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ABSTRACT 

Framework for High Concentration Colloidal Synthesis and Solid Transformation 

of Inorganic Nanomaterials 

Curtis B. Williamson, Ph.D. 

Cornell University 2019 

Size-dependent properties define a hallmark characteristic of nanomaterials, enabling scientists 

and engineers to create materials with tunable properties. Nanocrystal systems have been 

extensively studied and modeled to understand the synthesis and structure-property relations. 

Despite efforts to forge understandings, nanocrystals still possess a disparity in size/shape 

(although small) that in essence is a distribution of products, thereby convoluting their reaction 

pathway and understanding. At the limit of a truly monodisperse product, magic-size clusters 

(MSCs) are renowned for their identical size and precise composition, existing at an intermediate 

length scale between small molecule and conventional nanocrystal (i.e., nuclei). MSCs provide a 

quintessential framework to understand colloidal synthesis and to bridge structural transformations 

across all length scales. The origin of the MSC stability was thought to derive from the “closed-

shell” arrangement of atoms; this inhibits the continuous growth that is typically seen with 

nanocrystals. We find that the MSC stability is strongly coupled to an organic-inorganic 

mesophase: a fibrous self-assembly of inorganic clusters passivated with organic ligands that form 

during high concentration (1000 mM) synthesis. This mesophase behaves as a large suspended 

network (>100 nm grains) that stabilizes and promotes a well-defined reaction pathway for the 

formation of high-purity MSCs. Although resistant to typical growth and dissolution processes, 

 



   

 

 

we demonstrate that perturbing (e.g., ligand exchange, solvent exposure, and shearing) the organic 

surface of CdS MSC induces a structural transformation of the inorganic core. In specific, there is 

a reversible transformation, identified by a 140 meV shift in the excitonic energy gap and first 

order kinetics, between CdS MSCs with distinct compositions and structures (isomers). At the 

length scale between small molecules and nanocrystals, the transformation of MSCs presents an 

interesting bridge between molecular isomerization and solid-solid transformation that typify 

structural transformation in chemistry. Self-assembly of these MSCs has lead to the development 

of novel properties and emerging optical applications.  
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1 Introduction 

1.1 Colloidal Nanoparticles 

Colloidal semiconductor nanoparticles (NPs), have garnered intensive research interest 

as building blocks for many applications ranging from energy storage1, 2 to energy 

conversion3 and optoelectronics to biological imaging,4, 5 by virtue of their size-tunable 

properties and facile solution processing.6 Incorporating NP technologies to commercial 

applications hinge on maintaining NP quality at scale. Typically, monodisperse colloidal 

NPs are synthesized by hot-injection: rapid injection of precursor materials into high 

temperature (above 200˚C) organic-phase solutions, and reacted for a short duration (<10 

min) with yields around tens of milligrams.7 Significant advancement in NP science has 

been, in part, due to this hot-injection method by enabling access to a wide variety of NP 

sizes, shapes, and compositions.8 

Unfortunately, short mixing times and low precursor conversions are a consequence of 

the hot-injection method, bottlenecking efficient high-volume NP production. The rapid 

reaction kinetics, necessary for burst nucleation of NP, imparts stringent short time 

demands on precursor mixing which do not scale proportionately with reactor volume. At 

large reactor volumes, longer mixing times are required to acquire mass and thermal 

uniformity, introducing inherent impediments to reproducibility and control. Low 

precursor conversion deters economical fabrication of NPs, since a large fraction of 

reagents remain unused. These challenges provide motivation towards gaining a deeper 

understanding of colloidal synthesis, resulting in the development of more efficient 

synthesis methods that produce larger yields and higher quality of NPs at scale.  
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To overcome the drawbacks of current colloidal synthesis and scale-up efforts, it is 

crucial to understand: 1) the nucleation and growth process of NP synthesis, 2) the 

solubility limits of surfactant precursors and their phase behavior, and 3) the influence of 

parameters (e.g., mixing) at short and long reaction times. The coupling of these 

understandings enable an efficient scale-up of NP synthesis (Figure 1-1). 

1.2 Old paradigm 

The old prevalent paradigm of colloidal nanoparticle chemistry was to operate 

syntheses at “ideal” conditions, that is to have reaction mixture at dilute concentration and 

high temperatures. These two criteria promoted burst nucleation of monomer into nuclei 

and non-interacting particle growth (Figure 1-2a). The process of nanoparticle nucleation 

and growth is classically described by the La Mer model (Figure 1-2b), a model that 

monitors the evolution of a “monomer” species.9, 10 At a critical monomer supersaturation 

concentration, particles nucleate and the monomer concentration subsequently depletes as 

particles consume monomer species and grow. Although the La Mer model transitions step- 

 

Figure 1-1. Areas of understanding that promote more efficient synthesis scale-up. 
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wise through various processes, particle nucleation and growth during actual synthesis 

occur stochastically and not all parts of a reaction transitions unison (Figure 1-2c). This not 

only convolutes the synthesis, but also our understanding of the reaction.  

Conventional methods of the old paradigm used highly reactive, unstable, and generally 

toxic precursors at high temperatures (> 300°C); a process referred to as “hot-injection”. 

Injections occurred, rapidly, at high temperature to force the burst nucleation event. 

Precursors would react faster (completely in seconds) than they could mix (equilibration 

time of minutes), placing stringent limitation on mixing, temperature, and reaction volume. 

 

Figure 1-2. (a) Conventional scheme for nanoparticle synthesis. Precursors produce 

monomer species that nucleate into a metastable state (nuclei) that may grow into larger 

and more stable nanoparticles (b) Classical representation of the La Mer model. I 

describes precursor disassociation into monomer species. II is the nucleation of the 

monomer species. III is the particle growth regime. (c) Reaction trajectory of a typical 

dilute nanoparticle synthesis. 
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Although nanoparticles exist at length scales that are much smaller than the eddies (swirls) 

of the reaction mixture, the quality of mixing in synthesis strongly influences the quality 

and state of the nanoparticle (discussed in great detail in Chapter 7). Uniformity in 

conventional syntheses are largely variant. From the initial point of injection, there are 

large thermal and concentration gradients that results in large gradients in reaction kinetics 

and mass diffusivities. These limitations hindered scale-up sustainability in terms of safety, 

reliability, cost, efficiency, and production (Figure 1-3). 

1.3 New Paradigm 

Attempts towards deeper colloidal understanding of nucleation and growth have caused 

a shift in the synthesis paradigm. Efforts by the community have placed less emphasis on 

 

Figure 1-3. Current average evaluation of key metrics in sustainable colloidal synthesis 

scale-up. The values are based on an evaluation from peer-reviewed articles, with greater 

values signifying better performance. Our goal as researchers, scientists, and engineers 

is to maximize the area of the curve to improve the sustainability and ethics of scale-up. 
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the final product (i.e., only the quality of the nanoparticle), and more emphasis on 

addressing the key challenges: 1) rate control,11–14 2) reaction conversion, 11–14 and 3) mass 

and thermal uniformity.15, 16 Rate control is achieved through the reactivity of the starting 

from the precursor. With the paradigm shift, precursors are now selected by design; they 

are less reactive, tunable, and mixed at lower temperature (Figure 1-3b).11, 12, 16 For 

example, metal aliphatic surfactants and thioureas are emerging precursors that hold 

immense promise for metal chalcogenide colloidal synthesis at scale because of the 

flexibility in liquid phase behavior and largely tunable chemistry, respectively.11, 16 

Reduced reactivity enables higher precursor loading and enhance control over the reaction 

rates, promoting greater precursor conversion, improving the overall efficacy and quality 

of the synthesis.11–14 Slower rates prolong reaction times (from seconds to several minutes)  

and ensure mass and thermal uniformity, and hence reproducibility.16 The new paradigm 

embraces the requirements for a sustainable scale-up and the path forward is through a 

deeper understanding of the colloidal synthesis. 

The scope of this thesis addresses the key aspects of the paradigm shift in colloidal 

nanoparticle synthesis and develops a framework that encompasses and progresses our 

understanding of colloidal chemistry: from synthesis discovery to understanding through 

characterization to application implementation. In Chapter 2, I define the fundamentals of 

structure analysis and determination through x-ray scattering techniques. In Chapter 3, I 

describe the basis of my research and the foundation for this framework: colloidal synthesis 

at high concentration. I study how the effects of concentrations influences the growth, 

quality, stability, and scalability of nanomaterials. In Chapter 4, I discuss, in more depth, 

the underlying mechanism of nucleation within the high concentration synthesis. The 
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formation of a mesophase that stabilizes high concentration colloidal synthesis, producing 

high-purity, single-sized nanomaterials referred to as magic-sized clusters. In Chapter 5, I 

identify the origin of many magic-sized clusters lies within their surface, differentiating 

magic-sized clusters from conventional nanoparticles. In Chapter 6, I investigate the 

reversible isomerization between two distinct magic-sized clusters: a bridge between two 

previously disparate systems, solid transformation and molecular isomerization. In Chapter 

7, I discuss future directions of my unpublished work, proposing applications for the novel 

properties within magic-sized clusters. The diverse techniques I bring together throughout 

Chapters 4, 5, and 6 support the quality, understanding, and impact of my work; they are 

the pillars to this framework. I utilize this framework to discover ideas, understand 

challenges, and apply solutions. 
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2 X-ray Scattering: Diffraction and Pair Distribution 

Function Analysis 

2.1 Introduction 

Pair distribution function (PDF) analysis is a powerful technique to analyze the 

structure of materials from x-ray diffraction experiments in finer details. The PDF 

describes the interatomic distances or spacing between atoms within a material. For 

amorphous or small materials (≤ 1 nm), PDF analysis is particularly powerful for revealing 

subtle difference, such as peak positions and amplitudes, between samples or structures 

that would otherwise be shrouded by the broadening of peaks in the x-ray diffraction 

patterns. In this chapter, I provide a step-by-step derivation to the pair distribution function 

and coherent x-ray diffraction (Debye scattering equation) and show how these two 

concepts relate. I connect these derivations to experimental data by using a reverse-Monte 

Carlo algorithm; a simulation program that finds atomic structure models, which fit the 

data. The structures illustrated in the derivation are based on a lead sulfide cubic crystal 

and the reverse-Monte Carlo data is based on magic-sized clusters (MSCs).1 The 

derivations presented in this chapter connects and summarizes a series of work proposed 

and developed by Simon Billinge et al.2–8 This chapter is the basis for, and describes in 

detail the calculations, simulations, and concepts that are described in Chapter 6 and 

Chapter 7 on the structure and transformation of the MSCs. 

Although powerful, there are strict experimental constraints that limit the wide-spread 

use of the PDF technique. PDF analysis is, crudely defined, a Fourier transform of the total 

scattering data. The accuracy hinges on the upper limit of the transform, which is the largest 

collected Qmax: a wavelength (λ) independent maximum scattering angle. Data collected 
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over a larger Q-space improves PDF resolution (i.e., the width and separation between 

peaks) and the accuracy of the interatomic distances. Diffraction patterns may be collected 

with a wide range of scattering angles (> 90°) using a typical lab x-ray diffractometer, but 

the incident x-ray wavelengths of these instruments (λ = 1.54 Å, Cu-Kα; λ = 0.71 Å, Mo-

Kα) are too large and causes much of the scattering data to be lost as back-scatter. 

Furthermore, the photon flux or the incident x-ray intensity within the lab diffractometers 

are low and require large collection times to have sufficient signal-to-noise of the 

diffraction peaks. 

PDF analysis is primarily limited to x-ray scattering data collected form a synchrotron 

source; a facility specifically designed to generate and store a high flux of high energy 

(small wavelength) x-rays. A synchrotron source provides x-ray fluxes that are 106x greater 

than lab diffractometers,9 enabling excellent counting statistics or signal-to-noise within 

small collection times. Lab x-ray diffractometers that would normally take 8 hrs to collect 

sufficient signal-to-noise, would only require a collection time of less than a second with a 

synchrotron source and have the same signal-to-noise. Moreover, the high energy x-rays 

compress the scattering of x-rays to a much smaller angular domain, while still achieving 

the large Qmax necessary for PDF analysis. A smaller angular scattering at these high 

incident x-ray energies reduce the influences or intensity contributions from inelastic 

scattering events, such as Compton-scattering, and reduce the error associated with 

geometric corrections at large angles that arise from flat panel detectors. 
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2.2 Pair Distribution Function 

To define the pair distribution function and its equivalent forms, we first need to 

describe how a particle, in this case, an atom, can be found within a given volume. Finding 

𝑁 atoms in a given volume is defined as: 

𝑁 = ∫𝜌𝑁
𝑠𝑖𝑛𝑔𝑙𝑒(𝒓)𝑑𝒓 2-1a 

where, 𝜌𝑁
𝑠𝑖𝑛𝑔𝑙𝑒

 is the probability density function of finding an atom in a volume and 𝒓 is a 

vector notation that describes the dimensionality (e.g., 2-D, 3-D) and coordinate system 

(e.g., cartesian, polar, or spherical) of the volume. The function can be re-written as the 

probability of finding an atom at a position 𝒓𝑗, such that the more atoms (larger 𝑁) in the 

given volume at a position 𝒓𝑗, the greater the probability of finding an atom within the 

volume. Atom exist at discrete locations in space. Therefore, the probability density 

function may be interpreted as discrete species and the integral can be written in the form 

of a summation of all atoms in the given volume: 

𝜌𝑁
𝑠𝑖𝑛𝑔𝑙𝑒

(𝒓) = 〈∑𝛿(𝒓 − 𝒓𝑗)

𝑁

𝑗=1

〉 2-1b 

where 𝛿(𝒓 − 𝒓𝑗), is the Dirac delta function centered at position 𝒓𝑗. The mean of this 

summation normalizes the probability density function to 1. The Dirac delta function, 𝛿(𝒓), 

is a continuous distribution function that is zero everyone except at  𝒓 = 0, for which the 

value is one. The general form of the function can be described as a normal distribution in 

the limit as the standard deviation, 휀, (i.e., equivalent to the width) of the distribution tends 

to zero: 



   

11 

 

𝛿(𝒓) =
1

|휀|√𝜋
𝑒−(𝒓 𝜀)⁄ 2

 2-2a 

𝑎𝑠 휀 → 0   

The center of the Dirac delta function can be shifted to any positions 𝒓𝑗, such that at 𝒓𝑗, the 

value of 𝛿(𝒓 − 𝒓𝑗) = 1 and everyone else is zero. There are many unique properties 

associated with the Dirac delta function and one of the properties that we employ is the 

Fourier transform form of the Dirac delta function that will discussed later in the chapter: 

𝛿(𝒓) =
1

2𝜋
∫ 𝑒𝑖𝑝𝑟𝑑𝑝
∞

−∞

 2-2b 

𝑝 =
1

𝜀
  

In this form of the Dirac delta function, the reciprocal of the standard deviation (
1

𝜀
) is 

defined as 𝑝. In the limit as 휀 tends to zero, 𝑝 tends to infinity. Physically, this limit means 

that as the distribution of atoms narrows, the frequency or the occurrence of an atom at a 

position within the distribution increases. 

Above we have described the probability of finding a single atom at a position in a 

given volume. We are more interested in atomic pairs, which are basis for atomic 

structures. Finding the number of pairs of atoms can be described as:  

𝑁(𝑁 − 1) = ∫∫𝜌𝑁
𝑝𝑎𝑖𝑟(𝒓)𝑑𝒓 2-3a 

where 𝑁 is the total number of atoms in the volume and (𝑁 − 1) prevents double counting 

of the same atom, since a pair consists of two different atoms, and 𝜌𝑁
𝑝𝑎𝑖𝑟(𝒓) is a probability 
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density function of finding a pair of atoms in the given volume. Like the single atom, the 

probability of density function can be described as the summation of all atoms and its pairs 

within the given volume:  

𝜌𝑁
𝑝𝑎𝑖𝑟(𝒓) = 〈∑ ∑ 𝛿(𝒓 − 𝒓𝑗)

𝑁

𝑘=1,𝑘≠𝑗

𝑁

𝑗

𝛿(𝒓′ − 𝒓𝑘)〉 2-3b 

In this form, there are two Dirac delta functions that describe two independent coordinate 

systems, 𝒓 and 𝒓′, centered around atoms 𝑗 and 𝑘 at positions 𝒓𝑗 and 𝒓𝑘 , respectively. If 

we map atoms 𝑗 and 𝑘, on to the same coordinate system: 

𝜌𝑁
𝑝𝑎𝑖𝑟(𝒓) = 〈∑ ∑ 𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘=1,𝑘≠𝑗

𝑁

𝑗

〉 2-3c 

where 𝑟𝑗𝑘 is the distance between atoms 𝑗 and 𝑘. Like the single atom, the mean of the 

summation normalizes the probability distribution function atom pairs to 1. Now, if we 

apply a weight, 𝑓, (i.e., changing the odds of finding an atom at a given positions) and 

factor in double counting of the same atoms (𝑗 = 𝑘, 𝑘 = 𝑗), we arrive at the radial 

distribution function (RDF): 

𝑅(𝒓) =∑∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘

𝑁

𝑗

 2-4 

where, 𝑓𝑗 and 𝑓𝑘, are weights to the probability. The weight (e.g., mass, volume, charge) of 

a particle changes the probability of finding that particle in a given volume. At the atomic 

scale, we cannot observe atoms directly and rely on light-matter interactions to find an 

atom or a pair of atoms. For example, light (x-rays) scatter off the electron clouds of atoms 
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in known fashion. The intensity or the amount of light scattered depends on the electron 

density (i.e., its atomic number) of the atom. Heavier atoms (larger atomic numbers; e.g., 

transition metals) scatter light more efficiently with respect to the lighter elements (smaller 

atomic numbers; e.g., organic elements). Therefore, the probability of finding atoms within 

a volume is weighted by its electron density. This weighting of atoms is defined as the 

atomic form factor and is essential to x-ray scattering. 

Visualization of the RDF is portrayed in Figure 2-1. In relation to the center atom, 𝑗,  

(Figure 2-1a), we see that the probability of finding another atom, 𝑘, is zero, except at 

radial distances equal to 𝑟𝑗𝑘 (illustrated by rings). The number of atoms located on the first 

4 rings or the first 4 nearest neighbors to the central atom are shown in Figure 2-1b (bars). 

In the RDF, it is necessary to find all interatomic distances for each atom within the lattice, 

that is to change the center atom and draw new rings (identify neighboring atoms and their 

respective distance with the center atom). For ordered or crystalline materials, the  

 

Figure 2-1. (a) 2-D square array of atoms (red dots) with rings around the center atom 

in the array. The rings represent (four) nearest neighbor interatomic distances with 

respect to the center atom. The probability of finding an atom is only non-zero while at 

a ring. (b) Color correlated histogram of the number of atoms that lay on each ring. As 

the radius of the rings increase, the more atoms that can lay on the ring. The bars are 

broadened (thin lines) to represent that atoms in space are not perfectly correlated with 

each other. 

A B
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Figure 2-2. (a) A 5x5x1 unit cell sheet of a PbS crystal, representing a 2-D system (ℝ2). 

(b) A 5x5x5 unit cube of a PbS crystal, representing a 3-D system (ℝ3). Gray and yellow 

spheres represent lead and sulfur atoms, respectively. For simplicity, the weight or 

atomic number of the lead and sulfur atoms are both 1. (c, d) Radial distribution functions 

(RDF) of the ℝ2 and ℝ3 PbS crystals, respectively. The bars indicate the separation 

between atomic pairs in both crystal systems with the intensity being the number of atom 

pairs that have that distance. The peaks in the RDF are broadened to better represent a 

physical system. Intensity of the RDF increases as the radius, 𝑟 and 𝑟2, for the ℝ2 and 

ℝ3 PbS crystals, respectively (c and d – blue dotted line). (e, f) Pair density function for 

the ℝ2 and ℝ3 PbS crystals, respectively. The pair density function is a surface area 

normalization of the RDF. The intensity of the pair density function oscillate around a 

constant value proportional to the density (𝜌𝑜; e and f – blue dotted line). (g, h) pair 

distribution function for the ℝ2 and ℝ3 PbS crystals, respectively. The pair distribution 

function is the density normalized pair density function and oscillates around 1. 

A B

C D

E F

G H
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probability of finding multiple atoms with the same interatomic distances (i.e., 𝑟𝑗𝑘) is high. 

However, in real systems or crystals, the atoms within a lattice are not at fixed positions, 

they tend to shift around in a small local volume due to thermal vibrations or strain 

distortions from nearby lattice defects. As a result, the probability distribution function 

broadens and the probability of finding an atom at 𝑟𝑗𝑘 decreases, but there is a non-zero 

probability near the distance of 𝑟𝑗𝑘, Figure 2-1b. 

In an infinite crystal system, as the radial distance from atom 𝑗 increases there is an 

increase probability of finding an atom at a distance 𝑟𝑗𝑘, that is more atoms are likely to be 

sit on a ring (Ring 4 in Figure 2-1b). The number of atoms on a ring scale as the surface 

area of a sphere, 𝐴𝑆. For example, the number of atoms in a 2-D (ℝ2) and 3-D (ℝ3) cubic 

crystal (Figure 2-2a and Figure 2-2b, respectively) scale as the 2𝜋𝑟 and 4𝜋𝑟2, respectively. 

Figure 2-2c and Figure 2-2d illustrate the RDF of only the center of the 2-D and 3-D cubic 

crystals, respectively. The dotted line in both figures show the average trend in the scaling 

of the peaks at greater atomic distances. By normalizing the RDF by the surface area, we 

derive the pair density function: 

𝜌(𝒓) =
𝑅(𝒓)

𝐴𝑆
=
1

𝐴𝑆
∑∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘

𝑁

𝑗

 2-5a 

𝐴𝑆(ℝ
3) = 4𝜋𝑟2 𝐴𝑆(ℝ

2) = 2𝜋𝑟 𝐴𝑆(ℝ
1) = 𝜋  

For a crystal of dimension, ℝ3, the pair density function is: 
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𝜌(𝒓) =
𝑅(𝑟)

4𝜋𝑟2
=

1

4𝜋𝑟2
∑∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘

𝑁

𝑗

 2-5b 

In the pair density function, the peaks oscillate around a constant value, 𝜌𝑜, or in the case 

of finite or amorphous materials, the peaks converge to 𝜌𝑜 (Figure 2-2e and Figure 2-2f).  

The value of 𝜌𝑜 is proportional to square of the mean weights, 〈𝑓〉2, and scaled by the 

number of atoms, 𝑁, in the crystal. 

𝜌𝑜 = 𝑁〈𝑓〉2 2-6 

By normalizing the pair density function by the average density (𝜌𝑜), we have the pair 

distribution function (PDF): 

𝑔(𝒓) =
𝜌(𝒓)

𝜌𝑜
=

1

4𝜋𝑟2𝜌𝑜
∑∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘

𝑁

𝑗

 2-7a 

The PDF is density normalized and the peaks oscillate around 1 (Figure 2-2g and Figure 

2-2h) or converge to 1 for an amorphous or finite system. Conventionally, 1 is subtracted 

from the pair distribution function, yielding the common form of the pair distribution 

function: an oscillating function centered on zero:  

𝑔(𝒓) − 1 =
1

4𝜋𝑟2𝜌𝑜
∑∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑘

𝑁

𝑗

− 1 2-7b 

Typically, the same atom-pairs (i.e., 𝑗 = 𝑘 and 𝑟𝑗𝑘 = 0) are ignored and the PDF becomes:  
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𝑔(𝒓) − 1 =
1

4𝜋𝑟2𝜌𝑜
∑𝑓𝑗𝑓𝑘𝛿(𝒓 − 𝑟𝑗𝑘)

𝑁

𝑗≠𝑘

− 1 2-8 

The same-atom pairs do not contribute to the atomic structure and 𝑔(𝑟 = 0) is undefined 

(𝑔(0) = 0

0
). The PDF is a 1-D representation of n-dimensional (ℝ𝑛) structures that 

facilitates structural analysis. Subtle changes in atomic positions that occur in 

multidimensional crystal (e.g., 3-D lattice) are difficult to observe, especially if there are 

large number of atoms. These changes in the PDF are quickly apparent, as peak positions 

may shift or broaden with movements in atomic position. However, the PDF cannot 

describe which or how the atom moved within the crystal. Information (i.e., direction and 

orientation) is lost when decreasing the dimensionality (e.g., 3-D to 1-D) of a system. 

2.3 X-ray Scattering 

Although incredibly powerful at evaluating atomic structures, if the structure of the 

material of interest is unknown, the above approach is not possible. To generate the PDF 

of atomic structure, we have to take an alternative approach using light-matter interactions, 

in the form of x-ray scattering. The radii of atoms (matter) and the wavelength of x-rays 

(light) exist at the angstrom length-scale (1 Å = 10–10 m). The similarities between the 

length scales promote predictable interactions: light interacts with atoms in the form of 

scattering. This scattering is dependent on the wavelength, 𝜆, and the incident angle, 𝜃, and 

is referred to as the scattering vector (Figure 2-3a):  

𝒌 =
4𝜋𝑠𝑖𝑛𝜃

𝜆
 2-9 
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Given the scattered angle and the incident wavelength are known (experimentally) in many 

cases, it is convenient to redefine how the x-rays scatter (Figure 2-3b). The scattering 

vector can be defined as a scattering magnitude or momentum transfer vector that is 

wavelength-independent and angle-independent: 

𝑄 = 2|𝒌|𝑠𝑖𝑛2𝜃 2-10 

𝑄 is a scalar value and the information on direction and orientation within the scattering 

vector is lost. Although this information is crucial to single crystal diffraction experiments, 

it is not necessary for powder diffraction as all orientations of the crystal are averaged. 

The scattering of x-rays off of individuals atoms depends on the distribution of the 

electron cloud for each element, known as the atomic form factor, 𝑓(𝑄). This electron 

cloud becomes significantly more complex with the heavier elements, so complex that even 

 

Figure 2-3. (a) Model of an incident (incoming) x-ray, 𝑘𝑖, with a wavelength, 𝜆, 

scattering off an atom. The angle of the scattered x-ray, 𝑘𝑠, depends on the incident 

angle. (b) Change in coordinate system to yield a scattering vector or momentum transfer 

vector, 𝑄, that is independent of the angle and wavelength of the incident x-ray. (c) 

Atomic form factor or scattering profile of x-rays off of atoms as a function of 𝑄. The 

shape and amplitude of the atomic form factor is element dependent. The atomic form 

factor in (c) is for carbon (inset is Bohr model for carbon). 

θ

𝑘 =
4𝜋𝑠𝑖𝑛𝜃

 
𝑘𝑖 𝑘𝑠

θ

𝑄 = 2 𝑘 𝑠𝑖𝑛𝜃

2θ𝑘𝑖

𝑘𝑠

𝑄

A

B
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the second element on the periodic table, He, requires an approximation. This 

approximation is done as a sum of normal distributions: 

𝑓(𝑄) = ∑ 𝑎𝑚𝑒
−𝑏𝑚(

𝑄
4𝜋
)
2

+ 𝑐

4

𝑚=1

 2-11 

where, 𝑎𝑚, 𝑏𝑚, and 𝑐 are element dependent fitting parameters, which have been tabulated 

for the elements up to Uranium.10 The amplitude of the 𝑓(𝑄) occurs at 𝑄 = 0 and has a 

value equal to the atomic number of the element (e.g., H = 1, C = 6, Cd = 48, etc.), which 

decays to zero as 𝑄 → ∞. Heavier elements have a scattering larger amplitude (weight) 

and scatter x-rays more efficiently than lighter elements. Therefore, it is easier to collect 

and resolve (i.e., easier to find) scattered x-rays from these elements. An interesting 

phenomenon occurs when 2 atoms are in close proximity to each other (distance near the 

same order as the x-ray wavelength); they produce a slit causing x-rays to diffract as the 

pass through this slit. The diffracted x-rays are a result of an interference effect from a 

phase shift, ∆𝜑, in the incident x-ray interacting with both atoms (Figure 2-4): 

∆𝜑 = 𝑄 ∙ 𝑅 2-12 

where 𝑅 is the distance between the atoms. The amplitude of the x-ray interacting with 

each atom is: 

𝛹(𝑄) =∑𝑓𝑒−𝑖𝑄∙𝒓 2-13a 

where 𝑓 is the atomic form factor of an atom, 𝑖 is imaginary (in this chapter, 𝑖 = √−1 ), 

and 𝒓 is the position of the atom in space. The total amplitude is the sum of all elements 

within space. The scattering intensity, 𝐼(𝑄), of the diffracted light is the product of the 
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absolute amplitude of the atomic pairs. And the total scattering intensity is the summation 

over all atomic pairs: 

𝐼(𝑄) = |Ψ(𝑄)|2 =∑∑𝑓𝑗𝑓𝑘𝑒
−𝑖𝑄∙(𝒓𝑘−𝒓𝑗)

𝑘𝑗

 2-13b 

 Given the amplitude is a decaying exponential, at large separation between atomic pairs 

(|𝒓𝑘 − 𝒓𝑗| ≫ 𝜆𝑥−𝑟𝑎𝑦) or high 𝑄, the amplitude of the scattered x-rays diminishes quickly 

(Figure 2-4). We can redefine the imaginary component of the scattering intensity through 

spherical integration of: 

 

Figure 2-4. Scattering intensity profile of a single carbon atom (black curve) and a 

number normalized scattering intensity profile of a 2-D lattice (inset) of carbon atoms 

(blue curve) with a spacing, 𝑅. The oscillations within the blue curve are the result of an 

interference phase shift in the incident x-ray interacting with an atomic pair. The average 

trend of the oscillations follows that of the individual atom and the amplitude of the 

oscillations depends on the number of atomic pairs there are within the lattice. 

𝑅𝑘𝑖 𝑘𝑠

∆𝜑 = 𝑄  𝑅
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𝑒−𝑖𝑄∙(𝒓𝑘−𝒓𝑗) =
𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
 2-13c 

where 𝑟𝑗𝑘 is the interatomic distance or separation between atom 𝑗 and atom 𝑘. The 

exponential is now in the form of a dampening harmonic wave that is 1 at 𝑄𝑟𝑗𝑘 = 0 and 0 

as 𝑄𝑟𝑗𝑘 → ∞. Substituting equation 2-13c into 2-13b, 𝐼(𝑄) becomes: 

𝐼(𝑄) =∑∑𝑓𝑗𝑓𝑘
𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑘𝑗

 2-14 

Equation 2-14 is the Debye scattering equation and describes the coherent inelastic 

scattering of x-rays (no energy transfer between the x-rays and atoms). All atoms within a 

volume contribute to the scattering intensity as the summation of all interatomic pairs with 

a dampening harmonic wave weighted by the atomic form factors. If the atomic positions 

within a structure (crystalline or amorphous) are known, the scattered (or in the case of 

ordered materials, diffracted) x-rays profile can be calculated. In the case of large crystals, 

the Debye scattering can accurately reproduce experimental diffraction patterns in terms 

of peak position and peak intensity. However, to fully capture the peak width of the 

experimental XRD patterns requires a vast number of atoms, becoming computationally 

intensive. The benefit of crystalline materials is that the unit cells propagate in space in a 

specific manner, which enables the implementation of periodic boundary conditions that 

approximates, to a high degree of accuracy, the large crystal XRD pattern. These periodic 

boundary conditions are not discussed in this chapter. 

Beyond large crystals, the Debye scattering equation can simulate the expected 

diffraction pattern for small clusters and molecules. The challenge for diffraction of small 
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or disordered structures is the lack of periodicity in the atomic positions. The scattering 

intensity from these materials are generally weak and very broad. As seen with the Debye 

scattering equation, a more abundant spacing yields greater and narrower scattering 

intensities. Therefore, resolving the structure in these materials are particularly 

challenging. In most cases, single-crystal x-ray diffraction is used to identify the atomic 

structure of small molecules, which is a technique that requires single crystals or defect 

free continuous solids of the small molecules. Although the molecule is still small within 

these crystals, it has a regular or periodic spacing with other molecules in the crystal and 

results in an intense and narrow XRD pattern. Unfortunately, not all materials may form 

perfect crystals. How do we experimentally resolve the structure of a material that is too 

small to physically observe, and its light-matter interactions are too broad and ill-defined? 

The approach is through PDF analysis and specifically identify the interatomic distances 

of the atoms within the material. 

2.4 Connecting pair distribution function and x-ray scattering  

The PDF and the Debye scattering equations are related to each other by a Fourier 

transform or the conversion from real-space (i.e., physical distances) to reciprocal-space 

(i.e., frequency of distances). The inverse Fourier transform converts reciprocal-space to 

real-space. The magnitude and shape of scattering intensity 𝐼(𝑄) depends on the abundance 

of a particular atomic pair distance, 𝑟𝑗𝑘, or the frequency that two atoms have a particular 

separation. 𝐼(𝑄) describes the structure of a material in reciprocal-space. To convert 𝐼(𝑄) 

to the PDF, normalization of the scattering intensity is necessary. From the Debye 

scattering equation, we can separate self-scattering contributions from pair scattering 

contributions: 



   

23 

 

𝐼(𝑄) =∑𝑓2

𝑗=𝑘

+∑𝑓𝑗𝑓𝑘
𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

 2-15a 

𝐼(𝑄) = 𝑠𝑒𝑙𝑓 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 + 𝑝𝑎𝑖𝑟 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔  

Self-scattering is the scattering intensity from an individual atom and is equivalent to the 

square of its atomic form factor, 𝑓. Pair scattering is the scattering from the interference 

cause by the atomic pair. Here, the atomic form factor, 𝑓, is short for 𝑓(𝑄) and is still a 

function of 𝑄. Figure 2-5a shows the total scattering intensity as a function of 𝑄 for a lead 

sulfide (5x5x5 unit cell) cube. The atomic scattering (Figure 2-5a, blue dotted line) is only 

from the atomic form factor of all atoms (
𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
 = 1) and would be the scattering intensity 

if there is zero correlation between the atoms (e.g., gas phase). It becomes clearly apparent 

in ordered materials that the interference from the atomic pairs dominate the scattering 

intensity.  

The self-scattering term can be reduced to mean of the square of the form factor, 〈𝑓2〉, 

scaled by the number of atoms, 𝑁: 

𝐼(𝑄) = 𝑁〈𝑓2〉 +∑𝑓𝑗𝑓𝑘
𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

 2-15b 

Dividing the 𝐼(𝑄) by the square of the mean of the form factor, 〈𝑓〉2, and 𝑁, the scattering 

intensity is normalized by the “weight” of the elements: 



   

24 

 

 

Figure 2-5. (a) Simulated scattering intensity profile of a 5x5x5 PbS cube (inset). The 

peak intensities scale as the average atomic form factor of the crystal (blue dotted line).  

(b) Structure factor of a 5x5x5 PbS cube with peaks oscillating about zero and 

converging to zero as 𝑄 → ∞. The structure factor is the atomic form factor 

normalization of the scattering intensity profile. (c) The reduced structure factor of a 

5x5x5 PbS cube. The reduced structure factor is normalization of the structure factor by 

 𝑄 and should oscillate with a finite amplitude about zero in an infinite crystal. The 

reduced structure factor for finite crystals, such as nanoparticles of clusters, converge to 

zero as 𝑄 → ∞. 

A

B

C
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𝑆(𝑄) =
𝐼(𝑄)

𝑁〈𝑓〉2
=
〈𝑓2〉

〈𝑓〉2
+

1

𝑁〈𝑓〉2
∑𝑓𝑗𝑓𝑘

𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

 2-15c 

This normalization is effectively a density normalization and removes the individual 

scattering contribution from the atoms within the structure, leaving only the interference 

caused by the atomic pairs, which is the structure factor, 𝑆(𝑄). Previously, the atomic form 

factor is proportional to weighting the probability of finding an atom in space. Removing 

this weight is also the equivalent to the probability normalization, such that the average 

probability in all space (in this case reciprocal-space, 𝑄) is 1. In structures possessing of 

only one element, 〈𝑓〉2 = 〈𝑓2〉. In structures with more than one element 〈𝑓〉2 ≈ 〈𝑓2〉, but 

converges to 1 as 𝑄 → ∞. By subtracting 1 from equation 2-15c: 

𝑆(𝑄) − 1 =
𝐼(𝑄)

𝑁〈𝑓〉2
−
〈𝑓2〉

〈𝑓〉2
=

1

𝑁〈𝑓〉2
∑𝑓𝑗𝑓𝑘

𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

 2-16 

The structure factor now oscillates on zero and decays to zero as 𝑄 → ∞. From the 

scattering amplitude, Equation 2-13c, the amplitude of the scattered x-rays exponentially 

decays as 𝑄. The reduced scattering function, 𝐹(𝑄), can be obtained by multiplying the 

structure factor by 𝑄: 

𝐹(𝑄) = (𝑆(𝑄) − 1)𝑄 =
1

𝑁〈𝑓〉2
∑𝑓𝑗𝑓𝑘

𝑠𝑖𝑛(𝑄𝑟𝑗𝑘)

𝑟𝑗𝑘
𝑗≠𝑘

 2-17 

Here, the function now oscillates on zero as a none diminishing wave. Atomic pairs that 

are far apart (e.g., atoms on opposing surface, > 1 nm) contribute less to 𝐹(𝑄) than those 

that are close (e.g., atomic bonds, ~1.5-3.0 Å).  
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In Equation 2-13b, the intensity of scattered x-rays is imaginary. Therefore, structure 

factor, 𝑆(𝑄) − 1 is an even ordered, imaginary function: 𝑆(𝑄 > 0) = 𝑆(𝑄 < 0); while the 

reduced structure factor, 𝐹(𝑄), is an odd ordered imaginary function: 𝑆(𝑄 > 0) =

−𝑆(𝑄 < 0). Since we are interested in the PDF and the PDF is a real function, the inverse 

Fourier transform of the x-ray scattering needs to yield a real function. An imaginary 

function is a function that involves the complex number, 𝑖, and a real function is a function 

of only real numbers (i.e., does not contain 𝑖). The inverse Fourier transform of an even, 

imaginary function (i.e., 𝑆(𝑄)) yields a function of the same type, even and imaginary. The 

inverse Fourier transform of an odd, imaginary function (i.e., 𝐹(𝑄)), yields an odd, real 

function: 

�̂�[𝐹(𝑄)] =
1

2𝜋
∫ 𝐹(𝑄) 𝑠𝑖𝑛(𝑄𝑟) 𝑑𝑄
∞

0

 2-18a 

where �̂� is the inverse Fourier transform operation and integral of 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄 is the odd 

order Fourier transform. The inverse Fourier transform of the reduced structure factor is 

the reduced pair distribution function, 𝐺(𝒓): 

𝐺(𝑟) = �̂�[𝐹(𝑄)] =
1

2𝜋
∫ 𝐹(𝑄) 𝑠𝑖𝑛(𝑄𝑟) 𝑑𝑄
∞

0

 2-18b 

Substituting Equation 2-17 into Equation 2-18b: 

𝐺(𝑟) =
1

2𝜋𝑁〈𝑓〉2
∑

𝑓𝑗𝑓𝑘

𝑟𝑗𝑘
𝑗≠𝑘

∫ 𝑠𝑖𝑛(𝑄𝑟𝑗𝑘) 𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄
∞

0

 2-18c 

To connect 𝐺(𝑟) to 𝑔(𝑟), we can use one of the entities of the sin function: 
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𝑠𝑖𝑛(𝑥) =
1

2𝑖
(𝑒𝑖𝑥 − 𝑒−𝑖𝑥) 2-19 

And substituting this entity into Equation 2-18c: 

𝐺(𝑟) =
1

2𝜋𝑟𝑁〈𝑓〉2
∑𝑓𝑗𝑓𝑘
𝑗≠𝑘

∫ 𝑒𝑖𝑄(𝑟−𝑅) − 𝑒𝑖𝑄(𝑟+𝑅)𝑑𝑄
∞

0

 2-20a 

Eq. 2-2a:     𝛿(𝑟) =
1

2𝜋
∫ 𝑒𝑖𝑝𝑟𝑑𝑝
∞

−∞
 Eq. 2-6:     𝜌𝑜 = 𝑁〈𝑓〉2  

The terms inside the integral resemble that of the Dirac delta function and 𝑁〈𝑓〉2 is the 

density in Equation 2-6. Substituting these terms into Equation 2-20a: 

𝐺(𝑟) =
1

𝑟𝜌𝑜
∑𝑓𝑗𝑓𝑘
𝑗≠𝑘

[𝛿(𝑟 − (𝑟𝑗𝑘)) − 𝛿(𝑟 − (−𝑟𝑗𝑘))] 2-20b 

Since interatomic distances can only be positive, we can reduce the function: 

𝐺(𝑟) =
1

𝑟𝜌𝑜
∑𝑓𝑗𝑓𝑘
𝑗≠𝑘

𝛿(𝑟 − (𝑟𝑗𝑘)) 2-20c 

We can see that this form of 𝐺(𝑟) is related to 𝑔(𝑟) by: 

𝐺(𝑟) = 4𝜋𝑟[𝑔(𝑟) − 1] 2-21 

We have now connected the x-ray scattering to the pair distribution function.  

2.5 Total x-ray scattering and pair distribution function analysis 

In x-ray diffraction experiments we do not know the details of the right-hand side of 

Equation 2-14, only the intensity of the scattered x-ray (i.e., left-hand side of Equation 2-

14). Fortunately, the details are not necessary to approximate and convert the experiment  
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Figure 2-6. (a) Experimental set-up for total scattering experiments. The x-ray beam 

source is further to the right of the image. The incident beam traverses through an ~5 

mm pin hole in a lead shield. Lead is a heavy element and strongly absorbs x-ray. To 

eliminate a significant fraction of the x-rays that are scattered by the air and x-ray 

“shadowing of equipment near the beam, a lead shield is put into place. For total 

scattering experiments, the scatter x-rays are collected on a flat panel detector, 

specifically designed to count the number of x-rays photons that are scattered. The brown 

strip (Kapton tape) at the bottom of the detector holds a thick lead beam stop. The beam 

stop is designed to absorb all of the x-rays from the direct beam, as this would otherwise 

damage the detector. (b) Zoom in around the sample holder area. In these particular 

experiments, our sample is mounted in a washer that is loaded onto an xyz-stage (moves 

up-down, left-right, and back-forth). The washer is a rigid support for the sample and 

the sample is centered with the direct beam. The direct beam is smaller than the inner 

circle of the washer, so there is no scattering signal from the metal washer. The metal 

object above the sample is a cryostat, which enables temperature control of the sample 

down to –173°C. Calibration of the x-rays must be performed prior to data collection 

with a reference material, such as a ceria or nickel standard. The reference material 

accurately determines the sample-to-detector distance and the x-ray scattering angles. 

(c) Typical powder x-ray diffraction pattern of a magic-sized cluster sample (blue to red 

indicates low to high scattering intensity). The weak and broad peaks in this sample 

results from its size being ~1 nm. Powder diffraction patterns of bulk materials, like the 

ceria or nickel reference, will have sharp rings (blue background, red rings). The blue 

square at the center of the rings is the shadow of the beam stop and few x-rays are hitting 

the detector there. 

A

B

C

sample x-ray

beam

air 

scatter 

shielddetector

sample
x-ray

direction
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diffraction patterns into the reduced pair distribution function: a process referred to as PDF 

analysis. Diffraction patterns for PDF analysis are usually collected through total scattering 

experiments at a synchrotron source: a powdered sample is hit with an intense beam of x-

rays and the scattered x-rays are collected on a flat panel detector (Figure 2-6a and Figure 

2-6b). All scattered x-rays within the area of the detector are collected; referred to as total 

scattering and includes x-rays that have scattered from the sample as well as any x-rays 

that scatter between the source and detector (e.g., from air, local objects). To have a true 

scattering pattern of the sample, it is necessary to collect the scattering of an empty sample 

(i.e., no sample in the beam path) and subtract this ambient scatter from the scattering 

pattern with the sample. 

Once a diffraction pattern has been collected and correctly background subtracted (e.g., 

Figure 2-6c), the pattern can be radially integrated around the center of the rings to produce 

the 1-D scattering intensity plot (Figure 2-7a). Fit2D is a software program designed to 

help with calibrating, integrating, and implementing correction (solid-angle correction for 

flat panel detectors) XRD patterns.11 For PDF analysis, it is crucial the radial intensities 

are uniform and that there is no texturing (i.e., intensity changes in azimuthal or radial 

angles). Texturing forms narrower peaks in the diffraction pattern and signifies larger 

crystalline domains, which may not be true of the sample. The influence of texturing on 

PDF analysis is described later in Chapter 7. Modeling and compensating for textured 

diffraction patterns is a developing area in PDF analysis.  

Conversion from the scattering intensity profile, 𝐼(𝑄), is non-trivial and requires 

assumption and some experimental intuition. To obtain the structure factor, we need to 

normalize the scattering intensity by 𝑁〈𝑓〉2. The exact number of atoms within the sample 
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is near impossible to determine, but the average composition can be determined 

experimentally. Techniques, such as inductively coupled plasma – atomic emission 

spectroscopy (ICP-AES) or atomic absorption spectroscopy (AAS), may be employed to 

accurately determine the elemental composition of the sample. The elemental composition 

from these techniques are proportional to 𝑁〈𝑓〉2. For example, the number of atoms within 

1 mm3 cube of lead sulfide (PbS) may be on the order of 1019 atoms (based on known unit 

cell parameters) and performing ICP-AES on the sample will show 87 wt.% of lead and 13 

wt.% of sulfur. In terms of molar quantities, the PbS sample will be 50 mol% lead and 

sulfur. The proportionality between the actual normalization factor, 𝑁〈𝑓〉2, and the 

composition approximation is: 

1019〈𝑓𝑃𝑏〉〈𝑓𝑆〉 ∝ 𝑓𝑃𝑏𝑓𝑆 2-22 

This proportionality is accurate in the sense that the scattering intensity from the x-ray data 

can be arbitrarily scaled. Although the intensity of the x-ray scattering experiments has the 

units of counts, the units are essentially arbitrary as the number of counts depends on a 

variety of factors (e.g., sample thickness and composition, incident beam energy, exposure 

time, detector sensitivity, etc.). Billinge et al. utilizes a least squares approach at 

normalizing the structure factor 𝑆(𝑄).4 However, conversion of the structure factor to the 

reduced structure factor, 𝐹(𝑄), shows 𝐹(𝑄) → ∞ as 𝑄 → ∞ (Figure 2-7b). The reduced 

structure factor should oscillate on zero and in small finite systems converge to zero (Figure 

2-7c). The deviation in the experimental data from theory is believed to be a result of 

incoherent and elastic scattering, which is a consequence of high incident beam energies. 

Examples of secondary effects that contribute to scattering intensities are fluorescence 

from deep shell electronic transitions and Compton scattering (elastic scattering), both of 
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which contribute a significant fraction to the scattering intensity at high Q. The 

fluorescence and Compton scattering contribution to the scattering intensity can be 

removed by modeling the fluorescence and Compton. Earlier work by Billinge et al had 

shown this, but the process becomes time consuming to predict accurately.4 In their more 

recent work, they found that a multi-ordered polynomial fit to the reduce structure factor 

was sufficient and accurate enough to account for all incoherent and elastic effects:4  

𝐹𝑐(𝑄) =  𝐹𝑒(𝑄) − 𝑄𝑃𝑛(𝑄) 2-22 

where 𝐹𝑐(𝑄) is the corrected or coherent 𝐹(𝑄), 𝐹𝑒(𝑄) is the experimental 𝐹(𝑄), and 𝑃𝑛(𝑄) 

is the multi-order polynomial fit. The order, 𝑛, of the polynomial fit is determined by 2 

criteria: 1) 𝑄𝑚𝑎𝑥 or the largest value of 𝑄 for which there is collected data and 2) 𝑟𝑝𝑜𝑙𝑦 or 

the smallest distance for an interatomic pair: 

𝑛 =  
𝑟𝑝𝑜𝑙𝑦𝑄𝑚𝑎𝑥

𝜋
 2-23 

𝑄𝑚𝑎𝑥 is limited to the experimental conditions. The exact value of 𝑟𝑝𝑜𝑙𝑦 is only an 

approximation, given by the elements within the samples. Figure 2-7b shows the 

polynomial fit (blue dotted line) to 𝐹𝑒(𝑄) (black line) and Figure 2-7c is with the 

polynomial fit subtracted out. 

 For samples that contain carbon or other organic elements have an 𝑟𝑝𝑜𝑙𝑦 of ~0.9 Å 

(typical bond lengths would be C-H, 1.09 Å; C-C, 1.54 Å). Inorganic samples have 

naturally larger bond lengths and the 𝑟𝑝𝑜𝑙𝑦 may be as large as 2.0 Å. These criteria provide 

insight into the accuracy of the PDF analysis. If 𝑄𝑚𝑎𝑥 of the experiment is too small (e.g., 

~4 Å–1, typical 𝑄𝑚𝑎𝑥 for lab XRDs), the order of the polynomial will ~1 and the data is 
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being fit with a straight line, resulting in larger inaccuracies. Typical 𝑄𝑚𝑎𝑥 necessary for 

PDF analysis are > 25 Å–1 and depends on the quality and state of the sample.3, 12, 13 

With the polynomial subtraction, the experimental data now oscillates on zero and the 

inverse Fourier transform can be performed to generate 𝐺(𝑟) (Figure 2-7d). Figure 2-7 

shows the conversion of the x-ray scattering to the reduced pair distribution function of a 

CdS magic-sized cluster (to be discussed in greater detail in Chapter 6).1 The peak positions 

 

Figure 2-7. (a) Experimental scattering intensity profile of a magic-sized cluster. The 

intensity profile is the radially integrated diffraction pattern shown in Figure 2-6c. There 

are three discernable regions in the scattering profile before the intensity becomes an 

apparently smooth line. Due to the beam stop, there is no accurate scattering intensity at 

values of 𝑄 < 1 Å–1. (b) Reduced structure factor of a magic-sized cluster. The scaled 

intensity goes to infinity as 𝑄 → ∞ and is a consequence of incoherent scattering. The 

reduced structure factor should oscillate around zero. A polynomial fit (blue dotted line) 

is applied to the reduced structure factor to compensate for the incoherent scattering. (c) 

Reduced structure factor of a magic-sized cluster with the incoherent scattering 

contributions subtracted. The corrected-reduced structure factor now oscillates about 

zero; and since the magic-sized cluster is finite in size, the reduced structure factor 

converges to zero as  𝑄 → ∞. (d) Reduced pair distribution function of a magic-sized 

cluster. The reduced pair distribution function is an odd-ordered inverse-Fourier 

transform of the reduced structure factor. The peak positions in the reduced pair 

distribution function are the interatomic distances between atoms within the cluster and 

the oscillations of the peak positions in the reduced pair distribution function diminish 

at ~15 Å, which is the size of the cluster. 
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of the CdS cluster PDF are the interatomic distances of various atomic pairs (e.g., Cd-Cd, 

Cd-S, etc.). From the PDF we know how the atoms are spaced from one another, but not 

how the atoms are arranged (i.e., direction and orientation) in the cluster. For many 

systems, predominantly amorphous (e.g., glass), the 1-D PDF plot is the extent of the PDF 

analysis, for which only rough bonding information and correlations can be interpreted.  

2.6 Structure determination through reverse-Monte Carlo 

The work discussed in Chapter 6 and Chapter 7 took PDF analysis to the next level: 

modeling and determination of candidate 3-D atomic structures based on the PDF. As 

described in the derivation of the PDF, if the atomic positions or the structure is known, 

the PDF can be directly calculated. Therefore, simulated PDFs of various structures can be 

fit towards the experimental PDF in hopes to find a candidate structure. This is a non-trivial 

task as there are an infinite number of structures or arrangement of atoms that can fill space. 

To identify a candidate structure, the metric of a residual can be calculated, that is 

difference between the experimental data and the simulated structure quantified through a 

sum of least squares method: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = √
∑ [𝐺(𝑟)𝑒𝑥𝑝 − 𝐺(𝑟)𝑠𝑖𝑚]

2𝑅𝑚𝑎𝑥
𝑟=0

∑ 𝐺(𝑟)𝑒𝑥𝑝
2𝑅𝑚𝑎𝑥

𝑟=0

 2-24 

The residual is unbounded in the sense that it ranges from zero to infinity, but if the relative 

intensity of the peak positions between the experiment and the simulated structure are of 

the same magnitude, the upper limit of a non-fitting structure will be ~1. A structure is 

deemed to be accurate and is a candidate structure when the residual of the fits are < 0.2.1, 

3, 12, 13 Unfortunately, manually fitting every structure takes time and a candidate structure  
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Figure 2-8. General process of the reverse-Monte Carlo algorithm. There are two 

Generation of the reverse-Monte Carlo with differences in constraints and atomic 

models. A structure is inputted into the algorithm with user defined constraints are 

implemented. Generation I only requires minimum distance between atoms and bonding 

atoms, while Generation II has an additional symmetry constraint. Diffraction patterns 

of the inputted structure are calculated. Generation I uses three different atomic models 

to simulate an individual cluster, organic ligands, and mesophase assemble. These 

simulated patterns are summed together. Generation II does a complete cluster 

simulation, which includes both ligand shell and the cluster in the simulations. The 

patterns are converted to the PDF and residuals with the experiment data are determined. 

The algorithm loops until some criterion is met. In both generation, atoms are randomly 

moved, and the simulated scattering and PDF are calculated. If the residuals are smaller 

than the previous iteration, the moved atom is accepted. 

Initial 

Structure 

Input

Calculate 

Residual

R > 0.2

R < 0.2

Implement

Constraint

Generation I 

Simulate

Diffraction 

Pattern

Minimum 

Distance

Bonding 

Pairs

Mesophase

Ligand 

Cluster

Inorganic

Cluster with 

Ligand Shell

Calculate 

PDF

Move 

atom or 

atom pair

Move 

atom

Simulate

Diffraction 

Pattern

Min. Dist.

Bonds

Symmetry

Generation II 

Simulate

Diffraction 

Pattern

Exit



   

35 

 

may never be found. Since the residuals is a single metric that dictates the “goodness” of a 

fit, the process of fitting the experimental PDF data can be automated through the 

minimization of the residuals in a reverse-Monte Carlo algorithm.  

The general process of the algorithm used to determine the structures of the magic-

sized clusters in Chapter 6 and Chapter 7 is shown in Figure 2-8. An initial guess at the 

structure is necessary to begin the algorithm and the quality of the initial structure is a 

crucial factor in convergence to a candidate structure (residuals < 0.2). For finite size 

structures, such as molecules, clusters, or even nanoparticles, the size of the initial structure 

can be approximated directly from Scherrer analysis of the peak width in the x-ray 

scattering data or from the decay rate in the peak intensity in the experimental PDF. If the 

samples have resemblance to the bulk crystal (e.g., nanoparticles), the initial structure can 

be constructed by propagating the unit cell throughout the approximate volume. Although 

the methodology is not yet refined enough computationally, PDF is sensitive to identify 

the shape effects in nanoparticles,14 since certain crystal facets may truncate before others. 

If the structure is small and does not resemble bulk, such is the case for many inorganic 

clusters, the initial structure guess is a bit more challenging. To potentially reduce and 

facilitate structure identification for these materials, structures with similar size and 

compositions determined from single-crystal x-ray diffraction may be a place to start. A 

“likely” fitting structure would be a structure that have initial residuals of < 0.5 and is a 

“good” initial structure for the reverse-Monte Carlo algorithm. 

There are two generations (I, structures in Chapter 6, and II, structures in Chapter 7) of 

the reverse-Monte Carlo algorithm with different constraints and structure models. 

Generation I utilizes a completely random approach at moving atoms within the structure, 
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while Generation II had symmetry constraints to the atoms being moved. Candidate 

structures from Generation I are completely random, as it has the simplest of constraints: 

1) a minimum interatomic distance (~7.5% of bond length, or peak width of 1st nearest 

neighbor in the PDF) and 2) preservation of bonding pairs (i.e., bonded atoms could not 

exceed a 7.5% of their bond length). These two constraints enable the greatest space to be 

explored, while preventing the structure collapsing into itself or atoms drifting off to 

infinity. To eliminate some of the randomness in the structures, an additional symmetry 

constraint has been implemented for Generation II. For example, a structure with 2-fold 

symmetry (C2) had symmetric atom pairs move with the same random magnitude (distance 

moved), but in opposite direction, preserving the C2 symmetry. This symmetry constraint 

requires more information to be known about the material. Techniques such as linear 

dichroism (LD) or circular dichroism (CD) provide insights into the types of symmetry that 

may exist within small structures (e.g., organic molecules or inorganic clusters). 

Between the two generation of the reverse-Monte Carlo, the model behind the 

simulations are vastly different. Generation I independently calculates the scattering 

contribution from an individual cluster, the organic ligands, and the mesophase assembly 

(i.e., scattering contribution between clusters). These independent calculations, 

unfortunately, do not factor in all of the scattering of the model. Although the contributions 

are small, the scattering from an atom in the organic ligand shell with an atom in the 

inorganic cluster is not accounted for in Generation I. Consequently, some error in the PDF 

analysis arises, but primarily at interatomic distances less than the bond length (< 2.5 Å). 

The organic-inorganic scattering contributions are accounted for in Generation II, which is 

a complete cluster simulation and includes the complete ligand shell and inorganic core in 
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the calculations. In Generation I, the scattering profile simulations of the three components 

are performed independently and summed together to expedite the simulation time and 

achieve candidate structures quicker. With the symmetry constraint in Generation II, 

structures converged quicker and enabled larger atomic model (and newer insights). 

After simulation of the diffraction patterns, they are converted to the PDF and 

compared to the experimental data, using the residuals as a metric to govern quality of fit. 

The reverse-Monte Carlo is designed in a way that every time an atom is moved within the 

structure, the x-ray diffraction pattern and pair distribution are calculated. If the residuals 

determined from the PDF using Equation 2-24, are less than the previous residual, then the 

move is accepted; otherwise the move is rejected. This process is referred to as quenching 

(only accepting good moves) and repeats until a specific criterion is met (e.g., residuals are 

below some threshold value or the allotted time has passed). Changing the acceptance 

criteria to rarely accepting bad moves (referred to as annealing) enables the structure to 

explore a greater space. All of the structures in Chapter 6 and Chapter 7 use the quench 

acceptance approach, since the moves (i.e., thermal vibrations) are too small for the anneal 

approach to explore new structures. In Generation I, only atoms in the inorganic cluster are 

moved and the x-ray scattering profile recalculated (dotted box, Figure 2-8). Similarly, 

only inorganic atoms or atomic pairs are moved in Generation II, but the scattering from 

the ligand shell scattering is calculated with the inorganic core. Additionally, if an atom on 

the surface of the cluster is moved, then a new ligand shell is generated to preserve specific 

conditions of the ligand (e.g., ligand bond angle and distance from cluster). 
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2.7 Supporting Information 

Code 

Note: Green text refers to comments within the code and have no influence on the execution 

of the code. 

 

Debye Scattering function file 

% Q is a Nx1 vector that represents the span of reciprocal space for the simulation. 

% XYZ is an Nx3 array that contains the x, y, and z, coordinates of each atom within the simulated 

structure. 

% C is a Nx2 text vector that contains the composition of all the atom used to simulate the scattering 

intensity. 

% Elem is an Nx2 text vector that contains the unqiue elements within the simulated structure. 

% Bmin and Bmax are the bond thresholds. 

% Bond is an Nx2 array that index particular atom pairs as being bonded together. 

 

function I = Debye_Scattering(Q,XYZ,C,Elem,Bmin,Bmax,Bond)  

 

    ff=Form_Factor(Q,Elem);                                 % Function for the atomic form factor that calls the 

scattering profile within the span of 'Q' of elements with 

composition 'Elem'. 

    I=0;                                                                    % Initializing the scattering intensity variable 'I' 

     

    % For loop that calculates the atomic self-scattering intensity profile. 

    for i=1:size(XYZ,1) 

        I=I+ff(:,find(sum(C(i,:) == Elem,2) == 2)).^2; 

    end 

    % For loop that calculates the scattering intensitybetween atomic pairs. 

    for i=1:size(XYZ,1) 

        for j=(i+1):size(XYZ,1) 

            Mag=sqrt(sum((XYZ(i,:)-XYZ(j,:)).^2)); % Magnitude of the distance between an atomic pair. 

            DW=exp(-(1/2)*(0.02*Mag*Q).^2);        % Debye-Waller Factor to incorporate the average thermal 

displacement of atoms within a lattice. 

            % Constraint that stops loop if an atomic pair are too close together. 

            if Mag < Bmin 

                I=0; 

                break 

            end 

            % Constraint that stops loop if a bonded pair are too far apart, which is otherwise a broken bond. 

            if sum(j == Bond(find(Bond(:,1) == i),2)) > 0 

                if Mag > Bmax 

                    I=0; 

                    break 

                end 

            end 

            I=I+2*ff(:,find(sum(C(i,:) == Elem,2) == 2)).*ff(:,find(sum(C(j,:) == Elem,2) == 

2)).*sinc(Q/pi()*Mag).*DW; 

        end 

    end 

end 
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Note: The Debye Scattering equation simulates the scattering profile with a temperature 

equivalent to 0 K. The Debye-Waller factor is function that effectively increases the 

temperature of the simulation. The form of the Debye-Waller factor (DW) in the Debye 

Scattering function file is for a correlated atomic motion (i.e., DW is a function of Q and 

R, DW(QR)), in which the atoms are viewed to be connect by a series of springs.15 This 

form of the Debye-Waller factor is used since the probability of knowing the exact distance 

between atoms that are close together should greater than knowing the distance between 

atoms that are far apart. 

 

  

Pair Distribution Function function file 

% Q is a Nx1 vector that represents the span of reciprocal space for the simulation. 

% R is a Nx1 vector that represents the span of real space for the simulation. 

% I is a Nx1 vector that represents the simulated scattering intensity from the Debye equation. 

% C is a Nx2 text vector that contains the composition of all the atom used to simulate the scattering 

intensity. 

 

function PDF = Pair_Distribution_Function(Q,R,I,C,QDamp) 

    ff=Form_Factor(Q,C);                             % Function for the atomic form factor that calls the scattering 

profile within the span of 'Q' of an atom with composition 'C'. 

    ms_ff=mean(ff.^2,2);                              % Mean of the square of the atomic form factors. 

    sm_ff=mean(ff,2).^2;                              % Square of the mean of the atomic form factors. 

    F_Q=Q.*(I/size(C,1)-ms_ff)./sm_ff;      % Converting the scattering intensity 'I' to the reduced structure 

function 'F(Q)' 

  

    % Odd-ordered Fourier Transform of the reduced scattering function to the reduced pair distribution 

function. 

    for j=1:length(R) 

        PDF(j,:)=2/pi()*sum(F_Q.*sin(Q.*R(j))).*exp(-1/2*(QDamp*R(j))); 

    end 

end 

 

Ligand Addition function file 

function Mol = Ligand_Addition(XYZC,Rad,Lig_D,Lig_S,Lig_N,Tilt,Piv) 

  

    Surf=XYZC(Rad,:); 

    Norm=Surf(:,1:3)./sqrt(sum(Surf(:,1:3)'.^2)'); 

  

    Lig=dlmread('OA - 001 Orient.txt'); 

    Lig(:,1:3)=Rotation([0 0 Piv],Lig(:,1:3)); 

    if Lig_N == 2; 

        Lig1(:,1:3)=Rotation([Tilt 0 0],Lig(:,1:3))+[0 Lig_S 0]; 

        Lig2(:,1:3)=Rotation([-Tilt 0 0],Lig(:,1:3))-[0 Lig_S 0]; 

        Lig=[Lig1 Lig(:,4); Lig2 Lig(:,4);]; 

    end 

    for i=1:size(Norm,1) 
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        RotAx=cross([0 0 1], [Norm(i,:)]); 

        Sc=Surf(i,3)/max(sqrt(sum(Surf(:,1:3).^2,2))); 

        Corr=18*sqrt(abs(Sc))*sign(Sc); 

        Org(size(Lig,1)*i-(size(Lig,1)-

1):size(Lig,1)*i,:)=Orient(RotAx,Surf(i,1:3)+Lig_D*Norm(i,1:3),90*(1-Sc)+Corr,Lig); 

    end 

     

    Mol=[Org;]; 

  

end 
Note: The structure of the oleic acid is based on the single crystal data by the work of 

Kaneko et al.16 

 

Oleic Ligand Scattering function file 

function I_L=Ligand_Scattering(XYZ,C,Surf,Q); 

  

    Nc=size(XYZ,1); 

    Comp_Conv=zeros(Nc,1); 

    Comp_Conv(find(sum(C == 'S ',2)==2)) = 1; 

    Comp_Conv(find(sum(C == 'C ',2)==2)) = 2; 

    Comp_Conv(find(sum(C == 'O ',2)==2)) = 3; 

    Comp_Conv(find(sum(C == 'H ',2)==2)) = 4; 

    XYZC=[XYZ Comp_Conv]; 

  

    Lig_Dis=4.1; 

    Lig_Num=2; 

    Lig_Sep=1.3; 

    Tilt=0; 

    Piv=0; 

    Org=Ligand_Addition_Oleic_SC(XYZC,Surf,Lig_Dis,Lig_Sep,Lig_Num,Tilt,Piv); 

    XYZC=[XYZC; Ligand_Addition_Oleic_SC(XYZC); Org]; 

    Radius=sqrt(sum((XYZC(:,1:3).^2),2)); 

    N=size(XYZC,1); 

    ff=Form_Factor(Q,['Cd';'S ';'C ';'O ';'H ']); 

    Comp=[0; 1; 2; 3;];  

    I=0; 

    for i=1:N 

        I=I+ff(:,find(XYZC(i,4)==Comp)).^2; 

    end 

    for i=1:N 

            FF(:,i)=ff(:,find(XYZC(i,4)==Comp)); 

        for j=(i+1):N 

            Mag=sqrt(sum((XYZC(i,1:3)-XYZC(j,1:3)).^2)); 

            TB=0.05; 

            if XYZC(i,4)+XYZC(j,4) < 2 

                TB=0.02; 

            end 

            if (XYZC(i,4)==1)+(XYZC(j,4)==1) == 2 

                TB=0.02; 

            end 
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            I=I+2*ff(:,find(XYZC(i,4)==Comp)).*ff(:,find(XYZC(j,4)==Comp)).*sinc(Q/pi()*Mag).*exp(-

(1/2)*(TB*Mag*Q).^2); 

        end 

    end 

  

    Ic=0; 

    for i=1:Nc 

        Ic=Ic+ff(:,find(XYZC(i,4)==Comp)).^2; 

    end 

    for i=1:Nc 

            FFc(:,i)=ff(:,find(XYZC(i,4)==Comp)); 

        for j=(i+1):Nc 

            Mag=sqrt(sum((XYZC(i,1:3)-XYZC(j,1:3)).^2)); 

            Ic=Ic+2*ff(:,find(XYZC(i,4)==Comp)).*ff(:,find(XYZC(j,4)==Comp)).*sinc(Q/pi()*Mag).*exp(-

(1/2)*(0.02*Mag*Q).^2); 

        end 

    end 

    N_C=sum(XYZC(:,4)==2); 

    N_O=sum(XYZC(:,4)==3);     

    I_L=[N_C; N_O; I-Ic;]; 

end 

Note I: The Oleic Ligand Scattering function file calculates the scattering contributions of 

the ligand shell and the ligand shell with the inorganic core. The scattering intensity from 

this function file is then added to scattering intensity profile of the inorganic core within 

the reverse-Monte Carlo simulation. This function expedites the reverse-Monte Carlo 

algorithm by enabling simulation of the scattering profile without the organic present. With 

the atoms in the core being moved from the reverse-Monte Carlo algorithm, the scattering 

intensity profile of the ligands is periodically recalculated to improve accuracy. 

Note II: The scattering contributions from the ligand have a greater Debye-Waller factor 

than that of the core. The reasoning for this is due to the ligands on the surface are soft 

and flexible. The surface ligands can occupy a larger volume of space, and therefore the 

probability of finding an atom in the ligand shell at a particular position is reduced. 

 

Reverse-Monte Carlo Simulation 

%%% Importing Structure Information %%% 

Exp=dlmread('F313 - PDF - New.txt'); 

Exp=Exp(:,2); 

  

%%% Importing Structure Information %%% 

File='Cd45 - Icosahedron.xyz'; 

[XYZ, C, Elem]=XYZ_Import(File); 

XYZ=Rotation([1 1 1],XYZ); 

  

%%% Simulated Data Range %%% 

Q(:,1)=1.1:1e-2:16;                            % Units of 1/Å 

R(:,1)=0:1e-2:20;                               % Units of Å 

  

%%% Determining Bond Information %%% 

Bmin=2.54*1.075;                                % Units of Å 
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Bmax=2.54*0.925;                                % Units of Å 

Bond=[]; 

for i=1:length(XYZ) 

    for j=(i+1):length(XYZ); 

        Mag=sqrt(sum((XYZ(i,:)-XYZ(j,:)).^2)); 

        if Mag <= Bmax 

            Bond=[Bond; [i j]]; 

        end 

    end 

end 

  

  

%%% Broadening & Displacment Parameters %%% 

QDamp=0.00;                                        % Units of 1/Å 

DW_Factor=0.13;                                  % Units of Å 

Disp=0.01;                                             % Units of Å 

DW_Type=2; 

% Values are 1 or 2 

% Type 1 is correlated atomic displacements. 

% Type 2 is uncorrelated atomic displacements. 

  

%%% Ligand Addition & Scattering %%% 

Mark=200; 

Rad=6.5;                                                % Units of Å 

[LigXYZ LigComp LigEle] = Ligand_Addition(XYZ,Rad); 

I_Core=Debye_Scattering(Q,XYZ,C,Elem,Bond,[Bmin Bmax],DW_Factor,DW_Type); 

I_Ligand_Core=Debye_Scattering(Q,[XYZ; LigXYZ],[C; LigComp;],[Elem; LigEle;],Bond,[0 

Bmax],DW_Factor,DW_Type); 

I_Ligand=I_Ligand_Core-I_Core; 

  

%%% Initial Reverse-Monte Carlo Algorithm %%% 

Resid_Store=10; 

Accept=0; 

  

display('Ready') 
 

%%% The below script is the reverse Monte Carlo (rmc) algorithm. This is the simplest form of the rmc 

algorithm which uses the above constraints. In the ‘while’ line, the equality statement indicates how long 

the code will run in units of seconds. A value of 0.1, will execute the loop once and increasing the value to, 

for example, 300, will keep looping continuously for 5 min. 

 

tic 

while toc < 0.1 

     

    %%% Initialize Temporary Structure %%% 

    XYZ_Move=XYZ; 

     

    %%% Generate Random Displacement and Move Random Atom %%% 

    The=180*rand(); 

    Phi=360*rand(); 

    Rad=Disp*rand(); 

    Rand=Rad.*[sind(The).*cosd(Phi) sind(The).*sind(Phi) cosd(The)]; 

    Sel=randi([1 size(XYZ_Move,1)]); 

    XYZ_Move(Sel,:)=XYZ_Move(Sel,:)+Rand; 

  

    %%% Calculate Scattering Intenisty of New Structure %%% 
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    I=Debye_Scattering(Q,XYZ,C,Elem,Bond,[Bmin Bmax],DW_Factor,DW_Type); 

     

    %%% If moved atom is outside specified limits, the Debye_Scattering 

    %%% function returns a zero intensity and ending this iteration. 

    if sum(I) == 0 

        continue 

    end 

     

    %%% Add Organic Ligand Scattering Contribution %%% 

    I=I+I_Ligand; 

     

    %%% Calculate Pair Distribution Function %%% 

    G_r=Pair_Distribution_Function(Q,R,I,[C; LigComp;],QDamp); 

     

    %%% Calculate Residuals %%% 

    Exp=Exp/max(Exp(101:301)); 

    G_r=G_r/max(G_r(101:301)); 

    Resid=sqrt(sum((Exp(201:end)-G_r(201:end)).^2)/sum(Exp(201:end).^2)); 

 

    %%% Acceptance Criteria %%% 

    if Resid < Resid_Store(end) 

        TOC_Init=toc; 

        Accept=Accept+1; 

        Resid_Store(Accept)=Resid; 

        XYZ=XYZ_Move; 

        BLD (1)= BLD (2); 

    end 

  

    if Accept == Mark 

        I_Core=Debye_Scattering(Q,XYZ,C,Elem,Bond,[Bmin Bmax],DW_Factor,DW_Type); 

        I_Ligand_Core=Debye_Scattering(Q,[XYZ; LigXYZ],[C; LigComp;],[Elem; LigEle;],Bond,[0        

Bmax],DW_Factor,DW_Type); 

        I_Ligand=I_Ligand_Core-I_Core; 

        G_r=Pair_Distribution_Function(Q,R,I,[C; LigComp;],QDamp); 

        Exp=Exp/max(Exp(101:301)); 

        G_r=G_r/max(G_r(101:301)); 

        Resid=sqrt(sum((Exp(201:end)-G_r(201:end)).^2)/sum(Exp(201:end).^2)); 

        Accept=Accept+1; 

        Resid_Store(Accept)=Resid; 

        Mark=Mark+Mark; 

    end 

end 

  

display('Finished') 

display(['Iteration Time = ' num2str(toc)]); 

 

%% The below script is to plot various outputs of the reverse Monte Carlo algorithm.  

%%% Plot Iterations vs Residual %%% 

clf; 

plot(1:Accept,Resid_Store,'k') 

set(gca,'FontSize',18) 

ylim([0 max(Resid_Store)*1.1]) 

xlabel('Iterations (#)','FontSize',20) 

ylabel('Residual','FontSize',20) 

  

%% 



   

44 

 

%%% Plot Scattering Intensity %%% 

XRD=dlmread('F313 - XRD - New.txt'); 

  

clf; 

hold on 

box on 

plot(Q,(I_Core+I_Ligand)/max(I_Core+I_Ligand)+1.0,'g','LineWidth',2) 

plot(Q,I_Core/max(I_Core)+0.5,'k','LineWidth',2) 

plot(XRD(:,1),XRD(:,2)/max(XRD(:,2))+0.0,'b','LineWidth',2) 

xlim([min(Q) max(Q)]) 

  

set(gca,'FontSize',18) 

xlabel('Q (Å^{-1})','FontSize',20) 

ylabel('Intensity (a.u.)','FontSize',20) 

l=legend('Ligand & Core','Core','Experiment'); 

set(l,'box','off') 

  

%% 

%%% Plot Pair Distribution Function %%% 

  

clf; 

hold on 

box on 

plot(R,G_r,'k','LineWidth',2) 

plot(R,Exp,'b','LineWidth',2) 

plot(R,Exp-G_r-0.75,'k','LineWidth',1) 

xlim([min(R) max(R)]) 

  

set(gca,'FontSize',18) 

xlabel('Interatomic Distance (Å))','FontSize',20) 

ylabel('G(r) (Å^{-2})','FontSize',20) 

l=legend('Simulated','Experiment'); 

set(l,'box','off') 
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3.1 Abstract 

Realizing the promise of nanoparticle-based technologies demands more efficient, 

robust synthesis methods (i.e., process intensification) that consistently produce large 

quantities of high-quality nanoparticles (NPs). We explored NP synthesis via the heat-up 

method in a regime of previously unexplored high concentrations near the solubility limit 

of the precursors. We discovered that in this highly concentrated and viscous regime the 

NP synthesis parameters are less sensitive to experimental variability and thereby provide 

a robust, scalable, and size-focusing NP synthesis. Specifically, we synthesize high-quality 

metal sulfide NPs (< 7% relative standard deviation for Cu2–xS and CdS), and demonstrate 

a 10–1000-fold increase in Cu2–xS NP production (> 200 g) relative to the current field of 

large-scale (0.1–5 g yields) and laboratory-scale (< 0.1 g) efforts. Compared to 

conventional synthesis methods (hot injection with dilute precursor concentration) 

characterized by rapid growth and low yield, our highly concentrated NP system supplies 

remarkably controlled growth rates and a 10-fold increase in NP volumetric production 

capacity (86 g/L). The controlled growth, high yield, and robust nature of highly 
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concentrated solutions can facilitate large-scale nanomanufacturing of NPs by relaxing the 

synthesis requirements to achieve monodisperse products. Mechanistically, our 

investigation of the thermal and rheological properties and growth rates reveals that this 

high concentration regime has reduced mass diffusion (a 5-fold increase in solution 

viscosity), is stable to thermal perturbations (∼64% increase in heat capacity), and is 

resistant to Ostwald ripening. 

3.2 Introduction 

By virtue of their size-tunable properties and facile solution processing, colloidal 

semiconductor nanoparticles (NPs), or quantum dots, have garnered intensive research 

interest as building blocks for many applications from optoelectronics to biological 

imaging.1–4 The successful commercialization of promised NP technologies hinges 

critically on the development of scalable fabrication methods to provide technologically-

significant quantities of high-quality NPs (i.e., monodisperse size and composition). In the 

laboratory, monodisperse colloidal NPs are typically produced by a hot-injection method, 

in which organic-phase reagents are rapidly injected and mixed at high temperatures (> 

200°C) and reacted for a short duration (< 10 min).5–7 This hot-injection method has played 

a key role in advancing NP science by providing access to a broad library of NP sizes, 

shapes, and compositions.1, 2, 8, 9 Unfortunately, high-quality NPs produced in the 

laboratory by hot injection result from small-scale reactions (roughly < 100 mg yield10). A 

key barrier to scaling up hot injection methods is the stringent demand for rapid precursor 

mixing required by the rapid reaction kinetics. For larger reactor volumes mixing is slower, 

which introduces obvious impediments to reproducibility and control.  Moreover, there is 
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a need for efficient synthesis methods to enable economical fabrication at scale that 

produce high-quality NPs with high yields (> 70%).   

 Attempts by the NP research community to resolve these scale-up challenges have led 

to several developments including: 1) novel precursors,8, 20 2) seeded growth,21 3) heat-up 

methods,20, 22, 23 4) excess metal concentrations,10, 13 and 5) high solid loading.10, 13, 18 For 

instance, recent work using novel precursors has enabled promising strides in high-quality 

NP synthesis and reaction control (e.g. ammonium sulfide20 and thioureas8). Alternatively, 

using a hot injection method Cademartiri et al. demonstrated that high Pb precursor loading 

(423 g/L) can be used to synthesize 1.6 g of monodisperse PbS NPs (~8% size dispersion 

based on PL, in 50 mL reaction).13 Although this work revealed the merit of using high 

precursor loading to achieve monodisperse NPs, further scale-up of this method is hindered 

by the need for a rapid injection and unknown kinetics of the heterogeneous reaction. 

Furthermore, a substantial portion of the precursor remains unreacted (and is discarded), 

 

Figure 3-1. Scaling efforts: comparison of experiments from this work to literature 

reports based on the theoretical maximum possible NP yield. Production yields are 

depicted by the green hash lines, and are a ratio of the full conversion of the limiting 

reagent to the total reaction volume. Approximate precursor solubilities in long-chain 

organic solvents and solid precursor densities are displayed in the light and dark gray 

regions, respectively. Literature materials: 1) PbS,8 2) Fe2O3,
11 3) CdSe,12 4) PbS,13 5) 

PbS,14 6) CuS,15 7) CISe,16 8) CdSe,17 9) CdSe,18 and 10) PbS.19 
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reducing production yield (mass of NP product per reaction volume) and synthesis 

efficiency. Figure 3-1 provides a summary of the efforts made by the NP community to 

scale-up NP syntheses, and a comparison to our experimental production yields reported 

here. 

Compared to the conventional hot-injection method, the gradual heat-up synthesis 

offers more design flexibility and quality control, specifically for NP synthesis at large 

scales. The heat-up approach has already been demonstrated in the synthesis of metal 

oxide6, 22 and metal sulfide19, 20, 24, 25 NPs. Notably, some heat-up method use a “one-pot” 

approach, where all reagents are mixed together initially; unfortunately, this convolutes the 

precursors dissolution and reaction rates, and hinders consistent production of high-quality 

NPs.23 Decoupling the dissolution and reaction rates is a key “current challenge” for heat-

up methods.23 Vis-à-vis scale-up, an important advantage of the heat-up method is that 

precursor mixing and growth reaction are temporally decoupled; this is achieved by 

thoroughly mixing the precursors at low temperatures (to reduce reaction rates and enable 

a prolonged mixing phase), and then heating the mixed solution to initiate NP growth. To 

further advance the heat-up method towards large-scale synthesis, several key challenges 

must be resolved, namely to: 1) ensure burst nucleation during the heat-up stage, 2) control 

growth rates to enable size-focusing, and 3) maintain temperature uniformity through the 

ramp and growth stages.23 Lastly, fine control over NP growth rates and system stability to 

perturbations are essential for successful scale-up. 

We embraced these challenges as an opportunity to investigate a previously unexplored 

regime of nanoparticle synthesis: precursor concentrations near the solubility limit. We 

seek to answer the central question, how does the nanosynthetic chemistry of the heat-up 



   

51 

 

method differ when concentrations are intensified? We find that this new regime provides 

a unique approach to enable a size-focusing, self-stabilizing NP synthesis. Specifically, we 

demonstrate that highly concentrated reagent solutions produce: (a) slow and size-focusing 

growth, (b) monodisperse NPs (< 7%), (c) delayed Ostwald ripening, and (d) high yield. 

We verified the robust scalability of our process by rigorous reproducibility and spike 

sensitivity tests. In comparison to conventional NP synthesis (< 8 g NPs/L solvent8, 11, 26), 

our highly concentrated heat-up method provides a ten-fold improvement in NP volumetric 

production capacity: 86 g/L solvent. High concentration and high precursor conversion 

enable process intensification: supplying efficient use of reagents, solvent, and reactor 

volume to produce high-quality NPs. We focus on copper sulfide (Cu2-xS) as a model 

system to more complex ternary copper sulfides (e.g., copper indium sulfide), which are a 

promising non-toxic alternative to cadmium and lead salt semiconductor NPs.27 We also 

demonstrate how the highly concentrated heat-up method can be successfully generalized 

to PbS and CdS NPs.  Through property characterization and modeling we find that this 

highly concentrated regime creates fortuitous synthesis conditions by providing an increase 

in thermal stability that absorbs temperature perturbation and a decrease in mass diffusivity 

that protects the system from Ostwald ripening.  

3.3 Results  

Concentration Effects – To enable robust and reliable synthesis of monodisperse NPs, 

three conditions must be met: 1) nucleation burst, 2) size-focusing growth, and 3) delayed 

Ostwald ripening.6, 28 In this work we show that these conditions can be met by using a 

heat-up method,20, 22 and substantially increasing precursor concentrations beyond 

conventional NP synthesis conditions. In the discussion below, we will refer to 
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concentrations employed in traditional NP synthesis (~100 mM) as ‘conventional’ in 

contrast to the ‘highly concentrated’ conditions (i.e., 1000 mM) near the maximum 

solubility or saturation limit for the precursor in the reaction solvent. Based on a literature 

survey of conventional syntheses, typical precursors concentrations are one to two orders 

of magnitude lower, ranging from 10-100 mM (see Table S3-2 for a detailed comparison). 

The basic aspects of our heat-up synthesis are schematically illustrated in Figure 3-2. 

Organic-phase precursors are first mixed at 50˚C to ensure a uniform solution 

concentration and the suppression of particle growth; then, the solution is heated up to and 

maintained (i.e., soaked) at 185˚C to grow the NPs. At the low-temperature mixing stage, 

both the conventional and highly concentrated reactions consist of small polydisperse NP 

 

Figure 3-2. Reaction mechanism: comparison of the new highly concentrated approach 

to the conventional NP reaction concentration using a heat-up method. Initially, both NP 

concentrations are the same in size and dispersion. Divergence between concentrations 

occurs upon soaking the NPs for an extended duration. The highly concentrated solution 

size focuses and becomes monodisperse, whereas the conventional synthesis experiences 

Ostwald ripening. 
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seeds (~3 nm). However, as these seeds are heated to 185˚C, the conventional and highly 

concentrated conditions produce greatly divergent results: under conventional conditions 

the seed NPs grow into a polydisperse set, but at highly concentrated conditions the 

particles size-focus and become monodisperse (Figure 3-2).  

The evolution of NP size and relative standard deviation (RSD) during the extended 

soak at 185˚C differs significantly for conventional and highly conditions (Figure 3-3). 

RSD is defined as the ratio of standard deviation over mean NP diameter. To quantify the 

 

Figure 3-3. Effect of the precursor concentration on NP size and quality: (a) TEM 

images, (b) size, and (c) relative standard deviation (RSD) of Cu2−xS NPs at various 

CuCl concentrations over a 4 h soak at 185°C. For concentrations below 500 mM, NPs 

experience Ostwald ripening with time. At concentrations of 500 mM and higher, NP 

solutions are at equilibrium with approximately constant size and RSD with time. TEM 

images in (a) are color correlated to the 100, 500, and 1000 mM reactions to illustrate 

the size and quality of the NPs. Scale bars represent 20 nm. 
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evolution of NP diameter and RSD, we extract aliquots and measure the size distribution 

for a large particle set (statistical NP size analysis is provided in the Supporting 

Information, Figure S3-1, Figure S3-2, and Table S3-1). Low concentrations (< 500 mM) 

yield rapid particle growth (~2.5 nm/h) with extensive broadening of the size distribution 

(15-20% RSD). In contrast, more concentrated solutions (≥ 500 mM) result in significantly 

slower particle growth (~0.25 nm/h) and a narrowing size distribution (7-12% RSD). 

Specifically, as soak time increases the conventional concentration produces NPs that 

continue to increase in size (5.7 nm at 0 h to 14.7 nm at 4h, Figure 3-3b), while the high 

concentrations (≥ 500 mM) produce NPs that grow slowly (e.g., 500 mM NPs are 6.2 nm 

at 0 h and 8.9 nm at 4 h, Figure 3-3b).  

More striking is the effect of concentration on RSD: at the conventional concentration 

(100 mM) the RSD increases from 10% at 0 h to 18% at 2 h (Figure 3-3c), but for the 

concentrations ≥ 500 mM the RSD decreases; particularly for the highly concentrated 

solution (1000 mM), the RSD decreases from 9.6% at 0 h to 9.8% at 2 h (Figure 3-3c). The 

‘apparent’ size-focusing (decrease in RSD) for lower concentrations (< 500 mM) at longer 

times is an artifact of the NP size increasing faster than the absolute standard deviation, 

resulting in a decreasing RSD (Figure S3-2 for absolute standard deviation vs. time). 

Experimental data clearly illustrate that higher precursor concentrations produce small, 

monodisperse particles that focus in size over extended reaction growth or soak times. The 

results further suggest that the crossover point for the size-focusing behavior occurs near 

≥ 500 mM. Notably, the RSD achieved in this synthesis is significantly smaller than in 

previously reported Cu2-xS NPs (typically > 14% RSD).8, 25, 29–32 The consistent narrow size 
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distribution of NPs at extended soak times at 185˚C suggests that the colloidal stability of 

NPs fabricated by the heat-up method is greater than those fabricated by hot injection. 

To explain the experimental trends observed in the heat-up synthesis we hypothesize 

that the nucleation and growth steps are temporally decoupled. To test this hypothesis, we 

extended the duration of the low-temperature (50˚C) mixing stage for 4 h after mixing the 

precursors together (Figure S3-3). Both the conventional and highly concentrated reactions 

maintained a constant size (~3 nm) and RSD (20% RSD) during the 4 h, indicating a stable 

nucleation stage at 50˚C, and the successful separation of nucleation and growth via the 

heat-up method. Furthermore, we probe the effects of slow precursor mixing (occurring 

over the course of 3 min instead of instantly) and still obtain high-quality products, 

illustrating that our method is not dependent on a rapid injection of precursors (Figure S3-

4). 

Beyond the Cu2-xS system, we demonstrate the general applicability of the highly 

concentrated heat up method to other materials, namely PbS and CdS. Similar to the Cu2-

xS system, 1000 mM concentrations of Pb oleate and Cd oleate are mixed with a sulfur 

source (5000 mM sulfur oleylamine for PbS or 2500 mM tri-octyl phosphine sulfide for 

CdS). Identical ramp-soak heating profiles as the Cu2-xS system is used (ramp up to and 

maintain at 185˚C). For the PbS NP system, the NP size and RSD of 7.0 nm and 17.5%, 

respectively, experience slow growth and size-focusing throughout the 4 hour soak (size 

and RSD at 2 h is 7.8 nm and 15.1%, respectively, Figure S3-5). Similarly, CdS NP 

synthesis at high concentrations has restricted growth during the long reaction duration. 

After 15 min into the soak, the absorbance edge does not shift, demonstrating that particle 

growth has ceased (Figure S3-6). Furthermore, the full-width half-maximum of the PL for 
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the CdS NP remain constant during the soak (FWHM of PL is 25 nm). The optically 

determined size and RSD are 4.8 nm and 7%, respectively. This is in close agreement with 

the measured size and RSD from the TEM image at 0 h into the soak. The stabilized particle 

growth of PbS and CdS NPs, as well as the constant RSD, in the highly concentrated heat-

up approach exhibit substantial synthesis control, which is essential to the scale-up of these 

materials. 

Reproducibility – To characterize batch-to-batch reproducibility, we performed 

triplicate control experiments for the 100 mM (conventional) and 1000 mM (highly 

concentrated) systems under otherwise identical synthesis conditions. The average of three 

replicate reactions is portrayed in Figure S3-7 with error bars representing the standard 

deviation of the size and RSD between the reactions. Replicated reactions for the 

conventional concentrations produce NP mean size and RSD that have considerable 

variations between reactions (up to ~15% variability in size and 5% variability in RSD). 

However, the highly concentrated reactions result in consistent sizes and RSD (< 5% 

variability). 

Reaction Equilibrium Sensitivity – To characterize the sensitivity of the reaction 

equilibrium exhibited by the highly concentrated system, we perturbed the system with 

various chemical spikes. A 10 vol.% spike of three different 1000 mM chemical solutions: 

(1) dissolved copper chloride precursor, (2) dissolved elemental sulfur precursor, and (3) 

~3.0±1.0 nm Cu2-xS seeds (NPs from the 50˚C mixing stage of a 1000 mM reaction 

solution). These experiments consisted of a 1000 mM medium (copper and sulfur 

precursors) initially mixed at 50˚C that was heated to and maintained at 185°C for 2 hours, 

after which, the reaction solution was spiked with one of the three spike  
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solutions. Aliquots of each spike test were taken before the spike at 0 minutes (0 is defined 

as the beginning of the soak phase, when the solution has just reached 185°C), 60 min, 120 

min, and after the spike at 125 min (5 min post spike), 150 min (30 min post spike), 180 

min, and 240 min. The size and RSD of NPs for the various spike tests is shown in Figure 

3-4. The inset to Figure 3-4 shows the responses to the three spikes. Notably, the highly 

concentrated solution quickly restores to equilibrium after chemical perturbation, via seeds 

or copper precursor, and is thus less susceptible to batch-to-batch chemical variations and 

local concentration variations within a solution.  

Upon spiking the system with the copper chloride solution, a sudden decrease in the 

average particle size occurs with a corresponding increase in the RSD. The quality of the 

NPs at five-minutes-post spike is similar to those observed at the top of the ramp (time = 0 

h). One hour after the spike, the NP distribution recovers to their original prespike size and 

 

Figure 3-4. Reaction robustness: concentrated reactions spiked with three different 

starting chemicals, 1000 mM CuCl, 1000 mM S, and 1000 mM equivalent Cu2−xS seeds 

in an oleylamine (OLA)/1-octadecene (ODE) mixture. The spike is injected after the 2 

h aliquot. The inset zooms in on the behavior of the spike: (1) copper decreases the 

average size, (2) sulfur induces Ostwald ripening, and (3) the seeds increase the average 

size. Spiking with copper and seeds leads to size-focusing within 1 h. 



   

58 

 

RSD values. We associate this change in size and RSD with the spontaneous shift in 

chemical equilibrium, resulting from the etching of loosely bonded sulfur to form new 

seeds. 

In sharp contrast to the copper chloride spike, the sulfur spike destabilizes the NP 

growth. We found that a sulfur spike results in a massive increase in size and RSD (Figure 

3-4), both of which escalate as the soak progresses. Five minutes after the spike, the particle 

size and RSD doubles, and continue to ~1000 nm with ~1000% RSD by 4 h. The sulfur 

spike can be viewed as a large source of anions that dampen repulsions between positively 

charged particles, increasing NP collisions and growth rates.33 To understand the charge 

on the NPs, we measured the surface potentials of purified NPs (prior to spike) via dynamic 

light scattering (DLS), and the maximum surface ζ potential of our particles is 

approximately +50 mV. (Figure S3-8). The +50 mV is indicative of highly stabilized 

positively charged particles.34, 35 The large NPs resulting from the sulfur spike aggregate 

and precipitate out of solution, preventing a more in-depth DLS analysis. Fast particle 

precipitation suggests the surface potential is near 0 mV. Enhanced collisions (coalescence) 

reasonably explain the significant particle growth. Furthermore, we relate the increase in 

sulfur concentration caused by the sulfur spike to a decrease in overall solution 

stoichiometry (Cu:S ratio) or sulfur rich conditions (Figure S3-9). Reaction rich in sulfur 

yield extremely large (> 100 nm) NPs, similar to the sulfur spike. 

As a third robustness test, we also spiked the system with Cu2-xS seed particles (3 nm, 

20% RSD), from the mixing phase at 50˚C. Upon injection of these seeds into the NP 

soaking solution, there is an abrupt increase in both size and RSD at 5 min after the spike. 

This response is not a bimodal distribution of sizes, but rather a single distribution at a 
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slightly larger particle size (Figure 3-4, inset). The rapid disappearance of the seeds after 

the spike implies that the injected particles had either combined with the native NPs or 

each other to form larger NPs.  

Synthesis Scale-up – The long-time stability of NPs in highly concentrated solutions, 

as well as the robust system recovery from small chemical perturbations are desirable 

 

Figure 3-5. Large-scale reaction: (a) 2.5 L reaction of Cu2−xS nanoparticles. The solution 

is mixed via an overhead stirrer at 700 rpm. (b) TEM images of Cu2−xS nanoparticles 

with an average size and RSD of 8.0 nm and 9.3%, respectively. TEM images are 

consistent with various samplings of the final product. The white scale bar on the TEM 

image represents 20 nm. (c) Total recovered product of 215 g from the reaction vessel 

after purification and drying. (d) XRD pattern of collected NP powder. The pattern is a 

mix between the djurleite (Cu1.94S, PDF no. 00-023-0959) and roxbyite (Cu1.8S, PDF no. 

00-023-0958) phases. 

(b)(a)

(c)

(d)
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attributes for scaling up, which makes this synthesis method ideal for large scale reactions. 

To test this assertion, we demonstrate the transition from a traditional lab-scale NP 

synthesis to a large-scale pilot reaction. We scaled a typical laboratory batch reaction 

volume (~25 mL) by two orders of magnitude to 2.5 L using a 4 L-reactor and an over-

head stirrer with a crescent paddle blade (Figure 3-5). Following the protocol developed 

for small-scale reactions with the optimal highly concentrated conditions of 1000 mM 

CuCl and 5000 mM S, the sulfur precursor is injected into the reaction vessel containing 

the copper precursor at 50˚C and mixed. Similar to the small volume reactions, a 6˚C 

temperature spike is observed post injection, suggesting similar precursor conversion. We 

heat the solution to 185˚C and hold at this temperature for two hours. The reaction cools 

via water bath to 100˚C, at which point 2 L of ethanol quenches the solution to room 

temperature. The precipitated product is further purified through centrifugation. 

We successfully recover 215 g of purified product. To verify batch consistency, we 

measure samples from six different centrifuge tubes at various purification times (TEM 

images provided in Figure S3-10). Sample to sample variability in the product (size and 

RSD) is less than 5%. The average NP size is 8.0 nm with an RSD of 9.3%. X-ray 

diffraction (XRD) shows the particles are mixed phase between djurleite (Cu1.94S) and 

roxbyite (Cu1.8S) phase (Figure 3-5, Figure S3-11, and Figure S3-12). TGA reveals 

considerable mass loss at 300˚C, near the normal boiling point of oleylamine (Figure S3-3 

to Figure S3-13). We associate this TGA signature with the loss of oleylamine ligand, 

which contributes to approximately 20 wt.% of the total collected mass. Factoring this into 

the theoretical conversion, we obtained a total Cu2S conversion of greater than 93%. 
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3.4 Discussion 

To understand the possible mechanisms that lead to this unexpected stability and size 

control at high concentrations we examine three factors that provide insight into the process 

at high concentrations, namely 1) the solution viscosity increases by a factor of 5, reducing 

mass diffusion, 2) heat capacity increases by ~64%, and 3) the influence of Ostwald 

ripening on NP growth decreases. We will discuss each of these parameters in detail below. 

Viscosity Effects – An important consequence of concentrating the precursor is a 

significant increase in viscosity of both the unreacted precursor and the reacted NP 

solutions. To better quantify the rheological properties of the reaction solution, we 

performed parallel plate rheology measurements on the NP solutions at various 

concentrations (see Supporting Information). Baseline measurements of the reaction 

 

Figure 3-6. Experimental physical properties for conventional vs highly concentrated 

NP solutions: (a) viscosity and (c) heat capacity are directly correlated to the precursor 

concentration, while (b) mass and (d) thermal diffusivities are inversely correlated to the 

precursor concentration (see the Supporting Information, including Table S3-3, for the 

methods and details). 
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mixture are made in reference to their organic matrix: 70% oleylamine/30% 1-octadecene. 

When the inorganic precursors (Cu Cl and elemental sulfur) are mixed at 50˚C, both the 

conventional and highly concentrated solution have similar viscosities that are greater than 

the baseline of the organic matrix (Figure S3-14). However, at elevated temperature 

(120˚C), the viscosity of the conventional concentration solution (0.81 mPa·s) is similar to 

that of the organic matrix (0.77 mPa·s), whereas the highly concentrated solution viscosity 

(3.8 mPa·s) remains nearly an order of magnitude greater than the organic matrix (Figure 

3-6a). Interestingly, 500 mM corresponds to the critical turning point for both enhanced 

viscosity and size-focusing growth (Figure 3-3 and Figure S3-14). The measured increase 

in solution viscosity with salts has been previously observed for NP containing systems, 

namely polymer NPs and oxide NP suspensions.36, 37 Dissociating salts present in colloidal 

solutions induce various electrostatic forces on the suspended NPs that inhibit the 

molecular transport of fluid around these particles and thus increase the solution viscosity. 

Unlike these NP containing solutions with salts, our solution is organic and reactive, in 

which the salts are our precursors. We hypothesize that the increased viscosity for highly 

concentrated solutions are induced by electrostatics and metal-π interactions (equivalent to 

H-bonding in aqueous systems) generated by the high chloride concentration and lone pair 

electrons (amines) within the solution.  

In context of NP motion through the reaction fluid, the viscosity (μ) can be translated 

to mass diffusivity (D) using the Stokes-Einstein-Sutherland equation (i.e., D = kBT/6πμr) 

for NPs with a hydrodynamic radius, r. Comparing mass transport for concentrated and 

conventional conditions therefore shows that diffusivity in the highly concentrated 

condition is approximately five-fold lower, given the differences in viscosity discussed 
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above (Figure 3-6b and Table S3-3). We conclude that the reduced NP mobility in the 

concentrated reaction environment contributes significantly to the stability of the size 

distribution due to decreased NP collision rates (see growth mechanism section below).   

Heat Transport – Thermal conductivity and heat capacity can have a significant impact 

on NP reactions, especially since both factors depend on NP concentration.38–40 However, 

the impact of the thermal properties of the reaction fluid has not received the appropriate 

consideration in previous studies. We hypothesize that the higher heat capacity of the 

highly concentrated system renders it more robust relative to experimental thermal 

fluctuations. To test this hypothesis, we deliberately perturbed the reaction environment 

(maintained at 185˚C) with a spike of solvent at room temperature. As detailed in the 

supporting information (Figure S3-3 to Figure S3-15) thermal fluctuations due to the spike 

are less pronounced in the concentrated system compared to those for the conventional 

conditions. The immediate temperature drop in the highly concentrated reaction is roughly 

half that of the conventional reaction, indicating that the former has a higher heat capacity 

and thus a smaller thermal diffusivity. This behavior agrees with the higher heat capacity 

and lower thermal diffusivity measured for the highly concentrated solution (Figure 3-6c 

and Figure 3-6d, Table S3-3).  

Growth Mechanism – To better understand the growth mechanism we examine the 

precursor conversion rate and growth models on coalescence (or agglomeration) and 

Ostwald ripening. The precursor conversion is assessed through the dried NP mass, while 

excluding the mass of organic ligands as determined by TGA (see Supporting Information, 

Figure S3-16). At the beginning of the soak stage at 185˚C (time = 0 h), the conversions 

are near complete for both the conventional and highly concentrated conditions (82% and  
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88%, respectively); further, both conditions have similar sized NPs (~6 nm). The high 

conversion values indicate the concentration of remaining active growth species (or 

residual precursor) is small. Specifically, if all of the residual precursor is considered to be 

in the form of Cu2S monomer, the approximate residual concentration would be 8 and 50 

mM Cu2S for the conventional and high concentrated solutions, respectively. In relation to 

the LaMer model, the fact that the conventional conditions undergo Ostwald ripening (to 

 

Figure 3-7. (a) Volumetric growth rate. The NP sizes for each concentration are 

converted to volume and normalized by the 4 h “final” volume. Linearly increasing 

volume with time indicates Ostwald ripening, where a sigmoidal dependence suggests 

coalescence or monomer addition. (b) Change in Stokes−Einstein diffusivity over 

various particle sizes at a constant solution viscosity for the 100 and 1000 mM reactions. 

The average initial size distribution for both concentrations is overlaid in green. The 

diffusivity in the 100 mM reaction is 5 times greater than the diffusivity in the 1000 mM 

reaction for the same size of NPs. (c, d) (Color curves) Mapping of the temporal 

evolution (0−4 h) of experimentally determined values, expressed as Gaussians of the 

mean size and SD of the conventional (top) and highly concentrated (bottom) reactions. 

(Gray curves) I−V correspond to a projection of the system after coalescence events, 

with each curve progression marking a halving of the number of particles from the 

previous curve (e.g., condition II has half the number of particles of condition I, and III 

half that of II). (c) Step coalescence represents an aggregation mechanism where each 

particle must coalesce once before any particle can coalesce twice, while (d) living 

coalescence represents a mechanism where some particles experience multiple 

coalescence events while others experience none. 
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be discussed, Figure 3-7) suggests that this solution is near the monomer saturation limit 

(at approx. 8 mM Cu2S monomer, Table S3-4) and that the residual monomer is in 

equilibrium with the monomer attached to NP surface.6, 41 Thus, the highly concentrated 

solution, with higher residual monomer concentration (approx. 50 mM), is still 

supersaturated, and resistant to Ostwald ripening.13, 41  

To describe the NP size evolution during the soak stage, we calculate the increase in 

NP size if all of the residual precursor were to be added as new material to the existing NPs 

(i.e., 100% conversion). The mean NP size increases by only ~7% for the conventional 

case (~6 nm to 6.4 nm), and ~4% for the highly concentrated case (~6 nm to 6.3 nm) (see 

Supporting Information). However, experiments show that the final size for conventional 

and highly concentrated (14.7 and 7.5 nm, respectively) is much greater than the size 

predicted by this simple calculation; this comparison indicates that another mechanism 

beyond monomer addition via unreacted precursor is required to describe the observed NP 

growth.  

In light of the depleted monomer condition, we infer that the growth mechanism should 

be Ostwald ripening or NP coalescence, which would be governed by NP mobility or 

diffusivity rather than concentration gradients. Ostwald ripening is NP growth via NP 

dissolution to monomer, and then monomer deposition onto larger NP.6, 41 One method to 

assess the growth process is to plot the time evolution of volume normalized by the final 

volume.42, 43 For the conventional concentrations, although the growth in particle size slows 

as the reaction progresses, the volumetric growth rate remains fairly constant over the 

duration of the experiment (Figure 3-7a, blue points, 100 mM). Linear volumetric growth 

rate is indicative of Ostwald ripening, as supported by the Lifshitz–Slyozov–Wagner 
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(LSW) theory.41, 43–45 Alternatively, a sigmoidal curve describes the highly concentrated 

condition (Figure 3-7a, red points, 1000 mM), suggesting the growth process is through 

coalescence or monomer addition.42, 43   

Additionally, LSW theory correlates the volumetric growth rate of NPs to their 

diffusivity, in which greater particle diffusivity induces faster growth. We determined the 

diffusivity of our NPs via the Stokes-Einstein-Sutherland relation (vide supra)33 (See 

Supporting Information). Figure 3-7b shows the diffusivity of the conventional and highly 

concentrated reaction at various sizes with a constant viscosity. A Gaussian distribution of 

the experimentally-determined particle size and deviation is overlaid (Figure 3-7b, green 

curve) on these diffusivities and represents the size and standard deviation (SD) of both 

concentrations at the beginning of the soak. Interestingly, the conventional reaction has a 

five-fold greater diffusivity compared to the highly concentrated, at the beginning of the 

soak. Furthermore, the variation in particle diffusivity for an identical NP size distribution 

is five-fold larger in the conventional reaction. For instance, a 3-σ (3-SD) particle spread 

(99.7% of total particles) corresponds to variation or disparity in diffusivity of 4.55 × 10-

11 m2s−1 for the conventional reaction; whereas the highly concentrated reaction only varies 

in diffusivity by 9.70 × 10-12 m2s−1 for the same NP size distribution. The higher 

diffusivities coupled with a larger variation in diffusivity over the particle distribution 

provide mechanistic insight into not only the faster particle growth of the conventional 

reaction, but also for its observed increase in RSD (Figure 3-3 and Figure 3-7a). Moreover, 

as the soak time increases and the NPs in the conventional condition grow in size, their 

diffusivity and variation in diffusivity decrease, resulting in slower growth and a constant 

but large SD (Figure 3-3 and Figure 3-7b). 
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We investigated various growth models to describe the growth process for each 

concentration. Each model represents the data to a moderate degree of accuracy (see Table 

S3-5 for R2 values). A model proposed by Huang et al.46 suggests a two-term, three-fitting 

parameter model, in which the first fitting parameter (k1) describes orientated attachment 

(OA) and captures the initial sigmoidal growth behavior and the second fitting parameter 

(k2) describes Ostwald ripening (OR) (Figure S3-17). The third parameter (n) is an arbitrary 

constant that scales the time dependence on Ostwald ripening. The fits for this model 

generally follow the suspected trends from our data: k2 (OR) dominates at lower 

concentrations, whereas k1 (OA) dominates in the highly concentrated case. Additionally, 

the calculated R2 values are near unity for each concentration, which suggests the fits are 

accurate. However, the trends begin to deviate from the experimental data at the longer 

soak times (Figure S3-17).  

Kinetic growth profiles of NPs can also be described by the Kolmogorov-Johnson-

Mehl-Avrami (KJMA) model, (Figure S3-18)47–51 which  requires the normalization of the 

NP volumes, such that the bounds of the expression are between 0 and 1.  Unlike the Huang 

model, this is a two-parameter fitting model that does not describe Ostwald ripening, but 

rather only aggregative NP growth (kg) or coalescence.47, 48 The growth rate increases with 

concentration, suggesting coalescence is as the dominant process at high concentrations, 

which agrees with the oriented attachment rate of the Huang model (Figure S3-18). Lastly, 

we analyze our NP growth in context of the four-step NP agglomeration described by 

Finney et al.42 Briefly, this model describes the evolution of particle size in context of rates 

for bimolecular agglomeration (k3) and autocatalytic agglomeration (k4).
42 This 

agglomeration (or coalescence) model provides a good fit to the experimentally observed 
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particle size evolution shown in Figure 3-3 (Figure S3-19). Notably, this analysis shows k4 

> k3 at conventional concentrations, and a transition to k4 < k3 at high concentrations (Figure 

S3-19). This model indicates that conventional concentrations are dominated by 

autocatalytic agglomeration or Ostwald ripening whereas at high concentrations, the NP 

synthesis is dominated by bimolecular agglomeration or coalescence. Importantly, the 

reduced overall agglomeration can be explained by two key experimental trends discussed 

above, namely: (1) a higher residual precursor concentration stabilizes the NP surface and 

thereby reduces the energetic driving force for agglomeration and (2) the rate of NP 

collisions per particle is reduced in the high viscosity of the synthesis environment 

increases. Ultimately, these growth models each suggest the same conclusion: conventional 

conditions grow via Ostwald ripening, and as the concentration increases Ostwald ripening 

is suppressed. Further, the models indicate the growth mechanism for high concentration 

is via coalescence. 

To determine the magnitude of growth by coalescence, we compare the theoretical 

evolution in size distribution for NPs undergoing coalescence to our experimentally 

measured size distributions. Specifically, as an analogy to polymerization chemistry, two 

theoretical types of coalescence processes are considered: step coalescence and living 

coalescence (see Supporting Information). Step coalescence means that each particle must 

coalesce once before any particle can coalesce twice (or again). This would allow the NPs 

in solution to follow similar growth trajectories and enables the NPs to equilibrate before 

the next coalescence step, thereby reducing the RSD (Figure 3-7c, gray curves). On the 

other hand, living coalescence means some particles may experience multiple coalescence 

events while others experience none. Hence, each particle experiences different growth 
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trajectories, which consequently increase the RSD (Figure 3-7d, gray curves). 

Conceptually, living coalescence dominates when the probability of NP collisions is high, 

favoring multiple coalescence events involving the same particle. In contrast, step 

coalescence dominates when the probability that a particle experiences multiple 

coalescence events for a given time is low. Figure 3-7c and Figure 3-7d illustrates the 

theoretical evolution of both step and living coalescence processes compared to our 

experimental data. Each shift in theoretical size distribution (e.g., I → II → III, gray curves) 

represents the system after the number of particles has been cut in half (e.g., condition II 

has half the particles of condition I, and III half that of II, see Supporting Information). For 

step coalescence, this means each particle experiences one coalescence event between I 

and II while for living coalescence each particle may experience a range of coalescence 

events. Thus, each NP involved in step coalescence follows a consistent reaction profile or 

experiences the same number of coalescence events, which promotes a uniform size 

distribution. The opposite is true for living coalescence. Comparing our data to these 

theoretical distributions suggests that conventional conditions are better described by living 

coalescence, whereas high concentrations are better described by step coalescence (Figure 

3-7c and Figure 3-7d).  

Physically, the larger NP mass diffusivities for the conventional reactions enable some 

NPs to experience multiple coalescence events while other NPs in the system experience 

few or none, promoting a range of NP growth trajectories and increasing RSD. In contrast, 

NPs in high concentration reactions diffuse more slowly, experience fewer and similar 

numbers of coalescence events, and thus remain monodisperse. This physical insight agrees 

with the relative collision rate for NPs in solution. Specifically, the total collision rates are 
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similar for both conventional and highly concentrated conditions (Table S3-4) since the 5-

fold higher diffusivity in the former is offset by the 10-fold lower NP concentration. 

However, the relative collision rate (or the fraction of particles that collide, i.e., the ratio of 

collision rate to the total number of particles) is nearly a factor of 6 higher for the 

conventional compared to the highly concentrated condition (Table S3-4). The greater 

number of NPs undergoing coalescence events for conventional condition supports the 

living coalescence process dominated by multiple coalescence events. In contrast, fewer 

NPs are involved in coalescence events for the high concentrations, promoting a step 

coalescence mechanism, more consistent reaction profiles per particle, and thus more 

uniform size distribution. 

3.5 Conclusion 

We have shown that by concentrating precursor solutions near the solubility limit, it 

becomes possible to separate precursor mixing and NP growth, and reproducibly achieve 

monodisperse NPs with a heat-up method. Within this new highly concentrated and viscous 

regime, synthesis parameters become less sensitive to experimental variability and thereby 

provide a reproducible and robust NP synthesis methodology. We demonstrated the 

intrinsic robustness of the method by showing that the NP synthesis is insensitive to 

chemical spikes (copper chloride and Cu2-xS seeds), which agree with equivalent shift in 

the initial precursor ratios. Encouraged by the high degree of reproducibility and robustness 

of the highly concentrated reaction regime, we successfully scaled the reaction 2 orders of 

magnitude in volume to 2.5 L, all while maintaining a NP size and RSD similar to that 

observed on the lab scale. Importantly, the scale-up to a 215 g NP batch was accomplished 

with an unprecedented yield of 86 g of NP/L of reaction volume. Furthermore, this method 
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can be successfully adapted to other metal sulfides such as CdS and PbS. Our advances in 

the robust scale-up of colloidal NP synthesis derive from improved understanding of the 

interplay among chemical, thermal and rheological properties on basic nucleation and 

growth. We point to the heat-up method under highly concentrated reaction environments 

as a promising NP synthesis methodology with significant potential to resolve outstanding 

challenges in producing NP materials at scales and capable of meeting their emerging 

demand. 
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3.6 Supporting Information 

Materials & Reagents  

The following chemicals were used as received: oleylamine (OLA, 98% primary amines), 

1-octadecene (ODE, 90%), oleic acid (OA, 90%), copper(I) chloride (97%), cadmium 

oxide (99.5%), lead (II) oxide (99.0%), and elemental sulfur (purified by sublimation, 

particle size~100 mesh) were purchased from Sigma-Aldrich.  Hexane (BDH ACS Grade) 

and ethanol (Ethanol, 200 proof, Anhydrous KOPTEC USP) were purchased from VMR 

International. Tri-n-octylphsosphine (TOP, 97%) was purchased from Strem Chemicals. 

Methods & Techniques  

Transmission Electron Microscopy (TEM) – Analysis was performed on an FEI Tecnai 

T12 transmission electron microscope operating at 120 kV with a LaB6 tip. Samples for 

TEM analysis were prepared by placing a drop of NP solution in hexane on top of a copper 

grid coated with an amorphous carbon film. Particle counting was done manually using 

ImageJ (0.33 nm/pixel resolution). A 100 nanoparticle count was used to measure average 

size and relative size distribution. 

X-ray Diffraction (XRD) – Data were collected on a Scintag Theta-Theta X-ray 

diffractometer (Cu Kα radiation, ~ 1.54 Å). Samples were washed with ethanol, 

centrifuged, and resuspend in hexane three times. After the three wash, the samples were 

dried overnight before XRD analysis. 

Viscosity – Measurements were performed on an Anton Paar Physica MCR 501 rheometer 

using a 5-cm parallel plate and gap of 0.05 mm. For viscosity measurements, raw samples 

were extracted from the reaction at 50°C, and cooled to room temperature before being 
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placed in the rheometer. The samples were sheared at 10 s-1 while heating from 25°C to 

185°C at 5°C/min. Above 120 °C vapor loss begins to be significant impairing the 

reliability of the data. 

Dynamic Light Scattering (DLS) – Measurements were performed on Zetasizer Nano-ZS 

(Malvern Instruments Inc), and a Dip Cell (ZEN1002) was used for zeta-potential 

measurement. Huckel theory was used to evaluate the zeta-potential. The purified solution 

was diluted in hexane to the order of 1-10 mg/mL, which provide a colored transparent 

solution for analysis. A 2 min equilibration time was used for each measurement and three 

replicates were taken. 

Heat Capacity – Measurements were completed on DSC Q2000 (TA Instruments Inc.). 

Samples were prepared in similar method as for viscosity measurements. The samples were 

cooled initial to -180 before a run started. Then, heated from 0 to 185 °C of 5-10 °C/min. 

The sample losses mass during the run, so value above 120 °C (similar to viscosity 

measurements) should not be considered reliable. 

Thermogravimetric Analysis (TGA) – Analysis was performed on EXSTAR SII TG/DTA 

6200 (Seiko Instruments Inc.) or TGA Q500 (TA Instruments Inc.). Samples were prepared 

similar to those for XRD. The following temperature profile was used 10°C/min ramp from 

25°C to 600°C, and hold at 600°C for ~10 min. 

UV-Vis-NIR Absorption Spectroscopy – Measurements were performed on Cary 5000 UV-

Vis-NIR (Aligent Technologies). Samples were suspended in hexane or TCE and correct 

for solvent background. 
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Photoluminescence (PL) – Measurements were performed on Horiba Fluoromax 4. 

Samples were suspended in hexane or TCE with an excitation source of 350 nm and a slit 

of 3 nm. 

Synthesis of Cu2-xS Nanoparticles – Sulfur oleylamine (S:OLA) was reacted with dissolved 

CuCl (2:1 molar ratio) to synthesize Cu2-xS nanocrystal. In a three-necked flask with a 

condenser and stir bar, CuCl was mixed with solvent (70%/30% oleylamine/1-octadecene) 

(OLA/ODE) to a specific concentration (0.1-1.0 M). The solution was degassed under 

vacuum and heated to and held at 110°C for 1 hr to dissolve, and then cooled to 50˚C and 

placed under nitrogen. The solution was considered dissolved when it had turned a 

transparent tan or copper color, which was darker for higher concentrations. For the sulfur, 

in a three-necked flask with a condenser and stir bar, a specified concentration of sulfur 

(0.5-5 M) was prepared in solvent (70%/30% oleylamine/1-octadecene). The sulfur 

concentration was always 5 times that of the copper solution. The sulfur solution was 

degassed at room temperature and then place under N2 and heated to 110 °C for 1 hr to 

dissolve the sulfur. As the yellow sulfur particulates dissolved, the solution turned dark red 

and no particulate were visible. The solution was considered dissolved when the solution 

is a uniform dark red color. The sulfur solution is then cooled to room temperature. The 

viscosity of both solutions substantially rises as they cool, but do not solidify. If the copper 

solution is cooled too quickly (forced convection), it will solidify.  

At 50˚C, 1 mL of the S:OLA solution was injected into the copper solution, and the 

solution immediately turned black. The reaction was heated following a specified time-

temperature profile and then quenched in cool water. During the quench, when the reaction 

reaches 100˚C, the reaction is injected with equal parts (to the reaction volume) of hexane 
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or ethanol to further enhance cooling and prevent solidification of reaction media. The Cu2-

xS NPs were purified by precipitating in ethanol, centrifuging (7 min at 4400 rpm) and 

redispersed in hexane via sonication. This purification process was repeated before TEM, 

and a third time before XRD, samples were prepared. The typical temperature profile was 

a 5 min hold at 50˚C after injection to mix, then ramped to 185˚C at a rate of 6.75°C/min 

(20 min ramp). Upon reaching 185°C, the reaction solution was maintained at 185°C for 

1-4 hours. 

Synthesis of CdS Nanoparticles – Tri-octylphospine sulfide (TOPS) was reacted with 

CdOleate (1:1 molar ratio) to synthesize CdS nanoparticles. In a three-necked flask with a 

condenser and stir bar, 10 mmol of CdO was mixed in 10 mL of oleic acid (OA) and 

degassed under vacuum. The mixture bubbles vigorously and becomes frothy. While 

maintaining froth level, the mixture is heated to and held at 110˚C for 30 min, while still 

under vacuum. During this time, the mixture becomes transparent and the bubbling 

subsides. The solution is further heated to 160˚C and remains at 160˚C until the additional 

bubbling subsides, after which the solution is cooled to 50˚C and placed under N2. During 

cooling, the viscosity of the solution substantially rises and becomes a gel at 50˚C. In a N2 

glovebox, a 2.5 M TOPS solution was prepared by dissolving 0.4 g (12.5 mmol) of 

elemental sulfur in 5 mL (4.16 g) of TOP at room temperature in a 20 mL disposable glass 

vial. The solution was considered dissolved when there are no residual sulfur particulates. 

The TOPS solution is removed from the glovebox and placed inside the fumehood. Via 

a syringe, 4 mL of the TOPS solution is extracted from vial and injected into the 50˚C 

CdOleate solution. The same heating profile, quenching, and cleaning procedures as the 

Cu2-xS synthesis were used. 
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Synthesis of PbS Nanoparticles – S:OLA was reacted with PbOleate (1:1 molar ratio) to 

synthesize PbS nanoparticles. In a three-necked flask with a condenser and stir bar, 10 

mmol of PbO was mixed in10 mL of oleic acid (OA) and degassed under vacuum. The 

mixture bubbles vigorously and becomes frothy. While maintaining froth level, the mixture 

is heated to and held at 110˚C for 30 min, while still under vacuum. During this time, the 

mixture becomes transparent and the bubbling subsides. The solution is further heated to 

160˚C and remains at 160˚C until the additional bubbling subsides, after which the solution 

is cooled to 50˚C and placed under N2. During cooling, the viscosity of the solution 

substantially rises and becomes a gel at 50˚C. Similar to the Cu2-xS nanoparticles, a 5.0 M 

S:OLA solution was prepared by dissolving 0.8 g (25 mmol) of elemental sulfur in 5 mL 

of OLA/ODE mixture. The solution was degassed at room temperature and then place 

under N2 and heated to 110 °C for 1 hr to dissolve the sulfur. The solution was considered 

dissolved when the solution is a uniform dark red color. The sulfur solution is then cooled 

to room temperature. 2 mL of the S:OLA was injected into the PbOleate solution at 50˚C,. 

The solution was initially two phase, but becomes a homogenous black color over the 5 

min of mixing at 50˚C. The same heating profile, quenching, and cleaning procedures as 

the Cu2-xS synthesis were used. 

Step and Living Coalescence Models – The theoretical distributions for the step and living 

coalescence models shown in Figure 3-7 were obtained simulating the coalescence of 

initial size distribution at t = 0 hr (~6 nm; RSD = 10%). An initial particle distribution is 

generated using the NP size and standard deviation at the beginning of the soak for the 

conventional and highly concentrated conditions. Then, NP are randomly selected and 

combined by a volume sum. The new particle size is then computed, and the total particle 
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count is reduced by one per combination event. In the case of step coalescence, a selected 

particle will be rejected if it has already coalesced, and another particle that has not 

coalesced will be selected. This process is repeated until every particle has coalesced. Then, 

this process begins again for the next distribution shift (I, II, III, etc.). Each distribution 

shift (e.g., curve I to II) corresponds to the point when the number of particles has been cut 

in half. For the case of living coalescence, the process is similar, except particles are not 

rejected if they have already coalesced (and not all particles will coalesce), and the particles 

are allowed to coalesce again. For step coalescence, this means each particle experiences 

one coalescence event between I and II while for living coalescence each particle may 

undergo a range of coalescence events (from none to many). 

Calculations 

Stokes-Einstein-Sutherland relation of viscosity and diffusivity – D is mass diffusivitiy, 

𝑘𝑏 is Boltzmann’s constant, T is temperature, 𝜂 is shear viscosity, and r is the NP diameter 

𝑀𝑎𝑠𝑠 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 = 𝐷 =
𝑘𝑏 𝑇

6 𝜋 𝜂 𝑟
 

𝐷 =
1.38 · 10−23

𝐽
𝐾 ·

(120 + 273.15)𝐾

6 𝜋 0.0038 𝑚𝑃𝑎 · 𝑠 ·  5.5 · 10−9 𝑚
= 2.8 · 10−11

𝑚2

𝑠
 

Thermal Diffusivity – k is the thermal conductivity, 𝜌 is mass-average density, and 𝐶𝑝 is 

the specific heat.  We assumed a constant thermal conductivity for all concentration. The 

thermal conductivity for salts and oils are equivalent and therefore different mass fractions 

do not alter the value much. 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 = 𝛼 =
𝑘

𝜌𝐶𝑝
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𝛼 =
0.13

𝑊

𝑚·𝐾

2.9
𝐽

𝑚·𝐾
(0.9·813

𝑘𝑔

𝑚3+0.1·5600 𝑘𝑔/𝑚
3)
= 5.2 · 10−8m2/s .  

 

Molar Concentration of Nanoparticles – [P] is concentration of Cu2S at full conversion, 

MW is the molecular weight f Cu2S, ρ is the density, Vp is the particle volume at the 

beginning of the soak, and NA is Avogadro’s Number. 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  [𝐵] =
[𝑃]𝑀𝑊𝐶𝑢2𝑆

𝜌𝑉𝑝𝑁𝐴
 

[𝐵] =
0.5

𝑚𝑜𝑙
𝐿 ∙ 159.2

𝑔
𝑚𝑜𝑙

5600
𝑔
𝐿 ∙ 125

𝑛𝑚3

# × 10−24
𝐿

𝑛𝑚3 ∙ 6.022 × 10
23 #
𝑚𝑜𝑙

= 188𝜇𝑀 𝑜𝑓 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

 

Smoluchowski Collision Frequency11 – R is the diameter of the NP, D is the diffusivity of 

the particle, and [B] is the concentration of particles in #/volume. Values for other 

concentrations are provided in Table S3-2 

𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  𝑍 = 4𝜋𝑅𝐷[𝐵] 

𝑍 = 4𝜋 ∙ 6.2 × 10−9𝑛𝑚 ∙ 2.8 × 10−11
𝑚2

𝑠
∙ 1.1 × 1023

#

𝑚3
= 2.5 × 105

#

𝑠
 

Yield Calculations 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 =
𝑚𝐶𝑢𝐶𝑙

𝑀𝑤𝐶𝑢𝐶𝑙

∙ 𝑀𝑤𝐶𝑢2𝑆
∙ 𝑣 
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where 𝑚𝐶𝑢𝐶𝑙  is the initial is mass of CuCl, 𝑀𝑤𝐶𝑢𝐶𝑙
 and 𝑀𝑤𝐶𝑢2𝑆

 are the respective 

molecular weights for CuCl and Cu2S, respectively, and 𝑣 is the molar ratio of Cu2S to 

CuCl. 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 =
1 𝑔

98.999
𝑔
𝑚𝑜𝑙

∙ 159.16
𝑔

𝑚𝑜𝑙
∙
1 𝑚𝑜𝑙 𝐶𝑢2𝑆

2 𝑚𝑜𝑙 𝐶𝑢𝐶𝑙
= 0.803 𝑔 

𝑌𝑖𝑒𝑙𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 =
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 ∙ (100 − 𝑤𝑡% 𝑙𝑖𝑔𝑎𝑛𝑑)

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑
 

𝑌𝑖𝑒𝑙𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 =
08644 𝑔 ∙ (100 − 17.8%)

0.803 𝑔
= 88% 

Residual Precursor Calculation 

 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 = 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 − 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 ∙ (100 − 𝑤𝑡% 𝑙𝑖𝑔𝑎𝑛𝑑)/100 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  𝑀𝑎𝑠𝑠

𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 ∙ 𝑀𝑤𝐶𝑢2𝑆

 

The change in volume by adding residual precursor mass to existing particles is  

∆𝑉𝑜𝑙 = 𝑉𝑜𝑙𝑝𝑎𝑟𝑡 ∙ (
1

𝑌𝑖𝑒𝑙𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡/100
− 1) 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 100% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 2 (
∆𝑉𝑜𝑙 ∙ 3

4𝜋
+ 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑁𝑃 𝑟𝑎𝑑𝑖𝑢𝑠3 )

1
3
 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 = 0.803𝑔 − 0.8644 𝑔 ∙ (100 − 17.8%)/100 = 0.093 𝑔 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
0.093𝑔

0.011 𝑚𝐿 ∙ 159.16
𝑔
𝑚𝑜𝑙

= 53 𝑚𝑀 
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Using initial NP diameter of 6nm and 88% yield, 

∆𝑉𝑜𝑙 =
4

3
𝜋 (
6 𝑛𝑚

2
)
3

∙ (
1

88
100

− 1) = 15.4 𝑛𝑚3 

𝑁𝑃 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 100% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 2(
15.4 𝑛𝑚3 ∙ 3

4𝜋
+ (3 𝑛𝑚)3)

1
3

= 6.3 𝑛𝑚 
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Figures 

 

Figure S3-1. A series of TEMs and their size distribution (100 NP count) for several 

soak times (columns) and concentrations (rows). TEMs correspond to data in Figure 3-

3. TEM scale bar is 20 nm. 
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Figure S3-2. Histograms of NP sizes measured from TEM image. Representative TEM 

for each histogram are shown in Figure S3-1. The mean and RSD (standard 

deviation/mean) of these histograms are plotted in Figure 3-3.  Bin size is 0.5 nm. 
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Figure S3-3. Histograms of the extended mixing stage at 50˚C on for the highly 

concentrated (1000 mM) and conventional (100 mM) synthesis condition. Precursors are 

mixed at time equals zero and then soaked for 4 h at 50˚C with aliquots at 5 min, 120 

min and 240 min. 100 particles are counted in determining the size and RSD of the NPs. 

Average size fluctuations are within measurement error. It should be noted within the 

conventional synthesis, there existed a few NPs with sizes approximately 8 nm with no 

intermediate sizes between the seeds (2-3 nm NP). Large particles are only observed 

within the highly concentrated reaction at 4 hr. These 8 nm particles are neglected in the 

determining of the size and RSD.  Average and RSD are provided in Table S3-5. 

 

 

Figure S3-4. TEM images of PbS NPs at 0 hr and 2 hr of the soak at 185˚C. The NPs 

maintain a nearly constant size and quality through the reaction duration. The measured 

size and RSD at 0 hr is 7.0 nm and 17.5%, respectively. Similarly, at 2 hr, the size and 

RSD is 7.8 nm and 15.1%, respectively. Scale bar is 20 nm. 
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Figure S3-5. (a) Absorbance (solid) and PL (dotted) spectrum of a concentrated CdS 

reaction where a 2.5M TOP:S solution is injected into a 1.0M Cd-Oleate at 50˚C. The 

reaction is heated to 185˚C and aliquots are extracted every 30 min. After 30 min the 

absorbance edge stops shifting, indicative of a halted NP growth. (b) TEM image of the 

reaction at 0 min into the soak. 

 

 

Figure S3-6. Replicate experiments (three experiments each) for the conventional (100 

mM [CuCl]) and highly concentrated (1000 mM [CuCl]). Reactions performed under 

similar conditions. The error bars are deviations between NP sizes at that time. Marker 

size is equivalent to a 5% deviation. NPs from the conventional reactions vary between 

experiments – associated with thermal fluctuations, i.e. different heating mantle and 

ambient conditions. NPs from the highly concentrated reactions are consistent (~5% 

deviation – error bars are small and are covered by markers). Concentrated systems are 

thermally more robust potentially due to lower thermal diffusivities. The error bars on 

the high concentrated conditions are smaller than the data points. 
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Figure S3-7. Dynamic Light Scattering (DLS) of cleaned NP from the concentrated 

(1000 mM) reactions. Samples were diluted in hexane in order to get accurate zeta 

potentials. The Huckel theory is used to predict the zeta potentials.  (a) Various NP 

dilutions in hexane and (b) three replicates at concentration ~1.8 mg NP/mL, that yield 

an average zeta potential of ~+50 mV. 

 

 

 

 

Figure S3-8. Dynamic Light Scattering (DLS) of cleaned NP from the concentrated 

(1000 mM) reactions. Samples were diluted in hexane in order to get accurate zeta 

potentials. The Huckel theory is used to predict the zeta potentials.  (a) Various NP 

dilutions in hexane and (b) three replicates at concentration ~1.8 mg NP/mL, that yield 

an average zeta potential of ~+50 mV. 
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Figure S3-9. TEM images of randomly selected centrifuge tubes of the 2500 mL 

reaction cleaned at various times: 1) Tubes 1-8 were fully cleaned 2 hrs after quench, 2) 

Tubes 9-12 were fully cleaned 3 hrs after quench, Tubes 13-16 were fully cleaned 4 hrs 

after quench, 4) Tubes 17- 24 were fully cleaned 6 hrs after quench. Scale bar is 20 nm. 

 

 

Figure S3-10. Thermogravimetric analysis (TGA) of large-scale synthesis product, 

compared to oleylamine (80% purity) and 1 M CuCl in oleylamine. Only 20% of the 

large-scale product was ligand. 
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Figure S3-11. Viscosity measurements of the raw (unpurified) conventional (100 mM 

[CuCl]) reaction and the highly concentrated (1000 mM [CuCl]) reaction solutions 

between 25 to 120˚C are done using a parallel plate rheometer. The viscosity of the 

highly concentrated reaction is ~4 cP. The viscosity of the conventional reaction is ~0.8 

cP. A water reference is given to provide a baseline for observational viscosity. Above 

120˚C, the raw reaction solution beginnings to vaporize (and mass loss is visible in the 

TGA data, Figure S3-10 and Figure S3-11), impairing reliable viscosity measurements. 
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Figure S3-12. Top – Thermal spike experiment of the highly concentrated and 

conventional reaction. A 10 vol.% and a 20 vol.% solvent spike is injected into the NP 

solution at 185˚C. The initial spike and the subsequent oscillation is provided. A 2˚C and 

4˚C temperature drop is observed with a 10 vol.% spike for the highly concentrated and 

conventional condition, respectively. The temperature drop is nearly doubled for each 

condition with a 20 vol.% spike. Bottom – Specific heats of 70/30% OLA/ODE solvent, 

and the raw conventional and highly concentrated condition from differential scanning 

calorimetry (DSC). The heat capacity of the pure solvent is lower than that of the NP 

solutions. The highly concentrated condition has a slightly larger (factor of 2) specific 

heat than the conventional condition and therefore can retain heat its thermal energy or 

is less susceptible to thermal perturbation. The gradual rise in heat capacity above 80°C 

may be due to mass loss from the sample pan, which would inflate the heat capacity. 

Specific heat values at 50˚C are reported in Table S3-2. 
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Figure S3-13. Thermogravimetric analysis (TGA) of cleaned conventional and highly 

concentrated product. Similar ligand lost is observed for both conditions, with a slightly 

higher ligand content in the conventional case. The mass loss is comparable to the large 

scale reaction in Figure S3-10. The OLA/ODE mixture is plotted for a reference to the 

solvent. 

 

 

Figure S3-14. (a) Measured NP sizes from experiments at all concentrations fitted with 

a coupled oriented attachment (OA) and Ostwald ripening (OR) model proposed by 

Huang et al.12 The fitting parameters are included within the graph and are arbitrarily 

fitted. (b) The particle sizes are converted to particle volumes to better understand how 

it fits the data. The equation used to fit the particle sizes is provided in this graph; where 

the first term in the expression is the OA rate and the second is the OR rate. The fitted 

volumes are based on a simple spherical volume and then normalized with the particle 

volume at 4 hr.  The R2 suggests the Huang models fits the data well (R2 near 1), but 

observationally, the fits do not converge to 1 when normalized by the experimental data 

at 4 hrs. See Table S3-4 for R2 values fit comparisons. 
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Figure S3-15. (a) Particle volumes fitted with the KJMA model (dashed lines)13. (b) 

The KJMA equation used to fit the data in terms of normalized volume, where Vlim is 

the particle volume at 4 hrs. The fitting parameters are provided below the equation and 

are color coded to the reaction concentrations. The model is designed to fit sigmoidal 

growth curves, in which monomer addition or coalescence is dominant (kg). This model 

does not capture the Ostwald ripening phenomena. In comparison to the other discussed 

models, the fits here have the greatest R2 values for the entire concentration span. 

However, there is very little meaning behind each fitting parameter (e.g. n is an arbitrary 

value and kg is a lumped growth rate). See Table S3-4 for R2 values fit comparisons. 

 

 

Figure S3-16. NP size fitting model proposed by Finney et. al.14 (a) The fitted data the 

particle sizes shown in Figure 3-3, Figure S3-1 and Figure S3-2. The equation used to 

fit the data is included within the graph. (b) The rate constant fitting parameters k3 and 

k4 are the bimolecular (coalescence) and the autocatalytic rate (Ostwald ripening) rates, 

respectively. The increase in k3 with increasing precursor (salt) concentration is related 

to the increased screening of the greater anion concentration. This effectively reduces 

repulsive forces between particles, enabling them to collide more frequently. Similarly, 

higher anion concentration increases the probability of surface bound ions, which 

stabilizes the particle surface and therefore reducing its reactivity to other particles. This 

effectively would reduce the autocatalytic rate, k4. See Table S3-4 for R2 values fit 

comparisons. 



   

91 

 

 

Figure S3-17. Highly concentrated reactions performed at different volumes covering 3 

orders of magnitude (10 mL to 2500 mL).  NPs for each reaction are similar in size. 

 

 

Figure S3-18. Series of XRD patterns from the same concentrated (1000 mM) reaction 

at various temperature along the ramp and various times in the soak at 185˚C. The 

Djurleite phase, theoretical peaks provided at the bottom, best matches each pattern. NP 

begin to crystallize during the ramping process and no longer crystallize during the soak. 
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Figure S3-19. XRD pattern of 2500 mL reaction. The pattern is between the Djurleite 

phase (Cu31S16) and the Roxbyite phase (Cu7S4). 
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Tables  

Table S3-1. Survey of conventional concentrations for NP Synthesis with specific 

precursors. Notably, metal concentrations are typically ≤100 mM, and 400-1000 mM 

chalcogen. 

Chemistry 
Metal 

Precursor 

Chalcogen 

Precursor 

Metal 

Concentration 

(mM) 

Chalcogen 

Concentration 

(mM) 

CdSe52 Cd(ma)a Se 16 8 

Cu2S30 Cu(acac)2
b S 20 10 

CdS8 Cd(tda)c hbtd 25 400 

ZnS8 Zn(oleate)2 thiourea 32 400 

CdSe53 Cd(oleate)2 Se 40 1020 

Cu2S25 Cu(acac)2
b

 S 50 25 

Cu2S8 Cu(acac)2
b thiourea 84 1000 

PbS8 Pb(oleate)2 dpte 155 3052 

CdS24 CdCl2 S 100 150 

CdS24 CdCl2 S 100 1200 

ZnS24 ZnCl2 S 159 2400 

PbS24 PbCl2 S 200 332 

MnS24 MnCl2 S 200 400 
ama is myristate, bacac is acetylacetonate, ctda is tetradecanoate, dhbt is N-n-hexyl-N’,N’-

di-n-butylthiourea, edpt is N-dodecyl-N’-phenylthiourea. 

 

Table S3-2. Thermal and physical properties of nanoparticle solutions and the mixed 

suspending solvents. 

Mixture 

Melting 

Point  

(°C) 

Heat 

Capacity 

(J/m3·°C)a,e 

Thermal 

Diffusivity 

(m2/s)b,e 

Shear 

Viscosity 

(mPa·s)f 

Mass 

Diffusivity 

(m2/s)c,f 

1000 mM ~40 3.7·106 4.0·10-8 3.8 4.0·10-11 

500 mM N/A N/A N/A 2.5 2.1·10-11 

100 mM ~30 2.2·106 5.7·10-8 0.8 13·10-11 

OLA/ODE ~22/15d 1.3·106 11.4·10-8 0.8 33·10-11 g 
aSee Figure S3-12 for measurement details, and value was converted to volumetric value 

using mass-averaged density (solvent = 0.813 g/cm3; Cu2-xS = 5.6 g/cm3; 100 mM has 1 

wt% fraction and 1000 mM has 10 wt% based on theoretical yield), bThermal diffusivity 

calculated based on specific heat capacity, mass-averaged density, and  an approximate 

thermal conductivity value (0.13 W/m) (for reference, values for salts and engine oil are 

~0.25 and ~0.13 W/(m K), respectively54–56, cCalculated from Stokes-Einstein assuming 

particle size of 5.5 nm,  dLiterature values from Sigma-Aldrich, eBased on experimental 

conditions at 50°C, fBased on experimental conditions at 120°C, gCalculated from Stokes-

Einstein, assuming a particle size corresponding to oleylamine’s length (2.3 nm). This 

value is on the same order as self-diffusivity determined from a previously published 

NMR study57. 
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Table S3-3. Comparison of solution conditions between conventional (100 mM) and 

highly concentrated (1000 mM). 

 100 mM 1000 mM Superlatticed 

Yield (%) 82 88 N/A 

Particle Concentration (NP/L) 1019 1020 1021 

Residual Concentration 8.5 27 N/A 

Interparticle Spacing (nm)a 58 27 10.6 

Normalized Particle Spacingb 5.5 2.5 ~1 

Smoluchowski Collision Frequency (s-1)c 1.37×105 2.50×105 N/A 

Relative Collision Rate (s-1) 1.37×10-14 2.50×10-15 N/A 
aIncluding ligands (6 nm NP core; 2.3 oleylamine ligand =10.6 nm NP). Mean 

interparticle spacing calculated from r = (3/(4πn))-3 where r is the mean interparticle 

distance and n is the number of particles per volume. bInterparticle spacing divided by the 

10.6 nm NP diameter with ligands. cCollision frequency is based on a Smoluchowski 

collision equation (see Calculations). dFor FCC close-pack, particle concentration is 

determined as 4 NP/unit cell, and the unit cell length is a = 2d/√2.  

 

Table S3-4. Comparison pf R2 values for fitted models. 

Concentration Huang Modela KJMA Modelb Finney Modelc 

100 mM 0.9634 0.9794 0.9902 

300 mM 0.9514 0.9652 0.9807 

500 mM 0.9636 0.9981 0.9433 

750 mM 0.8856 0.9689 0.8432 

1000 mM 0.9768 0.9886 0.9868 

aR2 values for the fits in Figure S3-14, bR2 values for the fits in Figure S3-15, cR2 values 

for the fits in Figure S3-16. 

 

Table S3-5. Size and average deviations for particle sizes from Figure S3-3. 

  5 min 120 min 240 min 

1000 mM 
Size (nm) 2.9 3.2 3.7 

RSD (%) 16 26 20 

100 mM 
Size (nm) 3 3.3 3.4 

RSD (%) 16 19 16 
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4.1 Abstract 

Magic-sized clusters (MSCs) are renowned for their identical size and closed-shell 

stability that inhibit conventional nanoparticle (NP) growth processes. Though MSCs have 

been of increasing interest, understanding the reaction pathways toward their nucleation 

and stabilization is an outstanding issue. In this work, we demonstrate that high 

concentration synthesis (1000 mM) promotes a well-defined reaction pathway to form 

high-purity MSCs (> 99.9%). The MSCs are resistant to typical growth and dissolution 

processes. On the basis of insights from in situ X-ray scattering analysis, we attribute this 

stability to the accompanying production of a large (> 100 nm grain size), hexagonal 

organic–inorganic mesophase that arrests growth of the MSCs and prevents NP growth. At 

intermediate concentrations (500 mM), the MSC mesophase forms, but is unstable, 

resulting in NP growth at the expense of the assemblies. These results provide an alternate 

explanation for the high stability of MSCs. Whereas the conventional mantra has been that 

the stability of MSCs derives from the precise arrangement of the inorganic structures (i.e., 

closed-shell atomic packing), we demonstrate that anisotropic clusters can also be 

stabilized by self-forming fibrous mesophase assemblies. At lower concentration (< 200 
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mM or > 16 acid-to-metal), MSCs are further destabilized and NPs formation dominates 

that of MSCs. Overall, the high concentration approach intensifies and showcases inherent 

concentration-dependent surfactant phase behavior that is not accessible in conventional 

(i.e., dilute) conditions. This work provides not only a robust method to synthesize, 

stabilize, and study identical MSC products but also uncovers an underappreciated 

stabilizing interaction between surfactants and clusters. 

4.2 Introduction 

Traditionally, colloidal nanoparticle (NP) synthesis is characterized by solely tracking 

the evolution of the inorganic materials from precursor conversion to monomers and, 

ultimately, to NPs.1–4 Recent studies demonstrate that the organic surfactants play a central 

role during NP synthesis by controlling the precursor solubility and reactivity.1, 2, 5–8 In 

addition to these critical functions, the NP cation precursors alone, as an isolated system, 

also exhibit well-established surfactant phase behavior, even at elevated temperatures 

(>100°C), and were previously known as heavy metal soaps (i.e., metal carboxylates).6, 9, 

10
 Only recently has the surfactant behavior of NP precursors become appreciated within 

the NP field.6, 11–13  

For instance, Buhro and co-workers reported that, at lower temperatures, magic-sized 

clusters (MSCs), which are a single sized nanomaterial, form within a lamellar surfactant 

mesophase or liquid crystalline structure that is composed of the precursors.11, 12, 14 

Mesophases are partially ordered structures (e.g., liquid crystals) and are characterized by 

a turbid solution,15 well-defined peaks in small-angle X-ray scattering (SAXS),16, 17 and/or 

optical birefringence.18 Based on these metrics, several studies have alluded to a connection 

between surfactant structure and MSC formation, such as the observation of solution 
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turbidity and the self-assembly of MSCs,19 or detection of large (∼1 nm) micellar 

aggregates.20, 21 These results suggest that previous studies may have been, unknowingly, 

observing surfactant phase behavior, and in some cases mesophase formation, coupled with 

MSC formation. 

MSCs are generally suspected to form in syntheses with higher levels of monomer 

supersaturation, when precursor conversion kinetics are faster than the nucleation rate, and 

to function as a reservoir for monomer.22–27 Previous studies have achieved high levels of 

supersaturation, and thus promoted MSCs formation, through lower synthesis temperatures 

(in some cases, <100°C),11, 12, 14, 21, 22, 28, 29 and low acid-to-metal ratios (∼3).19, 25, 30–32 If 

temperatures are sufficiently low (or concentration sufficiently high), monomeric 

surfactants can assemble into micelles or mesophases based on micelle theory (i.e., above 

the critical micelle temperature/concentration). This behavior is analogous to NP 

 

Figure 4-1. Synthesis pathways: Schematic illustrating the fundamental differences in 

reaction pathways between conventional (100 mM) synthesis and high concentration 

(1000 mM) synthesis. For conventional synthesis, nucleation and growth occur 

simultaneously; in contrast, at high concentrations, the synthesis stops after the MSC 

formation/nucleation because of the formation of a MSC assembly. 
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nucleation from monomer at sufficiently high supersaturation (i.e., critical nucleation 

temperature/concentration). Hence, the high supersaturation (of both surfactants and 

inorganic species) during MSC formation may relate to surfactant phase behavior. Though 

lower temperatures have been directly investigated to achieve higher supersaturation and 

thus promote MSC formation,11, 12, 14, 21, 28 the importance of high precursor (and thus metal 

surfactant) concentrations and its relationship to surfactant mesophases have not yet been 

established.  

In this paper we address the outstanding question: how does the precursor concentration 

direct the synthetic pathway between NPs and MSCs? We show that high precursor (or 

metal surfactant) concentrations preferentially promote MSCs formation and suppress NP 

growth. We attribute the suppression of NP growth to the formation of fibrous mesophase 

assemblies consisting of MSCs and organics, effectively shielding the MSC nuclei from 

the reaction solution (Figure 4-1). By following the evolution of both organic and inorganic 

constituents, through a combined analysis of in situ NMR and X-ray scattering and ex situ 

optical spectroscopy and electron microscopy, we discovered that, upon formation of 

MSCs in highly concentrated solutions, long-range mesophase structures (100s of nm) are 

formed. In contrast to previous studies at lower temperatures (<100°C), 11, 12, 14, 21, 28 we 

demonstrate that MSCs exist within a mesophase structure at elevated temperatures 

(∼130°C). Our results reinforce an emerging understanding that the stability, or resistance 

to growth, of MSCs originates from a surfactant (or ligand) mesophase or coordination 

network, in spite of the atomic arrangement of cluster core. We show that high precursor 

concentration promotes highly selective nucleation of a single MSC species. We leverage 

the highly selective reaction to directly probe and track the kinetics of the MSC synthesis. 
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Overall, high concentrations accentuate surfactant phase behavior promoting the formation 

of high-purity MSCs along with a stabilizing hexagonal mesophase. 

4.3 Results  

Synthesis Concentration – The concentration of the precursors controls the reaction 

pathways: at lower concentrations both NPs and MSCs are formed, whereas at higher 

concentrations MSC formation is promoted and NP growth is suppressed. We used a 

simplified organic synthesis involving only cadmium oleate, oleic acid, and tri-n-

octylphosphine sulfide (TOP=S) in a one-pot, heat-up method (see SI for additional 

details). We investigated three different cadmium oleate concentrations (100, 500, and 

1000 mM), with the balance of the solution being oleic acid and TOP=S (2500 mM  

TOP=S; stoichiometric ratio 2:1 Cd:S). At high concentrations (500 and 1000 mM), 

absorption spectra of the cleaned product show a single, narrow (111 meV fwhm) excitonic 

peak at 324 nm (Figure 4-2a, note log scale on vertical axis). Synthesis at conventional 

concentrations (100 mM) does not show an excitonic peak. We previously determined the 

composition of these MSCs as predominately organic (70 wt %), with a 2:1 Cd:S ratio, and 

a repeat formula unit of [(CdS)Cd(OA)2]x (where OA is oleic acid).33 Based on an empirical 

sizing curve,34 the peak at 324 nm corresponds to a particle size of 1.64 ± 0.05 nm. The 

small deviation in size (which is approximately 1/5th of a Cd−S bond) suggests that each 

cluster has an identical number of Cd atoms. From published data on similar CdS clusters, 

we estimate the number of Cd atoms per cluster to be between 17 to 32 atoms.35–40  

Over the course of the 1000 mM reaction (6 h at 130°C), the peak at 324 nm increases 

in intensity but does not shift, indicating continuous formation of MSCs (Figure S4-1). At  
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the highest concentration, 1000 mM, the peak at 324 nm is dominant with only a small 

contribution from a broad NP peak (∼300 meV fwhm) that shifts during growth from 375 

to 404 nm (NPs account for <0.1% of total product based on particle concentration, see 

SI). For the 500 mM reaction, the NP peak that accompanies the MSC, 324 nm, peak is 

more intense compared to the 1000 mM reaction and located at 387 nm (fwhm ∼ 200 meV). 

 

Figure 4-2. MSC electronic and physical structure: (a) Log of absorbance for cleaned 

magic-sized clusters prepared at two different metal precursor concentrations (500 and 

1000 mM). (b) SAXS of 1000 mM MSC synthesis at 6 h at 130°C. Inset: reciprocal and 

real space model of hexagonal MSC assembly. (c) WAXS of 1000 mM MSC synthesis 

at 6 h at 130 °C compared to zinc blende (PDF#00−010−0454) and wurtzite (PDF#00− 

041−1049) CdS reference peaks. (d−f) STEM images of MSCs. (d) Long (>1 μm) 

bundles of fibers composed of MSCs. (e) Zoomed-in view of fibers (3.4 nm d-spacing, 

Figure S4-3). (f) discrete MSCs (1−2 nm) within a fiber. (g) Schematic of the MSC 

hexagonal mesophase. The mesophase (left) is an assembly of nanofibers (center), which 

are composed of magic-sized clusters (right). 
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The broad peak is a signature of polydisperse, continuous growth NPs; the 387 nm peak 

corresponds to 3.0 ± 0.5 nm diameter NPs.34 Over the course of the 500 mM reaction (6 h 

at 130°C), the MSC peak at 324 nm increases and then decreases in intensity but does not 

shift (Figure S4-1). This increase and decrease in intensity without a peak shift indicates 

the MSCs are increasing and decreasing in number but their size is not changing. 

Concomitantly, the reduction of the MSCs peak corresponds to a shift (358 to 418 nm) in 

the broad NP peak. By converting the peak intensity to concentration of MSCs and NPs, 

using a size-dependent extinction coefficient,34 we can quantify the purity of the MSC 

product relative to the NPs (see SI for purity calculation; note the purity calculation 

assumes the empirical extinction coefficient and sizing curve are accurate for ultrasmall 

particles). These results show that higher precursor concentrations result in a higher purity 

of MSCs product, specifically 99.1% and 99.9% for the uncleaned products of the 500 and 

1000 mM reactions, respectively. After cleaning (see SI for details) the 1000 mM reaction, 

there is no detection of a NP peak (purity > 99.9%; see Figure S4-1b). At the same 

conditions, the conventional concentration (100 mM) does not produce MSCs or NPs. 

(Note: upon cooling from 130°C or further heating to 200°C (see SI), NPs precipitate.) 

Thus, precursor concentration tunes the synthesis selectivity from no products to high-

purity MSCs.  

Mesophase Structure – The observed preference for highpurity MSCs at high 

concentrations raises the question: what stabilizes MSCs in solution and what prevents the 

transition to NP growth? The answer detailed below is based on the stabilization derived 

from changes in the surfactant (e.g., cadmium oleate) phase behavior at high surfactant 

concentration. Mesophase formation is suggested by the increased turbidity (caused by  
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light scattering with large particulates) in the solution upon MSC formation (Figure 4-3). 

Notably, the stability of MSCs at high concentration enables their large-scale production 

and isolation (Figure 4-3). In situ small- and wide-angle X-ray scattering (SAXS/WAXS) 

at 130°C for the 1000 mM reaction confirm the formation of well-ordered mesoscale 

assemblies (Figure 4-2b) and small inorganic crystal domains (Figure 4-2c). The 

combination of SAXS and WAXS is particularly powerful because SAXS captures larger 

mesophases, whereas WAXS examines the individual MSCs. For the 1000 mM reaction, 

SAXS shows several narrow peaks while several broad peaks are detected in WAXS. The 

narrow SAXS peak signatures are characteristic of hexagonal spacing in reciprocal space 

(Q spacing of the peaks is 1:√3:2:√7; the corresponding Miller indices are 100, 110, 200, 

and 210, respectively; see Figure 4-2b). The first hexagonal mesophase peak (1Q ∼ 0.1845 

Å−1) corresponds to a 3.4 nm d-spacing, and has an extremely large mesophase crystallite 

size, >170 nm (see SI for details; the peak width is dominated (∼86%) by instrumental 

 

Figure 4-3. MSC turbidity and scale-up: Upon MSC formation at 140°C, the cadmium 

oleate + TOP=S mixture transforms from a translucent orange solution (similar to Cd-

oleate only solution) to a turbid tan solution (from top to bottom). The right image is the 

11.6 g of cleaned MSCs produced from a 100 mL, 1000 mM reaction (∼30% inorganic 

mass33). Conversion is ∼25% after 1 h. 



   

109 

 

broadening). The change in slope at low Q (0.1− 0.2 Å−1) corresponds to the NP structure 

factor. The peaks in the WAXS from the MSCs align with the diffraction planes for 

cadmium sulfide, and most closely with the wurtzite (WZ) phase (Figure 4-2c). For 

instance, the weak peak at 2.6 Å−1 represents a characteristic (102) wurtzite plane, 

corresponding to 2θ = 36.6° for a Cu K-α radiation, which is absent in the zinc blende (ZB) 

phase. The observation of the more thermodynamically stable WZ phase under kinetically 

controlled conditions is consistent with computational work that show phase stability to be 

dependent on size and surface termination (for Cd-terminated, as is the case here, WZ is 

preferred),41, 42 as well as demonstrate polytypism in WZ/ZB systems depending on 

prepration.43 The breadth of the WAXS peaks suggests the MSCs have a ∼2 nm crystallite 

(Figure S4-2), which is much smaller than the mesophase grain size (>170 nm), indicating 

that a mesophase grain contains thousands of MSCs.  

To better understand the fundamental link between the MSC stability, or their 

resistance to form NPs, and their mesoscale structure we imaged the cleaned 1000 mM 

MSC synthesis product using aberration corrected scanning transmission electron 

microscopy (STEM) (Figure 4-2d to Figure 4-2f, see SI). Unexpectedly, the STEM images 

reveal long (∼10s μm), fibrous assemblies with ∼3.5 nm interfiber spacing (Figure 4-2d to 

Figure 4-2f and Figure S4-3). The interfiber spacing based on STEM is consistent with the 

3.4 nm d-spacing of the first hexagonal mesophase peak (Figure S4-3). Closer inspection 

reveals that the fibers are not continuous inorganic wires, but consist of discrete inorganic 

entities, each ∼2 nm in size. During high resolution STEM imaging, the clusters restructure 

and degrade quickly under electron irradiation, which has prevented more detailed, atomic-

level imaging (see Figure S4-4). Overall, the size of these entities observed via STEM is 
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similar to the size determined from WAXS (∼2.2 ± 0.9 nm, Figure S4-2) and absorption 

spectroscopy (1.64±0.05 nm, based on empirical sizing curve34). We summarize the 

hierarchical arrangement of MSCs within fibers, and fibers within hexagonal mesophase 

in Figure 4-2g. The lack of a hexagonal mesophase in the STEM data suggests that the 

mesophase structure unbundles upon dilution, and indicates that the improved stabilization 

arises from MSCs locked into fibers rather than from the assembled mesophase.  

Beyond X-ray scattering and high resolution STEM imaging, the arrangement of MSCs 

within the fibrous assembly can also be probed by measuring the optical fluorescence 

anisotropy. Fluorescence (or polarization) anisotropy44–47 provides a particle-level probe 

into anisotropy, and the response is likely not influenced by neighboring clusters given the 

large gap between the MSCs (∼2 nm). We observe a strong anisotropic response reaching 

 

Figure 4-4. Polarization anisotropy: Comparison of absorbance, photoluminescence 

excitation (PLE), and photoselection-PLE (PSPLE or fluorescence anisotropy). In 

contrast to the isotropic emission typical in spherical NPs, MSCs show linearly polarized 

emission more similar to elongated nanorods. PLE was measured specifically at 331±1 

nm to characterize only transitions related to the main PL peak of the MSCs. 
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close to 0.4 near the band gap (Figure 4-4). The 0.4 value corresponds to a linearly 

polarized and parallel absorption and fluorescence transition dipole moment. This result 

indicates that the allowed electronic transitions of the MSCs are anisotropic, which implies 

that their crystal structure is anisotropic as well (Figure 4-4 and Figure S4-5). Comparing 

the MSCs anisotropy properties to larger CdS NCs with the same crystal structure shows 

they are more similar to elongated nanorods (NRs) with linearly polarized emission, rather 

than to spherical NPs that show isotropic emission in solutions. For NRs, the linear 

polarization arises due to their anisotropic structure,46, 48 suggesting that the shape of the 

MSCs is anisotropic as well. We therefore conclude that the MSCs define the basic building 

blocks of the fibrous hexagonal assemblies, and that the underlying anisotropy in the MSC 

promote the fibrous assembly.  

In Situ Mesophase and MSC Formation – The combination of small- and wide-angle 

X-ray scattering (SAXS/WAXS) provides an opportunity to monitor the coevolution of the 

mesophase and the constituent MSCs in real time (Figure 4-5). We investigated how the 

formation of the mesophase and inorganic structures is influenced by precursor 

concentration (100, 500, 1000 mM) over the course of 5 h at 130°C (Figure 4-5 and Figure 

S4-6 to Figure S4-9). Below, we describe the coevolution of SAXS and WAXS patterns 

for each concentration.  

For the 1000 mM reaction, the broad SAXS peak (Q ∼ 0.27 Å−1) decays in intensity 

over time, whereas a new set of SAXS and WAXS peaks emerge and increase in intensity 

(Figure 4-5a). The broad decaying SAXS peak (Q ∼ 0.27 Å−1, 2 nm d-spacing) originates 

from the cadmium oleate precursor (Figure S4-7), which is likely a micellar phase as 

previously seen at high concentrations.49 The spacings of the narrow hexagonal mesophase 
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(SAXS) peaks stay constant while their peak intensity increases with time, indicating an 

increased abundance of a singular mesophase in solution. The intensity of the mesophase 

peaks increase concurrently with the intensity of the broad WAXS MSC peaks, suggesting 

that formation of MSCs is inherently coupled to the mesophase formation. Similar behavior 

is observed at the maximum or neat cadmium oleate concentration reaction (i.e., 1580 mM 

at 130°C) (Figure S4-10).  

 

Figure 4-5. In situ mesophase and MSC formation: In situ SAXS and WAXS at 130°C 

for magic-sized clusters prepared at three different metal precursor concentrations (1000, 

500, 100 mM). (a) In the 1000 mM case, the data shows formation of MSCs (WAXS) 

with assembly into a large hexagonal mesophase (SAXS). (b) 500 mM reaction initially 

forms a hexagonal assembly (SAXS), which fades at longer times when NP formation 

increases (WAXS). (Inset) Intensity over time for peak at 1Q, which corresponds to 

mesophase assembly. (c) For the 100 mM reaction, no CdS reaction is observed. 
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By comparison, the scattering signature of the synthesis at 500 mM is similar to the 

1000 mM reaction, i.e., narrow SAXS and broad WAXS peaks emerge and increase with 

time. However, at longer times (>2 h) the narrow mesophase peaks begin to fade, while the 

low-Q (0.1−0.2 Å−1) structure factor changes slope, and sharper WAXS peaks appear 

(Figure 4-5b). The increasing slope at low-Q indicates an increase in the particle size 

(Figure S4-11). Interestingly, the sharper WAXS peaks align better with the ZB phase of 

CdS, in contrast to the WZ-like structures observed for the MSCs at high concentrations. 

Specifically, the ZB peaks at 3.1 and 3.6 Å−1 ((220) and (311) diffraction planes; 44.0° and 

52.1° 2θ for Cu K-α source, respectively) appear while a WZ peak at 3.3 Å−1 ((103) plane; 

47.8° 2θ for Cu K-α source) fades.  

At conventional concentrations (100 mM), no change in intensity or peak formation is 

observed in the SAXS or WAXS (Figure 4-5c). The transformation between the fibrous 

mesophase and NP growth at 500 mM implies the higher selectivity for MSC at 1000 mM 

is a result of the MSC fibrous assemblies, which likely impede the onset of the NP growth.  

The evolution of the MSC and mesophase structure evident from the SAXS/WAXS 

results summarized in Figure 4-5 led us to hypothesize that the stability of the MSCs in the 

high concentration environment derives from the clusters being assembled into fibers and 

encapsulated within a fibrous surfactant mesophase. The arrangement of MSCs within the 

fibrous mesophase limits the mobility of the nuclei and effectively freezes or isolates them 

from the surrounding reaction environment. Whereas the conventional mantra has been 

that the stability of MSCs derives from the precise arrangement of the inorganic structures 

(i.e., closed-shell atomic packing),23, 24, 50 we demonstrate that anisotropic clusters can also 

be stabilized within fibrous assemblies. We note that the lack of strong order within the  
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MSC building blocks studied here is consistent with a recently isolated stable nanocluster 

that has a disordered structure, and is hypothesized to be stabilized by interconnected 

networks of surface ligands.29, 51 Collectively, these results underscore that higher 

concentrations promote not only the formation of MSCs in high purity, but also generate 

 

Figure 4-6. Time-resolved X-ray analysis. Comparison of initial and final patterns for 

1000 mM synthesis at 130°C, (a) SAXS and (b) WAXS with enumerated characteristic 

peaks (I−IV). (c−f) Comparison of the evolution of reactant and product peaks at 130°C 

for three different precursor concentrations: 100, 500, 1000 mM (see SI for details on 

analysis). (c) The Cd-oleate micelle peak (II) decreases, and then plateaus over the 

course of the reaction. (d) CdS diffraction peak (a shared ZB and WZ peak, 1.87 Å−1, 

labeled (III)), increases with time indicating that the loss of Cd-oleate corresponds to the 

formation of CdS. (e) The intensity of the sharp 1Q hexagonal MSC assembly peak (I) 

increases with time for the 500 and 1000 mM reactions, but not for the 100 mM reaction. 

This peak begins to fade away at longer times in the 500 mM, but not the 1000 mM 

reaction. (f) Intensity of characteristic ZB (- -) and WZ (−) peaks at 3.07 and 3.37 Å−1, 

respectively (labeled (IV)). For the 1000 mM, the formation of the MSCs mirrors the 

WZ peak intensity. For 500 mM, the loss of WZ MSC intensity with time mirrors the 

decay of the MSC assembly, and is accompanied by linearly increasing ZB intensity 

from NPs growing at the expense of MSCs. Though the ZB peak overlaps with a WZ 

peak, the fact that this peak increases, while a unique WZ peak decreases, suggests the 

increase in peak intensity is due to ZB formation. 
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liquid-crystalline fibrous mesophase assemblies. These assemblies afford an additional 

level of stabilization for the clusters at high concentrations.  

By tracking characteristic peaks in SAXS and WAXS during the synthesis we can 

directly compare the structural evolution of the inorganic discrete MSCs and their assembly 

into ordered fibrous ensembles during synthesis (Figure 4-6). To disentangle the complex 

interplay between simultaneous atomic, nanoscale, and mesoscale phenomena, we focus 

on four characteristic peaks corresponding to (I) the first peak for the hexagonal assembly, 

(II) the cadmium oleate micelles, (III) CdS diffraction peak shared by both ZB and WZ 

phases (1.87 Å−1), and (IV) characteristic ZB and WZ peaks (at 3.07 and 3.37 Å−1, 

respectively) (Figure 4-6a and Figure 4-6b and SI). To highlight the critical effect of the 

precursor concentration, we compared the 100, 500, and 1000 mM reactions. The 100 mM 

reaction shows no peak change or MSC formation, hence the normalized intensity is zero 

and no further analysis was performed. The cadmium oleate micelle peak (II) is initially 

more pronounced in the 1000 mM reaction, and decays exponentially in both the 500 and 

1000 mM reaction (Figure 4-6c). This indicates that more cadmium oleate micelles form 

in the 1000 mM as compared to the 500 mM reaction, which is not surprising given the 

higher concentrations. Notably the cadmium oleate peak for 1000 and 500 mM plateaus at 

roughly the same time. Concurrently, the hexagonal MSC mesophase peak (I) increases 

(Figure 4-6e) along with the slope of the NP structure factor peak at low-Q (Figure S4-11). 

In the 1000 mM reaction the hexagonal MSC peak (Figure 4-6e, red plot) rises and 

ultimately plateaus in time; but, surprisingly, for the 500 mM reaction this peak reaches a 

maximum, and then decays with time (Figure 4-6e, purple data set). The mesophase 
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structure is roughly twice as abundant in the 1000 mM reaction compared to 500 mM at 2 

h.  

These real-time in situ studies reveal that the formation of the MSC SAXS assembly 

peak coincides with the formation of several broad peaks in the WAXS, which are 

characteristic CdS diffraction planes. The loss of MSC assemblies in the 500 mM reaction 

and not in the 1000 mM, highlights the stability supplied by the hexagonal surfactant 

mesophase. This stability degrades upon prolonged exposure to higher free acid 

concentrations (in the 500 mM reaction), akin to an Ostwald ripening mechanism for NP, 

or exposure to higher temperatures, which promote NP growth (see Figure S4-12 1000 mM 

reaction at 175°C). Though previous results suggest the closed-shell stability of MSC 

prevents Ostwald ripening (partial dissolution),30, 52 the loss of MSCs at 500 mM implies 

that individual MSCs completely dissolve into monomers and surfactants to grow NPs. 

While both conditions (500 and 1000 mM) form CdS MSCs with mesophase assemblies, 

the 1000 mM concentration is significantly more resistant to mesophase degradation and 

NP growth.  

Closer inspection of the WAXS measurements provides important insight into the 

transition from MSC nucleation to NP growth. We compared the formation and phase of 

the CdS by tracking a shared ZB/WZ peak and characteristic ZB-only and WZ-only peaks. 

Figure 4-6d shows that over the same reaction time, broad CdS diffraction peaks (III) 

increase for both the 500 mM and 1000 mM reactions, but more significantly for the 1000 

mM reaction. The growth of the WAXS signature (Figure 4-6d), indicating the formation 

of small CdS crystallites, and the concomitant decay of the Cd oleate micelle signature 

(Figure 4-6c) suggest that the two processes are related. As previously discussed, the MSCs 
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are more WZ-like whereas the NPs are more ZB-like. At longer times (>1 h), the intensity 

of the ZB peak increases due to NPs growth (Figure 4-6f, dashed lines). The ZB peak 

intensity increases more rapidly in the 500 mM compared to the 1000 mM reaction (Figure 

4-6f, dashed curves). Over the same time (>1 h) in the 500 mM reaction, the characteristic 

WZ peak of the MSCs begins to decay, whereas the peaks plateau in the 1000 mM reaction 

(Figure 4-6f, solid curves). Hence, ZB-like NPs form not only at the expense of the MSC 

assemblies, (Figure 4-6e) but also at the expense of the MSC WZ-like inorganic phase 

(Figure 4-6f). These results highlight that hexagonal MSC assemblies provide a barrier to 

NP growth that is more pronounced at higher concentration. 

4.4 Discussion 

Access to high-purity MSCs enables us to directly address two fundamental questions 

with regards to control of MSCs: (1) What is the source of MSC stability against growth? 

and (2) What are the factors governing the formation of either MSCs or NPs?  

MSC Stability and Mesophase Formation – The time-resolved SAXS/WAXS data 

provide new insights into the origin of MSCs stability. Conventionally, MSCs have been 

suspected to be stabilized by a symmetric, close-shelled structure that resists atom-by-atom 

addition (i.e., no low coordination atoms).23, 24, 50 However, several groups have 

demonstrated that different MSCs correspond to differences in surface chemistry rather 

than size.33, 53 Moreover, other studies have shown that same-sized MSCs can be structural 

polymorphs54 or possess atomically disordered structures.51 Though the small size and 

intermediate nature of a MSC make it difficult to resolve the underlying structure, these 

results suggest that the structure of the inorganic core alone may not be the origin of MSCs 

stability.  
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In this work, we demonstrate that there is a strong link between a fibrous assembly and 

MSC stability, by showing that mesophase assembly accompanies MSC formation. 

Subsequent resuspension and heating of cleaned MSCs highlights that the individual fibers 

rather than their macroscopic mesophase assembly are the source of MSC stability (see 

later discussion). The link between MSC self-assembly and stability is reinforced by the 

observation that degradation of the fibrous mesophase assembly destabilizes the MSCs, 

 

Figure 4-7. MSC vs NP reaction coordinate: Qualitative comparison of (a) classical and 

(b) nonclassical nucleation barriers along with growth barriers for quantized MSC 

growth and the kinetically arrested growth. The formation of a mesophase generates an 

additional energy barrier, restricting the transition from MSCs formation to NP growth, 

and locking the MSCs in the nucleation phase. 
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and results in the loss of MSCs and the enhancement of NP growth (Figure 4-6). At high 

concentration, the fibrous MSCs assembly is retained, and shields (i.e., kinetically 

arresting) the MSCs against growth. Furthermore, the MSCs are also locked in at a single 

size, and stabilized against the quantized growth that is often observed between different 

MSC families (Figure 4-7).22, 27, 30, 55 We hypothesize that the MSC fibrous assemblies may 

be the source of MSCs stability in addition to a symmetric inorganic structure as has been 

previously proposed.  

To investigate the mechanism of growth from (or destabilization of) MSCs into NPs 

without precursors, (i.e., through Ostwald ripening and/or coalescence),27 we heated the 

MSCs in two forms: (1) cleaned and resuspended in 1-octadecene (ODE), and (2) a cleaned 

solid product (no resuspension in solvent). We monitored the system with SAXS/WAXS. 

At 100°C, the concentrated solution of MSCs in ODE (100 mg/mL) did not show a 

hexagonal mesophase, suggesting that the mesophase completely unbundles upon solvent 

intercalation to form a fibrous suspension (Figure S4-13). The persistence of a fibrous 

suspension is suggested by highly viscous and gel-like solution behavior, and reinforced 

by the presence of large structural features observed using dynamic light scattering (Figure 

S4-14). Heating the resuspended MSC solution to 200°C did not induce NP growth, 

highlighting the remarkable stability of the MSCs against growth either by coalescence or 

ripening. (Figure S4-13). The resistance of cleaned and resuspended MSCs to growth and 

dissolution is consistent with a previously published study.30 MSC stability, in the absence 

of a mesophase, indicates that the individual fibers of MSCs, and not their mesophase 

assemblies, are the fundamental source of MSC stability.  
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For the cleaned solid MSC product experiment (i.e., without solvent), the hexagonal 

mesophase is observed and retained upon heating to 200°C, though the mesophase 

assembly expands by 3% (see Figure S4-15). Both results of these heating experiments 

highlight the thermal stability of the fibrous MSCs. The solid-like (high viscosity) nature 

of hexagonal mesophase, along with the gel-like nature of MSCs in ODE, deters MSC 

dissolution and growth. On the basis of these monomer-free experiments, we conclude that 

at typical synthesis temperatures (i.e., 100−200°C), MSC to NP conversion is not through 

cluster assembly or a coalescence mechanism when a mesophase or fibrous assembly is 

present.  

Surfactant Phase Behavior in Prior MSC Literature – Several other studies indirectly 

allude to a connection between surfactant structure and MSC formation. Mesophases have 

been identified by turbid solutions,15 and well-defined peaks in the small-angle X-ray 

scattering,16, 17 and/or optical birefringence.18 In line with these metrics, several works 

mention the following in connection with MSC formation: solution turbidity and MSCs 

self-assembly,19 and X-ray or NMR detection of large (∼1 nm) micellar aggregates.20, 21 

Nevertheless, these works do not connect solution or mesophase structure to the stability 

of the MSCs.  

There may be a more fundamental connection between MSCs and mesophases through 

supersaturation. Previous studies indicate that high levels of monomer supersaturation 

promote MSC formation.22, 26 Based on the micelle theory, high levels of surfactant 

supersaturation (relative to critical micelle temperature/concentration) promote micelle or 

mesophase formation. Thus, sufficiently low temperatures or high concentrations may 

promote both the formation of MSCs and mesophases. Previously, the high supersaturation 
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needed for MSC formation is achieved by lower synthesis temperatures (in some cases, 

<100°C),11, 12, 14, 21, 22, 28, 29 and low acid-to-metal ratio (∼3).19, 25, 30–32 For example, at a low 

synthesis temperature (<100°C), Buhro and co-workers explicitly mention that CdSe 

MSCs form within a lamellar surfactant mesophase composed of the precursors.11, 12, 14 

Another recent low temperature study demonstrated that perovskite nanoclusters 

(CsPbBr3) are characterized by a milky solution, and stabilized by mesophase formation.56 

Together with our results, these findings generalize the importance of mesophase formation 

and stabilization across a diverse set of cluster syntheses. 

At low temperature or low acid concentrations, interactions between metal surfactants 

are intensified, and may promote the formation of mesophase assemblies. Additionally, as 

suggested by micelle theory, high concentration can also promote mesophase formation. A 

recent paper showed that using high concentration, “solvent-free” conditions directs the 

reaction pathway from NP to nanoplatelet formation, and no mesophase was observed.57 

Three other studies synthesized metal carboxylates, under what we classify as high 

concentrations (500, 570, and 830 mM), but then diluted the precursors to conventional 

concentrations prior to MSC synthesis (to 120, ∼120, and 250 mM, respectively), and did 

not mention the high concentration preparation as necessary for MSC formation, even 

though surfactant behavior is concentration dependent with high concentrations promoting 

micelle and mesophase formation.21, 30, 31 Taken together, these results imply that many 

previous MSC studies may have been, unknowingly, observing mesophase or surfactant 

structure formation coupled with MSC formation.  

MSC vs NP Formation – The ratio of organic surfactant to metal plays a critical role in 

switching the synthetic pathway between MSCs and NPs. Based on our results (Figure 4-
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6 and Figure S4-16) and previous literature reports, the estimated crossover point from NP 

to MSC formation is an acid/Cd ratio of <16, which corresponds to a free acid vs total acid 

or oleate percentage of <87%.32, 58 Specifically, we find that for acid-to-metal ratios ≤16 

(i.e., metal concentration ≥200 mM), MSCs form in larger number than NPs. Previous 

reports mention that low acid-to-metal ratios (∼3), even at low precursor concentrations 

(20 mM, diluted with ODE),19, 30–32, 58 promote MSC formation, and MSCs are detected up 

to an acid-to-metal ratio of 10.32, 58 At lower acid/Cd ratios, there is less free surfactant to 

stabilize/disperse the metal precursor; thus, precursor-precursor (i.e., cadmium oleate) self-

interactions are preferred over solvent/surfactant interactions, promoting the formation of 

precursor solution structure (e.g., micelles). We propose that these precursor-precursor 

interactions provide a stronger driving force for MSC formation over NPs, and are more 

prevalent at high concentrations. Though low acid/Cd ratios, even at dilute conditions, are 

sufficient to promote MSC formation, only high concentrations suppress NP growth 

(Figure S4-17).  

We observe that MSCs transition into NP at longer times, high temperatures, or upon 

addition of coordinating solvents to the 1000 mM reaction. Several other common 

synthesis parameters (stoichiometry, ramp rate, and ligand length) did not affect the 324 

nm MSC formation, hexagonal mesophase formation, or MSC into NP growth (see Figure 

S4-18 to Figure S4-23). As was previously shown (Figure 4-5), both 500 and 1000 mM 

cadmium oleate concentrations generate MSCs and a hexagonal mesophase. At longer 

reaction times for the 500 mM reaction, the mesophase and MSCs decay while NPs grow 

(see Figure 4-5 and Figure S4-1), resembling the Ostwald ripening mechanism which is 

known to occur at high free acid concentrations.4 Increasing the reaction temperature also 
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leads to the formation of NPs, and the loss of the hexagonal mesophase and MSCs, but no 

transformation to a different mesophase structure (Figure S4-13). These results indicate 

that MSCs destabilize, and degrade, as they transition to NPs, and that MSC to NP 

conversion is predominately through monomer-driven growth, not cluster coalescence.  

Precursor or MSC Templated Mesophase Formation – The driving force behind the 

mesophase formation is the assembly of MSCs and/or precursor templating. The 

anisotropic shape of MSCs (Figure 4-4) and the fact that identical fibrous MSCs form, 

regardless of precursor chain length (Figure S4-22), suggests that the inorganic core is 

driving the fibrous assembly. Nevertheless, there is some contribution from the cadmium 

oleate. To better understand the role of free solvent on cadmium oleate structure, we 

cleaned 1000 mM cadmium oleate from the free oleic acid, and resuspended the neat 

cadmium oleate at 1000 mM concentration in several different solvents: ODE, oleylamine, 

trioctylphosphine oxide (TOP=O), and dodecanol. Then, TOP=S was injected and the 

solution was heated to 130°C. Reaction in a noncoordinating solvent (ODE) yields similar 

results to the original 1000 mM synthesis reaction: only MSCs are formed along with a 

hexagonal assembly (Figure S4-24 to Figure S4-26). For coordinating solvents, only the 

dodecanol formed MSCs with a hexagonal assembly, and also some NP growth, whereas 

oleylamine and TOP=O produce mainly large NPs without any significant mesophase 

(Figure S4-24 to Figure S4-26). The addition of coordinating solvents disrupts the 

cadmium oleate coordination,59 and reveals that the solution structure of not only the MSCs 

but also the cadmium oleate precursor is essential to stabilize the MSCs, and the 

mesophase, and deter NP growth. Recent studies have shown that coordinating solvents 

also disrupt the ligand networks of individual MSCs,33, 60 indicating that the 
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surfactant/ligand structure is intimately connected with both the formation, stability, and 

assembly of MSCs.  

Metal carboxylates such as the cadmium oleate precursor are well-known within other 

fields to exhibit solution structure and are classified as heavy metal soaps/surfactants,6, 9, 

61, 62 metallomesogens,17, 49, 63–65 metallogels,66–69 and/or coordination polymers.59, 66, 69 

Cadmium carboxylates typically form solution structures that can be described as columnar 

or worm-like micelles, coordination polymers, fibrous metallogel and/or hexagonal 

mesophases.10, 59, 61, 69, 70 We observe evidence of micelle structure cadmium oleate at 

130°C with a 2.6 nm d-spacing (Q ≈ 0.25 Å−1) (Figure S4-7). In contrast to the small 

micellar size of the cadmium oleate (Sherrer size ∼ 10 nm; Figure S4-7), the MSC 

mesophase emerges as an extremely narrow peak (100s nm grain) rather than narrowing as 

the reaction proceeds. This behavior reinforces the idea that cadmium oleate exists as long, 

worm-like micelles or as a coordination polymer prior to MSC formation. The addition of 

coordinating solvents alters the micelle structure, and directs the synthesis away from 

MSCs, and toward NP formation (Figure S4-26). A recent in situ SAXS study (dilute 30 

mM cadmium myristate + chalcogenide source at 100°C) did not show a peak around Q = 

0.25 Å−1 , and reports <1 nm sized micelle.71 Therefore, only higher concentrations of 

cadmium oleate increase the interaction probability between individual cadmium oleate 

surfactant creating larger micelles (or coordination polymers) that template MSC formation 

and assembly. If these precursor structures are disrupted (with coordinating solvents), the 

MSCs are destabilized, and NP growth ensues. On the basis of these results, we conclude 

that both the anisotropic shape and precursor structure template the mesophase formation.  
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Kinetics – Beyond insights into the MSC stability and MSC vs. NP selectivity, the time-

resolved SAXS/WAXS experiments also provide new understanding into the kinetics of 

MSC and NP formation. It is generally postulated that colloidal syntheses require burst 

nucleation to produce monodisperse particles, and nuclei are treated as unstable and 

fleeting transition states, quickly overtaken by NP growth.2, 3, 72 In contrast, nonclassical 

syntheses may involve continuous nucleation, and stable and persistent intermediates, or 

clusters, can be observed.5, 27, 29 The ability to isolate and track these crucial reaction 

intermediates, which often can be MSCs, provides a probe into the nonclassical NP 

synthetic pathway (and nucleation processes) in a way not achievable in conventional NP 

syntheses. Specifically, the selectivity for MSCs over NPs, at high concentrations, 

decouples precursor conversion kinetics that contribute to MSC formation from NP 

growth.  

We probed the precursor kinetics for MSCs using in situ NMR and X-ray scattering 

and ex situ absorbance analyses. By following the organic precursor constituents via NMR, 

we observe a similar precursor conversion mechanism as reported previously by Owen and 

co-workers,73, 74 in which metal carboxylates react with trioctylphosphine chalcogenides to 

form TOP=O, oleyl anhydride, and metal chalcogenide monomer (Figure 4-8 and Figure 

S4-27 to Figure S4-29). The resulting metal chalcogenide monomer then nucleates and 

grows to form MSCs and/or NPs. However, a notable difference in our high concentration 

synthesis is that some species become NMR silent (i.e., the total spectral area decreases) 

over the course of the reaction, based on 13C, 31P, and 1H NMR (Figure 4-8a). This NMR 

silencing indicates solidification,75–77 and this process occurs at a similar rate as the 

formation of the MSCs mesophase (∼10−4 s−1, see Table S5 and Figure S4-30). Though the 
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precursor conversion products (i.e., TOP=O and oleyl anhydride) match those in 

conventional syntheses, synthesis at high concentration involves another process (i.e., 

phase change, observed as NMR “silencing”) that promotes highly selectivity MSCs 

formation and assembly.  

Regarding the inorganic constituents (MSCs and NPs), the ex situ absorbance spectra 

show a linear or zero-order reaction for the MSC formation (2±0.1×10−6 M s−1; see Figure 

S4-30). This rate is slower, but similar to precursor conversion during the initial nucleation 

phase of CdSe NPs at higher temperatures (10−5 M s−1 ),4 and much slower than the first-

order precursor conversion rate that includes NP growth (10−3 − 10−1 s−1).1, 72, 73 The linear 

(or zero-order) relationship between precursor conversion rate and NP production is 

expected based on classical nucleation theory during the nucleation phase,1, 6, 78 indicating 

that the MSCs are similar to nuclei.27, 29 Nevertheless, our MSCs are locked at a single size 

and do not grow in contrast to NP nuclei that continuously grow. We observe continuous 

nucleation of MSCs over an extremely long time (∼6 h) compared to typical burst 

nucleation times (seconds) in conventional synthesis. The prevalent classical 

understanding is that the burst (short-lived nucleation) is crucial to obtain monodisperse 

NPs.3, 78 In stark contrast, we show that high concentration synthesis promotes continuous 

nucleation of clusters and deters NP growth via fibrous assembly and mesophase 

formation, ultimately supplying a batch of monodisperse clusters.  

At longer reaction times, the reaction transitions from MSC nucleation to NP growth 

for 500 and 1000 mM. The rate of NP formation from ex situ absorbance is first order for 

the 500 mM reaction (6×10−4 s−1), whereas no NP formation rate is observed for the 1000 

mM reaction (Figure S4-30). These rates are slower than those previously reported (10−3 −  
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10−1 s−1), 1, 72, 73 though literature values include both nucleation and growth contributions 

to precursor conversion, and are in less viscous synthesis environments. Generally, the 

slower rates at high concentrations align with the current understanding of the precursor to 

monomer conversion leading up to nucleation as the rate limiting reaction step (nucleation 

rates are slower than growth rates1, 2) and the lower solution diffusivity at high 

concentration limits the growth rate.79–81 The formation of mesophase structure effectively 

minimizes the solution diffusivity, and thus NP growth, through the formation of a solid 

(low diffusivity) phase. In effect, the fibrous and mesophase structures at high 

 

Figure 4-8. 1000 mM Synthesis at 130°C (NMR): (a) The total spectral area of the four 

nuclei investigated decreases with time (1H, 13C, 31P, and 113Cd). The silencing of the 

signal is attributed to species becoming NMR inactive through solidification.75–77 (see 

Table S5). (b) Reaction schematic showing the conversion from precursor (Cd-oleate 

and TOP=S) to CdS along with organic byproducts (TOP=O and oleyl anhydride). (c) 
31P NMR spectrum showing the emerging peak (between 58 and 56 ppm), which is 

assigned to TOP=O formation while the initially more intense, but decreasing, peak 

(between (52.5 and 50.5 ppm) is assigned to TOP=S (from literature 48.5 to 50.2 ppm 

values are observed for TOP=O and 48.6 pm for TOP=S, respectively).73 It is known 

that P peaks can shift in the presence of Lewis acid (which could include oleic acid and 

possible cadmium oleate). (d) 13C NMR spectrum showing the emergence of an oleyl 

anhydride peak ((−CH2CO)2O) that increases with time, and is at a similar location (168 

ppm) to previously reported oleyl anhydride peak.73 
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concentration kinetically arrest or freeze the MSCs, further stabilizing their kinetically 

persistent structure. 

4.5 Conclusion 

In summary, we demonstrate that colloidal NP synthesis in the high concentration 

regime accentuates surfactant phase behavior leading to the formation of high-purity MSCs 

stabilized within a highly ordered hexagonal mesophases assembly. Our results indicate 

that the fibrous MSC assemblies are likely templated from structure inherent to the 

cadmium oleate precursor as well as inherent shape anisotropy of the MSCs. We present a 

mechanism in which MSCs in the assembly are shielded from further growth (i.e., 

kinetically arrests NP growth), and propose that MSC assemblies may be the source of 

MSCs stability rather than, or in addition to, a precise inorganic structure. NP growth can 

be initiated at the expense of both the MSC and their hexagonal mesophase. NP growth at 

expense of MSC implies that synthetically MSCs are intermediates or “monomer 

reservoirs” for NPs rather than NP nuclei. Whereas syntheses at conventional 

concentrations are governed by monomer-addition-based growth, or monomeric 

surfactant/precursor environments, we establish that high precursor concentrations expand 

the colloidal phase diagram for NP synthesis into more complex surfactant phase behavior, 

namely micelles and mesophases. Though inorganic phase change (e.g., nucleation) is 

fundamental to NP synthesis, the importance of innate organic phase change (e.g., 

surfactant mesophase formation) has been latent and underappreciated. This organic phase 

behavior is revealed in the new high concentration regime that is characterized by 

maximizing precursor−precursor interactions to form a solution structure that selectively 

navigates the synthetic pathway to isolate high-purity MSCs. In contrast, conventional 
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concentrations are more sensitive to other chemical interactions with the precursors 

(including solvent, surrounding defects, impurities). High concentration NP syntheses 

selectively control the predominant molecular interactions during NP syntheses. Insight 

into inherent surfactant phase behavior of NP precursors as metal soaps provides a 

generalized framework for metal chalcogenide and perovskite NP synthesis. Overall, the 

high-concentration synthesis regime accentuates fundamental surfactant phase behavior, 

and offers a generalized method for synthesizing, stabilizing, and studying high-purity 

metal chalcogen clusters that are persistent intermediates in nonclassical NPs syntheses. 
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4.6 Supporting Information 

Materials & Reagents 

The following chemicals were used as received 1-octadecene (ODE, >90%), oleic acid 

(OA, >90%), cadmium oxide (>99.5%), ethyl acetate (99.5%) and elemental sulfur 

(purified by sublimation, particle size~100 mesh), tri-n-octylphsosphine (TOP, 90%), tri-

n-octylphosphine oxide (TOPO, 99%), oleylamine (OLA, 98%), dodecanol (DDA, 98%), 

hexanoic acid (99%), lauric acid (98%), stearic acid (95%), and acetonitrile (ACN, 99.8%) 

were purchased from Sigma-Aldrich. Hexanes and Toluene (BDH ACS Grade) and ethanol 

(Ethanol, 200 proof, Anhydrous KOPTEC USP) were purchased from VMR International. 

Octanoic acid (98%) was purchased from SAFC, and erucic acid (>85%) was purchased 

from TCI America. 

Methods & Techniques 

Absorption Spectroscopy – Absorbance measurements were performed using an Ocean 

Optic USB 2000+ UV-Vis spectrometer with DH-2000-BAL light source. Before each 

sample, the appropriate solvent reference spectrum (hexane or empty cuvette) was 

measured. The samples were analyzed as-prepared (or without cleaning) unless otherwise 

noted. For the ex-situ absorption experiment (Figure S4-1), the samples were analyzed as-

prepared. Aliquots were taken every 15 min, and diluted by known factors until absorbance 

was < 1. Notably, at longer times, the 1000 mM concentration reaction aliquots form a 

viscous gel in hexane, requiring extra-care to avoid mass loss during dilution. 
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High Resolution Scanning Transmission Electron Microscopy – Lower magnification 

STEM images were acquired using an aberration-corrected FEI Titan Themis operating at 

300kV, with a convergence semi-angle of 30mrad, and inner and outer collection angles of 

68 and 340 mrad on an annular dark-field detector (Figure S4-4 and Figure 4-3). The 

samples were prepared by drop-casting a solution of MSCs in hexane on a standard carbon 

coated Cu-TEM grid. The grids were then placed on a hot plate at 60°C, and under vacuum 

to ensure that solvent was removed prior to imaging. Notably, the sample degrades after 7 

s of plasma cleaning. In effort to obtain atomic resolution images, lower MSC 

concentrations were used to isolate MSC assemblies, lower accelerating voltage (120 kV) 

and short exposure (2-5 s) were used to minimize beam damage, and cryogenic cooling 

was used to minimize carbon contamination. The convergence and collection angles were 

the same as in lower magnification imaging. Nevertheless, the MSCs still restructure and 

degrade quickly upon irradiation. Preliminary images of the clusters show that they are 

anisotropic, ~2 nm in size, and atomically disordered (Figure S4-5). Notably, beam damage 

prevented more thorough analysis. These difficulties (small size and beam damage) also 

impaired previous efforts to characterize clusters using TEM.22, 82, 83 

Small and Wide Angle X-ray Scattering (SAXS and WAXS) – SAXS and WAXS 

measurements were performed simultaneously at A1 beamline at the Cornell High Energy 

Synchrotron Source (CHESS) using monochromatic radiation (wavelength = 0.62054 Å 

and bandwidth Δλ/λ = 0.1%). The SAXS/WAXS images were collected by a ADSC 

Quantum-210 CCD detector with pixel size of 51.2 by 51.2 µm and total area of 4096 by 

4096 pixels. The sample to detector distance was 630.824 mm, as determined from a silver 

behenate powder standard. Typical exposure time was 60 s. Images were dark current and 
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geometric corrected, and then integrated using Fit2D software.84 The samples were heated 

in a custom designed apparatus (Figure S4-6). The sample holder was 2-mm thick 

aluminum sheet (25 by 30 mm) with a 13-mm hole in the center. The aluminum sheet was 

sandwiched on each side by 0.5-mm Teflon sheet, and then Kapton-tape (1 mil) covered 

washer (1-mm) with 6 2.5-mm holes drilled into each washer. The kapton tape was next to 

the Teflon, with the adhesive on the washer side. The sample was loaded into the sample 

holder, and holder was sealed with 6 bolts/nuts. Then, the sample holder was placed 

between two aluminum pillars that each held a heat cartridge. The temperature was 

controlled using a thermocouple within one of the aluminum pillar, near the heat cartridge. 

The sample temperature was monitored with a thermocouple placed inside the sample 

holder, and pushed to the bottom of the sample chamber. A 10-cm diameter (3.175 mm 

thick) Al disc was placed over the low-angle region of the detector to prevent saturation 

during 60 s scan (Figure S4-6). The beam passed through sample near the bottom of the 

sample chamber. For the ramp studies, the temperature was equilibrated at 100°C, and then 

ramped to 170-200°C at ~3-5°C/min. The scattering for the empty cell at 130°C was used 

for background subtraction, which introduces some error into the peak intensities because 

of the change in temperature; nevertheless, the observed peak positions and trends are 

accurate. 

X-ray Data Processing Method – Data processing of integrated x-ray data included 

normalization, background subtraction, and re-scaling for the Al-disc at low-angles. After 

images were integrated, the curves were normalized to incident beam intensity (Figure S4-

9a and Figure S4-9b), and the pattern for an empty cell was subtracted from the sample 

curve as a background. Notably because of differences in sample concentration, the beam 
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was attenuated differently by the different concentration sample. To correct for this effect, 

the fraction of empty cell curve that was subtracted was adjusted to avoid subtraction 

artifacts at low-angles or low Q (Figure S4-9c and Figure S4-9d). The fraction of the 

background curve intensity that was subtracted from each of the three concentrations tested 

pure oleic acid, 100, 500, and 1000 mM are 0.92, 0.89, 0.72, and 0.45, respectively. For 

the solid sample and 100 mg/mL resuspended in ODE, the fraction was 0.2 and 0.72, 

respectively. The partial subtraction does not significantly affect the peak position or 

intensity, and mainly remove low-intensity broad peaks due to the sample holder (Figure 

S4-9). (Note: for oleic acid the fraction was 0.92.) The low angle data (Q = 1.2x10-3 – 

7.5x10-1 Å-1) was also scaled by a factor of 15.28 (density = 2.7 g/cm3, thickness = 3175 

µm, Energy = 20 keV) to correct for the placement of the 10-cm diameter Al-disc used to 

attenuate the intense low-angle (SAXS) peaks on the detector.7 To facilitate comparison, 

the SAXS/WAXS data was normalized to a large organic peak (~1.34 Å-1) at the lower 

range of the WAXS (Figure S4-8b; the peak is more intense at lower cd-oleate 

concentrations). To quantify the loss of Cd oleate and the formation of the MSC assembly, 

the peaks were separate using the following method. The base of each hexagonal 

mesophase peak was linearly connected to create a continuous Cd-oleate curve. Then, both 

the Cd oleate and first mesophase peaks were integrated over the following range from 

0.165 to 0.391 Å-1 for Cd oleate and from 0.165 to 0.227 Å-1 for the assembly (Figure S4-

10). 

Nuclear Magnetic Resonance Spectroscopy (NMR) – NMR spectra were acquired at 130°C 

on a 500 MHz Bruker AVIII HD spectrometer equipped with a broadband Prodigy 

Cryoprobe. 1H spectra were acquired at 499.76 MHz with 8 transients, 45° (6 us) excitation 
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pulse, 3.3 s acquisition time and 1 s relaxation delay. 113Cd spectra were acquired without 

decoupling at 110.86 MHz with 256 transients, 90° (12 us) excitation pulse, 87 ms 

acquisition time and 0.5 s relaxation delay. 13C spectra were acquired at 125.68 MHz with 

128 transients, 30° (3.3 us) excitation pulse, 1.5 s acquisition time, 2 s relaxation delay and 

broadband 1H decoupling. 31P spectra were acquired at 202.30 MHz with 64 transients, 45° 

(6 us) excitation pulse, 0.4 s acquisition time, 2 s relaxation delay and broadband 1H 

decoupling. For in-situ reaction monitoring experiments acquisition of individual nuclei 

were interleaved in the order: 1H, 113Cd, 31P, and 13C. The total time for each cycle was 18 

min and the total time was 10 h. Spectra were processed and analyzed with Mnova 11.1 

(Mestrelab Research S.L., Santiago de Compostela, Spain). To prepare the reaction sample 

for NMR, the mixed solution of 1000 mM Cd oleate and 2500 mM TOP:S at 50°C was 

loaded into to a NMR tube. The septum-capped and loaded NMR tube was placed under 

vacuum until bubbling stopped to remove air and moisture, and was then filled with 

nitrogen. 

Polarization Anisotropy Measurements – The polarization anisotropy measurements along 

with accompanying absorption and emission (PL) spectra were performed using an 

absorption spectrophotometer (Jasco, V770 - UV/Vis/NIR) and fluorescence 

spectrophotometer (Edinburgh instruments, FL920). All measurements were carried out at 

room temperature. For PL, the sample is excited by the UV emission of a xenon lamp. The 

excitation and emission are spectrally filtered through double monochromator to improve 

signal to noise. Emission is collected by a fast PMT in a single photon counting scheme 

(SPC). For the anisotropy experiment, solution polarization PL was measured in 

photoselection scheme. The sample is excited with a vertically polarized light, which 
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preferably excite particles aligned at this orientation. The emission is measured at vertical 

(𝐼𝑉𝑉) and horizontal (𝐼𝑉𝐻) polarization and the anisotropy (r) is calculated according to 𝑟 =

𝐼𝑉𝑉 −𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐼𝑉𝐻
. Anisotropy is a combination of the absorption and emission polarization.85 The 

clusters were suspended in hexane for the measurements. 

Dynamic Light Scattering (DLS) – Dynamic light scattering was performed on Zetasizer 

Nano-ZS (Malvern Instruments Inc). Sample solutions were prepared similarly to those 

used for TEM analysis. The cleaned and dried product was resuspended in hexane or ODE 

at 100 mg/mL, and then diluted to the order of 1-10 mg/mL. The 100 mg/mL was highly 

viscous and gel-like. The 1 and 5 mg/mL concentration solutions used for DLS were still 

noticeable more viscous than the neat solvent. A 2 min equilibration time was used for each 

measurement and three replicates were taken. The following solvent parameters were used 

hexane: refractive index = 1.375 and viscosity = 0.275 cP. The parameters for ODE were 

refractive index = 1.375 and viscosity = 2.84 cP. 

Synthesis of ultra-pure 324 nm CdS MSCs (1000 mM) – For the 1000 mM reaction, we use 

the same preparation procedure previously reported to synthesis 324-nm magic-sized 

clusters (MSCs),33 which are ultra-pure due to lack of nanoparticle (NP) growth. For 

subsequent/control experiments, reaction times and temperatures were varied as described 

in the text. Briefly, 1000 mM cadmium oleate (Cd oleate) was prepared by heating 

cadmium oxide (1.28 g, 10.0 mmol) and oleic acid (10 mL) in a round-bottom flask under 

nitrogen. The solution was held at 160°C under nitrogen for 1 h until clear with translucent 

tan color. Then, the solution was cooled to 100°C and placed under vacuum until bubbling 

stopped (~ 1 h). The 2500 mM TOP:S was prepared by dissolved elemental sulfur (0.8 g) 
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into TOP (10 mL) in nitrogen glove box. The solution dissolved quickly (~1 min), and 

generates significant heat. (Note: Caution should be taken in scaling-up this reaction.) 

Next, the Cd oleate solution was cooled to 50°C, and the 2500 mM TOP:S was injected (2 

mL; 2:1 Cd:S ratio). The Cd oleate +TOP:S mixture was heated typically heated to 130°C. 

Upon formation of MSCs, the solution becomes turbid. The solution was quenched after a 

specified time (typically 1 h, but can be extended to at least 6 h with yield improving 

continuously with time) with ethyl acetate (1:1 by volume), and centrifuged at 4400 rpm 

for 5 min. Only small amounts of anti-solvent are require to precipitate the MSCs because 

higher relative density of MSC assemblies compared to discrete NPs. Upon resuspending 

in hexane, the solution gels significantly. Once dissolved, the solution was precipitated 

again with ethyl acetate (1:1 by volume) and centrifuged. After cleaning, the sample was 

dried under vacuum, producing a waxy, resin-like solid product. Notably, the 324-nm 

MSCs slowly convert into a 313-nm family upon expose to air, and as such should be stored 

in inert atmosphere or in solution at elevated temperatures (60°C). Understanding this 

conversion to a 313-nm MSC is part of a forthcoming publication. 

For the ex-situ absorption experiments (500 and 1000 mM), the temperature was 

controlled with a hot oil bath rather than heating mantle (to mimic the near isothermal 

temperature profile of the in-situ NMR and X-ray scattering experiments). The set-point 

temperature (130°C) was reach within 5-10 min of inserting the flask. 

Synthesis of CdS MSCs at different CdOleate concentrations – For the 500 mM and 100 

mM Cd oleate preparation the only changes, from the 1000-mM method above, is the (1) 

amount of cadmium oxide added to 10.0 mL of oleic acid (0.64 g and 0.128 g of CdO, 
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respectively), and (2) the amount of 2500 mM TOP:S added to achieved a 2:1 Cd:S ratio, 

reduced by a factor or 2 and 10, respectively. 

For the 1580 mM cadmium oleate, 1.02 g of CdO was mixed with 5 mL oleic acid, and 

heated to 160°C. At 150°C, the formed cadmium oleate was a redish viscous paste 

(potentially with some undissolved CdO). Upon pulling vacuum at 90°C, the solution 

foamed, so the temperature was gradually increased to degas the solution. The solution was 

cooled to 100°C (below this temperature the solution begins to solidify), and 1.58 mL of 

2500 TOP:S was injected, and the solution was heated to 130°C. 

Different methods to prepare dilute 100 mM CdOleate: 

Prepared 1000 mM cadmium oleate diluted to 100 mM with ODE. The 1000 mM 

cadmium oleate was prepared as described above. After degassing and cooling to 50°C. 1 

mL of the 1000 mM cadmium oleate was mixed with 9 mL of ODE. After the injection of 

2500 TOP:S (2:1 Cd:S ratio), the solution was heated to 140°C before a color/turbidity 

change was observed, which is indicative of cluster/nanoparticle formation. 

Prepared 100 mM cadmium oleate with fixed acid/cd ratio. The preparation is similar 

to 1000 mM Cd oleate, except only 0.128 g of CdO was mixed with 1 mL OA, to match 

the ratio in the 1000 mM preparation(~3.2:1 OA:Cd), and the balance of the solution was 

ODE (9 mL). The reaction was heated to 160°C before a color/turbidity change was 

observed, which is indicative of cluster/nanoparticle formation. 

Prepared 100 mM cadmium oleate diluted with OA. The preparation is similar to 1000 

mM cadmium oleate, except only 0.128 g of CdO was mixed with 10 mL OA. The reaction 
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was heated to 200°C before a color/turbidity change was observed, which is indicative of 

cluster/nanoparticle formation. 

MSC Synthesis with other carboxylic acid ligands – The preparation of different cadmium 

carboxylates is similar to method for 1000 mM cadmium oleate described above. To match 

condition for the Cd oleate, the same molar ratio of acid:Cd was used (3:1) (see details in 

table below). The Cd to S ratio was still 2:1, with 2500 mM TOP:S as the sulfur source. 

Notably, the saturated chain metal carboxylates have higher melting points than 

unsaturated metal carboxylate (i.e., Cd oleate). Thus, the injection temperature was 

increased until the solution was viscous, but not solid, specifically to 125, and 120°C for 

the Cd laurate, and Cd stearate samples, respectively. See Table S4-1 for specific reagent 

quantities. 

MSC synthesis with different solvents – The 1000 mM Cd oleate solution was washed after 

degassing to remove the free oleic acid. To wash the Cd oleate, 1:2 parts toluene was added 

to the Cd oleate, and then ACN was added at 1:1 by volume. The solution was centrifuged 

at 4400 rpm for 5 min. This process was repeated 2 times, and then the Cd oleate was 

vacuum dried. The dried Cd oleate was mixed with a different solvent to achieve 1000 mM 

concentration Cd oleate with the different solvent, and the solution was heated to mix the 

two species (60°C). Then, the required amount of TOP:S was added (2:1 Cd:S ratio). When 

cooled to room temperature, the mixture re-solidifies. See Table S4-2 for specific reagent 

quantities. 
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Calculations 

Purity Calculations – The purity was calculated based on the concentration of the particles, 

using published a size and size-dependent extinction coefficient curves for cadmium 

sulfide.34 The size curve uses the wavelength in nm to calculate the particle diameter in 

nm. 

𝑑 = −6.6521 𝑥 10−8 ∙  𝜆3 + 1.9557 𝑥 10−4 ∙  𝜆2 − 9.2352 𝑥 10−2 ∙ 𝜆 + 13.29 

The size-dependent extinction coefficient (𝜖) is calculated based on the diameter in nm, 

and provides the extinction coefficient in units of cm-1 M-1. 

𝜖 = 21536 ∙ 𝑑2.3 

The concentration was determined using the empirical extinction coefficient and Beer’s 

law: 

𝐶 =
𝐴

𝜖𝐿
 , 

where A is the absorbance at the wavelength correspond to particle size, and L is the path 

length (1 cm). The selectivity was calculated based on the MSC and NP concentrations as 

follows:  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑀𝑆𝐶
𝐶𝑁𝑃

. 

The purity was calculated based on the MSC and NP concentrations as follows: 

𝑃𝑢𝑟𝑖𝑡𝑦 =
𝐶𝑀𝑆𝐶

𝐶𝑀𝑆𝐶 + 𝐶𝑁𝑃
∙ 100. 
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MSC Conversion – The conversion of MSC compared to the maximum yield was 

determined as follows: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑀𝑆𝐶𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑆𝐶𝑠
∙ 100. 

The mass produced of MSCs was calculated as follows: 

𝑀𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑀𝑆𝐶 = 𝐴𝑀𝑆𝐶 ∙ 𝐶𝐹 ∙ 𝐷𝐹 ∙  𝑤𝑡𝑖𝑛𝑜𝑟𝑔 ∙ 𝑉𝑜𝑙𝑓𝑙𝑎𝑠𝑘, 

where 𝐴𝑀𝑆𝐶  is the absorbance at 324 nm (0.79 at 6 h for 1000 mM reaction), CF is the 

calibration factor from MSC concentration per absorbance based on a known concentration 

of particles (CF=0.0526 g solid product/(L∙ 𝐴𝑀𝑆𝐶)), DF is the dilution factor from flask 

concentration (4000), 𝑤𝑡𝑖𝑛𝑜𝑟𝑔 is the weight percent of the inorganic component based on 

ICP (29.1%)33 and the flask volume is 23.5 mL. The theoretical mass of MSCs was 

calculated as follows based on: 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑆𝐶𝑠 =
𝑚𝑎𝑠𝑠𝐶𝑑𝑂
𝑀𝑤𝐶𝑑𝑂

∙ 𝑣𝐶𝑑:𝑆 ∙ 𝑀𝑤𝑀𝑆𝐶𝑖𝑛𝑜𝑟𝑔 

where 𝑀𝑤𝐶𝑑𝑂 and 𝑀𝑤𝑀𝑆𝐶𝑖𝑛𝑜𝑟𝑔 are the molecular weights of cadmium oxide and inorganic 

for the MSCs, respectively; and 𝑣𝐶𝑑:𝑆 is the composition of the clusters 2:1 Cd:S ratio.33 

For instance, the conversion and theoretical mass are  

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑆𝐶𝑠 =
2.56 𝑔

128.413
𝑔
𝑚𝑜𝑙

∙
1

2
∙ 256.88

𝑔

𝑚𝑜𝑙

= 2.56 𝑔 𝑀𝑆𝐶𝑠 (𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐). 
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
0.790 ∙ 0.0526

𝑔
𝐿 ∙ 4000 ∙  0.291 ∙ 0.0235𝐿

2.56 𝑔 𝑀𝑆𝐶𝑠 (𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐)
∙ 100 = 44% 

 

Size Dispersion – Based on the FHWM in absorbance, the size dispersion based on Peng 

curve (above) is as follows (the 2.33 factor converts from FWHM to standard deviation: 

    𝜎 =
𝑑(320 𝑛𝑚)−𝑑(328𝑛𝑚)

2.355
, 𝑎𝑛𝑑 

𝜎𝑟 =
𝜎

𝜇
. 

For instance, for the 324 nm (8 nm FWHM) MSC the size dispersion is the following: 

𝜎 =
0.107 𝑛𝑚

2.355
= 0.0456 𝑛𝑚, 𝑎𝑛𝑑 

𝜎𝑟 =
0.046 𝑛𝑚

1.636 𝑛𝑚
= 2.8%. 

Notably, the size standard deviation of MSC is ~ 0.5 Å (which is less than 20% of cadmium 

sulfide bond length, ~2.5 Å, and gives 3% size dispersion, which is narrower that best NP 

samples to date.1, 86, 87  

Instrumental Line Broadening – To calculate the line broadening (q), the following analysis 

was used. By differentiation and substituting for q, the following propagation of error 

expression is obtained: 

𝑞 = 2𝜋𝑘𝑠𝑖𝑛(𝜃) =
4𝜋𝑠𝑖𝑛(𝜃)

𝜆
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𝑑𝑞 = √(−
4𝜋 sin(𝜃)

𝜆2
𝑑𝜆)

2

+ (
4𝜋

𝜆 tan (𝜃)
)
2

 

𝑑𝑞

𝑞
= √(

𝑑𝑘

𝑘
)
2

+ (
𝑑𝜃

tan(θ) 
)
2

 

𝑑𝑘

𝑘
=
𝑑𝜆

𝜆
=
𝑑𝐸

𝐸
=

20𝑒𝑉

20𝑘𝑒𝑉
= 10−3 

𝑑𝑡ℎ =
𝑠𝑜𝑢𝑟𝑐𝑒 𝑠𝑖𝑧𝑒

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠𝑜𝑢𝑟𝑐𝑒−𝑡𝑜−𝑠𝑙𝑖𝑡
= 1.2𝑥10−4 

 

For instance, at first hexagonal peak (q=0.1845 Å-1), the instrumental line broadening is  

𝑑𝑞

𝑞
= √(10−3)2 + (

1.2𝑥10−4

tan(𝜃)
)

2

 

For instance, dqint for instrument at the first SAXS peak is  

𝑑𝑞𝑖𝑛𝑡 = √(10−3)2 + (
1.2𝑥10−4

tan (
0.0182
2 )

)

2

0.1845Å−1 = 0.00244 Å−1. 

Next, the peak position and wavelength values need to be converted from q to theta using 

the following equation: 

𝜃 = 𝑎𝑠𝑖𝑛 (
𝑞𝜆

4𝜋
) , 𝑎𝑛𝑑 

the corresponding propagation of error equation by differentiation as 

        
d

dx
asin (𝑎𝑥) =

𝑎

√1−𝑎2𝑥2
, 
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leading to  

𝑑𝜃 = √

(

 

𝑞
4𝜋

√1 −
𝑞
4𝜋

2
𝜆2)

 

2

(𝑑𝜆)2  +

(

 

𝜆
4𝜋

√1 − 𝑎
𝜆
4𝜋

2

𝑞2)

 

2

(𝑑𝑞𝑖𝑛𝑡)2, 

where 𝜆 is the beam wavelength (0.62054 Å). For instance, the angle and error are 

𝜃 = 𝑎𝑠𝑖𝑛 (
0.1845Å−1 ∙  0.62054Å

4𝜋
) = 0.00911, 𝑎𝑛𝑑  

d2𝜃𝐹𝑊𝐻𝑀 = 2 ∙ 2.355

√
  
  
  
  
  
  
  
  
  
  
  
  
  
  

(

 
 
 0.1845Å−1

4𝜋

√1 − (
0.1845Å−1

4𝜋
)

2

(0.62054Å)
2

)

 
 
 

2

(10−3 ∙ 0.62054Å)
2
 +

(

 
 
 0.62054Å

4𝜋

√1 − (
0.62054Å

4𝜋 )

2

(0.1845Å−1)
2

)

 
 
 

2

(0.00244 Å−1)
2

= 5.68 ∙ 10−4 

where the 2.355 is to convert from standard deviation to FWHM. 

Scherrer Analysis – The crystallite size is calculated with the Scherrer equation: 

     𝑑𝑐𝑟𝑦𝑠𝑡𝑎𝑙 =
𝐾𝜆

𝐹𝑊𝐻𝑀 cos (𝜃)
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where K is a shape factor constant (0.9), FWHM is the FWHM for experimental peak 

subtracted from the FWHM for the instrument in quadrature, and theta is the peak position. 

FWHM is calculated as follows: 

𝐹𝑊𝐻𝑀 = √(Δ2𝜃exp ) 2  − (Δ2𝜃𝐹𝑊𝐻𝑀)2, 

𝐹𝑊𝐻𝑀 = √(6.568 ∙ 10−4 ) 2  − (5.68 ∙ 10−4)2 = 3.29 ∙ 10−4 

For instance, the broadening (or crystallize size) for the first SAXS peak is 

𝑑𝑐𝑟𝑦𝑠𝑡𝑎𝑙 =
0.9 ∙  0.62054 Å

(3.29)  ∙ 10−4 ∙ cos(0.00911)
= 170 𝑛𝑚 

Note that the percentage of the instrumental broadening that contributes to the experimental 

broadening is 86% (=instrumental over experimental broadening or 5.68/6.568), indicating 

that the peak width is near the instrumental limit and the limit of applicable range of the 

Scherrer equation. 
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Figures 

 

Figure S4-1. 1000 mM (a-c) and 500 mM (d-f) syntheses ex-situ absorbance at 130°C. 

The absorption is for as-synthesized (uncleaned) samples. The MSC and NP 

concentrations and MSC conversion were calculated. (a) Absorbance shows the 

evolution of MSCs (excitonic peak at 324-nm) with time along with a much less intense 

(by factor of 100-1000) NP peak (Inset; absorbance value times by 100 compared to (a)). 

The size based on semi-empirical sizing curve is 1.6 nm for the clusters and increase 

from 2.7 to 3.4 nm for the nanoparticles (which corresponds to peak position of 375 to 

404 nm).34 (b) Evolution of MSCs and NPs in terms of concentration (see calculation 

below), based on dilution factors and empirical extinction coefficient curve.34 Notably, 

the MSCs concentration increases with time while NP concentration is nearly constant. 

At 6 h, the selectivity for MSC/NP is 1500, or MSC purity is 99.9%. (c) Precursor 

conversion into cadmium sulfide MSCs, increases linearly with time. (d) For the 500 

mM reaction, the absorbance shows the formation MSCs with a more intense NP peak 

compared to that for the 1000 mM reaction. The NP peak is 10-100 times smaller than 

MSC peak (Inset: absorbance values times by 10 compared to (d)). The NP peak shifts 

from 358 to 418, corresponding to 2.2 to 4.0 nm NPs using a semi-empirical sizing 

curve.34 (e) Evolution of MSCs and NPs in terms of concentration. Notably, the MSCs 

concentration increases with time, but then begins to decline after 3 h. At 3 h, the highest 

selectivity for MSC/NP is achieved (115), which corresponds to a MSC purity of 99.1%. 

(f) Precursor conversion into MSCs is lower for the 500 mM reaction compared to the 

1000 mM, and at long times the MSCs decay as NPs continue to grow. 
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Figure S4-2. Grain Analysis of 1000 mM Reaction at 130°C (SAXS/WAXS).(a) First 

hexagonal mesophase peak (SAXS) at 2 h (looks nearly identical at 5 h). Based on 

scherrer analysis, the mesophase grain size is ~170 nm (86% of the peak width is from 

instrument broadening; see calculations). (b) CdS diffraction peaks (WAXS) at 2 h fit to 

wurtzite bulk peaks (Table S4-3) correspondes to a 2.2±0.9 grain size. (c) CdS 

diffraction peaks (WAXS) at 5 h subtracted from diffraction curve at 2 h, and fit to zinc 

blende bulk peaks (Table S4-3), suggests a 3.0±1.0 grain size. 

 

 

 

 

 

Figure S4-3. STEM fibers spacing. STEM image of cleaned high-purity MSCs (1000 

mM reaction). Inset: FFT of red-boxed region showing the 3.5 nm spacing of the 

nanofibers. Notably, the d-spacing from the SAXS is similar with a d-spacing of 3.4 nm. 
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Figure S4-4. High resolution STEM of MSCs. (a) Rapidly acquired STEM images at 

high magnification, prior to additional irradiation (where beam damage is expected to be 

minimal), shows disorder size and shape. (b,c) Lower magnification images of clusters, 

before and after high magnification imaging (i.e., high electron dose), indicates that the 

MSCs degrade under irradiation doses. Scale bar are same physical length, despite 

difference in scale. 

 

 

 

 

Figure S4-5. Electronic Structure Characterization. Absorbance, PL excitation (PLE) 

and PL for 324-nm clusters in hexane. For PLE, the emission wavelength was at 331 nm 

(green arrow). For PL, the excitation wavelength was at 270 nm (grey arrow). 
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Figure S4-6. In-situ SAXS/WAXS apparatus and 2D scattering images. (a-c) Images of 

the apparatus, flight path, and detector. (b) Zoomed-in view of the apparatus and heating 

stage, and (c) sample holder with sample. (d) Image from the detector for 1000 mM 

reaction at 0 h at 130°C. The dark blue region around the beam center (marked by red 

X) is due to attenuation of the Al-block. The faint blue ring near the beam center is the 

Cd oleate SAXS peak. The intense red peak relates to organic molecules. (e) 1000 mM 

reaction after ~5 h at 130°C. The intense and sharp SAXS rings are visible near the beam 

center, and propagate past the Al-block region. The WAXS region shows the formation 

of weak (light blue) diffraction rings. 
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Figure S4-7. SAXS/WAXS precursors at 130°C (background subtracted). (a) SAXS 

pattern for the precursors shows peak at ~0.251 Å-1 (or 2.5-nm d-spacing) that increases 

with concentration, likely correspond to cadmium oleate micelle or coordination 

polymer. The FWHM of the 1000 mM is 0.12 Å-1, corresponding to grain size of 10 nm. 

(b) the WAXS is relatively featureless, except for peak at ~1.2 Å-1 , which is more intense 

for less concentrated samples. This peak is likely correspond to organic molecules, and 

is similar to data previous reported for octadecene88 (See Figure S4-8 and Methods 

section for discussion on background subtraction method). 
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Figure S4-8. Precursors at SAXS/WAXS at 130°C. (a,b) SAXS and WAXS data 

normalized for incident, but without subtraction of empty cell (shown as “grey” curve). 

(c,d) Solid lines are same as (a,b), but the dashed lines are background contribution to 

solid line signal (color matched). Notably, the empty cell intensity at low-Q, < 0.15 Å-1, 

exceeds that of the sample; thus, only a percentage of total background was subtracted 

(see Methods). 
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Figure S4-9. Separating the MSC assembly and Cd oleate SAXS peaks.To separate the 

first mesophase peak from Cd oleate peak, the base of each hexagonal mesophase peak 

was linearly connected to form a close Cd oleate region for integration (pink curve 

above). The Cd oleate region was integrated from 0.165 to 0.391 Å-1 while first 

hexagonal peak was integrated from 0.165 to 0.227 Å-1. The data shown is after 98 min 

at 130°C for the 1000 mM reaction. 

 

Figure S4-10. 1580 mM Reaction (SAXS/WAXS) at 130°C. (a) The hexagonal 

mesophase peaks (SAXS) are observed in the SAXS similar to 1000 mM reaction. (Note: 

both the SAXS and WAXS are much noisier that the other data sets because the detector 

cooling system shut off during the experiment. Never the less, the formation of 

hexagonal mesophase is still observed.) The first peak position is 0.1878 Å-1 is shifted 

slightly from the 1000 mM reaction (0.1845 Å-1). (b) CdS diffraction (WAXS) does not 

change significantly upon heating. Specifically, no sharp peaks are observed to indicate 

NP growth, suggesting that the MSCs do not grow via coalescence, even at temperature 

as high as 170°C. The strong shoulder around 1.4 Å-1 is due to ODE solvent (not its 

absence in Figure S4-15). 
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Figure S4-11. NP structure factor (SAXS) for 500 and 1000 mM reactions. SAXS 

patterns (colored) and corresponding least-squared fits (light grey is simulated fit; dark 

grey is fitting region, which was 0.095 to 0.13  Å-1 for 1000 mM and 0.105 to 0.14  Å-1 

for 500 mM) to the monodisperse sphere model89 for the (a) 1000 mM and (b) 500 mM 

samples. Selected traces and fits are shown (every 50 min from 0 to ~320 min (from blue 

to red curve)). The fits based on the form factor for monodisperse spheres and resulting 

sizes are a rough approximation for this system for three reasons: (1) the SAXS patterns 

represent the structure factor rather than the form factor because of the high 

concentrations used (as evidenced by the intensity decline at lower Q (0.05-0.10 Å-1) 

while the modeled intensity increases; (2) this cursory fit does not include any particle 

size dispersion; and (3) the SAXS pattern is only measured over a narrow range (0.05-

0.15 Å-1), preventing more complete fitting/modeling of the structure factor. (c) 

Simulated particle size based the spherical form factor fits for all time traces (every 5 

min). The 1000 mM has a delayed onset of particle growth and slower growth rate 

compared to the 500 mM reaction. At early times, the structure factor is dominated by 

the cadmium oleate (blue curves in (a) and (b)). The final size is on par with that 

estimated from the empirical sizing curve 1.6 nm for the MSCs and 2 to 4 nm for NPs 

(Figure S4-1). 
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Figure S4-12. 1000 mM reaction at higher temperature (> 130°C). (a-b) The 1000 mM 

Cd oleate + TOP:S solution was heated from 100 to 170°C at 3°C/min, and held at 170°C 

for 35 min. Heating the solution to elevated temperatures led to the decay of the 

hexagonal mesophase peaks (a) and growth of zinc blende NP at the expense of the 

wurtzite-like MSCs. Note: The solution was held at 100°C for 1.5 h prior to the 

experiment due to beam stability issues, during this time the reactions slow preceded, as 

indicated by mesophase and CdS peak at 100°C. (c-d) Same 1000 mM Cd oleate and 

TOP:S solution ramped from 80 to 170°C at 3 3°C/min, but not held at 170°C (or initially 

at 100°C for a prolong period of time). 
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Figure S4-13.  Heating MSCs in ODE (100 mg/mL; SAXSWAXS). Cleaned MSCs were 

resuspended in ODE, forming a viscous gel. The solution was heated from 70 to 170°C 

at 3°C/min ramp rate. (a) The mesophase peaks (SAXS) are not observed in the SAXS, 

but the viscous nature of the solution suggest it is still fibrous, potentially from 

unbundling the mesophase. (b) CdS diffraction (WAXS) does not change significantly 

upon heating. Specifically, no sharp peaks are observed to indicate NP growth, 

suggesting that the MSCs do not grow via coalescence, even at temperature as high as 

170°C. The strong shoulder around 1.4 Å-1 is due to ODE solvent (note its absence in 

Figure S4-15). 

 

 

 

 

Figure S4-14. Dynamic light scattering of resuspended MSCs. Cleaned MSCs were 

resuspended in hexane (hex.) and ODE. The 1 mg/mL MSC in hexane (blue curve) have 

a good fit, and shows large aggregates (100’s nm). The 5 mg/mL in hexane and 1 mg/mL 

in ODE samples gave poor fits due to large polydispersity and aggregation with time. 

Nevertheless, the light scattering indicates that large aggregates are present in cleaned 

and resuspended solution. These aggregates likely contribute to the viscous and gel-like 

behavior of the MSC solutions. Note: The aggregates sizes are approximates due to the 

increased solution viscosity relative to the neat solvent viscosity, and large 

polydispersity. 
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Figure S4-15. Heating solid MSCs (SAXS/WAXS). The solution was heated from 100 to 

200°C at 3°C/min ramp rate. (a) The mesophase peaks (SAXS) is stable upon heating 

and expand by ~3% in d-spacing over the 100°C range. (b) CdS diffraction WAXS does 

not change significantly upon heating. Above 180°C, there is a slight increase in a zinc 

blende peak (3.0 Å-1). This result suggests that heating the solid (with minimal MSC 

mobility) does not lead to significant growth, but some growth likely via coalescence 

may be possible above 180°C. 

 

Figure S4-16.  MSC-to-NP Crossover. (a) Absorbance for a series of reactions at 130°C 

for 1 h at various concentrations. The 500 and 1000 mM are 1 h point from Figure S4-

1. All concentrations ≥ 200 mM form MSCs. Inset: 20 times magnification of NP peaks. 

(b) Purity of MSCs as function of concentration. The free acid concentration is calculated 

as amount of free acid over that total amount of free acid and oleate. The ratio of Acid/Cd 

is inverse proportional to concentration: Acid/Cd ratio = 3169/Conc[mM]. 
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Figure S4-17. 100 mM preparation methods. To dilute the 1000 mM three different 

combinations are possible: (1) prepared concentrated and dilute in non-coordinating 

solvent (i.e., ODE) (“green” curve, 140°C), (2) prepared dilute with fixed acid to Cd 

ratio (3:1 with balanced ODE) (“blue” curve, 160°C), and (3) prepared dilute with pure 

oleic acid (“red” curve, 200°C). The solution was heated until a color/turbidity change 

was observed. (a) Absorbance vs. wavelength. (b) Tauc plot to determine NP peak 

position. The NP peak is at 369, 383, 458 nm for conditions (1), (2), and (3), respectively 

(values in eV are 2.71, 3.23, and 3.36). The purity between MSCs and NPs was 

calculated using Peng et al.34 sizing curve and extinction coefficient (see Calculations). 

The purity for the three conditions was 73, 80, and 0%, respectively. The sizes are 2.5, 

2.9, and 5.6 nm, respectively. The results for case 2 and 3 are consistent with Peng et al. 

that demonstrated excess oleic acid causes Ostwald ripening based growth, whereas case 

1 indicates that the concentrated cadmium oleate precursors creates an inherently 

different synthesis environment. This difference is likely due to the formation of 

cadmium oleate coordination polymers, which is favored by enhanced precursor-

precursor interactions at high concentrations as compared to dilute conditions. All 

spectra are for as-synthesized (uncleaned) clusters. The variety of ways to create a dilute 

(100 mM) solution highlights a key different between high concentration and dilute 

synthesis, namely the variety of different species interactions. High precursor 

concentrations reduce the variety of species in solution, promoting precursor-precursor 

interactions over precursor-solvent or –surfactant interactions. Specifically, 1000 mM 

cadmium oleate has an overall 3:1 acid to Cd ratio, or 1 mol cadmium oleate (i.e., 2 mol 

acid per mol Cd) to 1 mol free oleic acid. At higher concentrations (1500 mM cadmium 

oleate, ~2:1 oleic acid:Cd), the solution is only cadmium oleate with no free solvent. The 

2500 mM trioctylphosphine sulfide (TOP:S) is a 1:1 ratio of phosphine to sulfide, 

eliminating the effect of free TOP molecules. In contrast, dilute solutions have wide 

variety of species in solution and less precursor-precursor interactions. Overall, the high 

concentrations refine the NP synthesis environment by maximizing the amount of 

precursor-precursor interactions while minimizing the amount precursor to solvent 

and/or free ligand interactions. 
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Figure S4-18. Cd:S precursor stoichiometry. As-synthesized (uncleaned) 1000 mM 

reaction at 140°C with different precursor stoichiometric ratios, ranging in precursor 

stoichiometry from Cd:S 1:2 to 8:1. In all cases, 324-nm MSCs are formed. 
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Figure S4-19. Comparison of MSCs synthesis using different ligand lengths 

(SAXS/WAXS). The solution was heated from ~80 to ~180°C at 3°C/min ramp rate. In 

all cases, the samples show a micellar peak, form a hexagonal mesophase (along with a 

wurtzite crystal phase) and show ZB peaks (3.0 Å-1) at elevated temperature (150-

180°C). Notably, the erucic and lauric acid based Cd precursors had not melt by 80°C, 

and show lamellar peaks (SAXS), that then fade into a single micellar peak at higher 

temperatures (> 100°C). The following carboxylic acids were investigated (a) oleic acid, 

(b) erucic acid, (c) stearic acid, and (d) lauric acid. Figure S4-20 shows the evolution of 

the peak max peaks position and Figure S4-21 shows a comparison between the four 

acid at 142°C. 
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Figure S4-20. Evolution of mesophase peak with temperature for different ligands. A 

comparison of the maximum peak position and intensity within ~0.01 Å-1 of hexagonal 

first peak (Note: peaks positions farther away than ~0.01 are considered to be zero; 

Figure S4-18 and Table S4-4). At low temperatures, only the erucic and lauric acid 

samples show a peak position because their lamellar phase has not yet melted while the 

oleic and stearic acid have melted into a micelle. The formation temperature for the 

mesophase for all four samples is around 120-150°C as indicated by the rapid increase 

in peak position (green curves) and increase in peak intensity (blue curves). Specifically, 

the oleic, erucic, stearic, and lauric acid samples form MSCs at 127, 137, 122, 151°C. 

At higher temperatures (above 150°C), the stearic acid and oleic acid peak intensity 

begin to decrease, implying the fading away of the mesophase. 
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Figure S4-21. Absorbance of final sample using different ligands. The oleic, stearic, and 

lauric acid based samples all show a 324 nm excitonic peak, and a weaker NP peak (~470 

nm). The stearic and lauric sample did not resuspend well leading to noisy spectra. The 

erucic acid based sample does not show a cluster excitonic peak, but is expected to have 

formed clusters based on the mesophase (Figure S4-19). We hypothesize that the lack of 

a cluster peak is due to subsequent reaction before the acquisition of the absorption 

spectra. All spectra are for as-synthesized clusters, without cleaning. 

 

Figure S4-22. Comparison of MSC mesophase made with different ligands at 142°C. 

Comparison of hexagonal mesophase peaks for MSCs synthesized with different 

carboxylic acid ligands at 142°C (full temperature study shown in Figure S4-19). The 

oleic and stearic give similar d-spacings while the shorter lauric acid and long erucic 

acids give shorter and longer d-spacings (or higher and lower Q values), respectively. 

Notably, d-spacing is much shorter than two ligand lengths suggesting that the ligands 

are likely interdigitated and bent (Figure S4-23 and Table S4-4). 
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Figure S4-23. Schematic of ligand configuration based on mesophase d-spacing. The d-

spacing of the mesophase is less than a two ligand lengths, indicating in contrast to the 

conventional view that the ligands are likely bend and interdigitated (“Emerging View”). 

Table S4-4 provides calculated gap distance between the particles compared to the ligand 

lengths. 
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Figure S4-24. MSC reaction with 1000 mM Cd oleate in various solvents at 130°C 

(SAXS/WAXS). Purified Cd oleate mixed with different solvents rather than the oleic acid 

present during typical concentrated synthesis, namely three coordinating (DDA, TOPO, 

OLA) and one non-coordinating (ODE). (a) SAXS/WAXS of mixture with ODE (a non-

coordinating solvent) shows the formation of hexagonal mesophase and weak CdS 

diffraction peaks. (b) SAXS/WAXS mixture with DDA shows the formation of 

hexagonal mesophase and weak CdS diffraction peaks. (c) SAXS/WAXS mixture with 

TOPO displays the formation of hexagonal mesophase, albeit with low intensity, and 

weak CdS diffraction peaks. (d) SAXS/WAXS mixture with OLA does not show the 

formation of hexagonal mesophase, but does show weak CdS diffraction peaks. 
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Figure S4-25. MSC reaction with 1000 mM Cd oleate in various solvents at 130°C. 

Absorbance of the final uncleaned sample. The ODE, DDA, and TOPO show MSC 

clusters peaks at 313 and/or 324 nm. (Note: 313-nm MSC is the result of prolonged (~1-

2 days) air-exposure on the F324, and is suspected to related to the absorption of 

moisture.) The DDA and TOPO samples also have significant NP peak at ~400 nm. The 

OLA sample shows a MSC peak at ~360 nm33 with a shoulder to the right that may 

indicate NP growth. The reaction times were different between each sample, but 

illustrate the trends of more coordinating solvent promoting NP growth. Reaction times 

for ODE, DDA, TOPO, and OLA samples are approx. 340, 80, 110, and 230 min, 

respectively. All spectra are for as-synthesized (uncleaned) samples. 
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Figure S4-26. MSC reaction with 1000 mM Cd oleate in various solvent—precursor and 

mesophase structure comparison (SAXS/WAXS). (a) Cd oleate precursor structure at 0 

min at 130°C. The OA is the original 1000 mM reaction mixture (with free oleic acid, 

OA). The Cd oleate micelle peak shift to larger d-spacing (smaller Q) for the ODE and 

OLA samples, and to smaller d-spacing (large Q) for TOPO sample. The DDA sample 

d-spacing matches the OA sample. (b) The SAXS pattern at 70 min at 130°C. The OA, 

ODE, DDA samples show a hexagonal mesophase. The TOPO sample shows a small 

peak around the location of the 1Q mesophase peak as well as a steeper slope at low Q 

(< 0.2 Å-1) indicative of larger nanoparticles. The OLA sample does not show a 

mesophase peak, but does show a change in the low Q structure factor (0.1-0.2 Å-1) 

compared to precursor structure (a), likely indicating MSC or NP formation. 

 

Figure S4-27. In-situ 1H NMR at 130°C for 1000 mM reaction. Figure 4-8a shows that 

the total spectral area decreases with time. 
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Figure S4-28.  In-situ 113Cd NMR at 130°C for 1000 mM reaction. Figure 4-8a shows 

that the total spectral area decreases with time. 

 

 

Figure S4-29. Fits to SAXS/WAXS peak evolutions. (a) Cd oleate, (b) CdS formation 

(1.87 Å-1), (d) MSC assembly (first mesophase peak), and (e) the WZ contribution to the 

diffraction are fits to data shown in Figure 4-6. The rates are roughly 10-4 s-1. (c) Fit of 

growth rate based on size determined from the monodisperse spherical form factor fits 

(Figure S4-11). (f) the ZB contribution to the diffraction was not fit because the trend is 

linear, and the intensity is not quantitative. 
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Figure S4-30.  MSC formation rates (ex-situ absorbance). The linear fits (zeroth order 

rates) of the MSC formation (Figure S4-1b and Figure S4-1e). (a) For the 1000 mM, the 

MSC formation rate constant is 2.1×10-6 M s-1 (R2 = 0.977). The rate of formation of 

NPs is near zero. (b) For 500 mM, the MSC formation rate at early times (< 2.7 h) is 

1.6×10-6 M s-1 (R2 = 0.956) and at later times, the MSC depletion rate is -7.3×10-7 M s-1 

(R2 = 0.991). Inset: In 500 mM reaction, the NP formation rate is first order (6×10-4 s-1, 

R2 = 0.974) and plateaus at longer time (> 2 h). 
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Tables 

Table S4-1. Summary of different Cd carboxylate preparation conditions. 

Acid CdO (g) Acid (g) Acid (mL) Ratioa Concentration 

Lauric Acid 1.075 5.0 5.7 3:1 1500 

Stearic Acid 0.708 4.7 5.6 3:1 100 

Erucic Acid 0.543 4.3 5.0 3:1 850 

aRatio is defined as the molar ratio between Cd and Acid (Cd:Acid). 

 

Table S4-2. Preparation conditions for different solvents mixed with Cd oleate. 

Acid CdOA (g) Acid (mL) 2500 M TOP:S Volume 

DDA 0.477 0.312 0.141 

OLA 0.458 0.300 0.136 

ODE 0.452 0.296 0.134 

TOPO 0.448 0.258 0.133 

 

 

Table S4-3. Peak fitting variables for Figure S4-2. 

1000 mM 2 h – Wurtzite 

Q (Å-1) Peak Position (2θ) Intenisty Standard Deviation (Å-1) 

1.75 24.81 0.030 0.10 

1.88 26.70a 0.700 0.06 

2.01 28.50b 0.350 0.16 

2.70 38.62c 0.125 0.14 

3.03 43.68 0.205 0.14 

3.33 48.30d 0.265 0.13 

3.56 51.83 0.075 0.13 

Average Sherrer Size = 2.2±0.9 nm 

 

1000 mM 5 h – Zinc Blende 

Q (Å-1) Peak Position (2θ) Intenisty Standard Deviation (Å-1) 

1.87 26.51 0.090 0.09 

2.04 29.00e 0.170 0.12 

3.05 43.96 0.420 0.06 

3.59 52.13 0.340 0.08 

Average Sherrer Size = 3.0±1.0 nm 

Shifted from bulk 2θ based on Cu-Kα source. Bulk peak positions are a26.51, b28.18, 
c36.62,  d47.84, and e30.81 
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Table S4-4. Comparison of mesophase d-spacing and ligand length for different 

carboxylic acid (Figure S4-22). The gap is different between the d-spacing and the cluster 

diameter. The cluster diameter is 1.6 nm based on absorbance.9 The ratio of the 

Gap/(2×Ligand) indicates that the gap is half the distance required for two ligands to be 

full-extended and not overlapping, indicating that the ligands are likely interdigitated and 

bent. Carbon # indicates the number of carbons in the chain. 1Q is the position of the first 

hexagonal peak. 

Acid Carbon # 1st Q (Å-1) 
d-spacing 

(nm) 

Ligand 

Length (nm) 

Gap 

(nm) 

Ligand 

Overlap 

Oleic 18a 0.1856 3.39 2.02 1.79 44% 

Erucic 22a 0.1701 3.70 2.49 2.09 42% 

Stearic 18 0.1831 3.43 2.32 1.83 39% 

Lauric 12 0.2226 2.82 1.57 1.22 39% 

aLigand that possess an unsaturated double bond. 

 

 

 

Table S4-5. Fitting parameters and R2 values for the NMR silencing rate. 

Species Aa k (s-1) ×104 R2 

1H 0.68 0.91 0.991 
13C 0.56 0.95 0.982 
31P 0.83 1.69 0.999 

113Cd 0.35 0.16 0.775 

aFit: 1 – A·(1 – exp–kt) 

 

 

 

Table S4-6. Fitting parameters for in-situ x-ray data: starting at 1 h reaction time. 

 1000 mM Reaction 500 mM Reaction 

 Oleatea MSCb NPc WZd Oleatea MSCb NPc WZd 

Ae 0.83 0.83 1.95 0.87 0.61 0.48 2.58 0.66 

kf 5.20 3.40 0.05 3.10 7.9 2.90 0.05 3.70 

R2 0.998 0.995 0.853 0.996 0.958 0.970 0.989 0.965 
aCadmium oleate component of the fit. bMagic-sized cluster component of the fit. cLarger 

nanoparticle component of the fit, which has the Zinc Blende phase. dWurzite component 

of the fit, which is equivalent to the MSC formation. eFit: 1 – A·(1 – exp–kt). fRate constant 

with units of s-1 and multiplied by 104 
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5.1 Abstract 

Optoelectronic properties of nanoparticles are intimately coupled to the complex 

physiochemical interplay between the inorganic core and the organic ligand shell. Magic-

sized clusters, which are predominately surface atoms, provide a promising avenue to 

clarify these critical surface interactions. Whereas these interactions impact the surface of 

both nanoparticles and magic-sized clusters, we show here that only clusters manifest a 

shift in the excitonic peak by up to 0.4 eV upon solvent or ligand treatment. These results 

highlight the utility of the clusters as a probe of ligand–surface interactions. 

5.2 Introduction 

Magic-sized clusters (MSCs) are an interesting class of nanomaterials by virtue of their 

identical (i.e., monodisperse) size and stoichiometry.1, 2 MSCs refer to clusters that 

maintain a stable atomic configuration, and resist growth by conventional single-atom  
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addition. In contrast, conventional syntheses yield polydisperse ensembles of nanoparticles 

(NPs), with size dispersion of at least 3–5%.3–5 In both cases, ligand and surface chemistry 

are central to controlling particle nucleation, growth, and properties, yet it is difficult to 

definitively study these effects.6–8 For example, the sensitivity of the exciton energy on 

core size (inorganic component)7, 9 or surface ligand (organic component)2, 10 remains an 

outstanding questions in the field. Due to their precise inorganic core and monotypic ligand 
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Figure 5-1. (a) Absorption spectra of high-quality MSCs and NPs. Each family is 

derived from the 324 nm family (F324 or Initial) by a chemical treatment. The alcohol, 

thiol, and amine treatment produce, respectively, the F313, F348, and F360. There is no 

significant change in the excitonic position of the NPs for each treatment. (b) 

Comparison of the shift of the lowest energy excitonic peak relative to the initial sample 

for MSCs and NPs 
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surface, MSCs provide a well-defined and sensitive experimental platform to disentangle 

contributions from core and surface atoms.  

In the case of CdS MSCs, several different cluster families (as defined by their 

excitonic peak position) have been reported previously in literature, namely the F309 

(exciton peak at 309 nm), F313, F324, F348, F360, and F378.2, 11–16 In these reports, 

multiple families and large NPs often co-exist, and the isolation of single families has 

required post-synthesis techniques such as size-selective precipitation.2, 13, 14, 16–19 The 

presence of multiple MSC families convolutes experimental efforts to rigorously study the 

MSC–ligand interaction. 

Using our previously reported method,20 we overcome this challenge and successfully 

isolate several MSC families and thereby gain unique insight into ligand–surface 

interactions. Access to these high-quality materials led us to the discovery that the surface 

chemistry and ligand binding of the clusters is sensitive to the specific MSC family. As 

summarized in Figure 5-1 and Table 5-1, four distinct MSC excitonic peaks have different 

ligands and/or surface arrangements. Notably, we find that the MSCs excitonic peak shifts 

in response to chemical treatments and that there is a concomitant change in surface 

chemistry. In contrast, the excitonic peaks of larger NPs are insensitive to chemical 

treatment, even though the surface chemistry changes. Whereas previous reports of CdSe 

MSCs showed small shifts (10’s meV) in excitonic peak (or electronic structure) of the 

clusters upon ligand exchange,7, 10, 21 we observe up to 400 meV shifts upon chemical 

treatment. These results provide new insights into size- and structure-dependent optical 

properties of MSCs, their distinct differences compared to larger NPs, and avenues to probe 

ligand–surface interactions and to control MSCs property via surface modification. 
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5.3 Results  

We synthesize MSCs with a single, narrow absorption peak (the full width at half 

maximum (FWHM) ≈ 7.5 nm or 87 meV) at 324 nm (labeled F324 hereafter) (Figure 5-1, 

black curve). By comparison, conventional high-quality CdS NPs have larger peak widths 

in the range of 18–22 nm or 130–200 meV (for NPs with excitonic peaks between 360–

450 nm).15, 22, 23 When our single-species F324 is chemically treated with ligands or solvent, 

the F324 converts to other CdS MSC families. Specifically, we demonstrate the conversion 

of F324 MSCs into three distinct families: F313, F348, and F360 (see Figure 5-1, Table 5-

1, and Supporting Information). These derivative MSC families are also characterized by 

narrow absorption peaks (FWHM ≈ 110 meV, see Table S5-1 and Figure S5-1). The ability 

to distinctly switch between two MSC families is, to our knowledge, unique to our isolated 

CdS MSCs. 

To compare the solvent and ligand treatments of MSCs to conventional NPs, we 

synthesize NPs (peak at 450 nm, FWHM 145 meV or 24 nm, diameter 5.3±0.4 nm) using  

Table 5-1. Summary of diameter, phase, and compositional analysis of MSC familiesa 

  Size (nm) Composition (mol%)   

Family 
Chemical 

Treatment 
Abs XRD TEM Cd S Ligand Formula Unitb,c Phase 

F313 Alcohol 1.5 2.1 0.7 38.7 20.2 41.1 [(CdS)Cd(OA)2]x Cubic 

F324 Initial 1.6 2.0 0.6 38.3 19.2 42.5 [(CdS)Cd(OA)2]x Hex. 

F348 Thiol 2.0 1.9 1.1 38.7d 18.7d 42.6d [(CdS)Cd(DDT)2]x Cubic 

F360 Amine 2.3 1.8 2.5 18.3 15.8 65.8 [CdS(Am)2]x Cubic 

aAnalysis and uncertainties are provided in the Supporting Information. bBecause of uncertainty in cluster 

size and density, there is not a clear way to assign a precise cluster formula. cOA is oleic acid, DDT is 

dodecanethiol, and Am is butylamine. dSince ICP counts both sulfur in the core and from thiol, we 

subtracted 1 mole of S per ligand. 
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the method described by Yu and Peng.22 Consistent with previous reports,22 we find that 

the synthesis product contains a trace of MSCs (Figure S5-1). To match the MSC ligand 

treatment conditions, we conserve the ratio of ligands/surface sites and ligand/surface area 

between NPs and MSCs (see Supporting Information). Interestingly, the NP excitonic 

peaks are insensitive to the chemical treatments and ligand exchange (Figure 5-1). In 

contrast, chemical treatment of MSCs can shift the excitonic peak up to 400 meV. 

To explain the mechanism underlying the shift in excitonic peak upon chemical 

treatment, we considered three alternate hypotheses related to changes in the cluster: (1) 

core size, (2) surface chemistry, and/or (3) core structure (Figure 5-2).  

To probe whether the conversion between different MSC families corresponds to 

differences in cluster size, we analyzed the size using an established ‘sizing-curve’ by Yu 

and Peng24 transmission electron microscopy, and X-ray diffraction (Scherrer) analysis 

(see Supporting Information). We note that this empirical sizing curve has 10–15% 

uncertainty,24 based the experimental error of typical particle measurements. The 

 

Figure 5-2. Alternate hypotheses to explain shifting excitonic peak position in 

nanomaterials. 
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experimental uncertainty of these methods precludes definite size determination: optical 

absorption spectra via sizing curve, XRD and TEM analysis indicate a range of particle 

sizes: 1.5–2.3 nm, 1.8–2.1 nm, and 0.6–2.5 m, respectively (Table 5-1 and Supporting 

Information). The combination of optical absorption, XRD and TEM analysis does not 

permit unambiguous conclusions about possible changes in cluster size; even though, the 

clusters exhibit distinct excitonic shifts upon chemical treatment.  

 We investigate the MSC surface ligand using Fourier transform infrared spectroscopy 

(FTIR). FTIR spectra for F313, F324, F348, and F360 MSCs each show distinct features 
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Figure 5-3. (a) FTIR spectra for chemically treated F324. The asymmetric (as) and 

symmetric (s) of the C–O stretches and C–N stretches have been highlighted. (b) XRD 

pattern of the MSCs. All three chemically treated F324 patterns show predominantly 

zinc blende structure while the initial (black) is wurtzite. The initial (grey) is overlaid 

with the chemically treated patterns to show contrast between phases. PDF standards are 

wurtzite (PDF#00-04-1-1049) and zinc blende (PDF#00-010-0454). 
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that indicate differences in bonding and surface chemistry between the families (Figure 5-

3a, Figure S5-3, and Figure S5-4). The initial F324 is characterized by vibrational stretches 

for an alkenyl =CH stretch (3005 cm−1, see Figure S5-3) and the carboxylate (1400–1550 

cm−1) stretches.25 After the alcohol treatment, the alkenyl =CH and carboxylate stretches 

are still conspicuous, indicating oleate is still present. However, the carboxylate stretches 

shift slightly, which indicates a shift in oleate binding configuration from predominately 

chelating to a combination of chelating and bridging bidentate binding. Thiol treatment 

results in loss of the alkenyl =CH and carboxylate stretches (Figure 5-3a and Figure S5-3, 

ESI†), which indicates the oleate ligands have been removed by thiol. After the amine 

treatment, the C–N (1144 cm−1) stretch emerges and an alkenyl =CH stretch vanishes (3005 

cm−1, Figure S5-3), implying that amines completely exchange or coordinate with the 

surface. The peaks in the 1400–1550 cm−1 region of the amine treated sample agree with 

those in neat butylamine (Fig. S5-4). Thus, the thiol and amine treatments cause complete 

ligand exchange with the surface; whereas the alcohol treatment induces a change in the 

carboxylate ligand configuration. By comparison, the larger NPs exhibit similar changes 

in vibrational stretches upon chemical treatment. Specifically, the amine treatment shows 

a C–N stretch, the alcohol treatment shows alkenyl =CH and carboxylate stretches, which 

are both absent following thiol treatment (Figure S5-3). These results indicate that chemical 

treatments affect the MSCs and NPs surface similarly. Yet, only the MSCs, which are 

predominately composed of surface atoms, manifest a shift in the excitonic peak by up to 

0.4 eV upon treatment highlighting MSCs’ ability to probe ligand–surface interactions.  

Given the small nature of the MSCs, modification in the arrangement of the atoms on 

the surface of the MSC may propagate into the core.26, 27 We used X-ray diffraction (XRD) 
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to identify atomic structure shifts between MSCs. XRD shows broad peaks characteristic 

of small crystallites, and the peak positions for the F313, F348, and F360 generally aligned 

with the peak positions of zinc blende structure (Figure 5-3b). However, the initial F324 

has a significant peak at 2θ ~ 36° corresponding to a (102) wurtzite diffraction, which is 

absent in the other families. This suggests that these chemical treatments may induce a 

wurtzite-to-zinc blende phase transformation. While the phase change may account for the 

shift between F324 and F313, it cannot completely account for the different excitonic peaks 

of F313, F348, and F360 samples.  

We examine the MSC composition using inductively coupled plasma optical emission 

spectrometry (ICP-OES) and thermogravimetric analysis (TGA). The resulting weight 

percentages of Cd, S, and organic ligands are used to calculate a cluster formula and 

composition (Table 5-1 formulas and Supporting Information). Notably, the F313 and 

F324 are statistically identical (within ~5%) with the same composition. The compositional 

analysis of F348 is complicated by the presence of sulfur in both the ligand and core. ICP 

detects sulfur from both the ligand and the core, and shows that two thiol ligands are added 

to the MSC per surface cadmium—effectively adding a sulfur monolayer to the F324. For 

the F360 sample, the amine treatment decreases the Cd/S ratio indicating a loss of cadmium 

atoms, which is consistent with L-promoted Z-type ligand displacement shown by the 

Owen group.6 The loss of cadmium atoms in combination with the red-shift (i.e., increased 

size) remains an outstanding question, requiring further investigation. While aggregation 

may be the cause of the red-shift, because of the lack of peak broadening, the aggregation 

would need to be precise and discrete. This mechanism is possible, but not likely.  
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5.4 Discussion 

Our analysis indicates that the complete and distinct transition between MSC families 

with chemical treatment is dictated by surface chemistry. Specifically, the changes between 

F324 and F313 correspond to changes in ligand configuration and in core structure or 

phase, the F348 corresponds to the addition of a monolayer of sulfur onto the F324 surface, 

and F360 corresponds to the etching of Cd-oleate by amine and a red shift in the excitonic 

peak position. This interpretation suggests that the mixture of MSC families observed in 

literature reflects a diversity of cluster surface chemistries. Thus, these MSC/ligand 

interactions epitomize the essential role of surface-chemistry control to creating MSC 

products.  

The ability to tune electronic properties is a hallmark feature of nanostructured 

materials. Recently, surface chemistry has been explored as tool to fine tune these 

properties.6, 21 Notably, ligand exchange for NPs does not change the absorbance, unless 

strongly conjugated electron-withdrawing ligand that delocalize the exciton are used,28–31 

though it may affect surface passivation.6, 10, 32 There have been a few reports of ligand 

exchange on MSCs.11, 21, 33, 34 Some reports show excitonic shifts based on ligand 

exchange.8, 21, 35, 36 Work by Buhro et al. and Dubertret et al. on CdSe nanobelts or 

nanoplatelets shows excitonic red-shift of 24 nm and 30 nm, respectively, with the addition 

of Cd-oleate or dodecanethiol (i.e., sulfur layer).8, 35 In one case, larger MSCs were 

converted into smaller ones by the addition of alcohol.2, 28 The authors speculated that 

alcohol etches the MSCs into smaller MSCs. Nevertheless, the conversion was incomplete 

and many MSC families co-existed.2, 28 In contrast, we show here that the alcohol treatment 

leads to a complete transformation from F324 to F313. 
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5.5 Conclusion 

In conclusion, we isolate high-quality MSCs and demonstrate that MSCs with discrete 

excitonic peaks are sensitive to chemical treatment. Whereas chemical treatments modify 

the surface chemistry of both NP and MSC, only the latter exhibit a shift in excitonic peak 

by up to 0.4 eV. This result indicates that changes in the optoelectronic properties of MSCs 

(~70% surface atoms) provide a powerful probe to study fundamental physiochemical 

ligand–particle interactions, in a way not possible with larger NPs (~30% surface atoms). 

Many promising directions of future work are enabled by these results including precise 

structural characterization of isolated MSCs (e.g., X-ray analysis, and cryo-TEM/EELS), 

characterization of ligand exchange dynamics at MSC surfaces via NMR-tracked ligand 

titrations, and detailed atomistic (tight-binding) calculations of the underlying structure–

property relationship of MSCs with different ligands. Ultimately, this work opens a new 

avenue to probing these crucial, complex ligand–particle interactions that control both NP 

formation and performance. 
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5.6 Supporting Information 

Materials & Reagents 

The following chemicals were used as received 1-octadecene (ODE, >90%), oleic acid 

(OA, >90%), cadmium oxide (>99.5%), ethyl acetate (99.5%) and elemental sulfur 

(purified by sublimation, particle size~100 mesh) were purchased from Sigma-Aldrich. 

Hexanes (BDH ACS Grade) and ethanol (Ethanol, 200 proof, Anhydrous KOPTEC USP) 

were purchased from VMR International. Tri-noctylphsosphine (TOP, 90%) was 

purchased from Sigma-Aldrich. 1-dodecanethiol (DDT, >98%) from Sigma-Aldrich. 1-

Butylamine (>99%) from Alfa Aesar. 

Methods & Techniques 

Absorption Spectroscopy – Measurements were performed on Ocean Optics USB 2000+ 

UV-Vis spectrometer with a DH-2000-BAL light source. Each sample was background 

subtracted with its respective solvent (hexane or THF). The samples were washed with 

ethyl acetate to remove unreacted or removed ligands/species prior to characterization. 

Integration time for each spectrum was 400 ms and 150 scans were averaged. The particle 

size was estimated from the lowest energy absorption peak using Peng et al.’s sizing 

curve5, which has uncertainty of 10-25%. 

Attenuated Total Reflectance – Fourier Transform Infrared (ATR-FTIR) Spectroscopy – 

Measurements were performed on Thermo Scientific Smart iTR diamond ATR. A 

background scan was collected before each measurement (64 scans), sample scan were an 

average of 64 scans, and resolution was set 4 with a data spacing of 0.482 cm-1. 
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) – ICP-OES was 

measured at the Cornell Soil & Water Laboratory, Cornell University, Ithaca, New York 

on an ICP-OES spectrometer equipped with an argon torch. Cd and S standards were 

prepared in 2% HNO3, and the instrument was calibrated using ICP model: Thermo iCAP 

6500 series. Samples were digested in concentrated nitric acid (~3-50 mg in 4-5 mL), and 

then diluted with 2% nitric acid for analysis. 

Thermogravimetric Analysis (TGA) – Measurements were performed on a TGA Q500 (TA 

Instruments Inc.). All samples were washed with ethyl acetate prior to characterization. 

F324 samples were prepared by added ~1 mg of clusters to a platinum pan to create thin 

film either as a dissolved solution in hexane. Then, the clusters were dried under vacuum 

to remove solvent. The following temperature profile was used 15°C/min ramp from 25°C 

to 700°C. Analysis was performed under nitrogen. Analysis of F324 as a particulate rather 

than thin-film sample led to foaming, which to inaccuracy and noisy in the mass loss curve. 

Transmission Electron Microscopy (TEM) – Analysis was performed on an FEI Tecnai 

T12 transmission electron microscope operating at 120 kV with a LaB6 tip. All samples 

were washed with ethyl acetate and dried in vacuum prior to characterization.  Samples for 

TEM analysis were prepared by placing a drop of MSCs solution in hexane on top of a 

copper grid coated with an amorphous carbon film. Particle counting was done manually 

using ImageJ. A 50 nanoparticle count was used to measure average size and relative size 

distribution. 

X-ray Diffraction (XRD) – Patterns were collected on a Bruker D8 Discover (Cu Kα 

radiation, wavelength 1.54 Å) with a 0.5-mm collimator. All samples were washed with 
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ethyl acetate and dried in vacuum prior to characterization. The powders were analyzed on 

silicon wafer, and spots from the silicon were masked before integration of the 2D x-ray 

image. Scherrer analysis was performed after background subtraction. 

Synthesis of ultra-pure 324 nm family MSC – In a typical synthesis, a 1.0 M solution of 

CdOleate is prepared by mixing 1.28 g of CdO (10.0 mmol) in 10.0 mL of oleic acid (8.95 

g, 31.6 mmol) in a 25 mL round bottom flask. The mixture is heated to 50°C and placed 

under vacuum for 15 min. The mixture is then placed under N2 and heated to 160°C until 

clear with a tan to orange color. The solution is cooled to 100°C and put under vacuum 

until bubbling stops (~1 hr).  The solution is cooled to 50°C (solution may become turbid) 

and placed under N2. The 2.5 M tri-n-octylphosphine sulfide (TOPS) solution is prepared 

in a glovebox by dissolved 0.16 g (5.0 mmol) of elemental sulfur in 2.0 mL of tri-n-

octylphosphine (TOP) in a scintillation vial. The mixture takes ~10 min to dissolve and has 

a yellow-green tint. While dissolving, the mixture releases heat (Precaution: At greater 

volumes (>20 mL solutions), this heating becomes significant and additional precautions 

may become necessary). The TOPS solution is loaded into a 3 mL syringe, removed from 

glovebox, and injected into 1.0 M CdOleate solution at 50°C. The CdOleate and TOPS 

mixture is heated to 140°C within 15 min. Nearing 140°C, the mixture will become 

suddenly more viscous and turbid. The synthesis soaks at 140°C for up to 60 min. The 

reaction is stopped by removing the colloidal mixture from the heating mantle and 

quenching with ethyl acetate (EtAc) in equal parts with reaction volume (~12 mL) in a 

centrifuge tube. The sample is spun at 4400 rpm for 5 min. The supernatant is discarded 

and the precipitate is suspended in hexane (~10 mL). During resuspension, the solution 

gels substantially. Once fully dissolved, the product is again precipitated with EtAc (~10 
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mL) and centrifuged for 5 min at 4400 rpm. The supernatant is discarded and the sample 

is dried under vacuum for 24 hr. This reaction procedure of ultra-pure MSCs has been 

scaled to volumes of 5 – 100 mL with no effect on quality or production rate of MSCs. 

Synthesis of high-quality nanoparticles – The synthesis of high-quality NPs is adopted 

from Peng et al.22 In a typical synthesis, a 0.02 M solution of CdOleate is prepared by 

mixing 0.069 g of CdO in 0.8 mL (0.72 g, 2.5 mmol) oleic acid and 9.2 mL (7.26 g) ODE 

in a 100 mL round bottom flask. The mixture is heated to 50°C and placed under vacuum. 

While under vacuum the mixture is heated to 120°C for 1 hr; after which, the mixture is 

placed under N2 and heated to 300°C (approaching 240°C the mixture will become a clear 

solution). The sulfur solution is prepared by dissolving 0.003 g of elemental sulfur in 1.0 

mL of ODE and heated slightly to dissolve the sulfur. The sulfur solution is loaded into a 

1 mL syringe and rapidly injected into the CdOleate mixture at 300°C. After 3 min the 

mixture is quickly cooled to 200°C and then quenched to room temperature with ~20 mL 

EtAc. The colloidal suspension is added to 4 50-mL centrifuge tubes and EtAc is added to 

each tube until solution becomes turbid (~ 45 mL of EtAc to 3 mL of reaction solution). 

The centrifuge tubes are spun at 8800 rpm for 15 min to maximize collection of NP product. 

The supernatant is discarded and the precipitated is combined and suspended in a total of 

0.5 mL of hexane. The solution is again precipitated with EtAc (~45 mL) and spun at 8800 

rpm for 15 min. The supernatant is discarded and the product is dried under vacuum.  

Additional Comments: 

• Total approximate anti-solvent for dilute NP synthesis is ~ 300 mL of solvent for 

15 mg of product. 

• Total approximate anti-solvent for concentration MSC synthesis is ~20 mL solvent 

for 1000 mg of product. 
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Ligand Treatment Conditions – We consider several ways to match the ligand treatment 

conditions between the MSCs and NPs because of their fundamental different sizes. The 

true identical treatment condition between MSCs and NPs is to have identical ratio of added 

ligand to ligand sites. We approximate the number of surface sites per sample using two 

methods (Table S5-1): total surface area of the species and total number atoms in within 

the distance of a Cd-S bond of the surface. The second method was previously used by 

Bawendi and Murry groups to estimate surface sites.37, 38 Based on propagation of error 

analysis, samples with the same total mass of MSCs and NPs have the same total inorganic 

surface area and same total surface sites between the MSCs and the NPs samples. The 

largest source of uncertainty in these calculations is the uncertainty of an empirical sizing 

curve that was used to determine the particle size (reported sizing curve uncertainty: 10-

15%24). This is the large source of uncertainty; even though, we used the lower limit (e.g., 

best case scenario uncertainty) of the sizing curve uncertainty (i.e., 10%). 

Chemical treatment of MSCs and NPs with alcohol  

MSC – To transform the 324 nm family (F324) into a 313 nm family (F313), 4 mg of F324 

and 0.5 mL of ethanol (EtOH) is added to a scintillation vial. The mixture is stirred at room 

temperature (in air) for 24 hrs. Over 24 hrs, the resin-like F324 sample breaks down into a 

fine white powder as it converts into F313. To remove the ethanol, the mixture is 

centrifuged at 4400 rpm for 5 min. The supernatant is discarded and the precipitate is dried 

under vacuum for 24 hr. The product is suspended in THF (sample is turbid in alkanes) for 

absorption spectroscopy. The use of THF rather than hexane as a solvent does not change 

the MSC excitonic peak position, rather it merely reduces scattering due to aggregation. If 
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residual alcohol is still present, there is a broad 348 peak in the absorption spectrum. The 

dried product is used for FTIR analysis. 

NP – 4 mg of NPs and 0.5 mL of EtOH is added to a scintillation vial. The mixture is 

stirred at room temperature (in air) for 24 hrs. The mixture is centrifuged at 4400 rpm for 

5 min. The supernatant is discarded and the precipitate is dried under vacuum for 24 hr. 

The product is suspended in hexane for absorption spectroscopy. The dried product is used 

for FTIR analysis. 

Chemical treatment of MSCs and NPs with thiol  

MSC – To transform the 324 nm family (F324) into a 348 nm family (F348), 4 mg of F324 

is dissolved in 0.5 mL of octane in a scintillation vial. The mixture is precipitated with 

EtAc (~5 mL) and centrifuged at 4400 rpm for 5 min. The supernatant is discarded and the 

precipitate is dried under vacuum for 24 hr. Once the sample is completely dry, the product 

is a colorless, clear, brittle material with plastic-like texture and does not dissolve in solvent 

(but swells). Absorption spectroscopy is performed prior to drying under vacuum by 

suspending a small fraction of product in THF (sample is turbid in alkanes). The dried 

product is used for FTIR analysis. 

NP – 4 mg of NPs and 0.5 mL of DDT is added to a scintillation vial. The mixture is stirred 

at room temperature (in air) for 1 hr. The mixture is precipitated with EtOH (~100 mL) and 

centrifuged at 8800 rpm for 15 min to maximize collection of NP product (Note: EtAc 

does not precipitate product and EtOH is required, and the use of EtOH for precipitation 

did not affect excitonic peak). The supernatant is discarded and the precipitate is dried 
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under vacuum for 24 hr. The product is suspended in hexane for absorption spectroscopy. 

The dried product is used for FTIR analysis. 

Chemical treatment of MSCs and NPs with amine 

MSC – To transform the 324 nm family (F324) into a 360 nm family (F360), 4 mg of F324 

and 0.5 mL of n-butylamine is added to a scintillation vial. The mixture is stirred at room 

temperature (in air) for 1 hr. The resin-like F324 sample dissolves into a clear fluid solution 

with a green tint. The solution is precipitated with EtAc (~40 mL) and centrifuged at 4400 

rpm for 15 min to maximize collection of the MSC product. The supernatant is discarded 

and the precipitate is dried under vacuum for 24 hr. Once the sample is completely dry, the 

product is a colorless, clear, brittle material and does not readily dissolve in solvents. 

Absorption spectroscopy is performed prior to drying under vacuum by suspending a small 

fraction of product in hexane. The dried product is used for FTIR analysis. 

NP – 4 mg of NPs and 0.5 mL of n-butylamine is added to a scintillation vial. The mixture 

is stirred at room temperature (in air) for 1 hr. The mixture is precipitated with EtOH (~100 

mL) and centrifuged at 8800 rpm for 15 min (Note: EtAc does not precipitate product and 

EtOH is required, and the use of EtOH for precipitation did not affect excitonic peak). The 

supernatant is discarded and the precipitate is dried under vacuum for 24 hr. The product 

is suspended in hexane for absorption spectroscopy. The dried product is used for FTIR 

analysis.  
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Calculations 

Particle size calculation – The size of the MSCs and NPs is determined from its excitonic 

peak position (Table S5-2) using an equation proposed by Peng et al (Eq. 1),24 where D is 

the nanoparticle diameter and λ is the excitonic wavelength.  

Compositional Analysis – To convert ICP determined mass percentages into mole 

percentages the following analysis was used (Table S5-5).  

𝑚𝑜𝑙%𝐶𝑑 =

𝑤𝑡%𝐶𝑑

𝑀𝑤𝐶𝑑
𝑤𝑡%𝐶𝑑

𝑀𝑤𝐶𝑑
+
𝑤𝑡%𝑆

𝑀𝑤𝑆
+
𝑤𝑡%𝑙𝑖𝑔𝑎𝑛𝑑

𝑀𝑤𝑙𝑖𝑔𝑎𝑛𝑑

, 

where wt% is the species mass percent, and Mw is the molecular weight. 

For instance, to calculate the Cd mole percent in the F324 and F313 samples, the 

following equation was used: 

𝑚𝑜𝑙%𝐶𝑑 =

26.03𝑔
112.411𝑔/𝑚𝑜𝑙

26.03𝑔
112.411𝑔/𝑚𝑜𝑙

+
3.66𝑔

32.065𝑔/𝑚𝑜𝑙
+

70.31𝑔
282.46𝑔/𝑚𝑜𝑙

∙ 100 = 38.9𝑚𝑜𝑙% 

For the F348 sample, the S wt% needs to be corrected for thiol sulfur detected by ICP. This 

was accomplished by 1) calculating the mole percent as shown above, but using  the 

molecular weight of DDT less the weight of a sulfur atom, 2) subtracting the mole percent 

of ligands from the mole percent of S (to remove the thiol S from the S mol%) and 3) 

finally re-scaling the mole percentages to total 100%.  

 

Scherrer Analysis – The crystallite size is calculated with the following: 

 𝐷 = −6.65 × 10−8𝜆3 + 1.96 × 10−4𝜆2 − 9.24 × 10−2𝜆 + 13.29 (1) 

 𝐷 = −6.65 × 10−8(324)3 + 1.96 × 10−4(324)2 − 9.24 × 10−2(324) + 13.29 = 1.64 𝑛𝑚  (1s) 
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𝑑𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
, 

where K is shape factor (0.94), λ is X-ray wavelength (1.54 Å), β is line broadening 

(FWHM) minus the instrument line broadening (0.005236) in radian, and θ is the angle of 

the Bragg peak. FWHM is equal to the standard deviation multiplied by a factor of 2.355. 

For example for the first fitted for the initial sample (Table S5-6), the Scherrer size is  

𝑑𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 =
0.94 ∙ 0.154𝑛𝑚 

(
4.0° ∙ 𝜋 ∙ 2.355

180 − 0.005236) ∙ cos (
24.8°
2 )

= 0.93𝑛𝑚. 

Calculation of clusters total surface area and sites – This calculations assumes spherical 

particles with bulk inorganic cadmium sulfide molecular weight (144.47 g/mol ) and 

density (4.82 g/cm3), and surface shell or layer, 𝑟𝑆𝑢𝑟𝑓𝑎𝑐𝑒_𝐿𝑎𝑦𝑒𝑟 , equivalent to the distance 

of a  Cd-S bond distance (2.5 Å). Additional values used in the calculations are provided 

in Table S5-7.  

Surface Area – To calculate the total surface area of the mass of nanomaterial, the number 

of particles and their surface area is needed. The surface area is calculated using the surface 

area of a sphere and the particle radium from Peng’s sizing curve.24 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶) = 4𝜋𝑟2 

 

The number of particles (𝑁𝑝𝑎𝑟𝑡) is calculated by calculated the total inorganic volume of 

the sample, and volume of an individual MSC or NP. 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒

=
𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 ∙ 𝑀𝑎𝑠𝑠 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶) =
4

3
𝜋𝑟3 

𝑁𝑝𝑎𝑟𝑡 =
𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)
 

Finally, the total surface area can be calculated as follows. 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 𝑁𝑝𝑎𝑟𝑡 ∙  𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶) 

Example 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑀𝑆𝐶) = 4𝜋(
1.6 𝑛𝑚

2
)2 = 8.04 𝑥 10−14𝑐𝑚2 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 =
4𝑚𝑔 ∙ 0.33

4.82 𝑔/𝑐𝑚3
= 2.7𝑥10−4𝑐𝑚3 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑀𝑆𝐶) =
4

3
𝜋(
1.6 𝑛𝑚

2
)3 = 2.14𝑥10−21𝑐𝑚3 

𝑁𝑝𝑎𝑟𝑡 =
2.5𝑥10−4𝑐𝑚3

2.14𝑥10−21𝑐𝑚3
= 1.27𝑥1017 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 = 1.27𝑥1017 ∙  8.04 𝑥 10−14𝑐𝑚2 = ~1000 𝑐𝑚2 

Surface Site – To calculate the number of surface sites, the number of atoms at the surface 

of a particle is needed. This is determined by calculating the volume of the surface layer, 

which is the difference between the volume of NPs or MSCs and the volume of that particle 

excluding the surface layer.37, 38  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 =
4

3
𝜋(𝑟 − 𝑟𝑆𝑢𝑟𝑓𝑎𝑐𝑒 )

3 
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Where r is the particle radius and 𝑟𝑆𝑢𝑟𝑓𝑎𝑐𝑒_𝐿𝑎𝑦𝑒𝑟  is the thickness of the surface layer (i.e., 

that is the Cd-S bond distance). 

The volume of occupied by the surface layer is calculated as the difference between the 

total spherical volume and spherical volume of the species excluding the surface layer. 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 

= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 

− 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒  

From the volume of the surface layer, the total number of surface atoms is calculated. 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑎𝑑𝑚𝑖𝑢𝑚 𝑆𝑢𝑙𝑓𝑖𝑑𝑒 𝑎𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)

=
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 ∙ 𝐵𝑢𝑙𝑘 𝐶𝑑𝑆 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝐶𝑑𝑆
 

Finally, the total number of surface sites in the mass of nanomaterial sample is calculated 

as follows. 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑆𝑖𝑡𝑒𝑠 = 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑎𝑑𝑚𝑖𝑢𝑚 𝑆𝑢𝑙𝑓𝑖𝑑𝑒 𝑎𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ∙ 𝑁𝑝𝑎𝑟𝑡 

Example 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 =
4

3
𝜋(
1.6 𝑛𝑚

2
− 0.25𝑛𝑚)3 = 6.97𝑥10−22 𝑐𝑚3 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 

= 2.14𝑥10−21𝑐𝑚3 − 6.97𝑥10−22𝑐𝑚3 = 1.4 𝑥10−21 𝑐𝑚3 
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𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑎𝑑𝑚𝑖𝑢𝑚 𝑆𝑢𝑙𝑓𝑖𝑑𝑒 𝑎𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 =
1.4𝑥10−21𝑐𝑚3 ∙ 4.82𝑔/𝑐𝑚3

144.47 g/mol

= 4.8 𝑥10−23𝑚𝑜𝑙 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑆𝑖𝑡𝑒𝑠 = 4.8 𝑥10−23𝑚𝑜𝑙 ∙ 1.27 ∗ 1017 = ~6.1 𝜇𝑚𝑜𝑙 

Surface Fraction – To estimate the fraction of atoms on the surface, we compare the 

volume of the surface layer to the volume of the total particle 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑡𝑜𝑚𝑠 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠
 

Example 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑡𝑜𝑚𝑠 (𝑀𝑆𝐶) =
1.4 𝑥10−21 𝑐𝑚3

2.14𝑥10−21𝑐𝑚3
= ~0.68 
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 Figures 

 

Figure S5-1.  Absorption spectra for each MSC family (a-d) and the initial NP spectrum. 

All spectra are fitted with 3 normal distribution functions. See Table S5-2 for fitting 

parameters. 

 

 

Figure S5-2. TEM images of the MSCs at two different magnifications. The top row 

shows the presence of MSCs and the bottom row illustrates the difficulty in the imaging 

of MSCs. The size and size distribution are reported in Table S5-3. 

 

AlcoholInitial

40 nm

10 nm

Thiol Amine
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Figure S5-3. Full FTIR spectra for chemically treated MSCs (red) and NPs (blue). The 

alcohol treated MSC is the F313, the untreated MSC is the F324, the thiol treated is the 

F348, and the amine treated is the F360. Key peaks (a-j) are labeled in each spectrum 

and the values and ranges are reported in Table S5-4. 
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Figure S5-4. Full FTIR reference spectra for the reaction precursors (i.e. oleic acid, Cd-

oleate and TOPS) and chemical treatment liquids (DDT and n-butylamine). Key peaks 

are labeled in each spectrum and the values and ranges are reported in are in Table S5-

4. The broad base between 2400-3400 cm-1 of the oleic acid and Cd-oleate are due to O-

H stretches (j). 

 

 

Figure S5-5. TGA scan of MSCs and NPs (Initial sample) to determine the inorganic 

mass fraction, which is 33 and 48 wt%, respectively. 
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Figure S5-5.  XRD patterns of MSCs. Each pattern is fit with eight normal distribution 

functions (Table S5-6) corresponding to the bulk peak positions and 2 float peaks 

possibly associated with the organics. 
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Tables 

Table S5-1. Comparison of the calculated total inorganic surface area and total surface 

sites available within the total mass of MSC and NP samples that were treated with 

ligands. The uncertainty is calculated using standard propagation of error analysis, and 

the values used the in calculations are provided in the sample calculations section. 

Species Mass (mg) 
Surface Area 

(cm2) 

Surface Sites 

(µmol) 

Fraction of 

Surface Atoms 

MSCs 4±1 10,000±4,500 6±3 0.68 

NPs 4±1 4,500±2,000 3±2 0.26 

 

 

Table S5-2. Fitting parameters to the absorption spectra above in Figure S5-1. The 

normal-distribution function has 3-fitting parameters: the mean (peak position), the 

standard deviation (std. dev.), and a scalar. The FWHM is related to the size standard. 

deviation (std. dev.) by multiplying a factor of 2√2ln (2). 

1st Peak 

Species Peak (nm) FWHM (nm) Std. Dev. (nm) Intesity 

F313 313.1 8.1 3.46  7.3 

F324 323.8 8.0 3.40  7.0 

F348 348.9 13.9 5.90 12.0 

F360 360 .2 13.0 5.50  12.3 

NPs 450.0  25.0 10.6  24.3 

2nd Peak 

Species Peak (nm) Std. Dev. (nm) Intesity 

F313 307.5  6.0  4.0 

F324 318.0  6.7  4.0 

F348 339.5  6.0  5.5 

F360 348.0  8.5  6.1 

NPs 422.6  12.0  29.4 

3rd Peak 

Species Peak (nm) Std. Dev. (nm) Intesity 

F313 290.0 6.0 0.6 

F324 296.0 8.0 1.6 

F348 318.2  12.5  20.6 

F360 321.5  12.5  26.8 

NPs 394.0  12.5  40.6 
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Table S5-3. Analysis of TEM images of the bottom row in Figure S5-2. The mean size 

and size distribution are determined using a normal distribution function on a count of 50 

particles. The relative size distribution is a ratio of the size distribution to the mean 

particle size. 

Species 
Mean Size 

(nm) 

Size Distribution 

(nm) 

Relative Size 

Distribution (%) 

Pixel Resolution 

(nm/pixel) 

F313 0.7 0.1 14.3 0.1 

F324 0.6 0.1 16.7 0.2 

F348 1.1 0.2 18.2 0.2 

F360 2.5 0.3 12.0 0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

207 

 

Table S5-4. Peak positions for selected peaks in FTIR spectra of MSCs, NPs, and control 

materials for Figure S5-4. All values in the table are reported in cm-1. Symmetric and 

asymmetric stretches are denoted by s and as, respectively. Stretches that are not present 

in the spectra are identified by n.a. (not applicable). 

Magic-sized Cluster 

Graph 

Label 

Chemical 

Stretch 
Alcohol Initial Thiol Amine Literature 

a C-S n.a. n.a. 803 n.a. 585-750 

b C-N n.a. n.a. n.a. 1144 1020-1090 

c C-O (s) 1419 1436 n.a. 1407 1350-1450 

d C-O (as) 1541 1524 n.a. 1553 1525-1650 

e C=O 1705a 1655b n.a. n.a. 1710 

f S-H n.a. n.a. n.a. n.a. 2560-2590 

g C=C 3005 3005 n.a. 3005 3000-3040 

h N-H (s) n.a. n.a. n.a. 3157 3300-3250 

i N-H (as) n.a. n.a. n.a. 3257 3400-3330 

j O-H 3330a 3330b n.a. n.a. 3200-3570 

Nanoparticle 

Graph 

Label 

Chemical 

Stretch 
Alcohol Initial Thiol Amine Literature 

a C-S n.a. n.a. 803 n.a. 585-750 

b C-N n.a. n.a. n.a. 1144 1020-1090 

c C-O (s) 1435 1435 n.a. 1435 1350-1450 

d C-O (as) 1533 1533 n.a. 1538 1525-1650 

e C=O n.a. n.a. n.a. n.a. 1710 

f S-H n.a. n.a. n.a. n.a. 2560-2590 

g C=C 3005 3005 n.a. n.a. 3000-3040 

h N-H (s) n.a. n.a. n.a. 3157 3300-3250 

i N-H (as) n.a. n.a. n.a. 3257 3400-3330 

j O-H 3300a 3300a 3300b n.a. 3200-3570 

Control Materials 

Graph 

Label 

Chemical 

Stretch 
CdOleate Oleic Acid Dodecane-

thiol 

Butyl-

amine Literature 

a C-S n.a. n.a. n.a. n.a. 585-750 

b C-N n.a. n.a. n.a. 1120 1020-1090 

c C-O (s) 1421 1435 n.a. n.a. 1350-1450 

d C-O (as) 1542 n.a. n.a. n.a. 1525-1650 

e C=O 1682/1710 1708 n.a. n.a. 1710 

f S-H n.a. n.a. n.a. n.a. 2560-2590 

g C=C 3004 3005 n.a. n.a. 3000-3040 

h N-H (s) n.a. n.a. n.a. 3290 3300-3250 

i N-H (as) n.a. n.a. n.a. 3365 3400-3330 

j O-H n.a. 3100a n.a. n.a. 3200-3570 
  a Broad peak. b Trace and broad peak 
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Table S5-5. Compositional analysis of MSCs (core Cd and S and Ligand) in mass and 

mole percent. Values are based on ICP-OES and TGA analysis (Calculations). Error 

refers to the standard deviation and is determined using propagation of error analysis. 

 Mass Percent (%) Mole Percent (%)  

Species Cd S Liganda Cd S Liganda 
Cd/S 

ratio 

F313 26.2±0.1 3.9±0.1 69.9±0.1 38.7±0.2 20.2±0.3 41.1±0.2 1.91±0.02 

F324 25.5±0.1 3.6±0.1 70.9±0.1 38.3±0.2 19.2±0.3 42.5±0.3 2.00±0.02 

F348b 32.1±0.4 4.4±0.2 63.5±0.9 38.7±0.3 18.7±0.7 42.6±0.5 2.07±0.07 

F360 27.9±0.1 6.9±0.1 65.2±0.2 18.3±0.1 15.8±0.2 65.8±0.6 1.16±0.01 

aThe ligand values from ICP-OES are determined by the balance of mass not accounted 

for by Cd and S for the analyzed MSCs samples. The ICP-OES ligand percentages were 

used in calculations for consistent and to avoid complication due to the thiol sulfur atom, 

potentially not burning off in the TGA. bThe thiol treated sample (F348) analysis was 

completed by the presence of sulfur in ligand. ICP-OES detects both core and thiol sulfur; 

thus the values were corrected to distinguish core S and thiol S. First, the molecular weight 

of DDT less the weight of a sulfur atom was used to calculate the mole percent, then the 

mole percent of ligands was subtracted from mole percent of sulfur, and finally the mole 

percentages were re-scaled to total 100%. Then, the mass percentages were calculated 

from the corrected mole percentages (see Calculations). 
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Table S5-6. XRD peak fitting parameters. Initial F324 is best fit to a wurtzite standard 

(light gray) while other samples are best fit to zinc blende (white) with two additional 

peaks from wurtzite to provide a more accurate fit. Each pattern has two float peaks (dark 

gray) that may be associated with the organics. Scherrer size is the average of the 

crystallite sizes of the fitted peaks (means). 

Species F324 F313 F348 F360 

Mean 1 26.5 26.5 26.5 26.5 

Std. Dev. 1 1.10 1.20 2.30 2.90 

Intensity 1 0.59 0.79 0.57 0.12 

Mean 2 28.2 30.8 30.8 30.8 

Std. Dev. 2 3.00 2.90 2.40 3.30 

Intensity 2 0.60 0.31 0.40 0.33 

Mean 3 36.6 44.0 44.0 44.0 

Std. Dev. 3 2.50 2.50 2.60 2.30 

Intensity 3 0.24 0.36 0.35 0.22 

Mean 4 43.7 52.1 52.1 52.1 

Std. Dev. 4 2.50 1.50 1.50 1.50 

Intensity 4 0.22 0.15 0.15 0.53 

Mean 5 47.8 28.2 28.2 28.2 

Std. Dev. 5 2.30 2.00 1.80 2.00 

Intensity 5 0.28 0.50 0.50 0.63 

Mean 6 51.8 47.8 47.8 47.8 

Std. Dev. 6 1.80 2.50 2.30 2.30 

Intensity 6 0.28 0.48 0.65 0.43 

Mean 7 20.0 20.0 20.0 20.0 

Std. Dev. 7 2.00 1.60 1.70 1.40 

Intensity 7 0.48 0.25 0.71 0.64 

Mean 8 23.3 23.3 23.3 23.3 

Std. Dev. 8 2.00 2.50 1.20 1.00 

Intensity 8 0.55 0.44 0.50 0.40 

Scherrer Size (nm) 2.0±0.9 2.1±0.8 1.9±0.5 1.8±0.6 

 

 

Table S5-7. Values used in the calculations for total surface area and sites. 

Property Value Error Source 

Total Sample Mass (mg) 4 1 - 

Total Chemical Volume (mL) 1.10 1.20 - 

MSC Diameter (nm) 0.59 0.79 Sizing Curve 

NP Diameter (nm) 28.2 30.8 Sizing Curve 

MSC Inorganic Mass Fraction 3.00 2.90 TGA 

NP Inorganic Mass Fraction 0.60 0.31 TGA 
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6.1 Abstract 

Structural transformations in molecules and solids have generally been studied in 

isolation, whereas intermediate systems have eluded characterization. We show that a pair 

of cadmium sulfide (CdS) cluster isomers provides an advantageous experimental platform 

to study isomerization in well-defined, atomically precise systems. The clusters coherently 

interconvert over an ~1–electron volt energy barrier with a 140–milli–electron volt shift in 

their excitonic energy gaps. There is a diffusionless, displacive reconfiguration of the 

inorganic core (solid-solid transformation) with first order (isomerization-like) 

transformation kinetics. Driven by a distortion of the ligand-binding motifs, the presence 

of hydroxyl species changes the surface energy via physisorption, which determines 

“phase” stability in this system. This reaction possesses essential characteristics of both 

solid-solid transformations and molecular isomerizations and bridges these disparate 

length scales. 
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6.2 Introduction 

Phase transitions in solids and molecular isomerizations occupy different extremes for 

structural rearrangements of a set of atoms proceeding along mechanistic pathways. Phase 

transformations are initiated by nucleation events1 that are difficult to define and then 

propagate discontinuously from lattice defects with activated regions smaller than the 

crystalline grains (incoherent transformation).2 Small-molecule isomerization is a discrete 

process, in which the activation volume of the transition state is comparable to the size of 

the molecule (coherent transformation). Studies of isomerization and solid-solid 

transformations have thus far proceeded largely independently. Efforts to identify a system 

bridging these transformations have been made by examining the transformation of 

domains of reduced size, such as nanocrystals. Transformations of nanocrystals (100 to 

10,000 atoms) do not mirror molecular isomerization, in that bulk-like phase transition 

behavior extends to the nanometer-length scale, even down to ~2 nm.2 Here we investigate 

the structural transformations in semiconductor cluster molecules at the boundary between 

molecular isomerizations and solid-solid phase transitions in nanocrystals (Figure 6-1) by 

studying magic-size clusters (MSCs) (~10 to 100 atoms), as prototypical systems. Studies 

of these clusters (diameter < 2 nm) with distinct chemical formulas revealed that the cluster 

structures were strongly influenced by the surface termination.2–5  

Previous work has observed that certain types, or families, of MSCs can be converted 

into other MSCs.5–8 Thus far, however, experiments claiming to have observed structural 

reorganization have been primarily conducted in the solution phase. Clusters in solution 

are free to interact with each other and with unbound surfactants, monomers, or by-

products, and these interactions promote mass transport and etching processes. For  
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example, reports on InP clusters show irreversible structural changes, aggregation, and 

etching in the presence of high concentrations of amines.5 Such cases indicate a loss in the 

products’ compositional integrity and thus that the transformation is not an isomerization. 

Structural transformations have been proposed for the same InP clusters at lower amine 

concentrations5 and in CdS clusters after changes in temperature.6 In the former case, the 

assignment to a structural transformation was made by indirect methods9 based on changes 

in 31P nuclear magnetic resonance shifts. This measurement permitted identification of only 

~20% of the atoms in the cluster, none of which were directly associated with the surface 

ligands, and the experiment did not rule out the possibility of etching. Substantial changes 

in the 31P spectrum were observed in different solvents, bringing into question the 

dynamical stability of InP clusters in solution and, by extension, their status as isolated 

molecules undergoing discrete transformations. For the CdS clusters,6 the kinetics of 

incomplete transformations between cluster types indicated a very high activation energy 

(~3 eV), which is likely too large to account for merely structural reorganization energies 

 

Figure 6-1. Inorganic Isomerization – Isomerization is well established in small organic 

molecules (e.g., the cis-to-trans transformation of azobenzene), whereas bulk inorganic 

solids exhibit phase transformations. Although small in size, nanocrystals follow bulk-

like behavior in their solid-solid transformations. At even smaller length scales, 

inorganic clusters isomerize with molecular- and inorganic solid–like characteristics. 

Red and blue indicate two different structures. 
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and points instead to interparticle interactions. A primary complication of these solution-

phase studies has been the lack of direct characterization of atomic structure, such as x-ray 

total scattering, in the native environment of transformation5, 6 that can be used to identify 

the existence and extent of a structural transformation.9  

 

Figure 6-2. Electronic and structure analysis – (A) Absorption spectra of pristine cluster 

isomers α-Cd37S20 and β-Cd37S20, with excitonic peaks at 324 and 313 nm, respectively. 

The two isomers switch reversibly upon alcohol adsorption and desorption (inset 

schematic and contour plot). The slight deviation between cycles is associated with 

ambient temperature fluctuations. (B) PL and lifetime (inset) of the isomers. (C) 

Synchrotron XRD patterns of α and β isomers referenced to a Cu-Kα source (wavelength 

(λ) = 0.154 nm). Peak positions for the wurtzite (with defining feature at 37°, asterisk) 

and zinc-blende phases of CdS are from the Joint Committee on Powder Diffraction 

Standards card numbers 00-041-1049 and 00−010−0454, respectively. (D) PDFs of the 

α and β isomers. ΔG(r) = Gα(r) – Gβ(r) is the difference in the PDF between the two 

isomers and is largest for core-to-surface atom pair distances. Inset are the fitted 

structures of the α and β isomers with residuals of ~0.18. (E) Radial displacement of 

atoms between the α and β isomer structures with respect to distance from the cluster 

geometric center (X). 
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We demonstrate that a class of MSCs whose local structures can be modeled with a 

composition of Cd37S20 undergoes reversible isomerization between two discrete and stable 

states via a chemically induced, diffusionless transformation. We preserved the 

composition by isolating our clusters in solid films and determined the cluster structures 

(fit residuals < 0.2) through analysis of their x-ray pair distribution functions (PDFs). 

Switching between the isomers was triggered by the absorption-desorption of water or 

alcohol (hydroxyl groups) with an activation barrier of ~1 eV in both directions. This 

chemically induced, reversible transformation has characteristics of both molecular 

isomerization and bulk solid-solid transformations. These clusters are an attractive starting 

point for merging the long- and short-length scale descriptions of such transformations as 

mediated by the external surface energy. 

6.3 Results  

We synthesized high-purity clusters (i.e., single product), characterized by a narrow 

excitonic absorption peak at 324 nm with negligible longer-wavelength absorption, via our 

high concentration method.10 These clusters are stabilized by their mesophase11 and 

immobilized in a thin solid film (Figure 6-2a). We refer to this cluster type as α−Cd37S20. 

After exposure of α−Cd37S20 films to methanol vapor, the exciton (first absorption) peak 

diminished, and a second narrow absorption peak emerged at 313 nm, indicating formation 

of the new species, β−Cd37S20, with an energy gap that is larger by 140 meV. Hereafter, 

only transformations with methanol are discussed in detail, but any hydroxyl-bearing 

species (alcohol or water) can initiate conversion of α to β.  

The β−Cd37S20 could be transformed back to α−Cd37S20 (reversion) by purging the 

methanol and heating the MSC film (> 60°C), and the reversion rate increased with 
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temperature. We demonstrated a high degree of reversibility with four complete 

conversion-reversion cycles (inset of Figure 6-2a) in the MSC isomerization without 

creation of other MSC families or nanocrystals (Figure S6-1d). This behavior in MSCs is 

reminiscent of reversible isomerization reactions, which are well known in small 

molecules.12 We observed that differences in the dielectric environment only weakly alter 

the absorption maximum wavelength and that, indeed, the presence of hydroxyl-bearing 

species exclusively determines the favored isomer under the temperatures applied here. 

α−Cd37S20 may be stabilized at lower temperatures by maintaining an anhydrous 

environment, and β−Cd37S20 may be stabilized at higher temperatures (e.g., up to the 

boiling point of methanol) by maintaining the saturation of hydroxyl-bearing species. The 

stabilization of different MSC forms within a mesophase may have interesting 

consequences for nanoparticle formation once growth (e.g., by oriented attachment) is 

initiated, as mentioned in recent reports.13  

Both MSC isomers had low photoluminescence (PL) quantum yields (2.5%), which 

indicates that nonradiative decay processes dominated at room temperature. Substantial 

emission from the clusters’ electronic transitions was present (Figure 6-2b). The PL decay 

transients could be fit by double exponentials (inset of Figure 6-2b); the lifetimes of the 

slower decay rates are 5.8 and 5.2 ns for α−Cd37S20 and β−Cd37S20, respectively. The 

corresponding nonradiative and radiative rate constants for α−Cd37S20 are therefore 

4.3×106 and 1.7×108 s−1, respectively; for β−Cd37S20 they are 3.3×106 and 1.9×108 s−1, 

respectively (see Supporting Information).  

We analyzed the structure of the isomers by x-ray diffraction (XRD), noting that the 

XRD shoulder at 2Θ ∼ 37°, where 2Θ is the angle between the incident and the diffracted 
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x-ray beam, in the α−Cd37S20 is absent in the β−Cd37S20 (Figure 6-2c). Although the peaks 

are broad, we interpret the a and b isomers as generally having “wurtzite-like” and “zinc 

blende-like” phases, respectively. We resolved the detailed atomic structure of the cluster 

isomers by fitting the PDF derived from the total scattering function [G(r)] using a Monte 

Carlo algorithm (see Supporting Information). The best-fit structures of α and β (residuals 

of ~0.18; Figure S6-2b and Figure S6-2c) were comparable to InP clusters14 (formula unit: 

In37P20), but with the In and P atoms replaced by Cd and S, respectively. PDF analysis is 

an effective tool for atomic modeling that resolves fine features and subtle differences 

between data. Although powerful for low-symmetry and disordered systems, extracting 

atomic positions from PDF analysis and modeling hinges on the accuracy of the initial 

inputs.15, 16 Repeated fitting showed that α− and β−Cd37S20 structures occupied distinct 

energy minima whose separation greatly exceeded possible overlap from thermal 

displacements, so that the clusters’ structures are unambiguously different (Figure S6-2d). 

Simulations including contributions from the organic ligands and the mesophase assembly 

determined that the organic ligand shell does not substantially contribute to scattering 

above Q = 1.5 Å−1, where scattering from the inorganic structure is dominant, so that fitting 

G(r) beyond 2 Å even without organic contributions correctly resolves the positions of Cd 

and S (Figure S6-2b and Figure S6-2c). Our structures have a low symmetry (inset of 

Figure 6-2d), unlike the highly symmetric tetrahedral coordination that has been reported 

for other CdS or CdSe MSCs.16, 17 We hypothesize that our clusters resemble the InP 

structure because our clusters are similarly passivated with only carboxylate ligands, 

whereas previously reported CdS or CdSe clusters are stabilized by amines, thiols, or a 
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mixture of ligands. The representative structures of the clusters are molecular-like but have 

scattering features similar to CdS crystal phases.  

The difference between the α and β PDFs, ΔG(r), indicates changes in the atomic 

positions (Figure 6-2d), for which larger magnitudes signify a greater shift between the 

structures. Although ΔG(r) revealed preservation of the CdS bond lengths [ΔG(r) ≃ 0 

between 2.50 and 2.55 Å], there were appreciable differences in the bond angles [ΔG(r) ≠ 

0 between 4 and 5 Å]. Analysis of our atomic structures indicated an overall broader 

distribution of bond angles in the α−Cd37S20 than the β−Cd37S20 (Figure S6-2e and Figure 

S6-2f). These changes in conformation (atomic orbital overlap) must be the origin of the 

change in the excitonic gap between clusters. The greatest difference between the PDFs of 

the isomers was within the range of 5.5 to 9 Å, a range that corresponds to atomic pairs 

composed of one “core” atom and one “near-surface” atom.  

Beyond an interatomic spacing of 12 Å, the G(r) has oscillations that propagate to 

larger spacings (> 30 Å). These features correspond to preferred inter-cluster orientations 

(diffraction texturing), which are broadened by variations in the cluster-cluster 

orientations.18 Our previous investigation revealed that these clusters form long-range 

assemblies.11 Although texturing or preferred nanograin orientation can create challenges 

in structural analysis by x-rays, these challenges are less substantial in PDF analysis.18–20 

To assign a degree of transformation, we calculated the set of displacements required to 

transform one cluster into the other (Figure 6-2e). The resulting relative displacements 

between isomers increases with radial distance from the cluster’s geometric center. Despite 

the large magnitude of displacement (up to ~30% of the Cd–S bond length for surface 

atoms), the connectivity of α− and β−Cd37S20 does not change. Therefore, the cluster 
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isomerization is primarily displacive, characteristic of a solid-solid transformation, rather 

than reconstructive.  

The Fourier transform infrared (FTIR) spectra of α and β reveal that the isomerization 

stems from changes in the surface structure. We identify the carboxylate asymmetric 

stretches (νas) at 1528 and 1538 cm−1, respectively (Figure 6-3a and Figure 6-3b), and the 

carboxylate symmetric stretches (νs) at 1410 cm−1 for both isomers. The difference (Δ) 

between νas and νs gives the ligand-binding motif: Δ < 140 cm−1 indicates a chelating 

bidentate configuration, and Δ > 140 cm−1 indicates a bridging bidentate configuration 

 

Figure 6-3. Organic surface analysis – (A) FTIR spectra of the carboxyl asymmetric 

(νas) and symmetric (νs) stretches of the α-Cd37S20 and β-Cd37S20 isomers. (B) Schematic 

of the carboxylate stretch vibrations. (C) Observed bidentate carboxylate binding motifs. 

(D) O 1s XPS spectra in the α and β isomers. (E) Schematic of the ligand configuration 

on the isomer surface with chelating bidentate oleate molecules. Methanol (green) 

hydrogen bonds with the oleate ligand to alter the chelating angle, which is larger in β-

Cd37S20 relative to α-Cd37S20. Black, carbon; rose, oxygen; gray, cadmium; dark yellow, 

sulfur; red, α-Cd37S20 cadmium; orange, α-Cd37S20 sulfur; dark blue, β-

Cd37S20 cadmium; light blue, β-Cd37S20 sulfur. Only one oleate is shown per cadmium 

atom for clarity. 
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(Figure 6-3c).21 The dominant ligand configuration in the α and β isomers is the chelating 

bidentate configuration (Δα = 118 cm−1 and Δβ = 128 cm−1), but there is a strong shoulder 

in the νas (1580 cm−1) in the α−Cd37S20 spectrum that points to the presence of some 

bridging ligands (Δ = 170 cm−1).22 Although this shoulder was absent in β−Cd37S20, the 

spectral area of the νas between the isomers is preserved, implying no change in the overall 

ligand number. From the correlation of bond angles from single-crystal diffraction data to 

FTIR spectra for various metal carboxylates (Figure S6-3b), we estimated the change in 

the two sets of bond angles from Δ: The change in the chelating bond angle increased by 

~0.5° upon conversion from α to β, and ligands changing from bridging to chelating 

configuration in the β−Cd37S20 decreased their bond angle by ~2.0°.23, 24 The FTIR results 

indicate that the cluster isomerization is strongly coupled to a change in the ligand binding 

modes. We hypothesize that the modified ligand-binding arrangement on the cluster 

surface is the chemical trigger to the isomerization.  

X-ray photoelectron spectroscopy (XPS) showed that the Cd 3d spectra for α and β 

were not notably different (Figure S6-4a, Table S6-1, and Table S6-2), suggesting little 

interaction of the Cd atoms with adsorbed methanol. However, the O 1s spectrum for 

α−Cd37S20 showed a peak at 531.9 eV, which shifts to 531.7 eV in the β−Cd37S20 spectrum. 

A second peak for β−Cd37S20 was present at 534.2 eV, which is attributed to physisorbed 

methanol (Figure 6-3d). There was no evidence of dissociated methoxy species, which 

would have an O 1s peak at energies eV.25, 26  

In combination, FTIR and XPS analyses indicate that the presence of methanol shifts 

the configuration of ligands bound to the surface of the cluster. Changes in the carboxylate 

angle result in a reconfiguration of Cd and S atoms at the cluster surface, initiating the 
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overall isomerization of the cluster (Figure 6-3e). Control experiments using aprotic 

solvents with strong to weak dielectric constants (acetone to perfluorohexane, respectively) 

(Table S6-3) did not induce a transformation (Figure S6-6a). The β−Cd37S20 is formed after 

the adsorption of methanol on the surface of the cluster, which arises via hydrogen bonding 

with the oleate ligand (Figure 6-3d). Hydrogen bonding, and not changes in the dielectric 

environment, distorts the carboxylate bond angle and initiates the necessary surface 

reconfiguration that induces the cluster isomerization. Interestingly, such a hydroxyl-

triggered phase change in the similarly structured In37P20 cluster (Figure S6-5) was not 

spectroscopically observed.14 Why In37P20 lacked another stable polymorph under 

conditions similar to those applied here is not obvious. We suggest that further 

investigations should identify, with atomic precision, the differences in ligand 

conformation, binding, and density, between In37P20 and Cd37S20.  

The absorption peak of the β−Cd37S20 red shifts to 320 nm (Figure S6-7a) if methanol 

is not present (e.g., in vacuum), forming another species that we term β′−Cd37S20. Re-

exposure to methanol rapidly regenerated β−Cd37S20. The details of the β and β′ spectra 

were otherwise nearly identical, indicating that the β-like structure is metastable at low 

temperatures and that hydroxyl is only required as an initiator. The β-to-β′ transition shows 

that absorbed methanol is not an essential contributor to the electronic structure. Likewise, 

there are no substantial differences between the β and β′ XRD and PDF patterns (Figure 

S6-7d), implying that the desorbed methanol affects the excitonic gap by way of dielectric 

effects.  

Because the spectral overlap between the exciton of α− and β−Cd37S20 was small, we 

performed in situ time-resolved spectroscopy measurements at temperatures of 25° to  
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100°C to extract kinetic rate constants (Figure 6-4a, Figure S6-8a, and Table S6-4) through 

the evolution of the first absorption peak of α−Cd37S20. The isomerization followed first-

order reaction kinetics and had a small transformation hysteresis (inset of Figure 6-4a). For 

α-to-β conversion, we kept the methanol partial pressure saturated; when the methanol 

partial pressure fell, the transformation deviated from first order. In a dry or high-

temperature environment, the reverse transformation was also first order. The Arrhenius 

prefactor, A (Figure 6-4b and Table S6-5), was 3.4×1012 s−1, which corresponds to a 

vibrational frequency of a transformation across the transition state (kBT h−1 = 6.2×1012 s−1 

 

Figure 6-4. Transformation kinetics and thermodynamics – (A) Kinetics of conversion 

and reversion processes. Both are first order: rate = e−kt, where k is the rate constant 

and t is time. Inset is a hysteresis diagram for the transformed fraction at a reaction time 

of 5 min. (B) Arrhenius plot for the transformation kinetics with fits (dashed lines). ln(k), 

natural log of the rate constant. (C) Reaction coordinate diagram of the reversible 

transformation. The Gibbs free energies of the transition state for conversion and 

reversion, ΔGC
‡ and ΔGR

‡
, respectively, are the same. β-Cd37S20 transforms to β′-

Cd37S20 upon removal of adsorbed alcohol with an entropic shift (TΔSads
‡). 
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at 300 K, where kB is the Boltzmann constant, T is temperature, and h is the Planck 

constant) and agrees with measured prefactors for adsorption/desorption and solid-solid 

transformation processes.27, 28 We observed a smaller reversion prefactor (9.3×109 s−1), on 

the order of those observed in some solid-solid transformations.29 Correspondence between 

the kinetic parameters from the optical experiments to those found from in situ diffraction 

confirmed the lack of structural intermediates (Figure S6-8f and Figure S6-8h), as did the 

isosbestic points in the optical absorption (Figure S6-1c).  

The activation energy (Ea) values for the conversion and reversion processes were 

0.99±0.04 and 0.87±0.08 eV (95.5 and 84.0 kJ mol−1), respectively. In comparison, first-

principles calculations have shown that the binding energy of carboxylic acids onto 

(Cd33Se33) is ~0.7 to 1.5 eV, with larger values for binding on higher-index facets.30 

Compared to previously reported energies for a similarly described MSC that was 

unpurified, tested in dilute solutions, and only partially transformed, our activation energies 

are a factor of three smaller and align more closely with common structural transformation 

energies (i.e., solid-solid transformation and isomerization).6 Our lower activation energy 

from more rigorous experiments better agrees with the low degree of local structural 

change during the conversion as inferred from direct characterization methods, such as pair 

distribution analysis.  

6.4 Discussion 

We used the Eyring equation to derive the Gibbs free energy of the transition state, ΔG‡ 

(Table S6-6), and the apparent values for the enthalpy and entropy of the transition state 

(ΔH‡ and ΔS‡, respectively) (Figure 6-4c). The ΔH‡ for the conversion and reversion 

processes are 0.96±0.04 and 0.84±0.07 eV, respectively. The difference in ΔH‡ between 
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the processes may be related to the nonequilibrium desorption of physisorbed methanol in 

the reversion process. To investigate the possibilities of chemisorption and steric 

interactions, we performed the reversion process on β−Cd37S20 produced from alcohols 

with increasing alkyl chain length (Figure S6-8h) and found that ΔG‡ was independent of 

the alcohol. We conclude that the ΔH‡ is predominantly the free energy to relax the 

inorganic core after the change in the chemical potential at the ligand-core interface. 

Because we were unable to isolate the two isomers in coexistence with each other, the 

transformation must be kinetically controlled, and comparison to thermodynamic 

parameters, such as enthalpies of mixing [which are 1000-fold smaller]31 cannot be made. 

The weak temperature dependence implies that the transformation is predominantly 

enthalpic, and the mean difference in ΔS‡ of the transformation (ΔS‡ conversion − ΔS‡ 

reversion) of +0.52 meV K−1 is consistent with H-bonding entropies. As implied by Figure 

6-4c, the α−Cd37S20 structure becomes thermodynamically unstable and converts into 

β−Cd37S20, owing to changes in the surface energy. Removal of the surface-energy 

perturbation by desorption of hydroxyl raises the free energy of β−Cd37S20, likewise 

rendering it thermally unstable and reverting to the α form. 

6.5 Conclusion 

A coherent transition between two clusters implies conservation of binding 

coordination, a single rate constant for the reaction, and simultaneous transformation of the 

entire cluster rather than growth from a nucleation site.2, 32, 33 On the basis of the 

transformation kinetics and the lack of any observable intermediates, the upper bound on 

the lifetime of an intermediate state must be on the order of 10−13 s (see Supporting 

Information), a time scale comparable to bond vibrations33 and the lifetime of molecular 
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transition states;34 additionally, to achieve the same rate of transformation for the MSC in 

an incoherent process, a phase boundary would need to move at a velocity comparable to 

the speed of sound of the bulk material.28, 35 The small atomic displacements shown from 

PDF analysis indicate a structural reconfiguration without a change in coordination 

number. Our experimental kinetics are thus consistent with a coherent atomic displacement 

occurring in a single step across the entire cluster, therefore bridging our understanding of 

molecular isomerization and solid-solid transformation. 
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6.6 Supporting Information 

Notation 

The identification of the Cadmium Sulfide Magic-sized Clusters (MSCs) within the 

supporting information have been labeled differently from the main text of Chapter 6. The 

labeling of the MSCs in the supporting information follows typical semiconductor MSCs 

identification: position of the 1st absorption peak at room temperature. Therefore, the α-

Cd37S20 isomer is a 324 nm MSC family (F324); the β-Cd37S20 isomer is a 313 nm MSC 

family (F313); and the β’-Cd37S20 isomer is a 320 nm MSC family (F320). 

α-Cd37S20 isomer = F324 

β-Cd37S20 isomer = F313 

β’-Cd37S20 isomer = F320 

Materials & Reagents 

The following chemicals were used as received. Oleic acid (OA, 90%), cadmium oxide 

(99.5%), ethyl acetate (≥99.5%), tri-n-octylphsosphine (TOP, 97%), sulfur (purified by 

sublimation, particle size ~100 mesh), hexane (95%, anhydrous), 1-propanol (≥99.5%, 

ACS reagent), 1-octanol (99%), and 2,2,2-trifluoroethanol (>99%, ReagentPlus) were 

purchased from Sigma-Aldrich. Methanol (99.8%, Certified ACS) was purchased from 

Fisher Scientific. Ethanol (200 proof, Anhydrous KOPTEC USP) was from Decon Labs. 

Perfluorohexane (99%) was from Alfa Aesar. Tetrahydrofuran (>99.9%, DriSolve, BHT 

stabilized) and acetone (99.5%, ACS grade) were from EMD Millipore. 
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Methods & Techniques 

UV-Vis Absorption Spectroscopy – Measurements of absorption spectra were performed 

from 200 to 800 nm on an Ocean Optics USB2000+ photodiode spectrometer with a DH-

2000-BAL light source. All kinetic and in-situ absorption spectra were averaged over 25 

scans with an integration time of 200 ms (5 s total), unless otherwise specified. Background 

subtractions were done with an empty FUV quartz cuvette. 

Cryogenic UV-Vis Absorption Spectroscopy – Measurements were performed on a Cary-

5000 spectrometer at a resolution of 0.1 nm using a Janis STVP-100 Optical Cryostat from 

5 to 300 K (ambient). The clusters were measured as a thin film on a CaF2 window. During 

measurement, temperature was within ±0.5 K of the set point. Data at room temperature 

were collected before cooling. After cooling, scans were collected at increasing 

temperature at 5, 10, and 20 K, then at 20 K intervals up to ~300 K. Background 

subtractions were done with a clean CaF2 window at room temperature.   

Fourier-Transform Infrared Spectroscopy – Measurements were performed on a Bruker 

Tensor II spectrometer connected to a Hyperion FTIR microscope with a MIR source and 

KBr broadband beamsplitter. All spectra were collected in a vapor cell with CaF2 windows 

and a 10 kHz scanner velocity. Each spectrum is an average of 10 scans. Background 

subtractions were done with the blank vapor cell. All spectra were collected between 800-

4000 cm-1 with a resolution of 1 cm-1. 

X-ray Scattering – Total scattering measurements were performed at the F2 beamline at 

the Cornell High Energy Synchrotron Source (CHESS) (wavelength=0.20218 Å, 

Energy=61.32 keV, bandwidth=0.25%). Images were collected using a GE Flat Panel 
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detector with a pixel size of 200 x 200 µm and total area of 2048 by 2048 pixels. The 

sample to detector distance was 238.78 mm, as determined from a CeO2 standard. The 

patterns were averaged over 10 scans with 16 s collection time for each frame. Background 

subtraction was done with dark (no beam) and empty (beam present, but no sample) 

images. The averaged images were then integrated using Fit2D36 and normalized to the 

incident beam intensity. Samples were analyzed as solids supported by steel washers. 

X-ray Photoemission Spectroscopy – Measurements were performed on a Surface Science 

Instruments SSX-100 ESCA spectrometer with the following parameters: monochromated 

aluminum Kα source (1486.6 eV), beam spot size 1 mm, analyzer pass energy 50 V, angle 

between the electron energy analyzer and sample normal 55°, and operating pressure lower 

than 2x10-9 Torr. 

X-ray Diffraction – XRD data were collected on a Bruker D8 Discover microbeam 

diffractometer with the following parameters:  Cu Kα source (1.54 Å), 2 mm polycapillary 

collimator, and Vantec-500 area detector. All samples were washed with ethyl acetate and 

dried in vacuum prior to characterization. The powders were analyzed on CaF2 window, 

and spots from the CaF2 were masked before integration of the 2D X-ray image.  The 

integrated data were background subtracted with a single decaying exponential and 

normalized to the peak at ~26° 2θ. 

Fluorescence Spectroscopy – Photoluminescence was measured using an Edinburgh 

Instruments FL920 fluorescence spectrometer in L configuration. The spectrophotometer 

is equipped with steady state and ps pulsed sources (Laser and LED), excitation and 

emission are spectrally filtered through double monochromator to improve signal to noise. 
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Emission is collected by a fast PMT in a single photon counting scheme (SPC). For steady 

state PL the sample is excited by the UV emission of a xenon lamp and the emission was 

scanned. Quantum yield (QY) was measured in a relative method - the emission intensity 

of the sample was measured and compared to emission intensity of a known fluorophore 

(naphthalene), with the same absorption. 

Fluorescence Lifetime – Lifetime measurements were performed in time-correlated single-

photon counting (TCSPC) approach using the spectrometer above with a TCC900 TCSPC 

card. A cuvette containing each of the solutions was excited at a wavelength of 270 nm by 

a picosecond pulsed UV light emitting diode (EPLED-270 Edinburgh Instruments), with 

pulse width of 700 ps and repetition rate of 1 MHz. The excitation power was attenuated 

by a variable neutral density filter. The emission from the sample was collected at a right 

angle, transferred through double monochromators to suppress the fundamental excitation 

light of the laser, and collected using a Hamamatsu R2658P PMT. The instrumental 

resolution function (IRF) of our spectrophotometer results is ~200 ps, with a FWHM ~0.9 

nsec. To define the start of the emission beyond the IRF we fit the data starting around 2.8 

ns. To normalize the data we used a value found from averaging in a window of ~2.7 – 3.1 

ns. An average background was computed by averaging at long times; this was then 

subtracted from the data.  The best fit to the data was with standard biexponential decay 

functions, the shorter time constant is faster than the instrumental resolution (~1.0 ns). 

Preparation of 1.0M Cadmium Oleate (CdOl) – In a 50 mL round bottom flask (RBF) 

connected to a Schlenk line, 1.28 g (10 mmol) of CdO and 10 mL (8.95 g) of oleic acid are 

added. The contents are heated to 50°C and mixed with a 2 cm stir bar at 1000 rpm. At 

50°C, the suspended mixture is placed under vacuum and degassed. When bubbling of the 
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fluid stops, the RBF is placed under N2 gas and the flask is heated to 140°C. The CdO takes 

roughly 1-2 hours, at 140°C, to react completely with the oleic acid and makes a translucent 

and viscous tan-orange solution. Once fully reacted, the solution is cooled to 90°C. At 

90°C, the mixture is placed under vacuum to remove the water produced from the reaction. 

Note: This step is very sensitive to the vapor space and temperature. Below 90°C, the 

mixture is too viscous for bubbles to break and above 100°C, the vapor pressure is too high 

and the solution bumps. While under vacuum and bubbling is under control, the solution 

is heated to 120°C. When bubbling subsides, the flask is cooled to 50°C and placed under 

N2 gas.  

Preparation of 2.5M Tri-n-octyl Phosphine Sulfur (TOPS) – In a 20 mL scintillation vial 

in a glove box, 0.40 g (12.5 mmol) of elemental sulfur and 5.0 mL (4.15 g) of tri-n-octyl 

phosphine are added. The contents are mixed with a 1 cm stir bar at 1000 rpm. Caution: 

Larger quantities (>20 mL) of TOPS produce excessive heat and may require cooling or 

slower addition of tri-n-octyl phosphine to the sulfur. Once fully dissolved, the vial can be 

brought out of the glove box and is air stable. 

F324 Magic-sized Cluster Reaction – While the CdOl solution is at 50°C, 2.0 mL of the 

2.5 M TOPS solution is injected into the 10 mL of 1.0M CdOl solution. The solution is 

mixed for 5 min to ensure a homogenous concentration. Comment: At this point, the 

mixture can be stored in air by cooling to room temperature and used at any time. The 

solution is then heated to 140°C over a 20 min period. Once the temperature reaches 140°C, 

the mixture reacts for 120 min. After which, the reaction is cooled to 100°C and then 

quenched with 10 mL of ethyl acetate, which produces a white precipitate. 
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Conversion Process – The conversion process uses thin films drop cast from a solution of 

F324 dissolved in hexane. A heating stage is heated to a pre-determined temperature and 

allowed 60 min to equilibrate before inserting the F324 thin film. Once the temperature has 

re-equilibrated following insertion, methanol is injected directly to the bottom of the 

cuvette (away from the thin film), which vaporizes and forms a saturated vapor phase. If 

liquid methanol comes in contact with the film or condenses on the thin film, the films 

rapidly become turbid and initiates mass transport processes. Precautions were taken to 

measure and account for partial pressures. The methanol vapor initiates the transformation 

of the thin film, and the absorption spectra are collected at once and every 5 s thereafter. 

See Calculations for interpretation of conversion kinetics. Note: It is crucial that liquid 

methanol does not form on the film as this promotes nanoparticle growth. 

Reversion Process – The conversion process uses thin films drop cast from a solution of 

F313 dissolved in hexane. The heating stage is heated to a pre-determined temperature and 

allowed 60 min to equilibrate before inserting the F313 thin film. The absorption spectrum 

is recorded immediately and every 5 s thereafter. There is rapid peak shifting due to heating 

(see Figure S6-6 for exciton-temperature relation), which decreases substantially after 30 

s. Once exciton shifting subsides, further changes in the absorption spectrum are 

attributable to the reversion process. See Calculations for interpretation of reversion 

kinetics. 

Transformation Cycles – Cycling of the cluster film uses the same protocol for the F324 

film preparation and the transformation protocol for the conversion and reversion 

processes. For the conversion component of the cycling, the F324 film is heated to 59°C 

and exposed to methanol. After 60 min, the film is cooled to room temperature and the 



   

235 

 

absorption spectrum of the F324 is recorded. Methanol is removed by purging with N2 gas, 

then the spectrum of F320 is recorded. For the reversion component of the cycle, the F313 

film is heated to 80°C. After 60 min, the thin film is cooled to room temperature. At room 

temperature, the film is flushed with N2 and the absorption spectrum of the F324 is 

recorded. The conversion and reversion processes described in this section are repeated 

three more times (a total of 4 cycles). The slight shifts in the absorption peak positions are 

thermal shifts due to changes in the ambient temperature of the laboratory (see Figure S6-

6 for exciton-temperature relation). 

Exciton-Temperature Relation – To investigate the effects of temperature on the clusters, 

F324 and F313 were made into thin films on various substrates with optical densities of 

the excitonic peak within the range of 0.4-0.8. For temperatures above ambient (>300 K), 

the cluster films were prepared on fused silica cover slips and placed onto a heating stage. 

The cluster films were exposed to ambient air throughout the heating experiment. The 

thermocouple was placed directly onto the cluster film immediately adjacent to the optical 

path of the spectrometer. See Figure S6-6 for the exciton-temperature relation for 

temperatures above ambient. For temperatures below ambient (<300 K), the cluster films 

were prepared on CaF2 windows (similar to Preparation of F324/F313 films) and inserted 

into a cryostat. The film is placed under vacuum and then filled with helium. The 

absorption spectra were collected using a Cary 5000 spectrometer. The cluster films were 

cooled with helium to 5 K and absorption spectra were recorded every 20 K with an 

equilibration time of 5 min at temperature. Note: The vacuum/helium atmosphere in the 

cryostat causes the F313 to transition to the F320. See Figure S6-6 for the exciton-

temperature relation for temperatures below ambient. 
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Monte Carlo and PDF Analysis – The integrated total scattering data is converted to the 

pair distribution function (PDF) to better resolve differences between the two physical 

structures. The PDF is calculated by following the work and calculations of Billinge et al37–

39 which is briefly described below. There available software package, PDFgetx3, converts 

the experimental integrated scattering data into PDF. However, to give us more flexibility 

with the PDF analysis and the ability to perform reverse Monte-Carlo, we script our own 

code (in MATLAB R2018a) using the work and calculations of Billinge et al. We verify 

the accuracy of our code by comparing our simulated and experimental PDFs to those 

produced by PDFgetx3.  

Here, we describe briefly the steps and calculations used in our PDF analysis. More 

detailed descriptions and information of the steps can be found in the work of Billinge et 

al.37 The experimental integrated x-ray scattering data, 𝐼(𝑄), possesses scattering 

intensities from all sources (e.g., elastic, inelastic, fluorescence). To convert the scattering 

data into the PDF, we first need to convert the 𝐼(𝑄) into the structure function, 𝑆(𝑄), and 

eliminate all other contributions (background) to the scattering intensity that is not the 

coherent elastic scattering of our sample. The scattering intensity, 𝐼(𝑄), may be converted 

into the 𝑆(𝑄), which is a normalization of the scattering intensity with respect to the average 

over all atomic scattering factors, 𝑓(𝑄), in the sample. 

 𝑆(𝑄) − 1 =
𝐼(𝑄)

〈𝑓(𝑄)〉2
−
〈𝑓(𝑄)2〉

〈𝑓(𝑄)〉2
 [i] 

The structure function has an additive correction function applied to the function. Billinge 

et al. proposed that that the experimental structure function, 𝑆𝑚(𝑄), deviates by a slowly 

changing additive factor, 𝛽𝑠(𝑄), from the correct 𝑆(𝑄) as: 
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 𝑆𝑚(𝑄) =  𝑆(𝑄) − 1 + 𝛽𝑠(𝑄) [ii] 

The modified structure function, 𝑆𝑚(𝑄), is then scaled by 𝑄, to produce 𝐹𝑚(𝑄), which 

oscillates around and approaches zero with increasing 𝑄. 

 𝐹𝑚(𝑄) = 𝑄[𝑆(𝑄) − 1] + 𝑄𝛽𝑠(𝑄) [iii] 

To remove the correction factor, 𝛽𝑠(𝑄),  a polynomial function, 𝑃𝑛(𝑄), is subtracted from 

𝐹𝑚(𝑄). 

 𝐹𝑐(𝑄) = 𝐹𝑚(𝑄) − 𝑄𝑃𝑛(𝑄) [iv] 

Where the subscript, 𝑛, is the order of the polynomial fit and is determined by how far the 

scattering data extends into Q-space (𝑄𝑚𝑎𝑥), and by the value below the shortest bond 

lengths in the material (𝑟𝑝𝑜𝑙𝑦), as: 

 𝑛 =
𝑟𝑝𝑜𝑙𝑦𝑄𝑚𝑎𝑥

𝜋
 [v] 

Given that the order of the polynomial fit, 𝑛, in most cases is not an integer, we took the 

average of the two different ordered polynomial functions, 𝑃𝑛(𝑄),with 𝑛 being round to its 

two nearest integers. This average polynomial function is used to produce the 𝐹𝑐(𝑄) that is 

then converted to the PDF, G(r). 

 𝐺(𝑟) =
2

𝜋
∫ 𝐹𝑐(𝑄) sin𝑄𝑟 𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

 [vi] 

We use the following parameters in our PDF analysis: 𝑄𝑚𝑖𝑛 = 1 Å-1, 𝑄𝑚𝑎𝑥 = 16 Å-1, 𝑟𝑝𝑜𝑙𝑦 = 

0.9 Å, 𝑟𝑚𝑖𝑛 = 0 Å, 𝑟𝑚𝑎𝑥 = 40 Å. 𝑄𝑚𝑖𝑛 and 𝑄𝑚𝑎𝑥  are the limits in the range of scattering 

angle included in the Fourier transform to obtain the PDF. The value of 𝑟𝑝𝑜𝑙𝑦 is commonly 
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selected for analysis and is below all bond lengths that would exist in our material. 𝑟𝑚𝑖𝑛 

and 𝑟𝑚𝑎𝑥 are the range of the calculated PDF. 

To determine the 3-D structure of our clusters, we first simulated various x-ray 

diffraction patterns using the Debye scattering equation. Again, we script our own code, 

using MATLAB R2018a, following the works and calculations of Billinge et al.39 The 

scattering intensity profile (XRD) of our structures are calculated from: 

 𝐼(𝑄) =∑∑𝑓𝑖𝑓𝑗
sin𝑄𝑟𝑖𝑗

𝑄𝑟𝑖𝑗
𝑗𝑖

 [vii] 

Where 𝑓𝑖,𝑗 is the atomic scattering factor of atoms i,j and 𝑟𝑖𝑗 is the interatomic distance 

between atoms i and j. The atomic scattering factors are retrieved from an international 

database table.40 The simulated scattering intensity is then converted into the PDF 

following the same protocol as the experimental data, starting with eq. [i].  

We explored a plethora of structures from literature and our own development. The 

structure with the closest resemblance to our experiment integrated intensity data is the 

atomic structure of an InP magic-sized cluster determined from single crystal, by the work 

of Cossairt et al.14 We focus our reverse Monte Carlo and structural analysis around this 

InP structure to find the structure of our cluster isomer. For our analysis, we replaced the 

In atoms with Cd atoms and the P atoms with S atoms. We have provided some analysis 

into a similarly sized CdS tetrahedral cluster, as this structure was the expected structure 

for CdS MSCs by previous reports in the literature.16, 17 The reverse Monte Carlo (reverse 

MC) we employ is an iterative process in which atoms are moved around the structure. 

Each time an atom is moved, the scattering intensity profile, 𝐼(𝑄) is computed and then 
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converted to 𝐺(𝑟) to compare against the experimental data. The simulated 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖) is 

compared to the experimental 𝐺𝑜𝑏𝑠(𝑟𝑖)  through the residuals function:38 

 𝑅𝑤 = √
∑ [𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖)]

2𝑁
𝑖=1

∑ 𝐺𝑜𝑏𝑠
2 (𝑟𝑖)

𝑁
𝑖=1

 [viii] 

We identify completion of the reverse MC when the accepted moves become sparse 

and the residual appears to have plateaued. An accepted move must meet the following 

criteria: 1) the atom being moved does not become unphysical, and 2) the calculated 

residual of the move is less than the previous accepted move. These two simple criteria 

ensure stability in the algorithm and mimic phenomenon similar to a solid-solid 

transformation. An unphysical move is defined as 1) two or more atoms that are separated 

by distances less than an expected bond length for Cd-S (2.54±0.19 Å), and 2) atoms having 

zero bonds (i.e., atoms on the surface are drifting away from the cluster). General 

guidelines by a leading group in the PDF community (Simon Billinge et al.) uses a residual 

value of 0.2 as an upper-boundary; below this value the fits and atomic models are 

accurate.16, 41 For our candidate structures, the residuals from our reverse MC have 

plateaued below this 0.2 threshold, which indicates that our structures are accurate. We 

perform statistics on our structure by running the algorithm multiple times for each cluster 

(Figure S6-2f). 

The organics of our cluster isomers play a large role in the transformation. However, 

the scattering intensity of organic materials is significantly less than that of inorganic 

materials. We have identified a feature that is affiliated with the organic material in our 

clusters. This feature is at ~1.4 Å-1 and relates to the oleate ligand. Unfortunately, it is not 

intuitive in how the ligands are structured in our material. Our approach to factor in the 
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organic contribution to our cluster structure is to simulate the structure (using eq. [vii]) of 

an oleate single crystal42 and then “melt” the structure through thermal broadening (see 

Figure S6-2m and Figure S6-2n). The number of oleates are proportional to the number of 

Cd atoms in our cluster. This 1:1 composition of oleates to Cd was determined in a previous 

report, in which the composition of the clusters is Cd2S(Oleate)2.
4 A thermal broadening, 

Debye-Waller factor, or B-factor can be applied to the Debye scattering equation, which 

artificially broadens the peaks in the simulated diffraction patterns, effectively “melting” 

the structure. The simulated organic 𝐼(𝑄) is added to the cluster 𝐼(𝑄) and then converted to 

PDF. 

The synthesis of these clusters occurs in tandem with the formation of an extended 

mesophase the dominates at small scattering angles (low Q, <1.0 Å-1). This mesophase 

assembly causes slight texturing in the scattering pattern of the clusters depending on the 

sample preparation (pressed/shear) and the scattering techniques (reflection vs 

transmission) (Figure S6-2j). To account for this texturing, we simulated our mesophase 

by simulating multiple clusters within registry of one another, which narrows the peak at 

~1.85 Å-1, and then applied the Debye-Waller factor to vary cluster-cluster orientation. 

Then, we removed the single cluster scattering intensity. The remaining scattering intensity 

is only that of the mesophase assembly, in which the scattering intensity oscillates about 

zero. The sum of the scattering intensity for the mesophase is zero and this is because we 

are not introducing new scattering species. But introducing an interference effect as a result 

of cluster-cluster x-ray interactions. This simulated mesophase 𝐼(𝑄) is added to the 

simulated cluster and organic 𝐼(𝑄) to produce the pattern that appears in Figure S6-2b and 

Figure S6-2c. 
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Calculations 

Gibbs Free Energy – The Gibbs free energy, ∆𝐺‡, of the transition state is defined as 

 ∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡ [1a] 

where ∆𝐻‡ is the enthalpy and ∆𝑆‡ is the entropy of the transition state. We evaluate the 

value of ∆𝐺‡ at each temperature for the conversion and reversion processes to determine 

an average ∆𝐺‡. Since the entropy of both processes are small relative to the enthalpy, the 

value of ∆𝐺‡ is nearly constant. Below is a sample calculation for the reversion process at 

70°C (343 K) and 100°C (373 K). Between the two end points of the reversion process, 

there is a small difference in the ∆𝐺‡. The difference is even smaller in the conversion 

process, since the measured ∆𝑆‡ is nearly zero. 

∆𝐺‡ = 0.84 𝑒𝑉 − 343 𝐾 × (−0.67𝑥10−3
𝑒𝑉

𝐾
) = 1.07 𝑒𝑉 

∆𝐺‡ = 0.84 𝑒𝑉 − 373 𝐾 × (−0.67𝑥10−3
𝑒𝑉

𝐾
) = 1.09 𝑒𝑉 

Interpretation of Transformation Kinetics – The rates of transformation are determined 

from the evolution of the F324 optical density. For each conversion reaction, at t=0 min, 

the absorption spectrum is that of a pure F324 with the optical density of the excitonic peak 

at 0.50±0.10. Likewise, for each reversion reaction, at t=0 min, the absorption spectra is 

that of the pure F320 with the optical density of the excitonic peak at 0.50±0.10. With 

optical densities for the transformation processes being < 1.0, the Beer-Lambert law posits 

a linear relationship of optical density to cluster concentration. This correlation enables 

normalization of the kinetic data between zero and one, such that the normalized optical 

spectrum is equal to the normalized concentration. Since the reaction goes to completion, 
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the evolution of the absorption spectra can be fit with a linear combination of F324 and 

F313 for the conversion, where the sum of the fraction is ~1.0 at any time (Figure S6-8b). 

Similarly, the rate of depletion in the normalized exciton peak of the F324 matches that of 

the spectral fraction of the F324 pure component. The linear combination of pure 

components still holds true for the reversion reaction, so the absorption spectra can be fit 

with a linear combination of F324 and F320, where the sum of the fraction is ~1.0 at any 

time. The data for Figure 6-4a is the spectral fraction, 𝑓324(𝑡), of the F324. We define the 

rate of conversion, 𝑅𝑐𝑜𝑛𝑣, and reversion, 𝑅𝑟𝑒𝑣, as; 

 𝑓324(𝑡) + 𝑓313(𝑡) = 1 [2a] 

 𝑅𝑐𝑜𝑛𝑣 = 𝑓324(𝑡) = 𝑒−𝑘𝑡 [2b] 

 𝑅𝑟𝑒𝑣 = 𝑓324(𝑡) = 1 − 𝑒−𝑘𝑡 [2c] 

where, 𝑘 is the rate constant. For the conversion reaction, there is full separation of 

excitonic peaks of the F324 and F313 for the conversion reaction. The analysis can be 

simplified to the only the decay rate of the F324 peak, since there is no optical contribution 

of the F313 spectra to the F324 excitonic peak position: 

 𝑓324(𝑡) =
𝐹324(𝑡)

𝐹3240
= 𝑒−𝑘𝑡 [2d] 

where 𝐹3240 is the initial optical density of the F324 excitonic peak and 𝐹324(𝑡) is the 

optical density at time 𝑡. 

Radiative and Non-radiative Recombination – Estimation of the MSC radiative and non-

radiative recombination rates can be calculated from their relationship to the MSC quantum 
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yield (QY). The first relationship, eq. [3a], predicts the radiative recombination rate and 

requires knowledge of the excited state lifetime: 

 𝑄𝑌 = 𝛾𝑟𝑎𝑑𝜏𝑒𝑓𝑓 [3a] 

where 𝛾𝑟𝑎𝑑 is the radiative recombination rate and 𝜏𝑒𝑓𝑓 is the effective lifetime. The second 

relationship, eq. [3b], states the quantum yield is the ratio of radiative recombination 

pathway to all other recombination pathways: 

 𝑄𝑌 =  
𝛾𝑟𝑎𝑑

𝛾𝑟𝑎𝑑 + 𝛾𝑛𝑜𝑛𝑟𝑎𝑑
 [3b] 

where 𝛾𝑛𝑜𝑛𝑟𝑎𝑑 is the non-radiative recombination rate. The sample calculations below are 

for the determination of the F313 radiative and non-radiative recombination rates. These 

calculations are the same for the F324. 

𝛾𝑟𝑎𝑑 =
𝑄𝑌

𝜏𝑒𝑓𝑓
= 

0.017

5.2𝑥10−9𝑠
= 3.3𝑥106𝑠−1 

𝛾𝑛𝑜𝑛𝑟𝑎𝑑 =
𝛾𝑟𝑎𝑑(1 − 𝑄𝑌)

𝑄𝑌
= 
3.3𝑥106𝑠−1 × (1 − 0.017)

0.017
= 189𝑥106𝑠−1 

Determination of the number of clusters in optical probe volume – The optically probed 

volume is cylindrical in shape with a height (cuvette thickness), ℎ, of 1.0 cm and a diameter, 

𝐷𝑜𝑝𝑡 = 2𝑟𝑜𝑝𝑡, of 0.5 cm. This corresponds to a volume of 0.79 mL. 

𝑉𝑜𝑝𝑡 = 𝜋𝑟𝑜𝑝𝑡
2 ℎ = 𝜋

(0.5 𝑐𝑚)2

4
× 1.0 𝑐𝑚 = 0.785 𝑐𝑚3 = 0.79 𝑚𝐿 [4a] 
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At a cluster concentration, 𝐶𝑐𝑙𝑢𝑠𝑡𝑒𝑟, of 31 ug of cluster / 1 mL of hexane (31 ug/mL), the 

optical density of the peak at 324 nm is 0.6. The number of clusters can be determined from 

three separate methods.  

Method 1: An approximation for the number of clusters uses an effective bulk 

density, 𝜌𝑒𝑓𝑓, of the cluster, the size of the cluster, and the cluster concentration. The cluster 

radius, 𝑟, is ~0.8 nm. From a previous study of the F313 and F324,4 the inorganic mass 

fraction of the cluster is ~30% and the organic fraction (oleate ligands) is ~70%. 

𝜌𝑒𝑓𝑓 = 𝑓𝑖𝑛𝑜𝑟𝑔𝜌𝐶𝑑𝑆 + 𝑓𝑜𝑟𝑔𝜌𝑂𝑙𝑒𝑎𝑡𝑒 = 0.3 × 4.82 𝑔 ∙ 𝑚𝐿−1 +  0.7 × 0.90 𝑔 ∙ 𝑚𝐿−1

= 2.07  𝑔 ∙ 𝑚𝐿−1 

[4b] 

𝑁 = 
𝐶𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑉𝑜𝑝𝑡
𝜌𝑒𝑓𝑓𝑉𝑐𝑙𝑢𝑠𝑡𝑒𝑟

=
31𝑥10−6𝑔 ∙ 𝑚𝐿−1 × 0.785 𝑚𝐿

2.07 𝑔 ∙ 𝑚𝐿−1 × 4
3
𝜋(0.8𝑥10−7𝑐𝑚)3

= 5.7𝑥1015   [4c] 

Method 2: Using the formula weight of the cluster, Cd37S20(oleate)37 (Cd40S20(oleate)40, 

rounded), and the cluster concentration, we can estimate the number of clusters in the 

optical probe volume. The formula weight of the cluster, 𝐹𝑊,𝑐𝑙𝑢𝑠𝑡𝑒𝑟, is 15,253 g mol-1 

(16,438 g mol-1), which yields 9.6x1014 (8.9x1014) clusters. We determined the formula 

weight of the cluster based on the inorganic composition (Cd37S20) that was used to fit the 

PDF. An earlier investigation on the F324 and F313 clusters showed the inorganic-organic 

composition as [(CdS)(Cd(oleate)2)]x, but the value of x was unknown.4 Combining the 

PDF with the inorganic-organic composition, we expect the formula weight of the cluster 

to be Cd37S20Oleate37. 
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𝑁 =  
𝐶𝑐𝑙𝑢𝑠𝑡𝑒𝑟
𝐹𝑊,𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝑉𝑜𝑝𝑡𝑁𝐴 =
31𝑥10−6𝑔 ∙ 𝑚𝐿−1

15,253 𝑔 ∙ 𝑚𝑜𝑙−1
× 0.785 𝑚𝐿 × 6.022𝑥1023

#

𝑚𝑜𝑙

= 9.6𝑥1014 

[4d] 

Method 3: Using the empirical fitting function from the work by W.  Yu and coworkers,43 

we can estimate the number of clusters from the peak position and optical density of the 

first absorption peak. The diameter of the cluster, 𝐷, is determined by the following 

polynomial,43 

𝐷 =  (−6.65𝑥10−8 )𝜆3  +  (1.96𝑥10−4 )𝜆2  − (9.24𝑥10−2 )𝜆 + (13.29) [4e] 

𝐷 = (−6.65𝑥10−8 ) × (324 𝑛𝑚) 3  +  (1.96𝑥10−4 ) × (324 𝑛𝑚)2  

−  (9.24𝑥10−2 ) × 324𝑛𝑚 + (13.29) =  1.67 𝑛𝑚 
 

where, λ is the wavelength of the first absorption peak. The extinction coefficient, 휀, is 

determined from the cluster diameter by the following polynomial,43 

휀 =  21536 × 𝐷2.3 = 21536 × 1.672.3 = 7.0𝑥104 𝑀−1 ∙ 𝑐𝑚−1 [4f] 

where the units of M are moles of clusters per liter of solvent. The number of clusters can 

be estimated from the Beer-Lambert law, 

𝐴 = 휀𝐶𝐿 [4g] 

where 𝐶 is the cluster concentration and 𝐿 is the path length of the optical beam through 

the sample.  By rewriting 𝐶 in terms of cluster number, 

𝐶 =
𝑁

𝑁𝐴𝑉𝑜𝑝𝑡
 [4h] 



   

246 

 

where 𝑁𝐴 is Avogadro’s Number and solving for 𝑁 in the Beer-Lambert’s law, the number 

of clusters is 4x1015. 

𝑁 =
𝐴

휀𝐿
𝑉𝑜𝑝𝑡𝑁𝐴 [4i] 

𝑁 = 
0.6

7.0𝑥104𝑀−1 ∙ 𝑐𝑚−1 × 1 𝑐𝑚
× 0.785 𝑐𝑚3 × 6.022𝑥1023

#

𝑚𝑜𝑙

= 4.1𝑥1018# ∙
𝑐𝑚3

𝐿
 

 

𝑁 =   4.1𝑥1018# ∙
𝑐𝑚3

𝐿
∙

𝐿

1000 𝑐𝑚3
≅ 4𝑥1015#  

The number of clusters estimated from each method are consistent with each other to within 

the same order of magnitude: 1015 clusters. 

Lifetime Calculation – To estimate the average lifetime of a transforming cluster, we use 

1) the rate constant from the transformation kinetics or 2) the change in optical density, 

which is proportional to the change in the number of clusters, within a given time step. For 

these examples, we use the 70°C conversion experiment with a rate constant kc = 8.0x10-3 

s-1. With an initial optical density of ~0.5 for the first absorption peak, there are ~1015 

clusters. At early times in the conversion process at 70°C, the change in optical 

density, ∆𝑂𝐷𝑡, is ~0.01 per 5 s time step, 𝑡𝑠𝑡𝑒𝑝, for which the fraction of clusters, 𝑓𝑡𝑟𝑎𝑛𝑠, that 

have transformed is 0.002. This change in optical density equates to ~2x1013 clusters that 

have transformed. 

∆𝑁 = 
 ∆𝑂𝐷𝑡
𝑂𝐷

𝑁 = 𝑓𝑡𝑟𝑎𝑛𝑠𝑁 = 0.002 × 1015 = 2.0𝑥1013# [5a] 

Therefore, the average lifetime of the transitioning clusters within this 5 s time step is, 
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𝜏𝑡𝑟𝑎𝑛𝑠,1 = =
𝑡𝑠𝑡𝑒𝑝
∆𝑁

=
5 𝑠

2𝑥1013
= 2.5𝑥10−13𝑠 [5b] 

An alternative approach uses the rate constant of the transformation and the initial number 

of clusters to determine the average lifetime of the transitioning cluster.  

𝜏𝑡𝑟𝑎𝑛𝑠,2 = 
1

𝑁𝑘𝑐
=

1

1015 × 8𝑥10−3𝑠−1
= 1.2𝑥10−13 𝑠 

 
[5c] 

These two approaches yield similar lifetimes for the transforming cluster, and the lifetimes 

are on the order of bond vibration frequencies. Correspondingly, these lifetimes are also 

typical for unimolecular reactions traversing a transition state. Therefore, we suspect the 

clusters do not pass through a metastable intermediate as they transform. Further evidence 

toward this is based on the temporal evolution of the absorption spectra. From the fitting 

of the two pure component spectra for the F324 and F313 and the evolution of the total 

spectral area of the transformation, we can identify if an intermediate has accumulated. 

There is a first order exponential response for the evolution in the fraction of the F324 and 

the F313. We find the sum of these two fractions equate to ~1.0 over the transformation 

processes. Likewise, the normalized total spectral area remains constant (~1.0) when 

summed over the wavelengths 220-350 nm throughout the transformation process (Figure 

S6-8b). These two results indicate a constant cluster number and that the only species are 

F324 and F313. Hence, the clusters do not transition through a metastable intermediate. 
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Figures 

 

Figure S6-1a. Transformation cycle of clusters produced at dilute conditions. The raw 

product of the dilute synthesis is impure and contains large nanocrystals. The MSCs 

were size-selectively precipitated. The size-selective cluster appears to be a pristine F324 

species as in the concentrated synthesis, and F324 synthesized under dilute conditions 

converts to F313 upon exposure to alcohol, but larger nanocrystals are produced in the 

process. Removing the alcohol and heating induces nucleation and growth of more 

nanocrystals. 

 

 

 

Figure S6-1b. Left – Absorption spectrum of a pristine F313 thin film. Middle – 

Absorption spectrum of a pristine F320 thin film. Right – Absorption spectrum of a 

pristine F324 thin film. 
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Figure S6-1c. Ex-situ reversion process of clusters performed in a hexane. Here, F313 

is dissolved in hexane with an initial optical density of 0.39 at 313 nm. The sample is 

placed into a hot oil bath at 70°C. Thereafter the sample is periodically taken out of the 

hot oil bath and rinsed, and its absorption spectrum is recorded at room temperature. The 

sample is heated and cooled repeatedly until complete reversion. The final optical 

density is 0.35 at 324 nm. The difference in optical density between a pure F313 and a 

pure F324 within a closed system would suggest either a change in cluster concentration 

or a change in extinction coefficient. Given that the difference in the optical densities of 

the excitonic peak is small (~0.04), a bimolecular collision of F313 clusters cannot 

produce the F324 cluster. Therefore, we attribute the difference in optical density to a 

change in extinction coefficient with a constant cluster concentration. The presence of 

multiple isosbestic (i.e., 299 nm and 318 nm) indicate a conversion between only 2 

species. 
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Figure S6-1d.  Left – Waterfall plot of the absorption spectra for the transformation 

cycle (Figure 6-2a) with the respective F320 intermediate. Right – Contour map of the 

absorption spectra for the transformation cycles. 

 

 

 

 

Figure S6-2a. Left – Fitted F324 structured determined from the reverse Monte Carlo 

algorithm. The red spheres represent cadmium atoms and the orange spheres represent 

sulfur atoms. Middle – Fitted F313 structure determined from reverse Monte Carlo. The 

dark blue spheres represent cadmium atoms and the light blue spheres represent sulfur 

atoms. Right – The fitted F324 and F313 structures overlaid with respect to the same 

geometric center. 
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Figure S6-2c. Left – Simulated XRD pattern of the F313 cluster (Figure S6-2a) 

compared to the experimental XRD (total scattering) pattern from the synchrotron 

source. There is strong agreement between the simulation and the experimental data. 

There is a slight shift in the simulated peak at ~1.4 Å-1
 to lower Q, compared to the 

experimental peak. This peak is attributed the organic ligands and we calculate its 

scattering pattern directly from its single crystal data file (see Methods for details) 

without modification of its structure file.  Middle – Scattering components that comprise 

of simulated XRD pattern. Right – Simulated PDF of the F313 cluster (Figure S6-2a) 

compared to the experimental PDF. The simulated between the experimental is a good 

fit (Residual < 0.2). The broad oscillations at small interatomic distances relates to the 

small shift in the organic ligand peak from the XRD pattern. Top plot is PDF and bottom 

plot shows the difference between the PDFs plotted in the top plot. 
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Figure S6-2d.  Statistics from repeated structure fits and reverse fits. Left – Atomic 

deviation (displacement) with respect to its radial position within the cluster for multiple 

structures that fit the two isomer PDFs. The <F324> and <F313> labels denote the mean 

deviation of individual atomic positions between different F324 and F313 structures, 

respectively, generated from repeated reverse MC algorithms. There are 20 F313 

structures and 10 F324 structures generated from the reverse MC algorithm with 

residuals of < 0.2 (when fitted to their respective PDFs). F324-F313 denotes the atomic 

displacement of the atoms between the best fit structure of the F324 and F313. The mean 

deviation between the individual atomic positions of the repeated structures (<F324> 

and <F313>) is ~0.04 Å and the atomic displacement between the best structures are, on 

average, ~0.40 Å. This order of magnitude increase in the atomic displacement between 

cluster structures (F324 and F313) compared to the repeated structures of the same 

cluster indicate that our F324 and F313 structures are unique and structures generated 

from the reverse MC algorithm are reproducible. Middle – PDF of the experimental F324 

cluster compared to the PDF of the simulated F313 cluster. Right – PDF of the 

experimental F313 cluster compared to the PDF of the simulated F324 cluster. The 

residuals of both fits are very large (> 0.2), which further supports our structures being 

unique and are not interchangeable. In PDF figures, top plot is PDF and bottom plot 

shows the difference between the PDFs plotted in the top plot. 
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Figure S6-2e.  Left – Cd-S-Cd bond angles distribution (histogram) for the F324 cluster. 

There is a bimodal distribution (~105° and ~120°) of the Cd-S-Cd bond angles for the 

F324. Middle – Cd-S-Cd bond angles distribution (histogram) for the F313 cluster. There 

is a single distribution (~109.5°) of the Cd-S-Cd bond angles for the F313. Right – 

Overlay of the F324 and F313 Cd-S-Cd bond angle distribution. There is a slight 

broadening in the overall angle distribution in the F324 compared to the F313. The bond 

angles for both distributions are rounded to the nearest degree and then broadened with 

a normal distribution with a standard deviation of 3° for clarity. 

 

 

 

 

 

Figure S6-2f.  Left – S-Cd-S bond angles distribution (histogram) for the F324 cluster. 

There is a single distribution (~109.5°) of the S-Cd-S bond angles for the F324. Middle 

– S-Cd-S bond angles distribution (histogram) for the F313 cluster. There is a bimodal 

distribution (~105° and ~117°) of the S-Cd-S bond angles for the F313. Right – Overlay 

of the F324 and S-Cd-S bond angle distribution. There is a slight broadening in the 

overall angle distribution in the F324 compared to the F313. The bond angles for both 

distributions are rounded to the nearest degree and then broadened with a normal 

distribution with a standard deviation of 3° for clarity. 
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Figure S6-2g.  Left – An InP MSC structure from single crystal data with the In and P 

atoms replaced with Cd and S atoms, respectively.14 Right – A CdS MSC tetrahedral 

structure with the composition of Cd40S20. This structure and variations of it have been 

previously reported for the CdS/Se clusters.16, 17 

 

 

 

 

 

 

 

 

Figure S6-2h. Comparison of the experimental cluster PDFs (Left – F324 and Right – 

F313) to the simulated PDFs for the original InP cluster (Figure S6-2g).14 There are large 

similarities between the peak positions of the F313 and the InP cluster. In PDF figures, 

top plot is PDF and bottom plot shows the difference between the PDFs plotted in the 

top plot. 
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Figure S6-2i.  Comparison of the experimental cluster PDFs (Left – F324 and Right – 

F313) to the simulated PDFs for a CdS tetrahedral cluster (Figure S6-2g). There are large 

differences in peak positions between the tetrahedral cluster and our experiment data 

from the F324 and F313. In specific, the ratio between the 1st and 2nd nearest neighbor 

are 1:3 in the tetrahedral, but nearly 1:1 in the F324 and F313, and there is a large 

definitive peak at ~7.5 Å in the tetrahedral cluster that is not present in the F324 and 

F313. When the reverse Monte Carlo algorithm is performed on the tetrahedral cluster, 

residuals do not fall below 0.2 and there are large structural deviations between repeat 

structures: this indicates that our clusters are not tetrahedron. Top plot is PDF and bottom 

plot shows the difference between the PDFs plotted in the top plot. 
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Figure S6-2j.  Left – XRD patterns of the F324 collected from a lab x-ray diffractometer 

and a synchrotron source (i.e., CHESS)(see Methods). Comparing the transmission 

mode of the lab XRD and the synchrotron XRD, the patterns mostly correspond. (The 

differences between synchrotron XRD patterns generated from a total scattering 

arrangement and patterns from lab-based XRD are primarily equipment related: 

coherency of the x-rays, beam size, data collection geometry, background intensity, 

bandwidth (monochromatic or not), divergence (or collimation) of the beam, etc.) 

However, there are more variations between the patterns from the two techniques (i.e., 

reflection vs. transmission) used to collect the patterns, which can be attributed to the 

sample perpetration methods that lead to different texturing. In specific, there is a 

pronounced peak at ~37° 2θ in diffraction/reflection mode, while this feature is a 

shoulder in transmission mode. Another difference is the peak at ~26° 2θ, which is 

narrower in transmission mode compared to diffraction mode. These differences are 

attributable to the mesophase that these clusters are formed within, as previously 

reported which is causing texturing differences between the samples.11 The lab XRD 

patterns are collected from the same sample, but for the reflection geometry the sample 

is flat and level against a substrate and has a thickness of 2-3 mm, while for the 

transmission measurement the samples need to be thinner (200-500 um thickness) and 

sheared onto the holder substrate, which deforms the sample. Middle – XRD patterns of 

the F313 collected from a lab x-ray diffractometer and a synchrotron source (i.e., 

CHESS)(see Methods). There are large similarities in the diffraction patterns of the F313 

in terms of relative peak intensities and position. Right – Overlay of F24 and F313 

diffraction patterns collected from a lab x-ray diffractometer. 
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Figure S6-2k.   Left – Simulated XRD pattern of only the F324 and F313 clusters from 

the structure in Figure S6-2a. The organic and mesophase component has been excluded 

from the simulation. Middle – Experimental XRD (total scattering) of the F324 and F313 

clusters. Right – Experimental XRD (total scattering) of the F324 and F313 clusters with 

the scattering vector, Q, converted to 2θ using a λ of 1.54 Å (Cu K-α source). Theoretical 

peaks for zinc blende (ZB, PDF#00-010-0454) and wurtzite (WZ, PDF#00-041-1049) 

have been overlaid. The F324 resembles more of a WZ phase and the F313 resembles 

more of a ZB phase. The most distinguishing feature is the shoulder at ~36.6° 2θ in the 

F324 that matches a signature peak in the WZ phase. 
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Figure S6-2l.   Illustration for the determination of atomic displacement between the 

F324 and F313 structure with respect to radial position. The cluster radius and 

displacement are Cartesian vector magnitude calculations. The vector magnitude for the 

radial positions is determined from the geometric center of the F324 to the position of 

each atom in the F324. The vector magnitude for the displacement is determined from 

the position of each atom in the F324 to its equivalent atom in the F313. As an example, 

we use cadmium atom #54 (not shaded atom) in the F324 and F313 structures in the 

following calculations.  

 

Radial Position of Cadmium Atom #54 in F324 

F324 Cartesian Coordinate: [1.15, -5.87, 5.14] Å 

             Geometric Center: [0.00, 0.00, 0.00] Å 

𝑅𝑎𝑑𝑖𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  √(1.15 − 0.00)2 + (−5.83 − 0.00)2 + (5.14 − 0.00)2 = 7.86 Å 

Displacement of Cadmium Atom #54 

F324 Cartesian Coordinate: [1.15, -5.87, 5.14] Å 

F313 Cartesian Coordinate: [0.65, -5.45, 5.42] Å 

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  √(1.15 − (0.65))
2
+ (−5.87 − (−5.45))

2
+ (5.14 − (5.42))

2
= 0.71 Å 

𝑆𝑡𝑟𝑎𝑖𝑛 =  
𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝑅𝑎𝑑𝑖𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛
=
0.71 Å

7.86 Å
× 100% = 9.0% 
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Figure S6-2m. Simulated XRD patterns of the Left – solid, Middle – soft , and Right – 

melted (melt) organic ligands. The solid ligands are simulated from a single crystal 

structure with no thermal broadening (i.e., T = 0 K). The soft and melted structures have 

thermal broadening equivalent to a change in atomic position that is 10% and 30%, 

respectively, of the CdS bond length. As the thermal broadening increases, the intensity 

and features at high Q fade. Nearly 90% of the intensity in the CdOleate at high Q-space 

(> 2 Å-1) derives from only the Cd-Cd interactions, which are non-existent in the CdS 

MSC inorganic core. All atom-atom interaction that involves organics atoms (i.e., C and 

O) have nearly negligible contribution to the scattering intensity at high Q-space. 

 

 

Figure S6-2n. PDF of the Left – solid, Middle – soft, and Right – melted (melt) organics 

ligands from the simulated XRD patterns in Figure S6-2n. The solid ligands have sharp 

features that propagate across all interatomic distances. These features create artificial 

peak in the PDF that do not resemble our experimental data. In the soft ligands, these 

features from the organics have broadened significantly and affect the amplitude and 

position of the cluster peaks in the PDF. The peak abundance of the simulated organic 

ligands is much greater than the experimental data, which indicates the ligands are likely 

to be amorphous. The melted ligands features have broadened substantially and the 

ligand contribution to the PDF, now only affects the peak amplitude (i.e., density of the 

material) and agrees with the data. 
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Figure S6-3a. Left – FTIR spectra of the C-H stretching bands for the F313, F320, and 

F324 clusters. The spectra are normalized to the peak at 2925 cm-1 (CH2 asymmetric 

stretch). Right – FTIR spectra of the carboxylate stretching bands for the F313, F320, 

and F324 clusters. The dashed lines identify the region of carboxylate asymmetric 

stretches. The differences between spectral areas in this region between F313, F320, and 

F324 are small (2.5%), which indicates no changes in the number of bonds. 

 

 

 

Figure S6-3b. Relationship between the carboxylate bidentate angle (∠OCO) to the 

difference (Δ) between the symmetric and asymmetric stretch frequencies of the 

carboxylate. The values reported for Ref. 1 were measured experimentally from different 

transition metal acetates. The values reported for Ref. 2 are calculation from frequency 

shifts of a free acetate ion.  

Fit for Ref. 1:24 ∠OCO = 0.048∆ + 116.5 

Fit for Ref. 2:23a ∠OCO = 0.114∆ + 93.9 
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Figure S6-3c. Top – FTIR spectra of deuterated methanol (CD3OD) and F324 measured 

independently in a vapor cell. Bottom – FTIR spectra of F324 measured simultaneously 

with CD3OD vapor. The CD3OD does not share any vibrational features with the F324, 

which enables characterization of peak shifts. 

 

 

 

Figure S6-3d. Ex-situ FTIR spectra of conversion process using deuterated methanol 

(CD3OD) to initiate the transformation. UV-Vis absorption can be used to identify the 

ratio of F324 to F313. When the CD3OD vapor is added to the cell, the shoulder (asterisk) 

at 1580 cm-1 disappears. As the F324 is converted to the F313, the 1528 cm-1 peak 

diminishes and the 1540 cm-1 peak increases proportional to the conversion fraction. 

There is no shift in the peak at 1409 cm-1. The features at 1580, 1540, and 1528 cm-1 are 

related to the asymmetric stretches of the carboxylate (𝜈as) and the peak at 1409 cm-1 is 

the symmetric stretch of the carboxylate (𝜈s). 



   

262 

 

 

 

Figure S6-3e. Full spectra of the ex-situ conversion process using deuterated methanol 

(CD3OD). The CD3OD concentration changes periodically as a result of evaporation and 

condensation within the vapor cell, preventing quantitative analysis of how the 

deuterated methanol interacts with the film. However, the large changes in the CD3OD 

spectra do not influence the cluster spectra. 

 

 

 

 

 

 

Figure S6-3f. Comparison of F313 made with methanol with natural D abundance 

(CH3OH) to F313 made with deuterated methanol (CD3OD). The features between 1350 

and 1480 cm-1 are similar. The asymmetric carboxylate stretches for the CH3OH and 

CD3OD are at 1538 and 1540 cm-1, respectively. This slight shift between the two could 

be a result of the decreased full-width half maximum of the F313 made with CD3OD 

and/or temperature fluctuations as observed with the exciton (Figure S6-6). We do not 

believe the shift is related to the difference in the coupling of the carboxylate of the 

ligand to the hydroxyl between the alcohols. With respect to CH3OH, CD3OD 

interactions with the carboxylate should be shifted to lower frequencies, but neither of 

these effects are observed with the F313 made with CD3OD. 
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Figure S6-4a. Stacked XPS spectra of F324, F313, cadmium oleate (Cd(oleate)), large 

cadmium sulfide nanoparticles (NPs), and bulk cadmium sulfide (Bulk). Left – Carbon 

1s XPS spectra. The dotted line at 284.8 eV represents adventitious carbon. This peak is 

used as a reference for each sample. Middle – Cadmium 3d XPS spectra. The dotted line 

at 405.1 eV represents the Cd 3d5/2 level for the Cd2+ oxidation state. The bulk and NP 

spectra match that of the reference (405.1 eV). The F324, F313, and Cd(oleate) peaks 

are shifted to 405.5 eV. Right – Oxygen 1s XPS spectra. The dotted line at 531.8 eV is 

used to illustrate that the F324, Cd(oleate), NPs, and bulk samples have the same peak 

position. The F313 sample has the main peak shifted to 531.6 eV. The F313 and 

Cd(oleate) have a second peak at 534.5 eV, which indicate different oxygen species or 

binding configurations. See Table S6-1 and Table S6-2 for detailed peak positions. 

 

 

 

Figure S6-4b. Evolution of the O1s XPS spectra for the F313. While the F313 is under 

vacuum, the peak at 535 eV diminishes with time, indicating the amount of methanol is 

decreasing. The XPS spectra are collected under ultra-high vacuum, which may cause 

desorption of weakly adsorbed species, such as the physisorbed methanol. It takes 

roughly 60 min to evacuate the XPS instrument. All O1s spectra are referenced to the 

284.8 eV peak of the C1s spectra. 
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Figure S6-5. Analysis of single crystal XRDs of InP clusters reported by Gary et al.14 

The crystallographic data of the InP clusters used in this analysis are reported in the 

Cambridge Crystallographic Database: deposition numbers are 1417965 (anhydrous) 

and 1417966 (monohydrate). Left – Overlay of the anhydrous (red) and a monohydrate 

(blue) InP cluster. Dark blue and red represent In atoms and the light blue and orange 

represent P atoms.  Although the single crystal unit cell parameters differ, both unit cells 

are triclinic and the overlay of the InP cluster structures are nearly indistinguishable. 

Middle – PDF of the anhydrous and monohydrate cluster. The difference (black) 

between the two clusters is noise with a residual of 0.104. In the PDF figure, top plot is 

PDF and bottom plot shows the difference between the PDFs plotted in the top plot. 

Right – Atomic displacement of the atoms between the anhydrous and monohydrate 

structures with the cluster radius being that of the anhydrous structure. The displacement 

between the atoms are small and the subtle increase in displacement as the cluster radius 

increases may be due to the misorientation between the two clusters; within the single 

crystal the two clusters are oriented differently from one another and require a 3-D 

rotation around the geometric center to align the together. The presence of water in these 

structures has no influence on the inorganic structure. 
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Figure S6-6a. Dielectric effects – Left – Absorption spectra of F324 dissolved in hexane 

(Hex) and tetrahydrofuran (THF). Of solvents tested here that can dissolve the MSCs, 

THF has the largest dielectric constant. At ambient temperature, F324 in hexane has an 

excitonic peak at 324.0 nm, whereas in THF it has an excitonic peak at 327.5 nm. Middle 

– Absorption spectra of F324 and F313 dissolved in THF. The F313 isomer dissolved in 

THF has an excitonic peak at 310 nm. The separation energy between F324 and F313 in 

THF is 213 meV, whereas this energy separation is 135 meV in hexane. An increase in 

the dielectric constant increases the energy separation between the excitonic peaks for 

two pristine MSCs. Right – Absorption spectra of F324 cleaned with varying dielectric 

solvents and dissolved in hexane (small peaks shifts are due to temperature variations, 

Figure S6-6d). Cleaning the F324 with an aprotic solvent having low (fluorohexane) or 

high (ethyl acetate, acetone) dielectric constant does not substantially affect excitonic 

peak position. Only protic alcohols, whether high (methanol) or low (octanol) dielectric 

constant, can induce a F324→F313 transformation. Thus, MSC transformation is not the 

result of a change in dielectric environment. 

 

 

 

 

Figure S6-6b. Thermal cycling of cluster films. Each cluster film has a strongly 

temperature dependent excitonic peak position. An F313 film will quickly transform to 

F320 when heated in dry atmosphere. A F320 film begins to revert to F324 when heated 

above 65°C. The F324 excitonic peak position is fully reversible with changes in 

temperature. 
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Figure S6-6c. Left – Absorption spectra of MSC films below ambient temperature in a 

cryostat. Middle – Absorption spectra of F320 (originally F313, but dried under vacuum; 

see Methods) films. Both F324 and F320 films are slightly translucent, the scattering 

from which contributes to the sloping baseline observed. Right – Temperature-dependent 

excitonic peak positions of F324 and F320. The ~106 meV separation between them is 

constant. 

 

 

 

 

 

Figure S6-6d. Influence of temperature on the excitonic peak position of MSC films. 

The F320 and F324 films are under dry environment (N2 or He gas). The F313 film is 

under saturated methanol vapor. Removal of the methanol vapor causes the F313 to shift 

to F320 (Figure S6-6b). Peak positions below ambient were measured in a cryostat using 

the Cary 5000 spectrometer and peak positions at and above ambient were measured 

using the Ocean Optics UV-Vis spectrometer (see Methods). The F320 begins to revert 

to F324 at 65°C, and the F313 is unstable at 90°C (above the boiling point of methanol), 

reverting to F324. 
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Figure S6-7a. Left – Overlaid absorption spectra of F313 and F320. Right – Overlaid 

absorption spectra of F313 and F320, in which the wavelength of the F313 has a 

polynomial shift of 2𝑥10−12 ×  5 +  , where   is the original wavelength value. 

 

 

 

 

 

 

 

 

 

 

Figure S6-7b. Left – FTIR spectra of the O-H (3100-3700 cm-1) and C-H (2700-3100 

cm-1) stretches for the transition from F320 to F313. While under N2, the F320 is stable. 

Upon exposure to ambient air, the F320 transforms back into the F313. The C-H 

stretches do not alter during the shift. There is an increase in intensity of the O-H stretch 

as the F320 shifts back to the F313, indicating the absorption of moisture from the air. 

Right – FTIR spectra of the carboxylate stretches for the transition from F320 to F313. 

The F320 has a strong peak at 1528 cm-1 and a shoulder at 1560 cm-1. Upon exposure to 

air, the strong peak of the F320 shifts to 1538 cm-1and the shoulder disappears. 
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Figure S6-7c. Spectral areas of the carboxylate asymmetric, O-H, and C-H stretches. 

The spectral areas are normalized with respect to the C-H stretches. The carboxylate 

spectral area does not change as the F320 shifts back to the F313, suggesting all the 

bidentate bonds are preserved and only the bond angles change. There is an increase in 

the O-H spectra area, which indicates there is more moisture in the film and that the 

F320 may be hygroscopic. We do not believe the increase in O-H stretch intensity is due 

to the N2 being replaced with ambient air inside the vapor cell, since there is no 

significant difference between the vapor cell backgrounds whether the cell is filled with 

ambient air or N2. 

 

Figure S6-7d. Left – Total scattering (XRD) pattern of the F313 at 300 K and the F320 

at 100 K. The patterns are the same sample at different temperatures. Cryogenic N2 vapor 

is passed over the F313 sample to cool the sample from 300 K to 100 K, which purges 

the air and dehumidifies the local area around the sample. This dehumidification mimics 

the conditions that produce the F320 as observed in the UV-Vis and FTIR spectra. 

Therefore, under the cryogenic conditions (temperature 100 K, N2 vapor) the F320 is 

stabilized, and under ambient conditions and environment, the F313 is stabilized. The 

two scattering patterns correspond very well, with the exception peak narrowing, which 

is to be expected since thermal broadening is being reduced. Right – PDF of the F313 at 

300 K and F320 at 100 K. The two PDFs are nearly identical and indicate that the F313 

and F320 have the same structure. 
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Figure S6-8a. Left – Typical evolution of in-situ absorption spectra for the conversion 

process of a pristine F324 cluster thin film into F313 upon addition of alcohol. 

Temperature is 60°C. Right – Typical evolution of in-situ absorption spectra for the 

reversion of a pristine F313 cluster thin film to F320 upon removal of alcohol, followed 

by transforming to F324 upon heating. Temperature is 80°C. 

 

 

Figure S6-8b. Conversion process for an MSC film at 60°C showing the evolution of 

the F324 and F313 fractional components and their sum. The spectral area, which is 

nearly constant throughout the transformation, is the sum of the absorbance between the 

wavelengths 257-350 nm and is normalized to the initial spectral area at t = 0 s. The sum 

of F324 and F313 fractions and the normalized spectral area are nearly 1.0 throughout 

the transformation, which indicates that there are no intermediates (F324 and F313 are 

the only species), and that F313 is produced one-for-one from every F324 consumed. 

 

 



   

270 

 

 

Figure S6-8c. Left – Rate of conversion at various temperatures with kinetic fits to 90% 

conversion. Right – Rate of reversion at various temperatures with kinetic fits to 90% of 

reversion. The thick lines are fits to the data with the function form of f324(t)=e-kt, where 

f324(t) is the converted and reverted fraction at time t, and k is the rate constant and only 

fitting parameter. The thin lines are given by the estimated error in the rate constants. 

Error analysis of the least squares fitting is also performed (Table S6-4). Representative 

absorption spectra are shown in Figure S6-8c. 

 

Figure S6-8d. Left – Arrhenius plot of the rate constants from Figure S6-8c. Right – 

Eyring plot of the rate constants from Figure S6-8c normalized by temperature. Vertical 

error bars are error in the rate constant and may be smaller than the size of the markers 

(see Table S4 for values). The estimated accuracy of the temperature (horizontal error 

bars) is ±2.0°C. Temperature fluctuations during measurement were ~±0.5°C. 

Temperature changes of the film throughout the transformation process give rise to shifts 

in the excitonic peak (Figure S6-6) which are still smaller than the wavelength resolution 

of the instrument. Thick lines are the fit using the Arrhenius (left) or the Eyring (right) 

function, and the thin lines give the bounds determined by the uncertainty in the fitting 

parameters (see Table S6-5 and Table S6-6 for values). 
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Figure S6-8e. Left – In situ experimental XRD patterns of the transformation from F313 

to F324 using the Cornell High Energy Synchrotron source. Right – The evolution of the 

F313 cluster in the reversion process. The fractions of the transformation are determined 

from a convex combination of the pure F313 and F324 XRD patterns (see Figure S6-8f 

for fits and Figure S6-8g for determination of fractional conversion). The experimental 

data is fit with 1st order reaction kinetics that has a time-temperature dependence. 

Fitting Function: 𝑓313(𝑡) = 1 − 𝑒−𝑘𝑡 

This transformation is not isothermal (temperature varies with time, T(t)), and therefore 

the rate constant (𝑘(𝑡, 𝑇)) varies with transformation time. The rate constants are 

determined using the Arrhenius equation: 

Arrhenius Equation: 𝑙𝑛|𝑘(𝑡, 𝑇)| = 𝑙𝑛𝐴 −
𝐸𝑎

𝑘𝑏𝑇(𝑡)
 

with an activation energy of 0.87 eV and a prefactor of 8x108 s-1. These kinetic 

parameters are in remarkable agreement with those determined from the spectroscopic 

kinetic study, which has an activation energy of 0.87 eV and a prefactor of 1.2x109 s-1. 

The difference between the prefactors are within the experimental error of the 

spectroscopic kinetic study (Table S6-5). 
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Figure S6-8f. Representative fits to the in situ x-ray scattering F313 to F324 

transformation. Left – 76:24 (F313:F324), Middle – 45:55 (F313:F324), and Right – 

20:80 (F313:F324), ratio of the F313 and F324 pure components, respectively. The 

residual of all the fraction fits using the pure component F313 and F324 XRD patterns 

are good and < 0.1. The majority of the residual derives from the small distortion around 

1.5-2.0 Å-1, which this distortion shifts to higher 2θ at higher temperatures (independent 

of transformation fraction). This feature likely relates to the mesophase assembly 

(texturing), as organics in this mesophase are much more sensitive to changes in x-ray 

scattering with temperature. 

 

 

 

 

 

Figure S6-8g. Left – Normalized integrated scattering intensity of the in situ reversion 

transformation at CHESS. There is a slight random deviation in the integrated intensity 

throughout the transformation. Including all data points, the deviation in intensity 

through the experiment is ~10%. By neglecting the two end points or pure phase F313 

and F324, the average deviation becomes ~5%. This small deviation indicates no new 

species have been generated (from fragmentation) or lost (from melting). These new 

species would result in peak broadening and loss of scattering intensity. Right – The 

time-temperature profile of the in situ F313 to F324 transformation. This profile is used 

in the determination of the F313 fraction in Figure S6-8e. 
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Figure S6-8h. Left – Eyring plot of the reversion process for F313 produced from 

methanol (MeOH), ethanol (EtOH), and propanol (PrOH). The reversion rate constant 

using different alcohols are within the experimental uncertainty, which indicates the 

reversion process is independent of the alcohol. Right – The Eyring equation using 

different enthalpies (ΔH) with a constant entropy (ΔS = -0.75 meV/K). From theoretical 

calculations of adsorption/desorption of alcohols, as the chain length of the alcohol 

increases there is a change in the adsorption energy (~0.2 eV/carbon unit).44 Presuming 

no configurational dependence (ΔSconfiguration = 0) of the alcohol chain length, the ΔS of 

the reversion process is constant and is a combination of vibrational and H-bonding 

entropy. Therefore, an increasing alcohol chain length would only affect ΔH if the 

energy barrier of the reversion process is from the adsorption/desorption process. 

Considering the rates of reversion are similar and there is no large deviation in the ΔH 

of the transformation, we conclude the apparent energy barriers are not associated with 

adsorption/desorption processes. 
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Figure S6-9. Schematic of the dependence of the equilibrium extent of conversion to B, 

fB = [B] / ([A]+[B]), for the reaction A → B on the thermodynamic state variable 

(temperature) for a unimolecular reaction (blue) and a solid-solid phase transition (red). 

The degree of conversion depends exclusively on the change in Gibbs free energy of 

reaction ΔGA→B = ΔHA→B + TΔSA→B, where ΔHA→B is the enthalpy of reaction and 

ΔSA→B the entropy. In this example we assign the arbitrary values ΔHA→B = +1.0 eV 

(~100 kJ/mol) and ΔSA→B = +3.5 meV/K (~333.3 J/K·mol). For the unimolecular 

reaction fB varies smoothly with T, and the degree of conversion is given by the 

equilibrium constant KA→B = exp [- ΔGA→B / RT]. The activities of A and B are related 

to KA→B = [B]/[A], and [A]+[B] = 1, so that fB = [B] = KA→B /(1+KA→B). Both A and B 

coexist at equilibrium across a wide range of T if they are described as isomers. Where 

A → B is described as a phase transition, coexistence of A and B is only allowed at 

exactly Tc = 300 K, where ΔGA→B = 0. Above Tc, ΔGA→B < 0 so that the system entirely 

consists of B; below Tc, ΔGA→B > 0 and only A exists at equilibrium. 
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Figure S6-10. Left – In-situ transformation of the F324 in hexane. Right – Evolution in 

the optical density of the spectra at 324 nm and 349 nm. 100 µL of ethanol (4.0 %vol.) 

is added to F324 dissolved in 2.5 mL of hexane. In a liquid cell, the F324 quickly 

diminishes with the introduction of ethanol at room temperature. However, rather than 

the formation of the F313, there is the discrete formation of a new peak at a wavelength 

of 349 nm. The rate of accumulation for the peak 349 nm is roughly the same as the rate 

of depletion of the optical density at 324 nm. After full consumption of the F324, the 

peak at 349 nm is roughly half the optical density of the initial F324, which suggests a 

perfect bimolecular collision of the F324 in a fluid medium. There are well resolved 

peaks of the new spectrum at 349 nm, 310 nm, and 275 nm. The 310 nm peak is 

suspected to be the F313 isomer and is shifted due to a dielectric solvatochromic shift 

(Figure S6-6). When the hexane and ethanol are evaporated the solid mass is re-dissolved 

in fresh hexane, the spectrum is that of a pristine F313 (Figure S6-1). We do not believe 

the formation of the spectrum with the peak at 349 nm to be another cluster or larger 

NP’s, but a coupling effect between the hexane/alcohol mixture and the clusters. Further 

investigation is necessary. 
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Tables 

Table S6-1. Peak positions, standard deviations (Std. Dev.) and spectral areas of the Cd 

3d5/2 XPS peaks fitted to Gaussian functions. All values are extracted from the data in 

Figure S6-4a. The intensity scale is normalized to 1 at the maximum of the peak. The 

spectral area is the sum of normalized intensity between the binding energies of 402 to 

408 eV.   

Cadmium 3d5/2 peak 

Sample Peak (eV) Std. Dev. (eV) Spectral Area 

CdS Bulk 405.1 0.54 23.5 

CdS NPs 405.1 0.69 28.3 

Cd Oleate 405.5 0.59 24.8 

F313 405.5 0.58 24.3 

F324 405.5 0.64 26.2 

 

Table S6-2. Peak positions, standard deviations (Std. Dev.) and spectral areas of the 

oxygen 1s XPS peaks fitted to Gaussian functions. All values are extracted from fits to 

the data in Fig. S6-4A. The intensity scale is normalized to 1 at the maximum of the C-O 

bonding peak. The experimental maxima (observed) peak is identified by Peak – Obs. 

For the C-O bonding peak, some samples have a shift in the peak position between the 

observed and fitted. The standard deviation within a sample is held constant between all 

of the fitted peaks. 

Oxygen 1s – C-O Bonding 

Sample Peak – Obs. (eV) Peak – Fit (eV) Std. Dev. (eV) Spectral Area 

CdS Bulk 531.9 531.8 0.75 17.3 

CdS NPs 531.9 531.7 0.87 20.0 

Cd Oleate 531.7 531.7 0.70 16.1 

F313 531.7 531.7 0.65 15.6 

F324 531.9 531.9 0.70 17.0 
    

Oxygen 1s – C=O Bonding 

Sample Peak (eV) Std. Dev. (eV) Spectral Area 

CdS Bulk 533.6 0.75 2.6 

CdS NPs 533.7 0.87 4.5 

Cd Oleate 533.6 0.70 3.5 

F313 533.6 0.65 1.8 

F324 533.6 0.70 1.8 
    

Oxygen 1s – C-OH Bonding 

Sample Peak (eV) Std. Dev. (eV) Spectral Area 

CdS Bulk N/A N/A N/A 

CdS NPs N/A N/A N/A 

Cd Oleate 535.0 0.70 3.5 

F313 535.0 0.65 1.8 

F324 N/A N/A N/A 
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Table S6-3. Properties of the suspending and precipitating solvents for the MSCs. 

Solvent Dielectric Constant Reference MSC Interaction 

Hexane 1.90 45 Soluble 

Tetrahydrofuran 7.40 46 Soluble 

Fluorohexane 1.69 47 Precipitate 

Ethyl Acetate 6.02 45 Precipitate 

Fluoroethanol 24.32 48 Precipitate 

Acetone 27.70 45 Precipitate 

Methanol 32.63 45 Precipitate 

Ethanol 24.30 45 Precipitate 

Propanol 20.10 45 Precipitate 

Octanol 10.30 45 Precipitate 

 

Table S6-4. Rate constants from fits to the kinetics of conversion and reversion 

processes. Uncertainty is indicated by Δk. R2 is the coefficient of determination. 

Uncertainties are determined by the difference between rate constants by fitting the raw 

data with an exponential or the natural log (linearized) of the data. Minimization of the 

exponential fit to the raw data and the linear fit to the linearized data yield slightly 

different rate constants in the 52°C and 60°C rate constants of the conversion process 

because of a slight change in transformation rate. The rate constant extracted from the 

linearized data best fits long times (conversion >70%), whereas the exponential fit to the 

raw data best fits intermediate times (30% < conversion < 70%). The difference between 

the two rate constants were added to the uncertainty. For all other temperatures, the rate 

constants minimized via the raw data or the linearized data are the similar. 

Conversion (MeOH) 

Temperature k (s-1) Δk (s-1) R2 

28°C 9.32x10-5 5.60x10-8 0.9955 

36°C 2.30x10-4 1.49x10-7 0.9995 

40°C 3.13x10-4 3.13x10-7 0.9985 

42°C 3.83x10-4 5.45x10-6 0.9975 

47°C 9.93x10-4 5.59x10-6 0.9988 

52°C 1.65x10-3 6.65x10-5 0.9767 

60°C 3.90x10-3 5.89x10-4 0.9264 

70°C 7.98x10-3 1.17x10-4 0.9925 

Fitting Function: 𝑓324(𝑡) = 𝑒−𝑘𝑡 

Reversion (MeOH) 

Temperature k (s-1) Δk (s-1) R2 

70°C 1.82x10-3 1.90x10-5 0.9994 

75°C 2.37x10-3 1.24x10-4 0.9963 

80°C 3.78x10-3 1.14x10-4 0.9974 

90°C 6.70x10-3 1.90x10-4 0.9980 

100°C 2.02x10-2 1.92x10-3 0.9808 

Fitting Function: 𝑓324(𝑡) = 1 − 𝑒−𝑘𝑡 
 



   

278 

 

Table S6-5. Activation energy and prefactor for the conversion and reversion processes 

using the Arrhenius equation. Errors for the activation and prefactor are indicated by a 

Δ. Errors have been given only from the data on the Arrhenius plot and have not 

propagated from the rate constant fits. The activation energies of the conversion and 

reversion processes are equivalent within the error of the fit. 

Process Ea (eV) ΔEa (eV) A (s-1) lnA ΔlnA R2 

Conversion 

(MeOH) 
0.99 0.04 2.91x1012 28.7 1.5 0.9895 

Reversion 

(MeOH) 
0.87 0.07 8.82x109 22.9 2.4 0.9783 

Arrhenius Equation: 𝑙𝑛|𝑘| = 𝑙𝑛𝐴 −
𝐸𝑎
𝑘𝑏𝑇

 

 

 

 

 

Table S6-6. Thermodynamic parameters for the conversion and reversion processes 

using the Eyring equation. The Gibbs free energy, ΔG, has a temperature 

dependence and is averaged across all ΔG for the conversion and reversion 

processes. The enthalpy (ΔH) and entropy (ΔS) are extracted from the slope and 

intercept, respectively. The subscript “err” denotes the error to ΔH and ΔS. Errors 

have been given only from the data on the Eyring plot and have not propagated from 

the rate constant fits. 

Process 
ΔGavg 

(eV) 

ΔH 

(eV) 

ΔHerr 

(eV) 

ΔS 

(meV/K) 

ΔSerr 

(meV/K) 
R2 

Conversion 

(MeOH) 
1.01 0.96 0.04 -0.15 0.13 0.9889 

Reversion 

(MeOH) 
1.08 0.84 0.07 -0.67 0.21 0.9768 

Eyring Equation:  𝑙𝑛 |
𝑘

𝑇
| = 𝑙𝑛 |

𝑘𝑏

ℎ
| +

∆𝑆

𝑘𝑏
−

∆𝐻

𝑘𝑏𝑇
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7 Prospects for future and developing work  

 

Curtis B. Williamson 

 

7.1 Introduction 

In this Chapter, I present my unpublished work and propose future directions, projects, 

and applications to this work. The work presented here covers all aspects of my research: 

discovery of new syntheses, understanding through characterization, and implementation 

into applications. I explore the effects of mixing on colloidal synthesis; its direct impact on 

the quality (size and distribution) of the nanomaterials and the products produced under 

different conditions (enantioselective products). I investigate the role of the mesophase on 

the reversible transformation of magic-sized cluster and provide steps to generalize the 

MSC isomerization to other cluster compositions. I propose steps to overcome the issue of 

texturing in pair distribution function analysis, using the fibrous assembly of MSCs as a 

model system. Beyond synthesis and characterization of the fibrous MSCS, I reveal the 

novel optical properties of MSCs through their self-assembly to tangible length scales. 

MSCs are a quintessential system to investigate and probe all aspects of colloidal chemistry 

and characterization. 

7.2 Effects of mixing on colloidal synthesis  

Our understanding of colloidal nanoparticle synthesis has vastly expanded within the 

last decade and much of the current focus has been transitioned to the surface chemistry 

and surface structure.1–3 As nanomaterials continue to develop, so does the urge to scale- 
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up. There is one aspect to colloidal synthesis that is under appreciated and ill-characterized, 

yet one of the most crucial aspects to scale-up; solution mixing. Great strides in 

understanding the rheological behavior of nanoparticles in colloidal suspensions has been 

achieved, but the nanoparticles being analyzed are prefabricated and have been removed 

 

Figure 7-1. Mixing effects on nanoparticle synthesis. (a) Legend for different mixing 

sources and blade sizes. Stir plate refers to a nanoparticle solution mixed by a stir bar 

(blade size is 20 mm). Overhead refers to nanoparticles mixed by an overhead stirrer. 

(b) Color bar legend for mixing speed (blue, slow mixing speed to red, fast mixing 

speed). (c) Shear rate at half the distance (𝛾½) between the blade and flask for the 100 

mM reaction. (d) Equivalent Reynolds number of the same reaction conditions in (c). (e) 

Shear rate at half the distance (𝛾½) between the blade and flask for the 1000 mM reaction. 

(f) Equivalent Reynolds number of the same reaction conditions in (e). Under dilute 

conditions (100 mM), the nanoparticle are strongly influenced by mixing at high shear 

rates. The concentrated synthesis (1000 mM) have nanoparticles that are resilient to 

mixing. The error bars to data points in (c-f) refer to a single standard deviation of the 

nanoparticle sizes. 

Blade Size:
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Stir Plate:

20 mm 35 mm 40 mm Mixing speed (rpm)
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from the mother solution.4–6 Solution mixing does not translate linearly with scale-up, as it 

is a strong function of vessel geometry, solution behavior, and flow regime.7, 8 Evidently, 

the manner in which a solution is mixed plays a crucial role in establishing thermal and 

mass uniformity. Discussed in chapter 3, mass and thermal uniformity dictate the quality 

and stability of the nanoparticle reaction. A strengthening hypothesis is the extreme 

stability of the highly concentrated reaction derives from the formation of a liquid 

structure;9 whereby particle-particle interactions are ebbed, a phenomenon not apparent in 

the dilute reaction. Therefore, the transitions between the precursor disassociation-

nucleation and nucleation-growth may be due to the breakdown of the colloidal structure, 

promoting species interactions. 

To understand the effects of mixing on nanoparticle growth, copper sulfide 

nanoparticle are synthesized under different mixing conditions: varying mixing speed and 

blade geometry (Figure 7-1a). The mixing speed ranges from 250 rpm to 1500 rpm (color 

bar). The nanoparticle solutions are mixed via a stir bar or overhead stirrer. The stir bar 

remains at a fixed size (20 mm), but the overhead stirrer had a variable blade size of 20 

mm, 35 mm, or 40 mm. The effects of mixing are tested for nanoparticles syntheses at the 

dilute, 100 mM concentration and at the concentrated, 1000 mM concentration (Figure 7-

1). Each reaction is prepared with the same method, by first injecting the sulfur precursor 

into the copper precursor solution at 50°C and a spin rate of 400 rpm. The solution is then 

ramped to 185°C. Once at 185°C, we adjust the spin rate and periodically measure the 

rotations, to ensure the spin rate is constant throughout the experiment. The high speeds of 

some of the reaction prevent periodic sample extraction, so only the two hour end-point of 
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the reaction is quantified via TEM, in which we determine the nanoparticle size and relative 

size distribution (RSD) from a Gaussian distribution fit to 100 particles. 

Preliminary evidence of changing the blade geometry and mixing speed show an 

influence on nanoparticle synthesis during its growth step. The focus of this study is to 

determine the influence of mixing rate and reaction geometry on the growth of 

nanoparticles. Nanoparticles are synthesized using a stir bar (with stir plate) or overhead 

stirrer in various sized flasks with mixing speeds ranging from 250 rpm to 1500 rpm. The 

size of the blade (stir bar and stirrer) and its spacing to the walls of the flask are the 

geometric dependence for these reactions. Given the complexity of the flow fields in a 

stirred vessel, we approximate and assume the shear field follows that of a concentric 

cylinder to correlate nanoparticle size to mixing:10 

𝛾 = 𝑁𝐾𝑟 7-1 

where 𝑁 is the rotation rate and 𝐾𝑟 is the velocity ratio to the shear rate. The expression for 

𝐾𝑟 is strongly dependent on the geometry of the system and the position of the fluid from 

the rotating blade: 

𝐾𝑟 =
4𝜋

 𝑛
(

(
𝑅𝑒

𝑟⁄ )
𝑛

(
𝑅𝑒

𝑅𝑖
⁄ )

𝑛

− 1
) 7-2 

where 𝑟, 𝑅𝑖, and, 𝑅𝑒 are the radial position of the fluid, radius of the inner cylinder (blade), 

and the radius of the outer cylinder (flask wall), respectively. The value of 𝑛 is determined 

from the power-law fit to the shear dependent viscosity curves, which are 0.2 and 1.0 for 

the concentrated and dilute conditions, respectively. A “good” approximation for the 
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average shear rate in the fluid is to use the shear rate halfway between the blade and the 

flask wall:10 

𝛾½ =  
𝜋𝑁22(1+

1
𝑛⁄ )

𝑛

𝛽
2
𝑛⁄

(1 + 𝛽)
2
𝑛⁄ (𝛽

2
𝑛⁄ − 1)

 7-3 

where 𝛽 is given by 

𝛽 =
𝑅𝑒

𝑅𝑖
⁄  7-4 

The concentric cylinder mixing model is applied to the various mixing conditions and 

geometries of the Cu2-xS nanoparticle synthesis. The relationship between particle size and 

RSDs (error bars) to the shear rate at half-gamma and Reynolds number is plotted in Figure 

7-1. At low shear rates (Figure 7-1c and Figure 7-1e), there is a slight difference in 

nanoparticle size for the 100 mM and 1000 mM concentrations (~6.5 nm and ~7.5 nm, 

respectively) with a relatively narrow size distribution (< 10% deviation). These mixing 

rates are considerably lower than conventional syntheses that are usually between 102-103 

rpm. At high shear rates, nanoparticles increase in size and dispersity for the dilute 

condition, while the size remains steady for high concentration synthesis.  

To find the origin of this sudden transition to the rapid and polydisperse growth in the 

dilute synthesis at 100 mM, we convert the shear rate into an equivalent Reynolds number. 

As a function of Reynolds number, majority of the synthesis conditions for the 100 mM 

reaction have Reynolds that exceed 2300 (Figure 7-1d), whereas the 1000 mM synthesizes 

have Reynolds below 2300 (Figure 7-1f). The Reynolds number is a dimensionless number 

that compares inertial forces of mixing with the viscous forces of the fluid (i.e., the fluids 

resistance to flow) and is described by: 
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𝑅𝑒 =
𝜌𝜔𝐷2

𝜇
 7-5 

where 𝜌 is the density of the solution, 𝜔 is the rotation rate of a blade diameter, 𝐷, and 𝜇 

is the viscosity of the solution. Reynolds number < 2300 typically describes lamellar fluid 

flow (e.g., smooth flowing liquids) and a Reynolds > 2300 describes turbulent fluid flow 

(e.g., chaotic churning of liquids). The actual transition between lamellar and turbulent 

flow is ill-defined (i.e., gray region) and is system dependent, but a Reynolds of ~2300 is 

the usual approximation. In turbulent mixing, the fluid streamlines are continuous 

intermixing, which for nanoparticles traversing these streamlines may have a greater 

probability of colliding with other nanoparticles in solution. These collisions would 

promote interparticle interaction, such as coalescence or Ostwald-ripening, and increase 

the size and polydispersity of the nanoparticle. For lamellar flow, the fluid streamlines 

never cross. Hypothetically, nanoparticles within these streamlines would never see each 

other and hence their growth would be stunted. Based on the current experimental 

evidence, the rapid increase in size and dispersity with Reynolds number in 100 mM 

syntheses would strongly suggest the turbulent fluid regime promotes Ostwald-ripening. 

In contrast, the lamellar flow of the 1000 mM syntheses suggest the nanoparticles are non-

interacting with the average size across all syntheses being constant.  

To fully support these hypotheses of fluid flow (via changes in mixing speed) affects 

nanoparticle synthesis, we need to explore the turbulent regime (Re > 3000) for the 1000 

mM reactions and further into the lamellar regime (Re < 2000) for the 100 mM reaction. If 

the size and dispersity of the 1000 mM reaction begin to increase with shear rates that are 
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within the turbulent regime, then this is strong evidence that mixing plays a crucial role in 

nanoparticle synthesis, even at the lab-scale level. 

The turbulent regime of the 1000 mM or high concentration synthesis had been 

investigated, but the reactions must be performed using an overhead stirrer. The viscosity 

of these reaction are thick (relative to the dilute) and mixing at fast speeds results in the stir 

bar jamming (i.e., becoming out of sync with the stir plate) and the stir bar stops spinning. 

Unfortunately, other experimental unexpected difficulties appears with overhead mixings, 

such as air-tight seals breaking and causing oxygen to flow into the reaction hindered 

further study of the influence of mixing on nanoparticle synthesis.  

7.3 In-situ grazing incidence x-ray scattering of MSC transformation 

To understand the significance of the mesophase on the MSC transformation, we 

performed a rather extensive in-situ transformation using grazing incidence short/wide 

angle x-ray scattering (GI-S/WAXS), while simultaneously tracking the evolution of the 

cluster species with UV-Vis absorption spectroscopy in a vapor cell. The experimental set-

up is shown in Figure 7-2. UV-Vis absorption spectroscopy was measured orthogonal to 

the x-ray beam and vapor feed. The MSC film was coated onto a quartz 2x2 cm quartz 

cover-slip. To measure the absorption of the film, an optical beam was reflected 90° into 

the bottom of the vapor cell using a polished aluminum mirror. The reflected light 

transmitted through the vapor cell via a hole (3 mm diameter) at the bottom of the vapor 

cell that was covered by the quartz cover-slip at the other end. At the top of the cell, there 

was a focusing lens to focus the light back into fiber optic cables. The vapor cell was heated 

internally using heat cartridges with a constant power output. Under dry conditions, the 

steady-state thermal couple temperature was ~80°C. The cartridges and thermocouple were  
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Figure 7-2. (a) Rendition of experimental set-up and techniques for the in situ 

transformation of a magic-sized cluster thin film. X-rays graze off the surface of a thin 

film inside the vapor cell and the scattering is collected on two different detectors for 

GI-SAXS (far) and GI-WAXS (close). UV-Vis light is shines through the cell to measure 

the optical absorbance of the thin film. Methanol and nitrogen gas feeds are connected 

to the cell to control the ambient environment around the thin film sample. (b) Image of 

the actual experimental set-up. X-rays from the source go through Kapton windows and 

hit the sample at an angle of 0.25°. The scattered x-rays traverse through a wider Kapton 

window on the other end of the cell to be collected on a SAXS and WAXS detector. The 

Kapton windows are designed to keep the system closed off from the ambient 

environment and allow x-rays to be passed through the vapor cell with little attenuation. 

UV-Vis light (white light) from a fiber optic cable is reflected 90° on a polished 

aluminum surface into the bottom of the vapor chamber. There is a quartz window at the 

bottom of the cell to allow light to pass through the vapor cell, unattenuated except by 

the sample. The light that makes it through the sample is collected in a fiber optic cable 

through a focusing lens at the top of the vapor cell and then sent to a UV-Vis 

spectrometer. There are two gas feeds (i.e., nitrogen or methanol), with valves outside 

the hutch, to control the vapor environment within the cell. Heating cartridges are 

inserted through the top of the cell and into the sample stage. A thermometer is placed 

near one of the heating cartridges to measure temperature. (c) Zoomed out image of the 

experimental set-up showing the flight path of the x-rays. The left-most detector is the 

SAXS detector to collect small angle scatter and the right most detector is the WAXS 

detector to collect wide angle scatter. 
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~2 cm from the measured location (center of the 3 mm hole). Since the MSC film was 

coated on a thermal insulative material (quartz) and the measured location (center of hole) 

was not in direct contact with the stage, we suspect there may be an appreciable temperature 

gradient between the thermal couple and the measured location. Additionally, there was 

active convection of gases (i.e., methanol or nitrogen) in the vapor cell. We used the 1st 

absorption peak position of the F324 as a more precise indicator for the film temperature, 

rather than the set-point temperature of the cartridges (refer to Chapter 6, Figure S6-6 for 

calibration curve). From the exciton-temperature relationship of the F324, the temperature 

of the MSC film is ~60°C. To collect the GI-SAXS/WAXS patterns, the x-ray beam 

transmitted through Kapton windows on both sides of the vapor cell at a grazing angle of 

0.25°. Two detectors collected the SAXS (far detector) and WAXS patterns separately 

(close detector)(Figure 7-2). The collected patterns on the detectors are radially integrated. 

The first ring within the initial (starting) F324 cluster thin film GI-SAXS pattern shows 

a strong peak in the out-of-plane direction with slight radial texturing towards the  in-plane 

scattering direction (Figure 7-3a). The fully converted cluster thin film shows an expanded 

ring, signifying the separation between clusters has reduced (Figure 7-3b). Reverting the 

F313 back into the F324 shows the ring contracting, indicating the cluster-cluster 

separation distance has increased; however, not to the same extent as the initial F324 film 

(Figure 7-3c). The reasoning for this is likely attributed to x-ray beam damage of the thin 

film. Although inorganic materials are fairly resistant to beam damage, the organic 

mesophase is fairly sensitive to long exposures of x-ray radiation.  
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Radial integrations of the full GI-SAXS patterns for the three snap shots of the in-situ 

reaction show narrow peaks around 2 nm-1 followed by a broad tail to higher Q values 

(Figure 7-3d). There are doublet peaks in each pattern at ~4 nm-1, which are the higher 

order diffraction peaks affiliated with a hexagonal mesophase. The conversion of the F324 

to the F313 increases the 1st Q peak (from 1.95 nm-1 to 2.25 nm-1, respectively) and the 

subsequent √3 and 2 Q peaks (by the same fraction), indicating the entire mesophase has 

altered with the transformation. Shifting to a higher Q value signifies a contraction of the  

 

Figure 7-3. (a) The initial GI-SAXS pattern of a pristine F324 thin film. The in- and out-

of-plane direction refer to the grazing directions of the scattered x-rays off the surface 

of a thin film. Out-of-plane is the vertical direction of the image and in-plane is the 

horizontal direction of the image. (b) The fully converted GI-SAXS pattern of a F313 

thin film. (c) GI-SAXS pattern of the thin film reverted back to the F324 cluster. (d) 

Radially integrated diffraction pattern with the x-axis converted to Q-space. The sharp 

peak correlates to the ring and deep-red spot in (a-c). 
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mesophase or that the separation between fibers or clusters has decrease. The d-spacing 

defined as: 

𝑑-𝑠𝑝𝑎𝑐𝑖𝑛𝑔 =
2𝜋

𝑄
 7-6 

 

Figure 7-4. (a) Timeline of processes and snapshots for the in situ reversible 

transformation.  Methanol vapor is introduced into the vapor cell at 5 min and is purged 

from the cell at 70 min. Snapshots I-VI are time slices to show the initial MSC (I), 

partially converted MSC (II), fully converted MSC (III), meta-stable MSC (IV), partially 

reverted meta-stable MSC (V), and fully reverted MSC (VI). Methanol is introduced into 

the cell at 7 min (*) and purging of the methanol begins at 60 min (**). Methanol is 

completely purged at 70 min (¤). There is a discrete shift in the F324 to F313 MSC, a 

continuous shift in the F313 to the meta-stable F320, and a discrete shift in the F320 to 

F324. (b) Optical density contour plot of the time dependent absorption spectra of the 

MSC transformation at ~60°C. (c) Intensity contour plot of the GI-SAXS patterns of the 

time dependent MSC transformation. (d) Absorption spectrum snapshots (I-VI) of key 

transitions within the transformation. (e) GISAXS pattern snapshots (I-VI) of the 1st Q 

peak at key transitions within the transformation. 
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identifies the planar spacing or the spacing between the rows of fibers within the 

mesophase. For the initial F324 film and the converted F313 film, the d-spacing is ~3.2 nm 

and ~2.8 nm, respectively. This decrease in the d-spacing is quite substantial and should 

impart a large strain on the film, with its total volume shrinking by ~30% (based on a 

cylindrical approximation for the contraction).  

The intercalation of alcohol into the film should cause the film to expand, since mass 

is being added to the system, yet the opposite phenomenon is observed. To identify the 

origin of expansion, we need to investigate the complete in-situ transformation. Figure 7-

4 shown a complete reversible transformation of a F324 MSC thin film to a F313 MSC and 

back. The general scheme of the experiment conditions are illustrated in Figure 7-4a. A 

pristine F324 thin film is equilibrated at ~60°C for 5 min. Nitrogen is then saturated with 

methanol vapor using a frit filter to increase bubble surface. The cluster thin film begins to 

convert. The F324 thin film converts to the F313 thin film in ~10 min. The methanol vapor 

and temperature are held constant for 50 min to ensure complete conversion and observe 

any unexpected phenomena. At 60 min, the cell is purged with dry nitrogen gas and takes 

roughly 10 min to dry. The temperature is held constant and the vapor cell remains dry 

until the cluster thin film has reverted completely back to the F324.  

A contour map of the UV-Vis absorption (Figure 7-4b) and the d-spacing (Figure 7-4c) 

show correlated and sudden changes as the experimental conditions are altered throughout 

the in-situ experiment. As methanol is introduced into the vapor cell, there is a discrete 

shift in the 1st absorption peak of the cluster thin film. Snapshots I, II, and III show the 

initial F324, mixed, and final F313 thin film absorption spectra (Figure 7-4d) and d-spacing 

(Figure 7-4e). As the clusters discretely convert from F324 to F313, there is a smooth 
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contraction of the thin film d-spacing. Since, the x-ray beam is beam scattered across the 

entire surface of the thin film, we are observing the average d-spacing of the thin film. This 

continuous transition in the d-spacing supports the notion that the MSCs are isolated from 

one another, rather than a continuous inorganic network. If the fibers were continuous 

inorganic network, we would expect there to be a discrete, bimodal transition in the d-

spacing that is well correlated with the discrete transition in the optical spectra. If the fibers 

contain the clusters as discrete species, then the d-spacing transition should be continuous 

as individual clusters in the same fiber would randomly convert. 

Upon full transformation of the F324 into the F313, the thin film is held at constant 

temperature and methanol vapor pressure for nearly an hour. During this time, there is a 

minor shift to longer wavelengths in the absorption spectrum with a coupled narrowing of 

the d-spacing. Given how sensitive the absorption spectra of the clusters are with 

temperature, this minor shift could be attributed to thermal equilibration of the vapor phase. 

The instant the vapor (originally at room temperature) is introduced into the vapor cell, the 

transformation initiates and goes to completion rapidly. During this short transition, the 

vapor needs to heat as it passes through the cell. The narrowing of the d-spacing peak may 

be a result of this vapor thermal equilibration. 

After the holding period, the methanol vapor feed is closed, and dry nitrogen begins to 

flow through the cell. For the first 10 min, there is no change in the optical spectrum or d-

spacing of the thin film. However, once the cell is completely dry (no methanol), there is a 

very rapid shift in the first absorption peak of the F313 film to a position that is halfway 

between the pristine F313 and F324 1st absorption peak. This shift is the β-to-β’ transition 

that is described in Chapter 6, which is the anhydrous form of the F313 cluster. For this 
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discussion, we will refer to the anhydrous F313 cluster and the F313’ cluster (following 

the β’ definition). The instant transition occurs in the optical spectrum, there is a sudden 

reduction in the d-spacing (discussed in more detail later).  

 

Figure 7-5. (a) Peak position of the dominant MSC family with time. There is a discrete 

transition from F324 to the F313 family with the addition of alcohol (+ MeOH) at 5 min. 

There is a rapid transition from F313 to F320 by removing the alcohol (- MeOH) at 70 

min. There is a gradual transition from F320 to F324 during reversion due to overlapping 

of peaks. (b)  Evolution of the F324 MSC during the reversible transformation. The 

evolution of the F324 is equivalent to the normalized optical density at a wavelength of 

330 nm (F324 family at ~60°C). The conversion and reversion processes can be fit with 

a single exponential. The reversion process only restored to 90% of the original optical 

density at 330 nm, indicated by ΔI. We suspect this incomplete recovery is a result of 

film ablation or changes in incident optical intensity. (c)  Evolution of the cluster-cluster 

spacing (d-spacing) during the transformation. The film contracts during the conversion 

process, which contracts by 15% after full conversion. Flowing dry N2 gas to purge the 

methanol in the vapor cell induces a rapid 2% contraction of the film (*). We suspect 

this rapid contraction is a result of removing the absorbed methanol. During the reversion 

process the film expands linear to ~95% of the initial F324 cluster-cluster spacing, 

indicated by Δd. 
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The delay in the spectroscopic changes are due to the evaporation of the methanol. 

Throughout the hold period, methanol gradually condenses on the sides and bottom of the 

vapor cell. The condensation is a result of the temperature gradients within the vapor cell. 

The cell is made of aluminum and conducts heat quickly, so the walls of the vapor change 

are much cooler than the area near the sample, which is supported by quartz (a poor 

conductor of heat). 

With the vapor cell now dry, the F313’ cluster gradually reverts into the F324 cluster. 

Snapshots IV, V, and VI shows a continuous shift in both the optical spectrum and d-

spacing of the thin film back to the original positions of the F324 cluster (i.e., 330 nm,  

UV-Vis; 3.6 nm, d-spacing). Although, not apparent in the snapshots, contour plot of the 

in-situ absorption spectra (Figure 7-4b) shows more of a bimodal transition between the 

F313 and F324 clusters. The two-fold increase in the width of the first absorption peak 

indicates there are likely two species present, unlike the F324 to F313 transition, in which 

the peak widths remain constant. There is complete restoration of the F324 spectrum, 

however, the peak and shape of the thin film d-spacing is does not fully restore. A likely 

reason for the incomplete restoration of the d-spacing could be due to beam damage. 

Inorganics are fairly resilient to intense x-rays radiation, but organics over long durations 

of exposure degrade. We see this with our thin films, the final optical spectrum of our 

clusters resembles that of the initial spectrum, indicating the inorganic clusters do not grow, 

but there is streaking (where the x-rays graze the surface) of the film, indicating that the 

organics in the film have been affected. 

There are unique correlations of key features within the in-situ study. As alcohol is 

introduced into the system there is a discrete switch in the dominant (most intense) cluster 
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peak position from 330 nm (F324 cluster) to ~315 nm (F313 cluster) (Figure 7-5a). When 

the alcohol is removed, there is another discrete transition from ~315 nm to 323 nm, which 

is the β-to-β’ transition; followed by a continuous shift of the peak back to 330 nm. By 

tracking the intensity of the 1st absorption peak for the F324 cluster after the addition of 

methanol (Figure 7-5b)., we see a single exponential decay the correlates exceptionally 

well with the decrease in the d-spacing (Figure 7-5c). The incredible agreement in the 

decay rates (~3.5×10-3 s-1) for both the cluster conversion and d-spacing, suggest that the 

contraction in the thin film is due to the change in the cluster structure, in that the F313 is 

a smaller, more dense structure than the F324. When the vapor cell is free of methanol, 

there is a sudden and further decrease in the d-spacing of the thin film, which 

simultaneously occurs with the F313 to F313’ transition (Figure 7-5c, asterisk). This 

contraction is likely due to methanol being expunged from the film because the ambient 

environment is now dry. After this contraction and sudden jump in the absorption intensity, 

there is a nearly linear increase in the d-spacing and absorption intensity with a rate of 

~6.5×10-4 s-1 (based on first order approximation of a single exponential decay). The 

absorption intensity of the F324 cluster does not fully restore, which is likely attributed to 

changes in the incident optical intensity, since the experiment is performed continuously 

for 150 min without recalibration of the background spectrum. 

Although GI-WAXS data was collected simultaneously, the data possessed too many 

artifacts and the broadening of the diffraction peaks were too severe to discern any useful 

information without excessive data processing. Due to the grazing-incidence of the x-rays, 

there is artificial broadening of the diffraction peaks, which become more pronounced at 

wider angles. For future studies, additional baseline measurements need to be performed 
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prior to doing an extensive in-situ study. The geometry of the set-up, and the location of 

probes and sensors within the system need to be placed correctly such that x-ray scattering 

from the air do not produce shadows onto the detector, as this is the main issue with the 

GI-WAXS data. Unfortunately, shadowing of x-rays cannot be entirely eliminated by 

background and blank subtractions. 

The mesophase of the MSCs has the crucial role of keeping the clusters separated, even 

under extreme conditions (relative to the cluster). Heat, protic solvent exposure, and 

compression (volume reduction/contraction), that normally induce growth in nanoparticle, 

do not affect the clusters in the same way. While in a mesophase, these clusters alter their 

structure to compensate for the strain imparted by the external environment, much like bulk 

crystals undergo solid-solid transformation with stimuli. How do clusters that are not in a 

mesophase respond to the same influences? Briefly mentioned in the supporting 

information of Chapter 6, cluster produced (and extensively purified) at dilute conditions 

do not possess a mesophase and the transformation process causes growth in those clusters. 

Therefore, future extension to this work (in-situ GI-SAXS and optical spectroscopy) could 

be investigating the transformation process for magic-sized clusters not in a mesophase. 

7.4 Generalizing the MSC isomerization – The CdSe cluster 

The reversible isomerization of MSCs has only been extensively studied for the CdS 

composition, raising the questions: do other MSC compositions have isomers? And can 

these isomers undergo a reversible isomerization? The most likely candidate to expand 

MSC isomerization would be for the InP clusters,11 since the CdS cluster structures 

originated from the InP cluster. Through conversations with other individuals, there have 

been observation similar to those discussed in Chapter 6 that suggest the InP cluster has  
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isomeric structures. The InP cluster composition has not been explored in this work due to 

the current synthetic procedure is not safely amenable to high concentrations. However, 

there have been many reports of structural transformations in different MSC compositions, 

such as gold and CdSe clusters, but these structure transformations are generally 

irreversible and occur through the use of mass action (the process of adding or removing 

mass).12–17 Although mass action alters the overall composition of the cluster, the inorganic 

core composition within some of these cluster (e.g., Au144)
12 is preserved: isomeric core. 

Using the CdS MSC transformation as a template, isomerization may be possible in other 

cluster systems. Efforts to generalize the isomerization of magic-size clusters have focused 

on the CdSe cluster system. The CdSe clusters, second to the gold clusters, have a diverse 

and numerous set of cluster structures and sizes, ranging from monomer-like species, 

 

Figure 7-6. (a) Image of a CdSe MSC high concentration synthesis just as the MSCs 

begin to nucleate. The nucleation of the MSCs define the start of the soak time, where 

the soak time = 0. The whitish ring in the center of the flask are the CdSe MSCs. The 

greenish tint in the solution is from the TOPSe precursor, not nucleated CdSe 

nanoparticles. (b) Images of the CdSe MSC high concentration synthesis at a soak time 

of 240 nm. The solution is a strong turbid yellow color. The turbidity is cause from the 

nucleation of the MSCs and the yellow is attributed to the growth of larger nanoparticles 

(not MSCs). 

Soak time = 0 min Soak time = 240 minA B



   

303 

 

(CdSe)13,
18 to larger stoichiometric, (CdSe)34,

19 or non-stoichiometric, Cd35S20,
17  

structures.  

 

Figure 7-7. (a) Aliquots taken at various times from the high concentration synthesis of 

CdSe MSCs. Time equal to 0 min is defined as the point when the clusters first nucleation 

and is the beginning of the soak time (Figure 7-6a). There is a strong peak at 405 nm at 

time = 0 min. As the reaction progress, the peak narrows and a shoulder emerges. Once 

formed, the shoulder broadens and diminishes in intensity, signifying that the 

nanoparticles that formed at short times are only growing and new nanoparticles are not 

nucleating. (b) Purification of 3 separate syntheses. The feature associated with the 

cluster becomes more resolved, but unperturbed from the purification process. Only 

nanoparticles are being selectively purified. The inset is the absorption spectrum of the 

supernatant of removed nanoparticles. (c) Absorption spectra of a dilute synthesis of 

CdSe nanoparticles follow procedures proposed by Own et al.16 (d) Evolution of a 

purified CdSe MSC upon heating and alcohol exposure. Heating does not alter the 

absorption spectrum, but the addition of methanol causes rapid changes in the absorption 

spectrum, signifying a structural transformation. 
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We employ the high concentration synthesis to produce the CdSe clusters in a 

mesophase. The method is nearly identical to the syntheses described in the previous 

chapters of MSC synthesis, but the elemental sulfur is replaced with elemental selenium 

(powder). The solubility of selenium in tri-n-octylphosphine (TOPSe) is significantly 

lower than sulfur and strongly depends on its polymorph. A 1000 mM concentration of 

TOPSe is used for the high concentration synthesis of CdSe MSCs, as beyond 1000 mM, 

concentration of TOPSe becomes extremely variable. The 1000 mM CdOleate and 1000 

mM TOPSe precursors are mixed together at 50°C. The mixture is then heated to 80°C, in 

which a fibrous white precipitate forms near the stir bar (Figure 7-6a). This white 

precipitate formation is the same phenomenon that occurs with the CdS cluster formation. 

The CdSe cluster reaction is maintained at 80°C for 240 min and during this time, the 

solution turbidity (cloudiness) increases (Figure 7-6b).  

Aliquots of this reaction show the formation of a narrow peak at 405 nm that does not 

shift over the course of the reaction, indicating the generation and stabilization of CdSe 

MSCs (Figure 7-7a). However, there is a broad shoulder at longer wavelengths that 

continuous to evolve over the course of the reaction, which is attributed to the formation 

of continuously growing nanoparticles. Unlike, the ultra-pure CdS synthesis, this CdSe 

MSC synthesis produces nanoparticle impurities and this is attributed to free tri-n-

octylphosphine. As discussed in Chapter 4, free phosphine in the MSC synthesis causes 

the MSCs to grow into large nanocrystals. We do not believe the CdSe MSCs are being 

consumed or digested to form the larger nanocrystals. The intensity of the shoulder  

diminishes with time and continues to red-shift, indicating the nanoparticles are no longer 

nucleating and are growing at the expense of other nanoparticles. The purity of the 
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synthesis can be improved by washing the synthesis, but only to a certain extent (Figure 7-

7b). As the CdSe MSC product becomes purer, the solution becomes more viscous and 

eventually a gel (precipitation of the gel yields a fibrous product). Once a gel, the purity of 

the solution no longer improves. We speculate that at this point the larger nanoparticles are 

embedded into the fibrous mesophase and cannot be size-selectively precipitated. 

To better understand the CdSe MSC synthesis and produce a pure MSC product, we 

followed a synthesis procedure proposed by Owen et al.16 The synthesis is a complex 

mixture involving many protic solvents: diphenylphosphine (DPP), dodecylamine, and 

oleic acid. Heating the mixture to 80°C and soaking for 90 min produces an MSC only 

product, but there are many peaks that shift and change intensities when washed (Figure 7-

7c): promising for MSC isomerization. One particular MSC with a 1st absorption peak at 

 

Figure 7-8. Absorption spectra of a CdSe MSC high concentration synthesis replacing 

TOPSe with DPPSe. The raw product has a weakly defined 1st absorption peak at 380 

nm, that slightly narrows upon purification. Upon an oleic acid treatment, the spectrum 

narrows significant, having two well defined absorption peaks that resemble a CdSe 

MSC cluster. 
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380 nm (F380) is successfully isolated. A thin film of the produce is heated to and stabilized 

at 80°C. There is no apparent change the absorption spectrum of the F380 thin film. The 

film is exposed to methanol vapor and the 1st absorption peak begins to decay as a shoulder 

emerges at longer wavelengths. After a short time (~5 min) the spectrum stops evolving. 

This sudden halt in the spectrum is unknown and requires further investigation, but the data 

provide promising evidence of to the generalization of isomerization in magic-sized 

clusters. 

The chemistry of CdSe MSCs are usually very convoluted (a mixture of many different 

reactive chemicals) and the role that each reagent has in the synthesis is not clear. The high 

concentration synthesis is designed to provide a robust, simplified approach to nanoparticle 

or magic-sized cluster synthesis. To simplify the above synthesis for the F380 and facilitate 

the isomerization process, we reduce the chemistry to only cadmium oleate and 

diphenylphoshine selenide (DPPSe). Diphenylphosphine is a smaller and protic phosphine 

molecule, which on a per molar basis, can yield much greater concentrations than tri-n-

octylphosphine. A 5000 mM concentration of DPPSe is mixed with a 1000 mM of 

cadmium oleate at 50°C. The reaction is very rapid and is stopped after 5 min. The 

absorption spectrum of the product yields a broad absorption peak at 380 nm (Figure 7-8). 

If the purified product is treated with oleic acid, the peaks narrow in the absorption 

spectrum and the clusters form a gel. We speculate the broad absorption spectrum in the 

untreated product is because the MSC reaction with DPPS is so quick that the clusters are 

in a lamellar mesophase18 (templated by the cadmium oleate) or the fibrous mesophase that 

orients the clusters has not yet formed. Treating the clusters with oleic acid post synthesis, 

gives the cluster the material and time to form the stable fibrous mesophase and this  
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Figure 7-9. (a) Pair distribution functions (PDF) of the ultra-pure clusters. (b) X-ray 

diffraction patterns of the ultra-pure clusters. The clusters do not match the bulk phases. 

There is large shifts in the dominant diffraction peak of the clusters, indicating changes 

within the unit cell. The peaks at “*” are scattering from the organic ligand shell.  (c) 

Fitted structures of the clusters. Residuals of the fits < 0.2 for each structure, which 

include the inorganic core and the organic surface ligands. Only the inorganic 

components of the clusters (i.e., Cd and S atoms) are shown for clarity. Each structure 

possess C2 (2-fold) symmetry. Peach and yellow are cadmium and sulfur atoms, 

respectively. (d) Atomic displacements between the initial α-cluster to the transformed 

clusters: β-cluster (α→β), γ-cluster (α→γ), and ω-cluster (α→ω). 
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narrows the spectral features in the absorption spectrum. Fine tuning the chemistry of this 

reaction would enable a robust and reproducible synthesis to produce a single CdSe MSC 

product (i.e., F380) of a known chemistry and ligand functionality without going through 

the complex size-selective purification process. 

7.5 Structural analysis of the CdS MSC families  

The origin of many CdS MSC families had been connected to the surface ligand 

chemistry of the cluster. Altering the surface of these clusters, evidently, changes the 

overall structure of these clusters. However, only the F313 and F324 clusters structures is 

described in detail. Here, we reveal the physical structure of the thiol and amine capped 

CdS MSCs with a narrow 1st absorption peaks at 348 nm and 360 nm, respectively. In  

Chapter 5, these clusters are referred to as the F348 (thiol) and F360 (amine); in this section, 

we implement the nomenclature from Chapter 6 and refer to the thiol and amine capped 

clusters as γ-cluster and ω-cluster, respectively.  

To identify the structure of the γ-cluster and ω-cluster and the relationship with the 

original α-cluster (F324) and β-cluster (F313), total scattering data is collected and 

converted to the pair distribution function (PDF) (Figure 7-9a). Atomic models are fit to 

the PDF and a reverse-Monte Carlo algorithm (Generation II, discussed in detail in Chapter 

2) refines the structure with a complete ligand shell. By including the organics, we 

accurately fit the structures between the interatomic distances of 1.5-20 Å and achieve 

residuals of < 0.2 for each cluster isomer. This small extension to the fitting range (between 

1.5-2 Å) provides valuable information on the overall cluster composition (organic and 

inorganic), which is commonly neglected in PDF analysis of inorganic clusters (typical 

interatomic distance range of 2-20 Å).12, 17 We find these interatomic distances to be 
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essential in identifying the overall composition of a cluster, i.e., determining the number 

of ligands on the cluster surface. Even for the γ-cluster and ω-cluster, the diffraction 

patterns do not align with either of the stable bulk crystal phases (zinc blende and wurtzite). 

In fact, the dominant diffraction peak (~30° 2θ) for γ-cluster and ω-cluster are shifted 

further from bulk than the α-cluster and β-cluster, suggesting significant distortion or 

changes in the inorganic structure (Figure 7-9b). 

From the PDF analysis, the composition of the as-synthesized is 

[Cd37S20]{C18O2H33}34, alcohol treated is [Cd37S20]{C18O2H33}34, thiol treated is 

[Cd37S20]{C12SH25}34, and amine treated is [Cd21S20]{C18NH35}36 (composition: 

[inorganic]{organic}). The labeling of the clusters derives from the inorganic component 

of the cluster composition and the overall composition determined from the PDF fitting 

agrees with our previous Induction Coupled Plasma – Atom Emission Spectroscopy (ICP-

AES) and Thermogravimetric Analysis (TGA); techniques used to identify organic and 

inorganic composition.20 Physical structures of the inorganic component of the clusters are 

illustrated in Figure 7-9c. 

We find that each cluster shares a similar core composition of Cd21S20 (referred to as 

‘core’) but with vastly different surface structure (ligands). The Cd21S20 cluster cores are 

defined as the compositionally-preserved inorganic framework that hosts the site for ligand 

binding. To facilitate analysis between the clusters, we refer to the cores of the as-

synthesized, alcohol, thiol, and amine treated clusters as α-core, β-core, γ-core, and ω-core, 

respectively. Each of these cores are structurally distinct from each other (Figure 7-9d), but 

the atomic positions differ by less than a bond length (~2.5 Å) and the composition is 

preserved, creating an extended isomeric relationship between the structures.  
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Attached to the α-core, β-core, and γ-core are 16 Cd atoms, which make up the outer 

surface of the cluster, each with a single bond connecting it to the core. The ω-core do not 

have these 16 Cd surface atoms. In comparison, the α-core and β-core with the surface Cd 

atoms, has an overall structure and composition within 5% (deviation in atomic positions) 

of our previous findings.20 The α-core and β-core possess two oleate ligands for each of 

the 16 surface Cd surface atoms (32 oleate ligands in total) and 2 individual oleate ligands 

bonded to 2 different 2-fold coordinated Cd atoms on the core. This configuration of oleates 

yields a charge neutral, and theoretically stable, α-cluster and β-cluster. Likewise, replacing 

the oleates with dodecanethiolate ligands, we produce a charge neutral γ-cluster.  

There is a single or double amine ligand that binds to each 3-fold or 2-fold coordinated 

atom (Cd and S), respectively, on the surface of the ω-core. The ω-core does not possess 

the 16 surface Cd atoms; hence the ω-core and the ω-cluster composition are the same. A 

potential reason behind the removal of the surface Cd atoms in the ω-cluster would be the 

interaction between amines and oleates. In nanoparticle ligand exchange processes, amines 

tend to displace metal carboxylates rather than just the carboxylate.21, 22 These metal 

carboxylates are charge neutral and therefore more stable in solution, compared to the 

charged, deprotonated carboxylate. Presumably, if the single bonded surface Cd atoms on 

the α-core are part of the ligand (i.e., cadmium oleate), we would expect them to be absent 

in the ω-core on the premise that amines displace metal carboxylates. Interestingly though, 

the ω-cluster has the first absorption peak at the longest wavelength of the set, which, from 

classic literature,23, 24 would suggest the ω-cluster has the largest inorganic core; yet, the 

size of the ω-core is comparable to the other cluster cores. The PDF analysis highlights an 
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isomeric connection between the different cluster Cd21S20 cores, while identifying crucial 

differences on the cluster surfaces. 

7.6 Overcoming texturing in PDF analysis  

A challenge that plagues PDF analysis is texturing or preferred crystal orientation 

within the 2-D diffraction patterns. Ideal PDF analysis requires smooth and constant 

intensity profiles in the azimuthal direction of the 2-D diffraction patterns. When the 

diffraction patterns become “spotty” or there are stronger intensities in certain directions 

relative to other directions from the beam center, PDF analysis becomes challenging, since 

the areas of stronger intensity usually have narrower diffraction peaks than direction with 

 

Figure 7-10. (a) Radially integrated x-ray total scattering pattern of a F324 cluster that 

has been pressed or sheared. The scattering intensities are normalized to a similar 

baseline. The Difference is the intensity difference between the sheared and pressed 

sample. (b) Simultaneously collected SAXS and WAXS pattern of a F324 sample. Q-

space < 1 Å-1
 define the SAXS region and shows sharp peaks associated with a hexagonal 

mesophase. Q-space >1 Å-1 define the WAXS region and shows broad peak associated 

with the MSC structure. SAXS scattering intensities are on usually a factor of 100x 

greater in intensity than the WAXS. To simultaneously collect the SAXS and WAXS, 

an aluminum disc is centered around the beam center of the incident x-ray beam with a 

radius large enough to attenuate the entire SAXS region. The disc is placed just in front 

of the detector and after the sample. The thickness of the aluminum disc is such that the 

beam scattered intensity in the SAXS is reduced by a factor of 10x. Due to the edge of 

the disc, a large spike at ~0.9 Å-1 when correctly for the attenuated intensity. (c) PDF of 

the pressed and shear F324 cluster. The peak positions between the samples match, but 

their relative intensities are modulated by broad oscilliations (difference). 
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weaker intensity. Radially integrating patterns with texture yield peak shapes that are not 

representative of the intrinsic material and in most cases give rise to grain sizes that are 

larger than the actual material. Texturing is a result of a preferred orientation in the atomic 

planes throughout the sample and generally occur in dimensionally confined materials, 

such as thin films, or polymeric materials.25, 26  

To better understand the effects of texturing on PDF analysis, we employ our 

mesophase-stabilized magic-sized clusters. Our clusters are isolated inorganic domains 

within long (several microns in length) continuous organic fibers. These fibers are 

susceptible to shear, which enables the fibers to align in the direction of shear and forcing 

the clusters to have a preferred orientation. Since the structure of our clusters is known, we 

can begin to better understand how the periodic alignment of intercluster atoms create 

texturing through accurate connections between simulations (XRD and PDF) and 

experiment. 

Total x-ray scattering of a F324 cluster reveals substantial narrowing (texturing) of the 

dominant diffraction peak (~1.85 Å-1) for a sample that has been sheared to a sample that 

is pressed (Figure 7-10a). Normalizing the scattering pattern to the same background 

intensity, the difference between the sheared and pressed F324 samples shows a sharp peak 

at 1.85 Å-1, followed by weaker and broader positive intensities at ~3.2 Å-1, 3.7 Å-1, and 

4.9 Å-1. If we label the peak at 1.85 Å-1 as 1Q, the subsequent peaks occur at √3Q, 2Q, and 

√7Q, which suggests a hexagonal assembly of the atoms. This hexagonal assembly has 

interplanar separations (d-spacing) that are less than 4 Å. Shearing of the cluster mesophase 

causes a hexagonal interference signal to form in the wide-angle x-ray scattering (WAXS). 

The mesophase of our clusters is hexagonal, but the x-ray intensity contributions from the  
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mesophase occurs in the small-angle x-ray scattering (SAXS) (Figure 7-10b) and the 

spacing of the mesophase peaks would be numerous (>> 4 peaks) in the WAXS, if there is 

contribution from the mesophase. The PDF of the pressed and sheared sample are very 

similar, yet the sheared sample has a greater amplitude of peaks at large interatomic 

distances (Figure 7-10c). The difference in the PDF shows a preserved Cd-S bond intensity 

(ΔG(r) ≈ 0) and a regular spacing of broader peaks that gradually decay at larger 

interatomic distances. Interestingly, the peaks (interatomic distances) in the difference do 

not align with cluster peaks; they appear to only modulate and increase the intensity at 

larger interatomic distances. 

To identify the source for the peak narrowing, we simulate the diffraction pattern of the 

F324 cluster in a linear assembly (Figure 7-11a). New oscillations or distortions occur in 

the simulated diffraction patterns as the number of clusters that are regular spaced (well 

 

Figure 7-11. (a) Linear assembly of regularly spaced clusters. (b) Simulated diffraction 

patterns of a single cluster and a linear assembly of up to 5 clusters. As more clusters are 

added to the assembly, the dominant diffraction peak at 1 Å-1 becomes narrower, while 

the relative peak intensities are preserved. Weak, but sharp, peaks become more 

pronounced as more clusters are in direct registry of each other and is a direct result of 

the cluster being perfectly spaced and oriented. Averaging over all possible orientations 

smooth out these sharp peaks. (c) Pair distribution function of the cluster assembly. Peak 

positions do not change, and only peak intensities at large interatomic distances are 

affected due to the increasing cluster assembly length.  
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correlated) increases (Figure 7-11b). If the separation (d-spacing) between the clusters are 

a multiple integer of the dominant diffraction peak (1Q = 1.85 Å-1, d-spacing = 3.4 Å), the 

1Q peak narrows significantly as more clusters become in direct registry of each other. 

Transformation of the diffraction pattern to the PDF reveals that the interatomic peak 

positions do not shift with an increasing cluster-cluster correlation (Figure 7-11c). Like in 

the experimental data, the 1st nearest neighbor (Cd-S bond length) is unaffected and the 

peak positions at larger atomic distances are only modulated by a broad frequency 

oscillation that is equivalent to the regular spacing between the cluster. These simulations 

suggest that the clusters within a F324 fiber are regularly spaced and shearing linearizes 

the fibers, which increases cluster-cluster correlations. 

Generating a mesophase assembly of the magic-sized clusters with a specific and 

preferred orientation to match the experimental observation directly is a non-trivial 

process. The clusters have C2 (2-fold) symmetry and are chiral, which create challenges in 

identifying the correct orientation of the clusters. The combination of propagating clusters 

in space at regular intervals and averaging over all orientations becomes computationally 

intensive. Preliminary efforts to facilitate modeling a preferentially mesophase involves 

information collected from both SAXS and WAXS. The basis of this work is dependent on 

the interpretation of the form factor. In Chapter 2, the atomic form factor is the scattering 

amplitude of x-rays from individual atoms and its shape is dependent on the electron cloud 

of the atom. The amplitude of the atomic form factor is equivalent to square of the electron 

structure factor.27 Given that these electrons are free to move within an atom, the electron 

clouds are generally approximated as uniformly dense sphere with a defined volume. If we 

interpret a magic-sized cluster as a larger atom, there should be a form factor affiliated with  
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the magic-sized cluster, such that the square of the atomic structure factor (i.e., WAXS 

pattern) is equivalent to the particle (cluster) form factor (Figure 7-12a).  

 

Figure 7-12. (a) Form factor of a non-uniformly dense cluster. The form factor is derived 

from the atomic positions within the cluster, whose shape is similar to that of a prolate 

sphere. Incorporating the atomic structure into a prolate sphere of similar dimensions 

yield the modified (non-uniformly dense) prolate sphere. (b) Simultaneously collected 

SAXS and WAXS pattern of the F324 cluster overlaid with the form factor of a 

uniformly dense prolate sphere. The dip in intensity of the experimental data matches 

that of a prolate sphere of similar dimensions to the cluster radius. Inset is the prolate 

sphere with diameter dimension of 11.6 Å x13.9 Å that is being simulated. (c) Simulated 

diffraction data of the various structures and models in (d). The α-cluster is another 

notation of the F324 cluster. The scattering intensities are arbitrarily scaled for clarity 

and separation of patterns. (d) Structure and models that are simulated in (c). 
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Particle form factors generally occur in the regime called super-SAXS (10-3 Å-1 < Q < 

10-1 Å-1) and require very dilute solutions to eliminate structure factor scattering  

contributions (e.g., x-ray scattering from particle-particle or mesophases). Unfortunately, 

the cluster mesophase is resilient and do not fully dissolve or break apart at dilute 

concentrations, so there is always scattering from the mesophase in the SAXS regime. 

However, there is a unique dip and curvature of the intensity (apparent on log scale) in the 

SAXS that is affiliated with small spherical particles, more specifically, a prolate sphere 

(Figure 7-12b). Furthermore, for this dip to occur requires nearly monodisperse particles, 

i.e., magic-sized clusters. A simulated x-ray scattering pattern for a uniformly dense prolate 

sphere, with dimensions (diameters) of 13.9 Å by 11.6 Å, is shown in Figure 7-12a. The 

intensity of the simulation is scaled to show the curvature, dip, and intensity fall off. As 

mentioned in Chapter 2, the structure factor is modulated by the form factor. Therefore, the 

intensity falloff of the narrow mesophase peaks is due to the fall off in the cluster form 

factor. This behavior also suggests the scatter that generates the mesophase peaks is 

predominately from a regular spacing of the inorganic clusters, rather than the fibrous 

organic matrix. 

Traditionally, SAXS patterns are simulated with uniformly dense geometries as 

particles are randomly oriented throughout the sample and scattering from interparticle 

atomic pairs do not contribute to the SAXS intensity profile.28 This uniformly dense 

approximation results in particle form factors with negligible scattering intensities in the 

WAXS (Figure 7-12c, blue line). Since the density (i.e., atomic positions) of the cluster 

structure is known, we can derive the cluster form factor (i.e., square of the structure factor) 

to yield a modified prolate sphere form factor (Figure 7-12c, red line). Similar to the prolate 
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sphere form factor, the intensity of the cluster form factor (modified prolate sphere) 

gradually declines as Q increase, but now there is a sharp peak at ~1.85 Å-1 (1Q), with a 

subsequent peak at ~3.2 Å-1 (√3Q peak). The normal scale intensity is shown in Figure 7-

12 and the intensity profile bare a resemblance to the difference in intensity (textured 

intensity) of the sheared and press F324 samples (Figure 7-10a).  

We hypothesize the textured intensity results from a SAXS structure factor being 

modulated by a non-negligible cluster form factor in the WAXS. Steps towards testing this 

hypothesis would be to develop models coupling the cluster form factor and atomic 

structure factor. A suggested model would be to generate the mesophase structure in the 

SAXS using the cluster form factor as a basis and then add the scattering contributions 

from an individual cluster to produce the WAXS. This would effectively involve 

simulating, simultaneously, the SAXS and WAXS. Earlier attempts at generating the 

mesophase structure involved using the entire 57 atom cluster and propagating them to 

produce a hexagonal mesophase. Averaging out the diffraction pattern required rotating > 

100 clusters (> 6000 atoms) and this approach is computationally intensive and time 

consuming. Insufficient averaging causes the simulated pattern to be different after every 

execution of the simulation. This modified form factor effectively reduces the 57 atom 

matrix into a single point, which then can be propagated to generate a mesophase and 

reduced computational time by > 103 (proportional to number of atoms/points squared). If 

the proposed hypothesis is true, then our reverse-Monte Carlo algorithm can refine 

structures from samples with significant texturing or preferred orientations through PDF 

analysis. A method to directly and accurately simulate the structure of textured materials  
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Figure 7-13. (a) Schematic of the cluster assembly across the scales: from an individual 

cluster to a hexagonal assembly to a highly ordered periodic thin film. (b) Cross-

polarized transmission optical micrograph of a 1x1 mm2 thin film self-assembly of 

MSCs with periodic bands that span the length of the image. Gray-scale intensity of 

micrograph represents intensity of light that passes through the cross-polarizers. (c) 

Scanning transmission electron micrograph of a fibrous cluster assembly. (d) Higher 

resolution of the cross-polarized transmission optical micrograph to show texture within 

a band. There is an alternating dark-light contrast of the bands with the light bands 

having an alternating striation pattern. The striations are at a length-scale comparable to 

the fibrous mesophase (200-500 nm). (e) Fast-Fourier transform of the 1x1 mm2 

micrograph. The large number of spots indicate a highly ordered structure with 

periodicity in the band spacing, as well as periodicity along a  single band. 
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would deepen the understanding of many materials whose analysis stops at the XRD 

pattern, only because of texturing. 

7.7 Thin film assembly of strongly polarized MSCs 

A vast library of colloidal syntheses has developed extensively over the last two 

decades, enabling scientists to produce particles of nearly any size, shape, and composition. 

Viewing nanomaterials as synthetic atoms, the next logical step towards advanced 

functional materials would be the assembly of nanoparticles into ordered-multidimensional 

crystals. Similar to how the arrangement of atoms within a crystal dictate the property of a 

material, the periodic arrangement of nanomaterials, such as those in superlattices,29–31 may 

give rise to novel and unprecedent properties, like those found in metamaterials.32–34 

Unfortunately, the current hurdle in these nanomaterial assemblies is building ordered 

domains (e.g., crystals) that are large enough (on the order of millimeters) to be 

characterized and have a useful application.  

Our magic-sized clusters naturally self-assemble into large and fibrous hexagonal 

domains (> 200 nm) in a liquid suspension (Figure 7-13a). These domains are large enough 

to be susceptible to shear forces. Uniaxial shearing caused by a single linear drying front 

forces the MSC fibers to have a preferred alignment, which generates highly ordered 

periodic structures (thin films) with length scales exceeding a millimeter in length (Figure 

7-13b). These thin film assemblies are the first of their kind: the self-assembly of single 

nanometer species (Figure 7-13c) forms bundles (hexagonal mesophase, 100’s of nm) that 

generate single micrometer band structures (Figure 7-13d, 4-6 microns) that propagate 

continuously to millimeter-sized domains. From the atomic ordering of an individual 

cluster to the millimeter ordered domains in the micrograph, periodicity in these thin film  
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span length scales over six orders of magnitude (10-10 to 10-3 m). The fast-Fourier transform 

(FFT) of a cross-polarized, 1 mm by 1 mm, optical micrograph of a cluster thin film 

assembly shows numerous and well-defined spots (Figure 7-13e). The regular spacing of 

these spots within the same direction indicate a lamellar structure (or a continuous periodic 

line structure). The sets of spots parallel to each other signify that there is a defined 

periodicity along a single band. The periodicities occur as striations within a band (Figure 

7-13d). These striations are between 200-500 nm in length, which we believe are the 

hexagonal bundles: a visualization of the cluster mesophase. 

 

Figure 7-14. (a) True color, cross-polarized transmission optical micrograph of a highly 

ordered MSC thin film assembly. There is an alternating dark-light intensity of the bands. 

The blue color under cross-polarization indicates that thin film assembly is only altering 

the polarization or phase of blue light and the other colors are blocked by the analyzer. 

(b) True color, co-polarized transmission optical micrograph of a highly ordered MSC 

thin film. The image is in the same location as the cross-polarized micrograph. The color 

across the micrograph is uniformly gray, indicating that all wavelengths of light passes 

through the analyzer. Both scale bars are 20 microns. 
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A polarizer is a filter that causes light to propagate in space with the same orientation 

(e.g., vertical or horizontal). When the orientation of two polarizers are parallel to each 

other (i.e., co-polarized), light may pass through both polarizers. However, if the 

polarization direction of the polarizers are orientated 90° with each other (i.e., cross-

 

Figure 7-15. (a) General set-up for linear polarization UV-Vis spectroscopy 

measurements.  Depolarized light is then polarized at known orientations prior to 

reaching the sample. For linear polarization, the light that passes through the sample is 

collected on a detector; there is no analyzer. For co- and cross-polarization 

measurements, there is an analyzer inserted after the sample with a known orientation. 

(b) Background absorption spectra collected for a Quartz substrate at different 

polarizations. (c) Absorption spectra for a Quartz substrate coated with a MSC thin film, 

at the same polarization geometries. There is no analyzer in place for either sets of 

spectra in (b) and (c). 
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polarization) the light is blocked completely. An object inserted between the two 

polarizers, such as a thin film, appears black under cross-polarization and the object is 

observed normally under co-polarization. If the object alters the phase (shift in the 

propagation) or polarization (orientation), light may pass through the second polarization 

(commonly referred to as analyzer). Objects with isotropic (no preferred direction) atomic 

structures or feature sizes near the wavelength of light do not alter the phase or polarization 

of light and therefore always appear dark under cross-polarization. On the other hand, 

anisotropic structures do alter the phase and polarization of light, producing a wide array 

of colors that depends on the retardation or phase shift and the difference in the refractive 

index.35 

True color transmission optical micrographs (TOM) of the MSC thin film assembly 

show alternating dark-light pattern of blue stripes (bands) under cross-polarization, while 

the image under co-polarization or no polarization shows the same stipes, but with a 

uniformly gray color (Figure 7-14). The blue color within the cross-polarized image 

indicates that only blue light is passing through the analyzer and all other colors of light 

are being blocked. The gray color from the co-polarized TOM indicates a film that is 

normally transparent to visible light. A white balance is performed prior to each TOM on 

a bare section of the glass substrate that results in a homogeneous gray background. An 

image that appears gray indicates that all light has made it through the sample. 

To identify the origin of the blue, we performed linear polarization UV-Vis 

spectroscopy of these highly ordered thin film. The general experimental set-up is outlined 

in Figure 7-15a. Light passes through a monochromator producing a single wavelength of 

light that is then depolarized to remove polarization effects introduced by the  
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monochromator. A background absorption spectrum is collected for every geometric 

configuration of the polarizer using a blank substrate as the sample (Figure 7-15b). These 

background spectra are subtracted from the spectra collected with the film present. Non-

subtracted spectra are shown in Figure 7-15c. The absorption spectrum of a vertically 

oriented (relative to the benchtop), unpolarized F324 thin film (Figure 7-16a, black curve) 

shows a broad peak centered around 324 nm. All orientation, henceforth, of the film and 

polarizers are referenced to the benchtop (i.e., vertical is perpendicular to the bench and 

horizontal is parallel). This peak is the 1st absorption peak of the F324 cluster and normally, 

 

Figure 7-16. (a) Linear polarized UV-Vis absorption spectra of the highly aligned thin 

film shown in Figure 7-14. Black curve is the unpolarized absorption spectrum. (b) Dual-

polarization of the UV-Vis spectrum of the highly aligned thin film. Sub/superscripts 

that are the same are co-polarized. Sub/superscripts that are different are cross-polarized. 

Black curve is the unpolarized absorption spectrum. (c) Notation to the labeling in (b). 

Sub/superscripts are the orientation of the polarizers relative to the benchtop. The large 

letter is the orientation of the bands within the thin film relative to the bench top. 
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has a narrow full-width half max (~8 nm). The origin of the broaden is unknown, but likely 

attributed to the thickness of the film. Films that are generally thick, yield a flattening of 

the 1st peak while thinned disordered films have a well-defined 1st absorption peak that 

mirror the liquid solution. By introducing a polarizer in front of the sample, the intensity 

of the absorption peaks alters substantially. When the polarizer is oriented at 0° or vertically 

oriented, the absorbance of the thin film increases by over a factor of 2. This configuration 

of the polarizer has an optical polarization that is parallel to the bands (vertically oriented). 

As the polarizer is rotated, the absorbance decreases to a minimum (a factor of two lower 

than the unpolarized absorbance) with the polarizer oriented at 90° or horizontally. Here, 

the optical polarization is perpendicular with the bands.  

These immense changes in absorbance indicate the F324 thin film is highly anisotropic. 

Furthermore, when the bands of the thin film are parallel with the polarization direction 

(e.g., vertical polarizer – vertical bands), the film absorbs nearly 10x more light than the 

unpolarized (conversion to intensity is logarithmic, Beer-Lambert law). But more 

interestingly, is that the film becomes more transparent (100% more transparent, 2x more 

light transmits through the film with this polarization) when the polarization of light is 

perpendicular to the direction of the bands. The exact origin of both phenomena is unknown 

and is still being investigated. Highly oriented bands would create a grating and effectively 

polarize the light in the direction of the grating. Presumably, this cause light with the same 

polarization orientation as the bands to pass through the film, but this is not the case. A 

current hypothesis is the observed phenomenon occurs from the micrometer long MSC 

fibers traverse perpendicular to the bands. This hypothesis is based on the striations within 

the bands being that of the fibrous mesophase (Figure 7-13d). Therefore, the fibers are 
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perpendicular to the optical polarization and this creates a cross-polarization effect at 

wavelength the F324 cluster absorbs. This hypothesis is valid in the reverse situation; the 

fibers now are parallel to the optical polarization, and more light should transmit through 

the film.  

To correlate the observed color in the optical micrographs with the polarized optical 

responses, we used a polarizer and an analyzer in the absorption measurements to 

reproduce the polarization conditions in the optical micrographs. The corrected 

(background subtracted) absorption spectra of the four possible combination of vertically 

and horizontally oriented polarizers is shown in Figure 7-16b with the legend defined in 

Figure 7-16c. Under co-polarization (polarizer and analyzer have the same orientation, e.g., 

H-H or V-V), the absorbance of the F324 thin film is positive, but under cross-polarization 

(different orientation of polarizer and analyzer, e.g., H-V, V-H), the absorbance is negative. 

How can the absorbance of a material be negative? A negative absorbance indicates that 

more light relative to a baseline (i.e., background) has made it through the system. The 

baseline in this system is a blank Quartz substrate, which is an isotropic material. No light 

passes through a cross-polarized system (i.e., the absorbance is very large in a real system, 

> 6). Because the F324 thin film is highly anisotropic, the film manipulates light as it 

transmit. Wavelength of light < 400 nm are manipulated by the thin film and these 

wavelengths correlate to the blue-to-violet colors of the visible spectrum. Therefore, only 

blue and violet light are visible under cross-polarization. Likewise, co-polarization 

absorption spectroscopy of the thin film shows a nearly flat absorbance across the visible 

spectrum (> 350 nm), indicating the light is uniformly affected (or unaffected) and results 

in a gray image (or white if Absorbance = 0 across visible spectrum). Interestingly, 
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regardless of the cross-polarized orientation with respect to the thin film alignment, the 

absorption spectra are similar; whereas the thin film absorbance strongly depends on the 

orientation between the bands and the co-polarized (same orientation) polarizers. When the 

polarizers are parallel with the bands (VV
V), there is even a large increase in the absorbance 

than with a single polarizer (Figure 7-16a). With the polarizers perpendicular to the bands 

(VH
H), the absorbance is similar to that of the single polarizer. The additional increase in 

absorbance with both polarizer and analyzer is not entirely clear. An active and developing 

hypothesis is that the clusters are chiral (to be discussed later) and the emerging 

polarization of light from the sample is elliptically polarized. Elliptically polarized light 

has both horizontal and vertical polarizations, but with a non-integer multiple of a π phase 

shift between the polarization. Only one component of this light can be transmitted through 

the polarization, further reducing the transmitted light (i.e., increasing the absorbance). 

The origin of the broadening and peak flattening of the 1st absorption peak is not well 

understood. A current hypothesis is that the films are too thick and non-linear absorption 

effects come into play. However, this is not the situation for all films. For example, the 

unpolarized absorption spectrum in Figure 7-16a has a peak absorbance at ~0.7, which is 

< 1.0 where the non-linear concentration effects become a factor. A thinner and less aligned 

sample (~80% aligned over a 1x1 mm2 area, Figure 7-17a) yielded an absorption spectrum 

identical to the of the liquid solution. Moreover, the thinner sample enabled us to resolve 

more of the absorption spectrum, down to ~225 nm. From the peak absorbance, this film 

is ~3x thinner than previous films (ratio of absorbance peaks assuming a fixed 

concentration). Linear polarizing the absorption spectrum of the less aligned thin film 

(Figure 7-17a) showed similar optical responses as the highly aligned thin (Figure 7-17a),  
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but with a weaker magnitude in the response (Figure 7-17b). The increase in absorbance 

(relative to the unpolarized spectrum) with a parallel orientation of the of the bands and 

polarizer is ~3x (~50% more light is absorbed). And the decrease in absorbance a 

perpendicular orientation of bands and polarizer is ~2x (~50% more light transmits).  

Interestingly, the polarized response across the absorption spectrum is not constant. 

There is roughly no polarization response between the wavelengths of 275-300 nm. And 

the shoulder at 265 nm has a reverse polarization response as the 1st absorption peak (Figure 

7-17b). The parallel orientation has a reduced absorbance; while the perpendicular 

orientation has an increased absorbance. But then the optical switches again at 240 nm, 

showing polarized optical responses similar to the excitonic peak. There is much to be 

explored and understood with polarization UV-Vis spectroscopy, such as the effects of film 

thickness on absorption and the effects of band order on the degree of polarization. In the 

case of a perfectly ordered film, can we achieve complete transparency under one 

polarization and complete attenuation under another polarization for the 1st absorption 

 

Figure 7-17. (a) Cross-polarized transmission micrograph of a F324 thin film. (b) UV-

Vis spectra under different polarization of the F324 thin film. 
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peak? If a phenomenon such as this were possible, there would be great implications of 

these films in information processing and communications. 

By engineering the drying process, F324 thin films of highly aligned and periodically 

ordered bands have achieved near centimeter length scales (> 3 mm, Figure 7-18a). 

However, the science or the underlying mechanism behind the drying process for the most 

part is unknown. There have been many reported mechanisms with similar band formations 

of different materials: bands forming as a result of surface wrinkling,36, 37 buckeling,38 or 

uniaxial shear forces.39, 40 In order to develop a mechanism for film formation, we need a 

deeper understanding of the building blocks that produce these highly aligned thin films.  

To probe the detailed structure with the films, a highly aligned thin film is made on a 

nearly atomically flat arsenic doped-silicon surface. The defect free (no dust or residue) 

and nearly flat surface allows the film to be highly ordered over a much larger area 

compared to the “bumpy” glass or quartz surfaces. Doped silicon is necessary to increase 

the conductivity of the substrate, since these thin films are prone to charging from electron 

irradiation (e.g., TEM, SEM, and XPS). Figure 7-18a is a true color, no polarization, 

reflection optical micrograph of a highly aligned thin film with dimensions exceeding the 

optical window of the microscope. The silicon is not a transparent substrate but is highly 

reflective. The origin of the green color is not entirely known, but color is a true green with 

no blue, yellow, or red light. A higher resolution of the micrograph shows periodically 

spaced bands with a width of 2.6 μm (Figure 7-18b). Cross polarization of the reflection 

micrograph of the same spot shows a blue color (Figure 7-18c), much like the transmission 

mode. Now, the bands are alternating in intensity and width; unlike the unpolarized case, 

which has a uniform green intensity and band width across the film. Darker bands have a  
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Figure 7-18. (a) Real color reflection optical micrograph (ROM) of a highly aligned thin 

film on a polished, doped silicon substrate. (b) Higher magnification of the highly 

aligned thin film. (c) True color, cross-polarized ROM of the highly aligned thin film. 

(d) SEM image of the highly aligned thin film. There is a AuPd alloy monolayer coating 

on the surface of the film. (e) Higher magnification of the MSC film. Due to charging 

and sever drift, the micrograph is taken in a more disordered area near copper tape. 
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2.7 μm and light bands have a 2.5 μm. There are clearly apparent striations in the bands 

under cross-polarization. Unfortunately, these striations are 200-500 nm in width and are 

near the resolution of an optical microscope.  

To probe deeper into the structure, we performed scanning transmission electron 

microscopy (SEM) of the thin film. Because a large volume fraction of the thin film is the 

resistive organic ligands, we coated the film with a monolayer of a gold-palladium alloy to 

increase the conductivity of the film while in the SEM. The coating enables us to resolve 

down to 10’s of nanometers length scale.  

The SEM image of the thin films reveals highly aligned bands with very fine texture in 

them (Figure 7-18d). Similar to the cross-polarized optical micrograph, the bands in the 

SEM have an alternating width of 3.4 and 2.9 μm. The overall increase in width of the 

bands in the SEM image compared to the optical micrograph are likely due to the 

resolution. In the optical micrograph there is dark line that separates each of the bands with 

a width of ~0.5 μm, which is not factored into the width of the band. At higher resolution 

of the SEM, a single band appears to have a “basket-weave” texture to it, with the weaves 

having widths of a 1 μm. In each weave, there are threads of diameter between 30-80 nm. 

It is not entirely clear if these threads are a cluster of MSC fibers are wrinkling of the gold-

palladium coating. Further investigation into the threads is necessary. 

The natural self-assembly of theses CdS magic-sized cluster open many doors to novel 

applications and fundamental understandings. The extravagant colors that emerge from 

these films under optical polarization yield great potential in photonic systems, in all 

spectroscopic aspects (i.e., absorptions, emission, and reflection spectroscopy). Although 
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not presented here, the understanding of liquid drying can be enhanced with this system, 

as it behaves very much like a polymer or liquid crystal system. Unlike polymers and 

liquids crystals, which are predominantly organic (light elements), our cluster thin films 

have a “heavy center” (i.e., inorganic cluster) that significantly enhance x-ray scattering by 

two orders of magnitude. The amplification of the x-ray signal enables a reduction in 

collection time and probe the drying process at a much finer time scale (from seconds down 

to milliseconds).  

7.8 Enantioselective synthesis of inorganic chiral magic-sized clusters 

The presence of optical activity of inorganic nanomaterials represents the existence of 

chiral structure. Optical activity originates from the electronic transition of the ground state 

to the excited state that involves the combination linear and circular motion of charges. 

These linear and circular motions of charge create non-vanishes electric and magnetic 

dipole moments. For all CD-inactive compounds, the net magnetic dipole moment is zero 

because of symmetric (inversion center and mirror plane) cancelling of the magnetic 

dipoles. In this regard, CD-active materials are those with low-symmetry or dissymmetric 

structures, such structures are termed chiral. However, the exact link between optical 

activity and chirality proves challenging due to the convolution of sources for chirality 

(e.g., surface ligands, inorganic cores or surfaces, or ligand-core interactions) and the 

limitation of techniques that visualize nanostructures at the atomic level.  

In most optically active nanomaterials, CD signals arise any combination of its 1) 

morphology, whereby the shape of an individual nanoparticle is dissymmetric41 or the 

arrangement of nanoparticles produce chiral structures;42 or 2) surface topography, in 

which the passivating ligands themselves are chiral,43, 44 or defects,41 there is a chiral 
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arrangement of ligands on the nanoparticle surface.45, 46 These sources of optical activity 

derive from a secondary structure, that is a chiral assembly of achiral subunits. In the case 

of chiral shape of inorganic core model CD signals typically differ from the corresponding 

UV-vis absorption spectrum. For example, the strongest CD signal may not appear at the 

wavelength corresponding to band-edge electronic transition. Despite the chiral shape of 

the inorganic core, the symmetry of inner atomic framework is still maintained.42, 47, 48 A 

few instances, with the aid of chiral precursors, have there been syntheses of intrinsically 

chiral nanomaterials (primary structure), in which there is a chiral arrangement of the 

atomic structure.49, 50 Only in these cases of intrinsically chiral molecules or nanomaterials 

have CD signals that map to the absorption spectra.49, 51 

Through our high concentration method,9, 52 we have selectively synthesized two 

enantiomers of ultra-pure inorganic clusters with narrow absorption bands in the near-UV 

spectrum. Previously identified as the α-Cd37S20 and β-Cd37S20 cluster.53  The intrinsically 

chiral inorganic core possesses a helical arrangement of atoms that readily transforms into 

isolatable cluster isomers, whose structures have been determined through pair distribution 

function (PDF) analysis. Optical activity within our cluster isomers originate from the 

chiral assembly of atoms within the core, yielding CD spectra that mirror the UV-Vis 

spectra. The enantioselective synthesis of tunable cluster isomers with chiral absorption 

and emission bands in the near visible spectrum will advance non-linear optics. 

The as-synthesized initial isomer cluster, referred to as α-cluster, with an extremely  

narrow (10 nm, 117 meV) first absorption peak at ~324 nm, is synthesized in high purity 

(>99.9% of the Cd-S units by concentration are forming MSCs) through our concentrated 

mesophase method.9, 52 (Figure 7-19a). The narrowness of the first absorption peak 
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classically signifies a narrow size dispersion and the transparency to longer wavelengths 

indicate the absence of larger nanocrystals.9, 23, 24, 53 Enantiomeric forms (mirror image 

structures) of the α-cluster can be directly synthesized in pure quantities, through simple 

alterations to the mixing direction; there is no enantioseparation process. These 

enantiomers of the α-cluster appear to be indistinguishable from the UV-Vis absorption, 

but the α-cluster enantiomers interact differently with circularly polarized light.  

Circular dichroism (CD) spectroscopy is a standard and powerful technique to probe 

for chirality in materials by measuring chiroptical effects, that is the difference in 

interactions with circularly polarized light. The CD spectra of each α-cluster enantiomer 

 

Figure 7-19. (a) Absorption (left axis) and circular dichroism (CD) (right axis) spectra 

of α-cluster. There are two enantiomers of the α-cluster, a left-handed (peach curve) and 

a right-handed (purple curve). The spectral peaks and troughs of the CD spectrum align 

with spectral features in the absorption spectrum of the α-cluster. (b) g-factor of the α-

cluster, ratio of the CD signal to the absorption. 
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clearly demonstrate that each enantiomer has opposite dichroic optical activity: one 

enantiomer mainly shows strong positive CD signals, with peaks at 324 nm, 285 nm, and 

240 nm, with one small trough around 260 nm that is weakly negative  (Figure 7-19a, peach 

curve), while the other enantiomer cluster shows identically opposite optical activity, with 

mainly negative peaks and one small positive region (Figure 7-19a, purple curve).  Positive 

and negative changes in extinction coefficients (Δε) indicate left-handed (LH) and right-

handed (RH) optical activity, respectively. Thus, one enantiomer is strongly left-handed, 

and the other is strongly right-handed. The extinction coefficient is an intrinsic property of 

a material that proportional to the absorbance of a material but normalized by 

concentration. The clusters are not subject to separation, making the synthesis inherently 

enantioselective for homochiral products. To our knowledge, this mechanically induced 

enantioselective synthesis is the first of its kind54–57. The magnitudes of the CD signal (up 

to 35 M-1cm-1) for both enantiomers surpasses the degree of chirality of conventional small 

molecules and is comparable to the well-known alpha-helix within folded proteins(~25 M-

1cm-1).58, 59  

The overlay of the CD spectrum with the absorption spectrum provides insight into the 

origins of the chiroptical effects. There is a strong correspondence between the peaks and 

troughs of the CD spectra and the peaks in the absorption spectra (Figure 7-19a), indicating 

the optical activity originates in the electronic transitions of the inorganic portions of the 

cluster-ligand unit. All CD responses correlate with absorption peaks. Therefore, the 

assignment of the absorption peaks to specific electronic transitions is important to 

rationalize the origins of optical activity. Specifically, in the α-cluster, the strongest CD 

signal (324 nm) which matches to the first absorption peak whose origin is an exciton 
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(electron-hole pair) or band-edge electronic transition in semiconductor nanomaterials.60 

The next strongest CD signal at 240 nm also corresponds to an absorption peak, and can 

be attributed to a different electronic transition. Therefore, the single handedness in each 

enantiomer suggests optical activity derives from the individual cluster, instead of any 

other secondary structures, like the molecular assemblies of α-helices or β-sheets. 

Although small, the g-factor (ratio of CD signal to the total absorption) of the α-cluster 

is on the order of 10-3 (specifically, 3x10-3 for the first absorption peak), which means the 

ratio of the difference in the absorption of left- and right-handed circularly polarized lights 

to the total absorption is on the order of 10-3, a value that is typical for small chiral 

molecules.61 In general, samples whose CD responses arise from small units (e.g., small 

molecules or inorganic cores, with scales from 1nm to 10 nm) commonly yield small |g| 

~10-3.62, 63 For example, Wang et al. reported a small gold cluster with an intrinsic chiral 

Au10 core, which has been characterized by X-ray single crystal analysis, having the 

maximum anisotropy factor (gmax) of 6.6 x10-3 at its absorption wavelength.63 The reason 

for such small |g| value lies in the fact that the dimensions of absorbing species are much 

smaller than the helical pitch (equivalent to wavelength) of circularly polarized light and 

their absorption behavior mainly stems from the electric dipole transition.61 Correlating the 

α-cluster g-factor to other optically active inorganic nanomaterials proves challenging as 

the origin of chirality in other nanomaterials is generally convoluted within the CD signals. 

Inorganic nanomaterials tend to have significantly higher (102-103x) extinction coefficients 

(absorbs more light) than organic matter. Consequently, the small chiroptical effects that 

arise in most of these nanomaterials with inorganic core-organic shell construct, eventually, 

originate from a combination of inorganic morphology and organic surface tomography 
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that convolute the origin of optical activity. There is a large variation in g-factors within 

inorganic nanosystems reported so far (g-factor can range from 10-5-10-2)41, 50, 64, 65 with the 

α-cluster sitting at the upper boundary of inorganic g-factors, indicating a relatively highly 

chiral feature among all explored chiral nanoclusters. 

To establish the underlying link between optical activity and structure we collected 

total x-ray scattering data that enables determination of complete atomic structures (ligand 

shell and inorganic core) by fitting the pair distribution function (PDF) of the α-cluster. 

The atomic structure of the inorganic core (α-core) is illustrated in Figure 7-20a (“face”) 

 

Figure 7-20. (a) The “Face” orientation of the α-core, illustrating a projected C2 

symmetry of the core with the rotation axis vertically oriented. (b)The “Side” orientation 

(75° rotation of the “Face”) of the core shows a twisting arrangement of the atoms. (c) 

Accentuated atoms of the along the horizontal center axis of the “Face” (left) and “Side” 

(right) orientations that form a “Spiral”. (d) Achiral conformations of cyclic rings that 

make the bulk crystalline phases of CdS. The top structures depict the side-view origin 

of the chair and boat conformations. The bottom structures are rotated 90° in-plane to 

illustrate a cyclic hexagonal ring of alternating cadmium and sulfur atoms. (e) Chiral 

conformations of cycling rings make the core. The top structures show the twisting of 

the boat conformations in the left (left-handed twisted boat) or the right (right-handed 

twisted boat) screw directions. The bottom structures are rotated 90° in-plane to 

accentuate the dissymmetry of the cyclic hexagonal ring. Peach, cadmium; yellow, 

sulfur. 
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and Figure 7-20b (“side”). The symmetry of the α-core is two-fold (C2 symmetry) and 

deviates substantially from the highly symmetric bulk lattices that constitute larger 

nanocrystals. The core has a twisting-sheet atomic configuration, typically associated with 

C2 symmetry, that is clearly apparent while looking at the structure’s “face” (Figure 7-

20c). Rotating the core 90° to the “side”, shows a helical twist to the atoms along the center 

axis (Figure 7-20c).  

The spiraling arrangement of atoms in the core do not exist within the bulk crystalline 

phases of zinc blende (ZB) and wurtzite (WZ). The bulk lattices may be constructed with 

a series of hexagonal cyclic CdS rings of either a “boat” or “chair” conformation (Figure 

7-20d). Both conformations are symmetric and achiral. In the “boat” conformation the 

upright most S atom (bow) and Cd atom (stern) are aligned with each other. When the bow 

and stern tilt in opposite directions, the boat twists (“twisted-boat”) along the symmetry 

axis (Figure 7-20e), breaking symmetry within the ring and becoming chiral. The cyclic 

CdS rings within the cores all possess this “twisted-boat” conformation and may be either 

left- or right-handed chiral (Figure 7-20e). The rings within the illustrated core (Figure 7-

20a) all have a left-handed twisted-boat conformation. Interestingly, the mirror image of 

this core (enantiomer) produces an α-core  with cyclic CdS rings of only right-handed 

twisted boat conformations; similar to the left and right hands being mirror images of each 

other. Although there is a full body change in the chirality of the cluster core, the PDF 

between the two enantiomer cores are identical. The α-core deviates substantially from the 

achiral bulk and is intrinsically chiral. The chirality stems from the single-handed chiral 

building blocks, rather than atomic dissymmetry at the surface. 
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To identify the degree of chirality that may originate from the shape of the cluster, we 

calculated a Hausdorff chirality measure (HCM) of ~0.147 for each of the clusters.66 The 

HCM calculations superimposes mirrored structures and determines the maximum overlap 

between the structures with values ranging between 0 and 1. Only achiral structure yield 

an HCM of 0 and an HCM value of 1 is only an upper theoretical limit. Even the simplest 

of 3-dimensional structures, the tetrahedral, has achieved an HCM value of only 0.255 with 

the most chiral geometry.66, 67 These HCM calculations have been performed extensively 

on gold cluster, which surprisingly revealed that chirality of many gold clusters originates 

primarily from the ligand.46 The HCM of the α-cluster far exceeds those reported for gold 

cluster.46, 68 Unfortunately, a large HCM value does ensure of a highly chiral structure. A 

single dislocated atom in a highly symmetric/crystalline structure yields a non-zero HCM. 

Atomic displacements (identified within single crystal refinement) of achiral structures that 

exceed 5% of the geometric diameter may yield HCM values of ~0.1, which presumes the 

structure is chiral from the calculations, but physically, the structure is not chiral.  

In summary, we have discovered the origin of optical activity within a CdS magic-

sized cluster, connecting the intrinsically chiral structure to the homochiral optical 

responses. Mesophase formation of the high concentration MSC synthesis promotes the 

direct synthesis and isolation of pure enantioselective products, simply by controlling the 

stirring direction of the reaction vessel. These cluster can be produced, robustly, at scale, 

enabling implementation of its homochiral optical properties into a wide variety of 

potential applications, such as photonic crystals,33, 34  negative refractive index materials,69 

and quantum information.70 
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7.9 Supporting Information 

Methods & Techniques  

Section 7.2 – Effects of mixing on colloidal synthesis 

Transmission Electron Microscopy (TEM) – Analysis was performed on an FEI Tecnai 

T12 transmission electron microscope operating at 120 kV with a LaB6 tip. Samples for 

TEM analysis were prepared by placing a drop of NP solution in hexane on top of a copper 

grid coated with an amorphous carbon film. Particle counting was done manually using 

ImageJ (0.33 nm/pixel resolution). A 100 nanoparticle count was used to measure average 

size and relative size distribution. 

Viscosity – Measurements were performed on an Anton Paar Physica MCR 501 rheometer 

using a 5-cm parallel plate and gap of 0.05 mm. For viscosity measurements, raw samples 

were extracted from the reaction at 50°C, and cooled to room temperature before being 

placed in the rheometer. The samples were sheared at 10 s-1 while heating from 25°C to 

185°C at 5°C/min. Above 120 °C vapor loss begins to be significant impairing the 

reliability of the data. 

Section 7.3 – In-situ grazing incidence x-ray scattering of MSC transformation 

UV-Vis Absorption Spectroscopy – Measurements of absorption spectra were performed 

from 200 to 800 nm on an Ocean Optics USB2000+ photodiode spectrometer with a DH-

2000-BAL light source. All in-situ absorption spectra were averaged over 25 scans with an 

integration time of 200 ms (5 s total). Background subtractions were done with a blank 

quartz coverslip inside the vapor cell. Thin film samples were prepared on quartz 

coverslips. 
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Grazing Incidence X-ray Scattering – Total scattering measurements were performed 

at the D1 beamline at the Cornell High Energy Synchrotron Source (CHESS) 

(wavelength=1.17 Å, Energy=10.60 keV). Images were collected using a CCD Flat Panel 

detector with a pixel size of 172 x 172 µm. The sample to detector distance for GI-SAXS 

was 575 mm, as determined from a silver behenate standard. The sample to detector 

distance for GI-GAXS was 83.5 mm, as determined from a ceria standard. The patterns 

had a 10 s collection time for each frame. Background subtraction was done with dark (no 

beam) and an empty vapor cell (beam present, but no sample) images. The averaged images 

were then integrated using Fit2D36 and normalized to the incident beam intensity. The gas 

flow rate to the vapor cell was 50 mL/min. 

Section 7.4 – Generalizing the MSC isomerization – The CdSe cluster 

UV-Vis Absorption Spectroscopy – Measurements of absorption spectra were performed 

from 200 to 800 nm on an Ocean Optics USB2000+ photodiode spectrometer with a DH-

2000-BAL light source. Background subtractions were done with an empty FUV quartz 

cuvette. 

Section 7.5 – Structural analysis of the CdS MSC families 

X-ray Scattering – Total scattering measurements were performed at the F2 beamline at 

the Cornell High Energy Synchrotron Source (CHESS) (wavelength=0.20218 Å, 

Energy=61.32 keV, bandwidth=0.25%). Images were collected using a GE Flat Panel 

detector with a pixel size of 200 x 200 µm and total area of 2048 by 2048 pixels. The 

sample to detector distance was 238.78 mm, as determined from a CeO2 standard. The 

patterns were averaged over 10 scans with 10 s collection time for each frame. Background 

subtraction was done with dark (no beam) and empty (beam present, but no sample) 
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images. The averaged images were then integrated using Fit2D36 and normalized to the 

incident beam intensity. Samples were analyzed as solids supported by steel washers. 

PDF Analysis – Structure determination was determined using Generation II or the reverse-

Monte Carlo algorithm defined in Chapter 2. 

Section 7.6 – Overcoming texturing in PDF analysis 

Small and Wide Angle X-ray Scattering (SAXS and WAXS) – SAXS and WAXS 

measurements were performed simultaneously at A1 beamline at the Cornell High Energy 

Synchrotron Source (CHESS) using monochromatic radiation (wavelength = 0.62054 Å 

and bandwidth Δλ/λ = 0.1%). The SAXS/WAXS images were collected by a ADSC 

Quantum-210 CCD detector with pixel size of 51.2 by 51.2 µm and total area of 4096 by 

4096 pixels. The sample to detector distance was 630.824 mm, as determined from a silver 

behenate powder standard. Typical exposure time was 60 s. Images were dark current and 

geometric corrected, and then integrated using Fit2D software.84 The samples were heated 

in a custom designed apparatus (Figure S4-6). The sample holder was 2-mm thick 

aluminum sheet (25 by 30 mm) with a 13-mm hole in the center. The aluminum sheet was 

sandwiched on each side by 0.5-mm Teflon sheet, and then Kapton-tape (1 mil) covered 

washer (1-mm) with 6 2.5-mm holes drilled into each washer. The Kapton tape was next 

to the Teflon, with the adhesive on the washer side. The sample was loaded into the sample 

holder, and holder was sealed with 6 bolts/nuts. Then, the sample holder was placed 

between two aluminum pillars that each held a heat cartridge. The temperature was 

controlled using a thermocouple within one of the aluminum pillar, near the heat cartridge. 

The sample temperature was monitored with a thermocouple placed inside the sample 

holder, and pushed to the bottom of the sample chamber. A 10-cm diameter (3.175 mm 
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thick) Al disc was placed over the low-angle region of the detector to prevent saturation 

during 60 s scan (Figure S4-6). The beam passed through sample near the bottom of the 

sample chamber. For the ramp studies, the temperature was equilibrated at 100°C, and then 

ramped to 170-200°C at ~3-5°C/min. The scattering for the empty cell at 130°C was used 

for background subtraction, which introduces some error into the peak intensities because 

of the change in temperature; nevertheless, the observed peak positions and trends are 

accurate. 

Total X-ray Scattering – Total scattering measurements were performed at the 28-ID-

1 beamline at the NSLS-II, Brookhaven National Labs (wavelength=0.1666 Å, 

Energy=74.43 keV). Images were collected using a Perkin Elmer Flat Panel detector with 

a pixel size of 200 x 200 µm and total area of 2048 by 2048 pixels. The sample to detector 

distance was 209.59 mm, as determined from a CeO2 standard. The patterns were averaged 

over 54 scans with 60 s collection time for each frame. Background subtraction was done 

with dark (no beam) and two layers of Kapton tape (beam present, but no sample) images. 

The averaged images were then integrated using Fit2D36 and normalized to the incident 

beam intensity. Samples were analyzed between two pieces of Kapton tape. 

Section 7.7 – Thin film assembly of strongly polarized MSCs 

High Resolution Scanning Transmission Electron Microscopy – Lower magnification 

STEM images were acquired using an aberration-corrected FEI Titan Themis operating at 

300kV, with a convergence semi-angle of 30mrad, and inner and outer collection angles of 

68 and 340 mrad on an annular dark-field detector (Figure S4-4 and Figure 4-3). The 

samples were prepared by drop-casting a solution of MSCs in hexane on a standard carbon 
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coated Cu-TEM grid. The grids were then placed on a hot plate at 60°C, and under vacuum 

to ensure that solvent was removed prior to imaging. 

Optical Micrographs – Transmission and reflection mode optical micrographs are acquired 

on an Olympus BX51 with cross-polarization and magnifications between 50x to 1000x. 

The acquired images are an average of 8 total images with integration times of 1 s each. 

True color images for transmission mode are white balanced to the blank substrate and 

referenced to a gray standard. True color images are white balanced to an aluminum mirror. 

Scanning Electron Micrographs – Micrographs were acquired on the Zeiss Gemini 500 

Scanning Electron Microscope. The accelerating voltage was at 300 V with a working 

distance of 2.4 mm. Images were acquired in the InLens mode. 

UV-Vis-NIR Absorption Spectroscopy – Measurements were performed on Cary 5000 UV-

Vis-NIR (Aligent Technologies). Samples were coated on 1” diameter Quarts discs and 

supported in thin film holder. All polarizers, depolarizers, and sample was inserted in the 

light path of the Cary 5000 within the sample compartment. The depolarizer is from 

Harrick. The incident polarizer (before the sample) is a Glan-Taylor Polarizer with a 

rotatory dial to identify exact angle of polarization and is from Harrick. The analyzer (after 

the sample) is a Glan-Laser polarizer from ThorLabs and its polarization is only know in 

the vertical or horizontal direction. 

Section 7.8 – Enantioselective synthesis of inorganic chiral magic-sized clusters 

Circular Dichroism – Measurements were performed on a Jasco J815 spectropolarimeter 

at room temperature, where the sensitivity, time constant and scan rate were chosen 

appropriately. The corresponding HT and absorption spectra were also monitored during 
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the measurement process. In general, the circular dichroism (CD) signals were collected in 

the wavelength range from 200 nm to 400 nm, with an interval of 0.2 nm at a scanning 

speed of 50 nm/min. The final CD curve was obtained upon averaging 10 individual scans 

in order to improve the signal/noise quality. Samples for the CD analysis were prepared by 

dissolving the solid solute into hexane (or other desired solvents) to form a transparent 

solution with an appropriate concentration (typically 60-100 μg/mL) and transferred to a 1 

cm x 1 cm quartz cuvette for the chiroptical investigation. 
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