. Area ratio uncertainty comes
from the global fit uncertainty.

Figure 2.12. Representative variable temperature Raman spectra at 532-nm for CdSe(380 nm) and
Cd(O2CPh)2 (n-BuNH2)2. The black, gray, and red curves are the data, individual Gaussian fits,
and total fit, respectively. (a) For CdSe(380 nm) the vertical dashed line is centered on the interior
peak at room temperature, to emphasize that this peak shifts to higher energy as CdSe(380 nm)
cools. (b) The dashed line in the ligand spectra centers on a small peak at 200 cm-1, which is
possibly cadmium vibrating against the entire benzoate group.
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Figure 2.13. Surface and interior mode FWHM for both 532-nm and 633-nm Raman spectra of
cadmium selenide clusters.

Figure 2.14. Temperature dependence of (a) frequency and (b) width of the surface feature from
the 532-nm Raman data. CdSe(350 nm), CdSe(380 nm), and CdSe(408 nm) are the black, red, and blue
data, respectively. Solid lines are weighted fits to the peak frequency and width data. Uncertainty
comes from the standard deviation of fitting multiple spectra at the same temperature.
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Chapter 3. Oligomers of hexaruthenium carbonyl clusters

Preface
So far the research discussed in this thesis has applied a strategy of synthesis and
characterization of atomically precise model systems to the study of material properties.
The work discussed in this chapter takes a similar approach, but rather than focus on a
series of atomically precise clusters that vary in size, we instead focus on a series of
molecules composed of atomically precise clusters. This chapter presents several
compounds assembled from octahedral ruthenium carbonyl clusters, which we have
characterized via X-ray, optical, spectroscopic, and computational methods. We discuss
the nature of electronic coupling in these systems and what we can learn from these
compounds about the emergence of material properties in bulk solids.
I extend my thanks to all of the collaborators who made the work described in this
chapter possible. This project emerged in partnership with Dr. Evelyn Auyeung who
introduced our lab to the rich field of metal carbonyl cluster chemistry. I have received
endless support from Dr. Daniel Paley who patiently taught me X-ray crystallography
while (or sometimes instead of) writing his own thesis and has assisted with a several of
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the structures reported here. Dr. Jia Chen and Arun Nanduri performed critical DFT
calculations, and Jia has been very helpful during the writing process. Thank you to
Fernanda Carneiro, a fantastic REU student from Brazil who was a pleasure to mentor
and was exceedingly productive during her summer in the lab. My research has benefitted
from useful discussions with Dr. Michael Steigerwald, Dr. Alexandra Velian, and Serge
Ruccolo. Thank you to Anouck Champsaur who helped with cyclic voltammetry
measurements. I would like to acknowledge the Columbia Materials Research Science
and Engineering Center, which has supported the research described here. Finally,
Matthew Greenberg has eagerly become a collaborator on this project since joining the
lab, has already made important contributions, and promises to carry the torch when I am
gone. I can’t think of a torchbearer in which I have more confidence.
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Abstract
There is great interest in the use of multi-atomic building blocks to
prepare extended, ordered materials that exhibit exciting, potentially novel
properties not observed in the individual component units or standard
atomic solids. By choosing building blocks with atomically precise
structures, or “superatoms,” it becomes possible to access materials that
are well-defined at both a local and global level. Further, controlling the
dimensions of these superatomic solids offers the opportunity to
investigate how collective material properties develop as a function of
size. However, to perform such studies requires approaches to link
superatom units into assemblies that are both strongly coupled and finite.
In this chapter, we describe our attempts to overcome these challenges
through the synthesis and characterization of a series of oligomeric
compounds formed from an octahedral, hexanuclear ruthenium carbonyl
cluster, [Ru6C(CO)16]2-. Reaction of [Ru6C(CO)16]2- with CdX2 and HgX2
salts yields the dimeric [Cd(Ru6C(CO)16)2]2- and [Hg(Ru6C(CO)16)2]2compounds, and the trimeric [Hg2(Ru6C(CO)16)3]2- compound whose
structures we determine using single crystal X-ray diffraction. Their
optical properties exhibit a strong dependence upon both the linker atom
and oligomer length with the most intense optical feature shifting from
3.604 eV in the monomer, to 3.163 eV in the Cd-linked dimer, to 3.017 eV
in the Hg-linked dimer, and finally to 2.296 eV in the Hg-linked trimer.
By performing density functional theory calculations and preparing two
silver

halide

adduct

compounds,

[AgCl(Ru6C(CO)16)]2-

and

[AgBr(Ru6C(CO)16)]2-, as non-coupled controls, we determine that linkeratom mediated intercluster coupling is critical to explaining the observed
changes in electronic structure, which are not accounted for by metalbinding alone. Our calculations show that in the infinite limit, strong
coupling

produces

the

one-dimensional

semiconductor,

[Hg(Ru6-

C(CO)16]∞, which is predicted to have a 1.5 eV direct gap and significant
dispersion in its valence and conduction bands.
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3.1 Introduction
Many examples of ordered extended solids assembled from multi-atomic building blocks,
sometimes called artificial atoms or superatoms, have been reported in an effort to
produce materials with exotic, potentially novel properties not observed in conventional
solids.1–4 While these efforts have yielded striking two-dimensional and threedimensional extended structures some of which exhibit collective material properties,5–9
many approaches rely upon non-atomically defined components like nanocrystals, which
limits the control that one can exert over material assembly due to their heterogeneity.10
In contrast, there have been comparatively few attempts to use atomically precise clusters
as the unit of material assembly11–16 despite their well-defined structures and the
enormous diversity in size, composition, ligation, and electronic structure that they
exhibit.17,18 This relatively recent strategy is promising for the assembly of entirely new
classes of cluster-assembled materials exhibiting interesting properties and also offers the
ability to investigate the development of bulk properties in atomically precisely model
systems.19–22 By controlling the extent of assembly, superatomic molecules with finite
dimensions can also be prepared and their properties studied as a function of size.
One of the main challenges facing all of these efforts is the generation of strong coupling
between constituent superatoms, which is essential for the emergence of collective
material properties.23–27 Without coupling, the superatomic components will behave as
individuals with properties only slightly modulated by their environment. Because even
the most diffuse orbitals extend no more than a few angstroms, either bridging groups
must be used to promote through-bond interactions, or the superatomic units must be
brought into extremely close contact to promote through-space interactions.

131

To overcome this challenge, we have found inspiration in the transition metal carbonyl
cluster literature. Although much of the interest in metal carbonyl clusters is related to
their use as model systems for studying chemisorption on surfaces during heterogeneous
catalysis,28–32 there have been several reports of clusters covalently linked to other
clusters by single metal atoms with assemblies ranging in length from dimers all the way
to infinite polymers.28,33–41 A single atom is, by definition, the shortest possible bridge
one can use to connect two units and therefore represents the best case scenario for a
bridge to bring neighboring clusters into close enough contact to establish direct clustercluster orbital overlap. Additionally, because metal-cluster condensation reactions have
been reported for a wide variety of elements,41 we can carefully tune the degree and
nature of bridge-mediated coupling by selecting different linker atoms.
The specific class of metal carbonyl clusters that we investigate is the hexanuclear
ruthenium compound, [Ru6C(CO)16]2-, which was first reported by Lewis, Benedetti, and
co-workers in 1967 and has since been studied extensively.42–47 These clusters possess a
central C atom encapsulated in an octahedral cage of six Ru atoms bound by a suite of
carbonyl ligands and possess a rich, well-developed ligand substitution and metal
condensation chemistry.41,45,48,49 More pertinent to this work is the fact that many of the
previously reported single-atom linked structures have been derived from [Ru6C(CO)16]2-,
but until now relatively little emphasis has been placed on understanding the changes to
electronic structure that occur during oligomerization.50–52 Here we report the synthesis
and characterization of several metal-linked [Ru6C(CO)16]2- based compounds, five of
which are reported for the first time, and discuss the nature and degree of coupling in
these molecules. We discover that intercluster coupling has a significant effect on
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electronic structure and is mediated by the bridging metal atom rather than arising from
direct through-space orbital interactions.

3.2 Results and discussion
3.2.1 Synthesis and characterization of [Ru6C(CO)16]2Following the method reported by Hayward and Shapley, the cluster [Ru6C(CO)16]2- is
synthesized by heating triruthenium dodecacarbonyl and an equivalent of sodium in
diglyme to reflux for several hours (Figure 3.1a).53 The native sodium cation can be
exchanged

for

organic

cations

like

tetraethylammonium

([NEt4]+),

tetraphenylphosphonium ([PPh4]+), or bis(triphenylphosphine)iminium ([PPN]+) to yield
an organic-soluble, red-orange powder, which is slightly air-sensitive and degrades over
the course of days (Figure 3.1b).

The structure of [PPN]2[Ru6C(CO)16] has been

obtained using single crystal X-ray diffraction (SCXRD) and is shown in Figure 3.1c.
This structure closely resembles previously reported structures and shows an octahedral
hexaruthenium cage surrounding a central carbon. The cluster is stabilized by a collection
of four bridging and twelve terminal carbonyl ligands and carries an overall charge of -2
and a valence electron count of 86, which is typical of octahedral metal clusters and
consistent with the Wade-Mingos rules.17,54,55
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Figure 3.1. Synthesis and characterization of [Ru6C(CO)16]2-. (a,b) Heating triruthenium
dodecacarbonyl with an equivalent of sodium powder in diglyme to reflux for four hours yields
Na2[Ru6C(CO)16], which can be isolated as the PPN, PPh4, or NEt4 derivatives by salt exchange.
(c) The single crystal X-ray diffraction structure of [PPN]2[Ru6C(CO)16] shows its octahedral
geometry and carbonyl ligation with thermal ellipsoids set to 50% and Ru indicated in blue, C in
black, and O in red. (d) FT-IR spectroscopy of the carbonyl region shows a very strong,
characteristic vCO at 1977 cm-1. Both FT-IR and (e) UV-Vis spectroscopy demonstrate that the
countercation has very little effect on the clusters’ vibrational or optical properties.

Fourier transform infrared (FT-IR) spectroscopy reveals a infrared absorption spectrum
identical to previous reports that is characterized by a strong feature at 1977 cm-1, which
has been previously assigned to stretching modes of the terminal carbonyl ligands
(Figure 3.1d).42,53,56 The energies of these modes are sensitive to the strength of the
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4d(Ru)-2π*(CO) interaction, and thus any shift in these features can be interpreted as a
reflection of changes to the energy level of filled ruthenium-based 4d orbitals. The UVVisible (UV-Vis) spectrum is sloping with three distinct features extending to nearly 600
nm reflecting a distribution of optical transitions of varying energy and oscillator strength
(Figure 3.1e). We also observe that both the IR and UV-Vis spectra have little
dependence on the counterion, indicating that the measured features reflect their local
environment and can be used as a probe to characterize direct changes to the cluster.
To better understand the nature of bonding and the optical transitions in the
[Ru6C(CO)16]2- core, we turned to density functional theory (DFT) calculations. Among
previous descriptions of electronic structure,57–60 the most relevant was reported by Drake
et al. who characterize the highest occupied molecular orbital (HOMO) levels in
analogous high-nuclearity osmium clusters as derived primarily from filled M-M
antibonding interactions while the lowest unoccupied molecular orbital (LUMO) levels
are composed of unfilled M-M antibonding interactions.50 The most intense optical
transitions are assigned to photoexcitation of electrons in M-M bonding orbitals to
carbonyl 2π* orbitals while less intense, lower-energy transitions occur between filled MM antibonding orbitals and carbonyl 2π* orbitals.50 Inspection of our calculations reveals
that the HOMO is dominated by 4d(Ru)-2π*(η1-CO) bonding interactions while the
LUMO is largely derived from a mixture of 4d(Ru)-2π*(η1-CO) non-bonding interactions
and 4d(Ru)-2π*(η2-CO) bonding interactions (Figure 3.2). Decomposition of the HOMO
and LUMO onto individual ruthenium atoms shows a high degree of electronic
delocalization across the cluster indicating that it behaves like a cohesive entity or
“superatom.” If the cluster’s HOMO or LUMO engages in bonding with another entity, it
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is therefore reasonable to describe the interaction as one involving the entire cluster
rather than isolated component Ru atoms.

Figure 3.2. DFT calculations showing the HOMO and LUMO of [Ru6C(CO)16]2-. (a) The
HOMO is characterized by 4d(Ru)-2π*(CO) bonding interactions (b) while the LUMO is
characterized by 4d(Ru)-2π*(CO) anti-bonding interactions. In both the HOMO and LUMO,
orbital density is spread across all Ru atoms.

3.2.2 Mercury-linked oligomers of [PPN]2[Ru6C(CO)16]
We investigated the possibility of assembling the individual cluster units into extended,
electronically coupled molecules by preparing the Hg-linked [Ru6C(CO)16]2- dimer and
trimer. Although [PPN]2[Hg(Ru6C(CO)16)2] is a reported structure,35 longer Hg-linked
oligomers have been hypothesized, but not isolated.35 The synthesis of these compounds
was accomplished by the addition of a solution of mercury (II) trifluoroacetate to a
solution of [PPN]2[Ru6C(CO)16] at room temperature. Immediately the reaction mixture
darkens from an orange-red to a wine-red and eventually to a deep purple as more
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Hg(O2CCF3)2 is added, indicating mercury-cluster condensation. In tetrahydrofuran at a
ratio of one equivalent of HgX2 for every two clusters, [PPN]2[Hg(Ru6C(CO)16)2] is
conveniently prepared and can be crystallized from a saturated solution of
dichloromethane and pentane at -40 ˚C (Figure 3.3a). The synthesis and isolation of
[PPN]2[Hg2(Ru6C(CO)16)3] proved to be more delicate and requires the use of the less
coordinating solvent, dichloromethane, to induce binding of an additional [Ru6C(CO)16]2unit to the dimer via another Hg linking atom. The reaction of two equivalents of
Hg(O2CCF3)2 with three equivalents of [PPN]2[Ru6C(CO)16] in dichloromethane is
relatively unselective producing a collection of various soluble and insoluble oligomers
(Figure 3.3b). [PPN]2[Hg2(Ru6C(CO)16)3] can be isolated in pure form by column
chromatography, which supplies a mixture of dimer and trimer, followed by selective
crystallization from a vapor diffusion of pentane into dichloromethane. This compound is
to our knowledge the longest non-polymeric oligomer of metal carbonyl clusters ever
synthesized.

Figure 3.3. Synthesis of the Hg-linked dimer and trimer of [Ru6C(CO)16]2-. (a,b)
[PPN]2[Hg(Ru6C(CO)16)2]
and
[PPN]2[Hg2(Ru6C(CO)16)3]
are
prepared
from
[PPN]2[Ru6C(CO)16] by the addition of Hg(O2CCF3)2. (c,d) Single crystal structures for these
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compounds have been determined and are shown with thermal ellipsoids set to 50% and Ru
indicated in blue, C in black, and Hg in purple.

The structures of both compounds are determined using SCXRD (Figure 3.3c,d), and
relevant bond lengths are extracted (Table 3.1). The structure of the dimer closely
resembles the previously reported structure.35 In both the dimer and the trimer, the Hg
atom is bound by four Ru atoms (2.82±0.06 Å) in a distorted pseudo-tetrahedral
environment between two [Ru6C(CO)16]2- units. Mercury condensation induces
lengthening of the closest Ru-Ru bond by nearly 0.2 Å while the bond lengths of more
distant Ru atom pairs are largely unaffected relative to the distances reported for
[NMe4]2[Ru6C(CO)16].61,62 Despite being bridged by the smallest possible type of linking
group, a single atom, the [Ru6C(CO)16]2- units remain ~5 Å apart from each other in both
the dimer and trimer though the cluster-cluster distances in the trimer are about 0.1 Å
shorter. Finally, cluster linking shortens the carbonyl <C-O> distances by about 0.04 Å
for both the dimer and trimer though this value has a fair degree of uncertainty due to the
relatively weak scattering of carbon and oxygen compared to ruthenium and mercury.
Table 3.1. Selected bond distances for the reported cluster compounds.

a

Distance
Min. <Ru-Ru >non-Hgb
Max. <Ru-Ru >non-Hgb
Avg. <Ru-Ru>non-Hgb
<Ru11-Ru12>
<Ru21-Ru22>
<Ru11-Ru21>
<Ru12-Ru22>
Avg. <Ru-Hg>
Avg. <C-O>

[NMe4]2[Ru6C(CO)16]a
2.832(1) Å
3.001(5) Å
2.86±0.04 Å
1.19±0.04 Å

[PPN]2[Hg(Ru6C(CO)16)2]
2.8224(4) Å
3.0005(4) Å
2.88±0.04 Å
3.1296(4) Å
3.1151(4) Å
5.070 Å
5.043 Å
2.82±0.06 Å
1.15±0.01 Å

[PPN]2[Hg2(Ru6C(CO)16)3]
2.8198(6) Å
2.9471(6) Å
2.88±0.04 Å
3.0506(6) Å
3.0827(6) Å
4.958 Å
4.920 Å
2.83±0.04 Å
1.14±0.01 Å

The structural data for [NMe4]2[Ru6C(CO)16]2 is from a SCXRD structure reported by Bradley,
Ansell, and co-workers.61,62 b For the dimer and trimer, the <Ru-Ru>non-Hg distances include all
Ru-Ru bonds excluding those between the two Ru atoms bound to Hg, <Ru11-Ru12> and <Ru21Ru22>.
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We monitor the cluster linking reaction using 13C nuclear magnetic resonance (NMR) and
FT-IR spectroscopies, which show substantial changes in the features corresponding to
the carbonyls. The CO signal in the 13C NMR shifts upfield with oligomerization and is a
diagnostic sign of mercury binding (Figure 3.4a). It is interesting that the carbonyls
appear as a single peak between 208-214 ppm even though the SCXRD structures
(Figures 3.1c and 3.3c,d) show that they inhabit a variety of environments in
[PPN]2[Ru6C(CO)16],

[PPN]2[Hg(Ru6C(CO)16)2],

and

especially

[PPN]2[Hg2(Ru6C(CO)16)3] where one might expect the carbonyls on the central cluster
unit to be very different from those on either of the end units. Even at low temperature,
signals for individual CO groups do not resolve. This observation implies that the
carbonyls are in rapid exchange on the NMR timescale as has previously been observed
for [Ru6C(CO)16]2- and similar clusters.63,64
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Figure 3.4. 13C NMR and FT-IR spectra of [PPN]2[Ru6C(CO)16], [PPN]2[Hg(Ru6C(CO)16)2], and
[PPN]2[Hg2(Ru6C(CO)16)3] and a diagram showing the effect of 4d(Ru)-2π*(CO) back-bonding.
(a) The carbonyl resonance shifts downfield as a result of mercury binding. The “*” indicates
residual [PPN]2[Hg(Ru6C(CO)16)2] in the spectrum of [PPN]2[Hg2(Ru6C(CO)16)3]. (b) The CO
stretching mode shifts to higher energy in the FT-IR spectrum due to (c) weakened backbonding
in the Hg-linked dimer and trimer. Spikes in the FT-IR spectra of [PPN]2[Hg(Ru6C(CO)16)2] and
[PPN]2[Hg2(Ru6C(CO)16)3] result from improper background subtraction of water vapor and
solvent peaks. The FT-IR spectrum of [PPN]2[Hg2(Ru6C(CO)16)3] contains some residual
[PPN]2[Hg(Ru6C(CO)16)2].

The effect of mercury binding manifests itself in the carbonyl region of the infrared
spectra as the appearance of new higher energy peaks (Figure 3.4b). These multiple new
features can be attributed to an increase in anisotropy upon cluster oligomerization while
their higher energies can be explained by a reduction in 4d(Ru)-2π*(CO) backbonding as
a result of delocalization of electron density from the [Ru6C(CO)16]2- core to the Hg2+
linking atoms (Figure 3.4c). In [PPN]2[Hg2(Ru6C(CO)16)3] whose highest energy vCO is
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2063 cm-1, this effect causes a shift of 85 cm-1 to higher energy relative to
[PPN]2[Ru6C(CO)16].

Figure 3.5. Optical spectra and calculated electronic properties. (a) The absorption profile shifts
to lower energy with increasing oligomer length, which is reflected in (b) DFT calculations of the
HOMO-LUMO gap as well as (c) the calculated electronic density of states, which shows that the
HOMO and LUMO are at the frontiers of a wide, band-like array of 4d(Ru) and carbonyl derived
orbitals.

We characterize the effect of mercury binding on the clusters’ optical properties using
UV-Vis spectroscopy (Figure 3.5a). We have also attempted to use cyclic voltammetry
to investigate the electronic properties of these compounds, but preliminary results show
that the reduction and oxidation events are irreversible as previously reported for
[PPN]2[Ru6C(CO)16].65 With increasing oligomer length, the UV-Vis measurements show
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a substantial shift of the optical transitions to lower energy from 3.604 eV for
[PPN]2[Ru6C(CO)16] to 3.017 eV for [PPN]2[Hg(Ru6C(CO)16)2] to 2.296 eV for
[PPN]2[Hg2(Ru6C(CO)16)3] and an increase in oscillator strength for the transitions near
the absorption onset. These changes are reproduced in DFT calculations, which show that
the HOMO-LUMO gap narrows with increasing oligomer length (Figure 3.5b). To
explain these changes, we can invoke the reduced 4d(Ru)-2π*(CO) backbonding that we
observe by IR spectroscopy (Figure 3.4b,c). Less backbonding implies a smaller
splitting, and therefore smaller energy gap, between the occupied ruthenium-based 4d
orbitals and the unoccupied carbonyl-based 2π* orbitals, transitions between which give
rise to the most intense optical features in metal carbonyl clusters according to previous
work.50,57,60
Another way the shift and broadening of the optical features in increasingly large clusters
has been discussed in previous literature is as a reflection of the increasing number of
electronic states; in large clusters with more metal atoms, metallic properties begin to
emerge as the cluster’s HOMO and LUMO approach the Fermi energy of the parent
metal.50 Our calculations of the electronic density of states of [PPN]2[Ru6C(CO)16],
[PPN]2[Hg(Ru6C(CO)16)2], and [PPN]2[Hg2(Ru6C(CO)16)3] are in agreement with this
description and show that the HOMO and LUMO for all three compounds sit on the edge
of a large set of filled and unfilled orbitals, which extend several eVs below the HOMO
and above the LUMO and increase in density with increasing oligomer length (Figure
3.5c).
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Figure 3.6. The (a) HOMO and (b) LUMO of [Hg(Ru6C(CO)16)2]2- with accompanying
decomposition of orbital density by source cluster. Ruthenium is indicated in blue, mercury in
purple, carbon in grey, and oxygen in red.

Our calculations allow us to directly inspect the HOMOs and LUMOs of
[PPN]2[Hg(Ru6C(CO)16)2] (Figure 3.6) and [PPN]2[Hg2(Ru6C(CO)16)3] (Figure 3.7).
These plots show that orbital density in a particular state is not confined to a single
cluster, but is instead delocalized across all cluster units in an even manner for the dimer
and an alternating manner for the trimer with substantial orbital density on the end units
in the HOMO and vice versa in the LUMO. Just as orbital density is spread across the
constituent Ru atoms in the HOMO and LUMO of [PPN]2[Ru6C(CO)16], our calculations
indicate that orbital density is spread across the constituent [Ru6C(CO)16]2- “superatoms”
in the HOMO and LUMO of the dimer and trimer, which is suggestive of cluster-cluster
coupling.
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Figure 3.7. The (a) HOMO and (b) LUMO of [Hg2(Ru6C(CO)16)3]2- with accompanying
decomposition of orbital density by source cluster. Ruthenium is indicated in blue, mercury in
purple, carbon in grey, and oxygen in red.

Further examination of these plots show that the HOMOs of [PPN]2[Hg(Ru6C(CO)16)2]
and [PPN]2[Hg2(Ru6C(CO)16)3], like the HOMO of [PPN]2[Ru6C(CO)16], are primarily
composed of bonding interactions between Ru-based 4d orbitals and terminal CO 2π*
orbitals. The LUMOs have a more mixed character with orbital density coming from
4d(Ru)-2π*(η2-CO) bonding interactions, 4d(Ru)-2π*(η1-CO) non-bonding interactions,
and 4d(Ru)-6s(Hg) non-bonding and anti-bonding interactions. In the LUMOs of both
[PPN]2[Hg(Ru6C(CO)16)2] and [PPN]2[Hg2(Ru6C(CO)16)3], there is significant orbital
density on the mercury linker indicating that it is an important bonding participant.
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3.2.3 The cadmium-linked dimer of [PPN]2[Ru6C(CO)16]
To determine whether intercluster coupling could be affected by the identity of the linker
metal, we substituted mercury for cadmium with the expectation that a smaller linker (the
ionic radius of four coordinate Cd2+ is 92 ppm, that of Hg2+ is 110 pm) may strengthen
the through-space coupling between the bridged units.66 In contrast to the synthesis of the
Hg-linked dimer, which uses Hg(O2CCF3)2, performing the same reaction with
Cd(O2CCF3)2 requires an excess of metal salt to push the equilibrium towards
dimerization as measured by

13

C NMR. Consequently, the more Lewis acidic Cd2+

source, cadmium (II) trifluoromethanesulfonate, was required for stoichiometric synthesis
of the Cd-linked dimer. We prepare [PPN]2[Cd(Ru6C(CO)16)2] by adding a solution of
Cd(O3SCF3)2 to a red-orange solution of [PPN]2[Ru6C(CO)16] in acetonitrile, which
induces a rapid color change to a deep red (Figure 3.8a). Signs of successful
dimerization are evident in a distinct shift of the carbonyl peak in the 13C NMR spectrum
from 214 ppm to 209 ppm, and crystals of the Cd-linked dimer can be grown from a
saturated solution of dichloromethane and hexanes at -20 ˚C.

Figure 3.8. Synthesis and SCXRD structure of [PPN]2[Cd(Ru6C(CO)16)2]. (a) The synthesis of
[PPN]2[Cd(Ru6C(CO)16)2] involves mixing Cd(O3SCF3)2 with [PPN]2[Ru6C(CO)16] in
acetonitrile. (b) The structure determined by SCXRD is shown with thermal ellipsoids set to 50%
and Ru indicated in blue, C in black, O in red, and Cd in light purple.
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We have determined the structure of [PPN]2[Cd(Ru6C(CO)16)2] using SCXRD (Figure
3.8b) and discover a very similar bonding motif as was observed in the mercury
analogues with cadmium suspended between two [Ru6C(CO)16]2- units and bound by four
Ru atoms, two on each cluster, in a pseudo-tetrahedral environment. Analysis of relevant
bond lengths reveals that the <Ru-Cd> and the <Ru-Ru>non-Cd bond distances are the
same within uncertainty as the analogous bonds in the Hg compounds, but the nearest Ru
atoms on neighboring Cd-linked clusters (<Ru11-Ru21> = 4.870 Å) are in fact 0.1-0.2 Å
closer to each other than they are in the Hg-linked compounds.

This apparent

discrepancy is explained by differences in distortions of the pseudo-tetrahedral
environment experienced by the four coordinate metal center. In a perfect tetrahedral
geometry, the linked clusters would be rotated 90˚ with respect to each other, but for
[PPN]2[Hg(Ru6C(CO)16)2], they are only rotated by 72.7˚, for [PPN]2[Hg2(Ru6C(CO)16)3]
by 51.5˚, and for [PPN]2[Cd(Ru6C(CO)16)2] by 42.6˚. This trend towards a more “linear”
bonding motif brings the Ru atoms on neighboring clusters into closer proximity without
greatly affecting the distance between the central carbons, which is approximately 7.4 Å
in each structure. It is questionable whether the distortions to the pseudo-tetrahedral
geometry responsible for the variable <Ru11-Ru21> distances persist in solution or are a
consequence of crystal packing or other factors only relevant in the solid phase.
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Figure 3.9. IR and UV-Vis spectra of the Cd- and Hg-linked dimers. (a) While the IR spectra of
the cadmium and mercury compounds are very similar, (b) their UV-Vis spectra are quite
different, and [PPN]2[Hg(Ru6C(CO)16)2] shows a greater shift in absorption onset than
[PPN]2[Cd(Ru6C(CO)16)2] relative to [PPN]2[Ru6C(CO)16]. Spikes in the FT-IR spectra of
[PPN]2[Hg(Ru6C(CO)16)2] and [PPN]2[Cd(Ru6C(CO)16)2] result from improper background
subtraction of solvent peaks.

To assess the impact of cadmium versus mercury on electronic structure, we perform FTIR

and

UV-Vis

absorption

spectroscopies.

The

infrared

spectra

of

[PPN]2[Cd(Ru6C(CO)16)2] and [PPN]2[Hg(Ru6C(CO)16)2] are very similar with the most
intense feature of the Hg-linked dimer appearing 3 cm-1 higher in energy than the same
feature in the Cd-linked dimer (Figure 3.9a). This implies that 4d(Ru)-2π*(CO)
backbonding is weakened to a similar degree by cadmium and mercury binding despite
mercury’s electronegativity being larger than cadmium’s. However, the changes in the
UV-Vis spectra are more pronounced, and the energy of the most intense transition shifts
from 3.604 eV in the monomer to 3.163 eV in the Cd-linked dimer to 3.017 eV in the Hglinked dimer (Figure 3.9b). The differences in the optical spectra reflect the series’
evolving electronic structure caused by changes to the relative strength of the metal-
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cluster bonding interactions as well as the strength of intercluster coupling. The
observation that the <Ru-Cd> and <Ru-Hg> bond lengths in the SCXRD structures of the
corresponding dimers are nearly identical while there are significant differences between
their optical spectra suggests that a through-space coupling mechanism is not operative.

3.2.4 Silver halide adducts of [NEt4]2[Ru6C(CO)16]
As a control to determine whether intercluster interactions are important or whether metal
binding itself is sufficient to cause the observed shifts, we synthesize and characterize
analogues of the Cd-linked dimer that have M-Ru bonds and maintain the overall charge
state of the cluster compound, but lack a second cluster to couple with. Silver halide salts
are employed for this purpose because silver has intermediate electronegativity between
cadmium and mercury, and Ag+ is similar in size to and valence isoelectronic with Cd2+
and Hg2+.66 By mixing a suspension of excess silver chloride or silver bromide with
[NEt4]2[Ru6C(CO)16] in tetrahydrofuran for several hours followed by filtration, we can
isolate

the

silver

halide

adducts,

[NEt4]2[Ru6C(CO)16]AgCl

and

[NEt4]2[Ru6C(CO)16]AgBr (Figure 3.10a). Crystals are grown from tetrahydrofuran and
structures are obtained using SCXRD (Figure 3.10b,c), which shows AgX binding to the
three Ru atoms of an octahedral face. Both the AgCl and AgBr structures have similar
<Ag-Ru> bond lengths, 2.85±0.04 Å on average, which is about 0.02 Å longer than the
average distances observed for Ru-Hg and Ru-Cd bonds.
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Figure 3.10. Synthesis and SCXRD structures of AgX-adducts. (a) [NEt4]2[Ru6C(CO)16]AgCl
and [NEt4]2[Ru6C(CO)16]AgBr are prepared by mixing [NEt4]2[Ru6C(CO)16] with excess AgCl or
AgBr in tetrahydrofuran. (b,c) Their structures show binding of the AgX group to a face of the
Ru octahedron. Thermal ellipsoids are set to 50%, and Ru is indicated in blue, C in black, O in
red, Ag in dark green, Cl in light green, and Br in orange.

Using FT-IR spectroscopy, we observe a slight shift to higher energy in the vibrational
frequency of the carbonyl stretch upon binding of silver, but there is an insignificant
difference in vCO between the AgCl and AgBr compounds (Figure 3.11a). Notably, the
IR spectra of the AgX-adducts look quite similar qualitatively to the spectrum of
[NEt4]2[Ru6C(CO)16] while the IR spectra of the Hg- and Cd-linked oligomers are much
more shifted in energy and have many more peaks. The small shift in energy reflects the
relatively small effect of Ag-binding on 4d(Ru)-2π*(CO) backbonding. Similarly by UVVis spectroscopy, the effect of Ag-binding is significant, but not nearly as dramatic as in
the mercury and cadmium examples (Figure 3.11b). The more subtle changes can be
explained by a splitting of high-lying, filled ruthenium-based 4d orbitals upon AgX
condensation and clearly do not involve cluster-cluster interactions.50
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Figure 3.11. IR and UV-Vis spectra of the AgX-adducts. (a) The IR spectra of
[NEt4]2[Ru6C(CO)16]AgCl and [NEt4]2[Ru6C(CO)16]AgBr are very similar and closely resemble
the spectrum of [NEt4]2[Ru6C(CO)16], but broadened and shifted to lower energy. The dashed line
indicates the strongest vCO of [PPN]2[Cd(Ru6C(CO)16)2]. (b) UV-Vis spectroscopy shows a slight
shift to lower energy and a broadening of optical features upon binding of AgX, qualitatively
different changes from those observed in the oligomeric compounds.

These observations suggest that cluster-cluster coupling is an important effect that helps
explain the large magnitude changes to the optical properties that we observe in the
oligomeric structures and the comparatively small magnitude changes in the AgXadducts. Another explanation might be that silver simply binds more weakly to the cluster
than do cadmium and mercury, and one may invoke the small shifts in the IR spectra of
the AgX-adducts to explain the similarly small changes to the UV-Vis spectra using the
backbonding model shown in Figure 3.4c. However, as we have seen in the example of
the Cd- and Hg-linked dimers, the strength of backbonding as indicated by the carbonyl
stretching frequency is not the only factor determining the measured UV-Vis absorption
spectra. Rather, the energies of the orbitals implicated in the optical transitions are likely
affected by both intra and inter cluster interactions. Intercluster interactions, which are
absent in the AgX-adducts, may partially explain the qualitatively different absorption
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profiles in the Cd- and Hg-linked oligomers. Combining this argument with our earlier
observation that a through-space coupling mechanism does not explain the differences in
optical properties between the Cd- and Hg-linked dimers, we deduce that intercluster
coupling in the oligomeric compounds is mediated by the linker atom.

3.2.5 Towards polymers of metal linked clusters
To investigate how the optical properties change in even longer oligomers, we have
performed DFT calculations on a hypothetical polymer composed of [Ru6C(CO)16]2- units
linked by mercury (Figure 3.12). We find that in the infinite limit a band-like electronic
structure emerges with a direct gap of 1.5 eV, which is about 300 meV narrower than the
HOMO-LUMO gap of the trimer as calculated by DFT. Furthermore, both the valence
and conduction bands exhibit significant dispersion indicating that the transport
properties of the predicted structure would be good if doped or photoexcited. Attempts to
synthesize and characterize [Hg(Ru6C(CO)16]∞ have so far been unsuccessful. Because
Hg-linked oligomers longer than the trimer are relatively insoluble and, as of yet, noncrystalline, assigning their structures has been challenging. To overcome this difficulty,
we will measure the total X-ray scattering of these samples for the purpose of structural
determination by pair distribution function (PDF) analysis. As a one-dimensional
semiconducting wire, [Hg(Ru6C(CO)16]∞ is an exciting target.
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Figure 3.12. Electronic structure of [Hg(Ru6C(CO)16]∞ as calculated by DFT. Calculations show
the emergence of a 1.5 eV band-gap with significant dispersion in the valence and conduction
levels.

Initial attempts to synthesize this and related polymers have yielded the new compound
[Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n, which spontaneously crystallizes from a
solution of [PPN]2[Ru6C(CO)16] and excess Cd(O2CCF3)2 in acetonitrile (Figure 3.13a).
Its structure has been determined by SCXRD and shows an infinite polymer composed of
[Ru6C(CO)16]2- units (Figure 3.13b). For each octahedron, two opposite edges bind in an

η2 fashion to one cadmium atom each, forming a [Cd2(Ru6C(CO)16)]2+ complex. This is
connected to the neighboring [Cd2(Ru6C(CO)16)]2+ complex by two trifluoroacetate ions
binding in a bridging bidentate fashion to cadmiums on neighboring clusters. Further
characterization of this compound is pending.
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Figure 3.13. Synthesis and SCXRD structure of [Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n. (a)
Crystals of the cadmium trifluoroacetate linked polymer form spontaneously upon mixing of
[PPN]2[Ru6C(CO)16] with excess Cd(O2CCF3)2 in acetonitrile. (b) Thermal ellipsoids in the
structure shown here are set to 50%, and ruthenium is indicated in blue, cadmium in light purple,
carbon in black, oxygen in red, and fluorine in green.

3.3. Summary
In this chapter, I describe the synthesis and characterization of several derivatives of
[Ru6C(CO)16]2- and explore the consequences of covalently linking the clusters via single
metal atom bridges. The collection of compounds that we study are [PPN]2[Ru6C(CO)16],
[PPN]2[Hg(Ru6C(CO)16)2],
[NEt4]2[Ru6C(CO)16]AgCl,

[PPN]2[Hg2(Ru6C(CO)16)3],

[PPN]2[Cd(Ru6C(CO)16)2],

[NEt4]2[Ru6C(CO)16]AgBr,

and

[Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n, the last five of which are reported here for the
first time. We find that binding of a metal to ruthenium causes a shift to higher energy of
the carbonyl vibrations due to decreased 4d(Ru)-2π*(CO) backbonding and a shift to
lower energy of the optical features. These effects can be partially explained by a
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splitting of high-lying ruthenium-based filled 4d orbitals as seen in the AgX-adducts, but
the magnitude of the changes in the Cd-linked dimers and Hg-linked dimer and trimer are
much greater. We attribute this extra narrowing to the emergence of coupling between the
neighboring cluster units, but are still endeavoring to provide a more complete
explanation. In the future, we intend to study the electronic structure of these materials in
more detail using several approaches: cyclic voltammetry, scanning tunneling
microscopy break-junction measurements, and more extensive calculations. We also plan
to investigate electron transport in the radical anion or cation derivatives of the oligomers
to determine the degree of electron/hole delocalization and make a Robin-Day
classification.67 Our discovery that the strategy of single-atom linking in the long length
limit can generate a one-dimensional semiconducting polymer motivates further
development of this class of materials.
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3.4 Experimentals
3.4.1 General Considerations
Acetone (≥99.5%), hexanes (≥98.5%), 2-propanol (≥99.5%), dichloromethane (≥99.5%
with 40-150 ppm amylene stabilizer), tetrahydrofuran (≥99.0% with 250 ppm BHT
inhibitor), acetonitrile (≥99.5%), mercury trifluoroacetate (98%), silver nitrate (≥99%),
potassium bromide (≥99%), sodium chloride (≥99%) tetraethylammonium chloride
(98%),

tetraphenylphosphonium

chloride

(98%),

bis(triphenylphosphine)iminium

chloride (97%), trifluoroacetic acid (99%), trifluoroacetic anhydride (≥99%), and
trifluoromethanesulfonic acid (98%) were purchased from Sigma Aldrich and used as
received. Ferrocene (98%) was purchased from Sigma Aldrich and purified by
sublimation before use. Anhydrous diethylene glycol dimethyl ether (“diglyme,” 99.5%),
anhydrous tetrahydrofuran (≥99.9%), and anhydrous acetonitrile (99.5%) were purchased
from Sigma Aldrich, shaken with activated alumina, filtered, and stored over 4 Å
molecular sieves for at least 24 h prior to use. Diethyl ether (technical, stabilized with
BHT) was purchased from Acros Organics. Ruthenium carbonyl (99%) and cadmium
oxide (99.99+%) are purchased from Strem Chemical and used as received. Diethyl ether,
dichloromethane, and pentane were dried over alumina columns and stored over 4 Å
molecular sieves for at least 24 h prior to use. Chloroform-d, dichloromethane-d2, and
acetonitrile-d3 were purchased from Cambridge Isotope Laboratories and used as
received. Mercury trifluoromethanesulfonate (98%) and sodium dispersion (40% in oil,
99+%) is purchased from Alfa Aesar and stored in a nitrogen-filled glovebox. Sodium
powder is prepared in the glovebox by adding pentane into a portion of sodium dispersion
and decanting the supernatant. This process is repeated four more times before drying the
155

sodium powder under reduced pressure. Light-sensitive silver chloride and silver bromide
are prepared shortly before use by mixing silver nitrate with 1.5 equivalents of the
appropriate potassium or sodium halides in water at room temperature. The precipitate is
filtered, washed with water, and dried under reduced pressure in a light-protected
container.
Although many of the reaction products are air stable, all reactions were performed under
an atmosphere of dry, oxygen-free, nitrogen using standard Schlenk techniques or a
glovebox unless otherwise indicated. NMR spectra were recorded on Bruker Avance III
400 and 500 MHz instruments and internally referenced to the resonances of protioimpurities in the deuterated solvent. 1H NMR spectra were acquired with sufficient delay
to allow complete relaxation between pulses (15 s). Coupling constants are reported in
hertz. UV−visible absorption data were obtained using a Perkin-Elmer Lambda 650
spectrophotometer equipped with deuterium and tungsten halogen lamps. Fourier
Transform Infrared Spectroscopy (FT-IR) was performed on a Nicolet 6700 FT-IR from
Thermo Fisher using a liquid cell with calcium fluoride windows.

3.4.2 Synthetic methods
Synthesis and isolation of Cd(O2CCF3)2. This procedure is adapted from the one
reported by Hendricks et al. for the preparation of lead (II) oleate.68 In a 50 mL roundbottom flask containing a reddish brown suspension of 2 g (15.576 mmol) of cadmium
oxide in 20 mL of acetonitrile chilled to 0˚ C, 0.356 g of trifluoroacetic acid (3.115
mmol) and 3.271 g of trifluoroacetic anhydride (15.576 mmol) are added. The solution
warms to room temperature and stirs for an hour during which time it becomes clear and
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colorless. The reaction mixture is concentrated, and the crude product is dried under
reduced pressure at 100 ˚C overnight to yield white, flowing powder in high yield.

19

F

NMR (470.55 MHz, CD3CN) δ = 73.94.
Synthesis and isolation of Cd(O3SCF3)2. This procedure is adapted from the preparation
of mercury (II) trifluoromethanesulfonate reported by Nishizawa et al.69 To a flask
containing a solution of 10 mL of acetonitrile and 3.66 g of trifluoromethanesulfonic acid
(24.4 mmol) chilled to 0 ˚C, 1.88 g of cadmium oxide (14.6 mmol) is very carefully
added portion-wise. The reaction stirs at room temperature for one hour during which
time the solution becomes noticeably clearer. The product was filtered through celite to
remove excess cadmium oxide, and the filtrate was concentrated under reduced pressure
at 125 ˚C overnight to isolate 4.60 g of white powder (92% yield). Purity was assessed by
quantitative NMR using a ferrocene standard to show water content less than 1%.

19

F

NMR (376.47 MHz, CD3CN) δ = 78.23.
Synthesis and isolation of [PPN]2[Ru6C(CO)16]. This procedure is adapted from
Hayward and Shapley.53 To a 100-mL oven-dried three-neck flask containing 37.8 mg
(1.64 mmol) of sodium powder were added 1.016 g (1.58 mmol) of Ru3(CO)12 and 40 mL
of anhydrous diglyme. This orange-red slurry darkens to a deep red upon mixing. After
heating to reflux for 4 hours, the brown reaction mixture cools and is then added to a
room temperature suspension of 0.964 g (1.68 mmol) bis(triphenylphosphine)iminium
chloride in 50 mL of water. Precipitation of a dark red solid is rapid. After stirring for one
hour, the suspension is filtered through a fine frit, and the residue is washed with 2x20
mL of water and 20 mL of isopropanol to remove excess bis(triphenylphosphine)iminium
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chloride. The dark red residue is dissolved in minimal (~20 mL) dichloromethane,
precipitated by addition of diethyl ether, and filtered to remove unreacted Ru3(CO)12 and
other unwanted co-products. This process is repeated twice more before drying the
residue overnight under reduced pressure to isolate a bright red powder (1.474 g, 87%
yield). 1H NMR (400 MHz, CD2Cl2) δ = 7.47 (m, 24H, Ar-H), 7.66 (m, 6H, Ar-H). ).
13

C{1H} NMR (100 MHz, CD2Cl2) δ =127.48 (d, J =110 Hz, PPN), 129.87 (m, PPN),

132.58 (m, PPN), 134.16 (s, PPN), 214.01 (s, CO). 31P{1H} NMR (202.47 MHz, CD2Cl2)

δ =21.26 (s). IR (CH2C12): vCO 2035 (w), 1977 (s), 1952 (sh, w), 1917 (m), 1783 (m) cm-1;
lit.53 (CH2C12): vCO 2048 (w), 2030 (w), 1978 (s), 1952 (sh, m), 1918 (m), 1820 (sh, m),
1780 (m) cm-1.
As previously reported, [PPh4]2[Ru6C(CO)16] and [NEt4]2[Ru6C(CO)16] can also be
prepared in an analogous manner.53 Attempts to prepare the 5-azaspiro[4.4]nonan-5-ium
salt were unsuccessful.
Synthesis and isolation of [PPN]2[Hg(Ru6C(CO)16)2]. This procedure is adapted from
Johnson et al.35 In a nitrogen-filled glovebox, a solution of 7.5 mg of mercury
trifluoroacetate (0.0175 mmol) in 10 mL of tetrahydrofuran is added slowly to a redorange solution of 75 mg of [PPN]2[Ru6C(CO)16] (0.035 mmol) in 10 mL of
tetrahydrofuran with vigorous stirring, which immediately turns a deep red. Some silica
gel (~1 g) is added to the solution, and after stirring, the solution is filtered. This process
is repeated, effectively removing most of the [PPN][O2CCF3] co-product. Red,
diffraction-quality crystals (5 mg, 10% yield) are grown at -40 ˚C from a saturated
solution of dichloromethane and pentane (see Figure 3.3c and Table 3.2). 1H NMR (400
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MHz, CD2Cl2) δ = 7.47 (m, 24H, Ar-H), 7.65 (m, 6H, Ar-H). ).

13

C{1H} NMR (100

MHz, CD2Cl2) δ =127.63 (d, J =109 Hz, PPN), 130.02 (m, PPN), 132.73 (m, PPN),
134.31 (s, PPN), 209.99 (s, CO). IR (CH2C12): vCO 2092 (w), 2065 (w), 2050 (m), 2022
(s), 2000 (sh, m) cm-1.
Synthesis and isolation of [PPN]2[Hg2(Ru6C(CO)16)3]. In a nitrogen-filled glovebox, a
solution of 66.3 mg of mercury trifluoroacetate (0.155 mmol) in 50 mL of
dichloromethane is added to a 250 mL round bottom flask containing a red-orange
solution of 500 mg of [PPN]2[Ru6C(CO)16] (0.233 mmol) in 50 mL of dichloromethane
with vigorous stirring, which immediately becomes cloudy and turns a deep reddish
purple. Solvent is removed under reduced pressure, and the residue is purified in air by
column chromatography using silica gel and a 3:2 solution of acetone and hexanes as
eluent. A dark red/purple band containing a mixture of [PPN]2[Hg(Ru6C(CO)16)2] and
[PPN]2[Hg2(Ru6C(CO)16)3] is collected and concentrated. The crude product is
crystallized by vapor diffusion of pentane into a dichloromethane solution at -20 ˚C over
the course of a week to yield diffraction quality crystals of the desired product (see
Figure 3.3d and Table 3.2). A subsequent crystallization can be set up from the
supernatant to yield [PPN]2[Hg(Ru6C(CO)16)2].

1

H NMR (400 MHz, CDCl3) δ = 7.46

(m, 24H, Ar-H), 7.66 (m, 6H, Ar-H). ). 13C{1H} NMR (100 MHz, CDCl3) δ =127.12 (d, J
=110 Hz, PPN), 129.70 (m, PPN), 132.22 (m, PPN) 134.06 (s, PPN), 208.11 (s, CO). IR
(CH2C12): vCO 2063 (s), 2042 (s), 2017 (s), 2011 (sh, s) cm-1.
Synthesis and isolation of [PPN]2[Cd(Ru6C(CO)16)2]. In a nitrogen-filled glovebox, a
solution of 15.8 mg of cadmium trifluoromethanesulfonate (0.034 mmol) in 5 mL of
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acetonitrile is added to a red-orange solution of 150 mg of [PPN]2[Ru6C(CO)16] (0.069
mmol) in 10 mL of acetonitrile, which becomes noticeably darker moments after the
addition. After stirring for an hour, some silica gel (~1 g) is added, the mixture is filtered,
and the filtrate is concentrated under reduced pressure. The product is crystallized by
preparing a saturated solution of dichloromethane and hexanes. Over the course of a few
days at -20 ˚C, red diffraction-quality, needle-like crystals of the desired product are
obtained (see Figure 3.8b and Table 3.2). 1H NMR (400 MHz, CDCl3) δ = 7.46 (m,
24H, Ar-H), 7.66 (m, 6H, Ar-H). ). 13C{1H} NMR (125.77 MHz, CDCl3) δ =127.60 (d,
J=107.96 Hz, PPN), 130.00 (m, PPN), 132.71 (m, PPN), 134.29 (s, PPN), 209.31 (s, CO).
IR (CH2C12): vCO 2019 (s). IR (CH2C12): vCO 2065 (w), 2052 (m), 2019 (s), 1984 (br, sh,
m) cm-1.
Synthesis and isolation of [NEt4]2[Ru6C(CO)16]AgCl. This procedure is adapted from
Chisholm’s and coworkers’ preparation of [NBu4]2[{Ru6C(CO)16Ag2X}2].41 In a 50 mL
round-bottom flask, 60 mg of [NEt4]2[Ru6C(CO)16] (0.0452 mmol) and 32.4 mg of AgCl
(0.226 mmol) are suspended and stirred in 25 mL of tetrahydrofuran for 6 hours. The
reaction mixture is filtered, and the filtrate is precipitated with pentane. The residue is
filtered through celite, collected by washing with tetrahydrofuran, and concentrated under
reduced pressure to isolate 38 mg of product (47% yield). Red, diffraction-quality
crystals form by evaporation of a tetrahydrofuran solution (see Figure 3.10b and Table
3.2). 1H NMR (400 MHz, CD2Cl2) δ = 1.34 (tt, 3JH-H =7.2 Hz, 2JH-N = 2.0 Hz, 8H, -CH2-),
3.24 (q, 3JH-H =7.3 Hz, 12H, -CH3). ).

13

C{1H} NMR (100 MHz, CD2Cl2) δ =8.01 (s, -

CH3), 53.26 (t, 1JC-N =3.0 Hz, -CH2-), 210.43 (s, CO). IR (CH2C12): vCO 2060 (sh, w),
2049 (m), 1996 (s), 1974 (sh, w), 1940 (sh, w) cm-1.
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Synthesis and isolation of [NEt4]2[Ru6C(CO)16]AgBr. This preparation is analogous to
the method described above except 42.4 mg of AgBr (0.226 mmol) is used instead of
AgCl and 41 mg of product (45% yield) is isolated. Red, diffraction-quality crystals form
by evaporation of a tetrahydrofuran solution (see Figure 3.10c and Table 3.2). 1H NMR
(400 MHz, CD2Cl2) δ = 1.34 (tt, 3JH-H =7.6 Hz, 2JH-N = 1.6 Hz, 8H, -CH2-), 3.24 (q, 3JH-H
=7.3 Hz, 12H, -CH3). ). 13C{1H} NMR (100 MHz, CD2Cl2) δ =8.01 (s, -CH3), 53.22 (t,
1

JC-N =2.9 Hz, -CH2-), 210.39 (s, CO). IR (CH2C12): vCO 2060 (sh, w), 2049 (m), 1996 (s),

1974 (sh, w), 1940 (sh, w) cm-1.
Synthesis and isolation of [Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n. In a nitrogenfilled glovebox, a solution of 5.9 mg of cadmium trifluoroacetate (0.0187 mmol) in 1 mL
of acetonitrile is added to a red-orange solution of 10 mg of [PPN]2[Ru6C(CO)16]
(0.00466 mmol) in 100 mL of acetonitrile. Diffraction-quality crystals form
spontaneously on the walls of the flask during addition of the Cd(O2CCF3) solution (see
Figure 3.13b and Table 3.2).

3.4.3 Single-crystal X-ray diffraction methods
Data for all compounds were collected on an Agilent SuperNova diffractometer using
mirror-monochromated Cu Kα or Mo Kα radiation. Data collection, integration, scaling
(ABSPACK) and absorption correction (face-indexed Gaussian integration70 or numeric
analytical

methods71)

were

performed

in

CrysAlisPro.72

Two

structures,

[PPN]2[Hg2(Ru6C(CO)16)3] and [PPN]2[Cd(Ru6C(CO)16)2], required correction for
crystal decay during data collection by scaling of the A and B parameters. Structure
solution was performed using ShelXS or ShelXT.73 Subsequent refinement was
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performed by full-matrix least-squares on F2 in ShelXL.73 Olex274 was used for viewing
and to prepare CIF files. PLATON75 was used for TwinRotMat. ORTEP graphics were
prepared in CrystalMaker.76 Thermal ellipsoids are rendered at the 50% probability level.
All structures were determined routinely with anisotropic ADPs for all non-H atoms. C-H
hydrogens were placed in calculated positions and refined with riding coordinates and
isotropic ADPs. Several structures required additional attention due to the presence of
disorder in the cluster counterions or solvent molecules, and these are described in more
detail below.
The structure of [PPN]2[Hg2(Ru6C(CO)16)3] contains a solvent accessible void of 162
Å3. The Fourier difference features in this void were too weak to determine an explicit
solvent model, and rigid-body models of dichloromethane or pentane did not refine
successfully. Since the difference map was dominated by artifacts around the heavy
atoms, no further attempt was made to model this unknown solvate.
In the structure of [PPN]2[Cd(Ru6C(CO)16)2], two disordered dichloromethane
molecules are modeled using geometries from the Idealized Molecular Geometry Library
and are stabilized with SIMU, RIGU, and SAME restraints.77
In the structure of [PPN]2[AgBr(Ru6C(CO)16)], one of the tetraethylammonium cations
is disordered over an inversion center and a tetrahydrofuran molecule is disordered over a
twofold axis. These were stabilized by the use of routine ADP restraints.
In the structure of [Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n, one trifluoroacetato
ligand is disordered over three independent positions. Each disordered position was made
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equivalent to the other (fully ordered) trifluoroacetate by the use of SAME instructions.
The ADPs of the disordered atoms were stabilized with RIGU and SIMU restraints.
For [PPN]2[AgCl(Ru6C(CO)16)], the polar model in Cc was carefully examined to
ensure the correct space group was not centrosymmetric C2/c. The Flack parameter was
refined to 0.23(3).

A disordered tetraethylammonium cation was modeled in two

positions with the aid of SAME, SIMU and RIGU restraints, and an EADP constraint for
a pair of overlapping disordered methyl groups.
Crystal data, data collection, and refinement parameters for all structures are summarized
in Table 3.2.

3.4.4 Modeling and computational methods
With experimental evidence indicating that the electronic and vibrational structure derive
primarily from the metal carbonyl clusters with little effect from the organic cations
(Figure 3.1d,e), we modeled samples as negatively-charged metal carbonyl clusters
absent charge-balancing species with structures based upon those determined by SCXRD.
Thus, [Ru6C(CO)16]2-, [Hg(Ru6C(CO)16)2]2- and [Hg2(Ru6C(CO)16)3]2- are treated as
dianions

while

the

computationally-simulated

one-dimensional

polymer,

[Hg∞(Ru6C(CO)16)∞], is charge neutral. The exchange-correlation functional, PBE, used
in density functional theory calculations was at the general-gradient approximation
level.78 Calculations were carried out with the projector augmented wave method79 on a
real space grid implemented in the GPAW package.80,81 Open boundary conditions are
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applied to the charged samples while periodic boundary conditions are applied to the
extended system.
Decomposition of density of states and analysis of single particle states were realized
through maximally-localized Wannier functions (MLWFs).82 Energy windows were
chosen such that all states were within 6 eV of the Fermi level. It turned out that most
MLWFs can be assigned to particular atomic orbitals by inspection. MLWFs with centers
on or near Ru atoms are labeled Ru(4d) because they all have clear d-character. MLWFs
with centers near carbonyl groups are labeled carbonyl orbitals, those near Hg as Hg
orbitals. MLWFs delocalized across larges regions of real space consist of single particle
states of very high energy. We have ignored them in this analysis because no clear atomic
orbital character can be identified based on their position or shape.
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3.6 Crystallographic Data
Table 3.2. Single crystal collection and refinement data.
Compound
Formula
MW
Space group

[PPN]2[Ru6C(CO)16]2Hg

[PPN]2[Ru6C(CO)16]3Hg2

C107H62Cl2HgN2O32P4Ru12

C123H60Hg2N2O48P4Ru18

3495.79

4678.05

P-1

P-1

a (Å)

16.4231(2)

9.87243(10)

b (Å)

19.5304(3)

17.2019(4)

c (Å)

20.3932(4)

20.5048(2)

α (°)

99.9253(14)

91.4981(15)

β (°)

103.9640(14)

94.4076(9)

γ (°)

112.7071(14)

96.7219(14)

5592.28(17)

3445.87(9)

2

1

2.076

2.254

T (K)

100

100

λ (Å)

1.54184

1.54184

8.946, 143.216

9.048, 143.806

88844

108281

0.0517, 0.0494

0.0818, 0.0451

16.756

20.493

Size (mm)

0.06 x 0.05 0.02

0.08 x 0.03 x 0.02

Tmax, Tmin

0.772, 0.473

0.753, 0.387

21736

13403

3

V (Å )
Z
-3

ρcalc (g cm )

2θmin, 2θmax
Nref
R(int), R(σ)
-1

μ(mm )

Data
Restraints

0

0

Parameters

1441

889

R1(>2σ)

0.0299

0.0372

wR2(all)

0.0633

0.0889

S
-

-3

Peak, hole (e Å )

1.034

1.051

0.90/-0.86

1.84, -1.82
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Table 3.2. (cont.)
Compound

[PPN]2[Ru6C(CO)16]AgBr

[PPN]2[Ru6C(CO)16]AgCl

C35H44AgBrN2O16.5Ru6

C33H40AgClN2O16Ru6

1550.92

1470.41

I2/a

Cc

a (Å)

20.6091(4)

14.1015(4)

b (Å)

12.1663(2)

21.1067(7)

c (Å)

37.6362(7)

15.3731(5)

α (°)

90

90

β (°)

90.158(2)

98.892(3)

γ (°)

90

90

9436.7(3)

4520.6(3)

8

4

2.183

2.16

Formula
MW
Space group

3

V (Å )
Z
-3

ρcalc (g cm )
T (K)

293

100

λ (Å)

0.71073

0.71073

6.496, 59.158

6.61, 59.2

101653

59094

0.0736, 0.0524

0.0605, 0.0531

3.188

2.499

Size (mm)

0.08 x 0.06 x 0.02

0.12 x 0.07 x 0.03

Tmax, Tmin

0.943, 0.835

0.948, 0.818

12232

11391

Restraints

162

368

Parameters

628

612

2θmin, 2θmax
Nref
R(int), R(σ)
-1

μ(mm )

Data

R1(>2σ)

0.0424

0.0354

wR2(all)

0.064

0.0543

S

1.094

1.058

1.26,-0.80

0.93, -0.64

-

0.24(3)

-

-3

Peak, hole (e Å )
Flack
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Table 3.2. (cont.)
Compound

[PPN]2[Ru6C(CO)16]2Cd

[Ru6C(CO)16]n[Cd(O2CCF3)]2n(H3CCN)2n

C110H68Cl88CdN2O32P4Ru12

C50H12Cd4F12N4O40Ru12

3662.38

3199.84

Aea2

P-1

a (Å)

30.6061(7)

10.01250(16)

b (Å)

23.7883(5)

11.5898(2)

c (Å)

16.7852(5)

16.6904(2)

α (°)

90

92.2352(13)

β (°)

90

90.3329(12)

γ (°)

90

103.1143(15)

12220.7(5)

1884.64(6)

4

1

1.991

2.819

Formula
MW
Space group

3

V (Å )
Z
-3

ρcalc (g cm )
T (K)

100

100

λ (Å)

1.54184

1.54184

7.062, 146.45

9.07, 143.328

57741

44656

0.1239, 0.0973

0.0727, 0.0398

15.742

28.83

Size (mm)

0.05 x 0.03 x 0.03

0.06 x 0.04 x 0.02

Tmax, Tmin

1.000, 0.614

0.608, 0.314

11587

7349

Restraints

713

346

Parameters

819

648

2θmin, 2θmax
Nref
R(int), R(σ)
-1

μ(mm )

Data

R1(>2σ)

0.0596

0.0466

wR2(all)

0.1437

0.1226

S

1.008

1.121

Peak, hole (e Å )

1.42, -1.52

1.91, -1.74

Flack

-0.039(13)

-

-

-3
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