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Colloidal nanoparticles (NPs) embody the promise of materials by design, 

offering atomic-level tunability for a range of applications from electronics to 

catalysis. Their promise has intensified the demand to scale-up NP synthesis 

from a scientific discovery to an engineered technology. Two limiting factors to 

scale-up include inherent sensitivities within conventional methods, that are 

amplified at larger scales, and several gaps in fundamental understanding 

regarding the synthetic mechanism. Hence, more rational and reliable synthesis 

methods (i.e., process intensification) are critical to enable NP-based 

technologies.  

 

This work presents efforts to produce a robust and scalable NP synthesis 

platform, using a heat-up method in a regime of previously unexplored high 

concentrations near the solubility limit of the precursors (1000 mM). In this highly 

concentrated and viscous regime, NP synthesis parameters are demonstrated 

to be less sensitive to variation and thus more reliable for scale-up. Overall, this 

method enables a 10-fold increase in NP volumetric production compared to 

conventional methods, while still producing high-quality NPs (<7% RSD).  

 



 

High concentration synthesis also fosters a precise reaction pathway for the 

isolation of high-quality (>99.9%) magic-sized clusters (MSCs). MSCs are ultra-

small (<2 nm) single-sized NPs that are stable against typical growth / 

dissolution processes and intermediate to larger NP formation. This work 

demonstrates that the enhanced stability, and thus purity, of MSCs at high 

concentrations stems from the simultaneous production of an extensive (>100 

nm grain size) hexagonal mesophase assembly that shields the MSCs from 

further growth. Subsequent chemical treatment of these MSCs reveals that 

clusters differ substantially from larger NPs. In one case, the chemical treatment 

triggers a reversible transformation between two distinct, stable MSCs, 

reminiscent of molecular isomerization reactions. Ultimately, the robust and 

precise nature of highly concentrated NP synthesis enables both large-scale 

nanomanufacturing and enhanced synthetic understanding. 
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1 Introduction 

The size tunable properties of colloidal nanoparticles (NPs) are mesmerizing from both 

fundamental and applied standpoints. Fundamentally, NPs provide a testbed for 

quantum mechanical concepts (e.g., quantum confinement and surface ligand 

interactions) as well as fundamental physical processes such as nucleation, growth, and 

assembly. For applications, NPs hold promise in fields ranging from displays and 

lighting to imaging and catalysis. Growing interest in commercializing NPs has 

propelled efforts to scale-up traditional lab-scale synthesis to large-scales 

commensurate with industrial needs. 

The central theme of this dissertation is to presents efforts to develop more 

reliable and robust NP synthesis methods that are viable for large-scale production and 

demonstrate how improved syntheses supply more detailed insight into the NP synthetic 

mechanism. In chapter 2, I outline previous and emerging paradigms for NP synthesis, 

how these paradigms relate to NP scale-up, and outline key scale-up considerations. In 

chapter 3, I demonstrate the development, characterization, and validation of a high-

concentration heat-up method for NP synthesis that reliably produces large-quantities 

of high-quality NPs. In chapter 4, I investigate the mechanism underlying high-purity 

synthesis of magic-sized clusters (MSCs), a key intermediate to larger NPs, and present 

evidence for the central role of surfactant phase behavior in cluster synthesis. In chapter 

5, I detail how MSCs differ substantially from larger NPs in their surface properties. In 

chapter 6, I document the reversible structural isomerization between two distinct MSCs 

upon surface treatment, which is only observable for high-purity clusters. In chapter 7, 

I describe preliminary in-situ total scattering analysis (pair distribution function 

analysis) to probe the earliest origins of NP structure during synthesis. In chapter 8, I 

detail conclusion and future work based on insight obtained from this dissertation. 
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2 New Paradigms in the Scale-up of Nanoparticle 

Synthesis 
 

2.1 Introduction 

Nanoparticles (NPs) embody the promise of materials by design. Their trademark size 

tunable properties and atomic precision offer an exact and customizable model system 

for scientific inquiry.1–4 Furthermore, NPs offer the promise of solution processing and 

facile synthesis. Over the last three decades, significant efforts have led to mechanistic 

control over NP size, shape, composition, and phase as well as demonstration of their 

promising application ranging from optoelectronics to catalysis. Indeed, the NP field is 

at a similar development stage, scientifically to organic chemistry before the 

development of mechanistic understanding roughly 80 years ago5,6 and, industrially, to 

the now ubiquitous plastic industry roughly 60 years ago.7,8 Through sustained scientific 

and engineering advances, polymers have transitioned from a specialty chemical to a 

ubiquitous commodity.7 Nanoparticles are poised to follow a similar trajectory if critical 

challenges can be overcome. The main challenges to widespread commercialization 

include present limitations to reaction scale-up, lack of method standardization (i.e., 

synthesis and characterization), and ill-defined processing-property-performance 

relationships. 

To date, the majority of syntheses focus on small-scale batches (< 1 g), using 

high temperatures and reactive precursors. The prevalent paradigms for synthesis are 

based on classical nucleation and growth principles that focus on the inorganic species.9–

11 Briefly, organic precursors containing the inorganic building blocks are rapidly inject 

and mixed into a hot organic solvent (~200-350 °C). Upon injection, the precursors 

begin to convert into active growth unit (i.e., monomer). When the monomer 

concentration is high enough the particles rapidly nucleate until monomer concentration 
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falls before the nucleation threshold (i.e., burst nucleation). Subsequent growth 

continues through addition of monomer to nuclei until the reaction is terminated. Both 

nucleation and growth phases are short (< 10 min total). Hence, mixing, nucleation, and 

growth occur simultaneously lead to a highly coupled and sensitive reaction 

environment. These methods are typically dilute (<100 mM), favoring monomer-

particle interactions over particle-particle interactions and provide low conversion and 

production.  

Over the last decade, new paradigms for nanoparticles synthesis are emerging 

that account for the more complex solution environment (ligand-metal, ligand-surface 

interactions), and overcome limitations in traditional methods (e.g., low conversion, 

coupled processes with short reaction times and high temperatures). The ideal method 

is one in which each nanoparticle follows an identical synthetic trajectory, by 

experiencing an identical processing environment and ultimately yielding perfectly 

identical products--a NP assembly line (Figure 1.1). New synthesis methods often seek 

to approach this ideal by decoupling the many phenomena occurring during the reaction 

(e.g., dissolution, mixing nucleation, deposition, and aggregation or coalescence). 

Emerging methods include heat-up methods that separate mixing and nucleation,12–15 

precursors-design methods that tune reaction rates to balance nucleation and growth 

stages,16–18 seeded-growth methods to temporal separate the nucleation stage,14,19,20 and 

new reactor design to improve uniformity of the solution environment (e.g., droplet, 

tubular reactors, high concentrations). The improved control promoted by these new 

synthesis methods may propel the scale-up of NPs reactions for mass production.  

Recently, the unique properties of nanoparticles have gained commercial 

attention (e.g., Nanco, Nanosys, QD Vision, Quantum Materials Corp.), increasing the 

demand for improved nanoparticle synthesis methods for mass production. Recent 

commercial successes demonstrate the ability for large-scale production of select NP 
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materials;21–24 nevertheless, there is significant work required to adapt an initial 

synthesis to mass production. To streamline the synthesis-to-scale-up transition, we 

discuss emerging trends in NP synthesis, how these trends translate into new scale-up 

paradigms, and outline benchmarks for inherently scalable and sustainable NP 

synthesis.  

 

 
Figure 2.1: The ideal nanoparticle synthesis is a chemical assembly line. 

 

This review highlights new paradigms in synthesis as they relate to the scale-up of NPs. 

We focus on the principles that enable synthetic control, and how those principles 

translate into scaled-up processes. Specifically, we consider the emerging importance 

of key factors in NP synthesis: (1) precursor design, (2) cluster-mediated reactions, and 

(3) controlled synthesis environment. Finally, we highlight promising routes for scale-

up that build upon these factors (e.g., precursors-by-design, heat-up, seeded-growth, 

high concentration, and droplet reactor methods) and discuss current challenges (e.g., 

separation of NPs from raw solutions, and synthesis of more complex tertiary and 

quartiary systems). 

 

2.1.1 NP Synthesis and Scale-up 

Synthetic paradigms emerge from the foundational principles underlying NP synthesis. 

We highlight the old paradigms use to guiding NP synthesis and compare them to new 

paradigms based on improved understanding of NPs, their properties, and their synthetic 
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mechanism (Table 2.1). Just as mechanistic understanding dictates synthetic procedure, 

synthetic procedures directs scaled-up process design (Figure 2.2). 

 

 
Figure 2.2: Merging Small and Large Scales. Connecting reaction mechanisms at 

small scales to processing procedures at the large scale. Just as thorough mechanistic 

insight enables rational synthesis, fundamentally sound operating procedures enable 

robust and sustainable scale-up. 

 

2.1.2 Old Paradigms 

Classically, colloidal nanoparticle synthesis occurs under “ideal” conditions (dilute 

concentration and high temperatures). The typical procedure initiates with the injection 

of highly reactive precursors into a rapidly mixed and hot (>300 °C) organic solution, 

leading to immediate nucleation and growth of NPs.9–11,25 The resulting NPs are seen as 

crystallographically precise, and the ligands and organics, used to shuttle around the 

inorganic species, were viewed as playing a supporting, but not central role. The 

foundational understanding used to describe of the formation mechanism of NP 

nucleation and growth was adopted by LaMer from the study of aerosols.26,27 This model 

tracks the movement of smallest inorganic species (“monomer”), and is reminiscent of 
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polymerization,11,25 though the identity of these species is far from as well-characterized 

at monomer in conventional polymerization. While the theoretical foundations of NP 

synthesis at this time were at best primitive, these early studies successfully demonstrate 

the synthesis of high-quality NPs and illustrate the complex, unexpected, and 

remarkable properties of NP.25 

 

2.1.3 New Paradigms 

Over the last decade, significant scientific efforts have sought to unravel the intricate 

phenomena woven into NP synthesis and establish a more robust foundational 

understanding of NP formation. The guiding vision of these efforts is the rational by-

design synthesis of high-quality NPs. Additionally, other considerations such as 

sustainable design (e.g., toxicity, chemical availability, process safety, and NP 

purification) and quality metric (beyond size) have emerge as critical for further 

commercialization. The new paradigms emerging from these research efforts include 

the values of precise control and detailed characterization of the complex solution 

environment including the role of organics (e.g., ligand-metal, ligand-surface 

interactions), decoupling of NP formation processes, and expanding the metrics of 

quality (e.g., atomic structure, stoichiometry, production, conversion, cost, and 

toxicity). While these new paradigms are still nascent, preliminary studies demonstrated 

their success at retain the previous standard of high-quality NP from the old-paradigm 

synthesis, but with additional advantages, including synthetic control and reliability. 
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Table 2.1: Old vs. New Paradigms to NP synthesis. 

Paradigm Old New 

Burst 
Nucleation 

• High temperatures 
(Hot injection)28,25 

• Rapid precursor 
degradation25,29 

• Control precursor conversion16,17,30,18 

• Decouple mixing and nucleation (Heat-
up methods)12,9 

• Decouple nucleation and growth 
nucleation (seeds)14 

Monomer-
driven growth 

• Multiple 
injection31–33 

• Rapid precursor 
degradation25,29 

• Dilute (Ideal 
solution, minimal 
coalesce)18 

• Tune precursor conversion rates16,18 

• Clusters as intermediates (monomer 
reservoirs)34,20,35,36 

• Oriented attachment/Coalescence 

Nanoparticles 
perfect 
crystals 

• Fragments of bulk 
crystal25,37,38 

• Ligand/Surface effects39–41 

• Strain31–33,42,43 

Importance of 
organics 

• Not considered 
beyond 
solubility28,9 

• Tunable precursors16,17,30,44,45 

• By-products reactions46,47 
 

Synthesis 
environment 

• Vigorously 
stirred29 

• Dilute29 

• Lower boiling point solvents16,17 

• High concentration/viscosity15,48 

• Saturated precursor16,44,49 

Sustainable 
chemistry 

• Not considered; 
method 
development 
only25,29 

• Low-cost reactants50 

• Less rare, toxic, hazardous 
reactants48,50 

 

Separation/ 
Purification 

• Anti-solvent Wash 

• Centrifugation29 

• Chromatography51–54 

• Electrophoretic deposition54–57 

• Full conversion precursors16 

• Volatile solvents that can be 
evaporated16,17 

• Continuous liquid-liquid extraction58 
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2.1.4 Scale-up Paradigms  

Preliminary scale-up efforts focuses many on scale-up by using a large reactor.59–67 

Recently, “large-scale” and “scalable synthesis” have become buzzwords within the 

synthesis community. For example, not all published reports demonstrate scalability of 

a synthesis, but rather only alleged that a process is scalable because of simple reactions 

or report large-scale production while achieving conventional milligram yield.62 This 

situation highlights the need for standardization of NP characterization and metrics for 

systematic evaluation of the potential scalablity68 of new synthetic technique, providing 

benchmarks to guide further development. 

As a case study, we provide a semi-quantitative evaluation of the sustainable 

scalability of several published synthesis methods. To evaluate the scale-up viability 

and sustainability of different synthetic methods, we define specifications required for 

successful and sustainable scale-up (Figure 2.3 and Table A.S1-2).69,70 These 

specifications include Production, Quality, Safety, Lifecycle, Low-cost, Modularity, 

Reliability, and Efficiency (Table A.S2 provides definitions and criteria). We rank 

papers on each specification with an integer score (0, 1, 2; where 0 is low, not considered 

and 2 is high, demonstrated). From the semi-quantitative evaluation of ~20 papers, 

including many that mention gram scale production, we generate the follow spider plot 

(Figure 2.3). The area encompassed by the curve shows the degree to which a synthesis 

method approaches the ideal (i.e., largest area). This framework provides a figure of 

merit to evaluate the scalability of a process rather than presuming scalability due to 

simplified method (e.g., fewer or less hazardous reagents) or less extreme processing 

conditions (e.g., in air or at lower temperatures). This analysis illustrates that published 

methods focuses principally on production, quality, and cost, but do not generally 

address directly safety and lifecycle nor efficiency and reliability specifications (Table 

A. S1). Nevertheless, these later specifications play a central role in the successful 
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development of a scalable process. We note that modular is low because not every paper 

seeks to generalize their synthetic method to other chemistries, and quality is 

unexpectedly low due to the high criteria for quality (2 = <5% size dispersion). 

 

 

Figure 2.3: Sustainable Scale-up Specifications--estimated evaluation of published 

synthesis methods. The plot shows the average values for eight different specifications 

determined from evaluation of 20 peer-reviewed papers. Higher values indicate better 

performance. A more sustainable scale-up process would have a larger area within the 

curve. 

Critical aspects of scale-up reactions include maximizing production and 

reliability and minimizing expensive and waste. Hence upon scaling up, additional 

consideration regarding safety, reproducibility, cost, mass and heat transfer, efficiency, 

and process resiliency to variation must be considered. Initial scale-up efforts have 

showed that the innate tunability of NPs properties creates an inherent sensitivity to its 

reaction environment. While small batch methods have been extremely successful at the 

bench scale, some features inherent to small-scale methods may be too challenges to 

design around at large scale with inherent heat and mass transport limitations (see 

Figure A.S1. Specifically, rapid reactions rates (<10 min), high temperatures (200-350 

°C), extremely toxic or reactive precursors, and the need for size-selective precipitation 

(low yield) limit the scalability of traditional nanoparticles methods. As such, we 
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consider in turn the emerging importance of key mechanistic factors in NP synthesis 

that offer improved control and reliability, namely (1) precursor design, (2) cluster-

mediated reactions, and (3) control of the synthesis environment. 

 

2.2 Precursor Design 

Precursors refer to the organic-inorganic hybrids that provide the synthetic source of 

metals and chalcogen or pnictogen. An enormous variety of precursors and their 

combinations have been investigated including different metal salts with various anions, 

organic surfactant(s), and chalcogen or pnictogen45,71 Precursor reactivity initiates and 

underlies the formation of NPs; hence, differences in reaction rates and solubilities alter 

how each precursor interacts to form nuclei and then add to the formed nanoparticle 

surface, and ultimately govern the quality of a synthesis. Traditional methods used 

extremely reactive, expensive and/or toxic metal and chalcogen sources such as 

dimethyl cadmium or bis(trimethylsilyl)sulfide (TMS). Recent methods have 

transitioned to less reactive metal (e.g., long chain metal-amine complexes or metal 

carboxylates) and chalcogen sources (e.g., alkyl phosphine72,73 or amine complexes13,74 

or chalcogen-ureas16,17) as well as less toxic chemistries.50,75 The chemistry and property 

of many of these precursors are thoroughly discussed in a recent review.45 

 For semiconductor and metal oxide nanoparticles, the metal precursors are 

typically formed via the reaction of metal oxides, chlorides, or acetates with long-chain 

or aromatic amines or carboxylic acids (e.g., oleylamine or oleic acid) to create 

complexes that are soluble in organic solvents. Care must be taken to remove water 

from the precursors as it can affect the reaction rates and potentially passivate the NP 

surface,1,46,76 impurities in reagents such as oleylamine74,77 and secondary 

phosphines73,78,79 can adversely affect the outcome of synthesis, creating 

irreproducibility and complicating rational control of the synthesis. In some cases, the 
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impurities (although a minor component) have been identified as the active precursor in 

the reaction. In other cases, the precise chemical identify of the precursor is unknown 

(e.g., sulfur-oleylamine).74 Finally, the typical preparation of precursors often leaves or 

creates extra surfactants and/or organic and inorganic ligands (e.g., TOP, hydroxy, 

halides) that are not removed prior to synthesis. These species are often neglected, 

despite evidence of their intimate interactions with NP surfaces.1,40,76,80–82 Their 

presence clouds the study of the synthetic pathway, and complicates mechanistic 

evaluations. Recent efforts have sought to overcome these limitations and improve the 

purity of nanoparticle precursors to enable more precise synthesis and characterization. 

Specific efforts include (1) introducing precursor purification setups between its 

formation and use,16,83 (2) avoiding the formation of undesired byproducts (e.g., H2O),76 

(3) favoring precursors with a definitive molecular structure (e.g., thiourea,16 

ammonium sulfide,13 and TOP=S41,49) rather than less-defined one (e.g., sulfur-

oleylamine74), (4) eliminating unused free ligands (i.e., saturate all ligand 

bonds),16,49,79,84 and (5) complexing reactive precursors to tune the growth 

rate.16,44,49,85,86 

 Recently the Owen group demonstrated the control of nanoparticle size by 

modifying the precursor structure via substituents to tune the reactivity and thus 

resulting NP size (Figure 2.4).16,17 Specifically, they demonstrate the ability to select 

the ultimate NP size (at full conversion) by judicious selection of the precursor; this 

approach is in stark contrast to traditional methods that abruptly and prematurely stop a 

synthesis to obtain a specific size, often at the expense of reaction conversion. Higher 

reactivities lead to smaller NPs, whereas lower reactivities lead to larger NP. This 

method fits soundly within classical organic synthetic design in which the distinct 

reactants are selected to synthesis distinct products. In the work by the Owen group, the 

focus on thiourea16 or selenourea17 precursors with various substituents to tune the 
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reaction rate and select the size for a variety of metal carboxylates based NPs. 

Additionally, designing the precursors to effectively template the final NP size enables 

the reaction to be run to full conversion--maximizing production and minimizing waste 

and the need for complex purification processes. 

 

 
 

Figure 2.4: Precursor Design – Final (at full yield) particle size is achieved by 

selection of precursor reactivity via substituent groups for different chemistries: (a) 

PbS,16 (b) PbSe,17 (c) CdS.87 (d) Schematic illustrating that faster precursor conversion 

rates lead to smaller particles, whereas slow rates generate larger particles. 

 

 A recent theoretical model based on LaMer nucleation and monomer diffusion 

(addition/dissolution) provides a framework to describe the impact of precursor 
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reactivity on ultimate size of NP.18,80 Specifically, the model agrees with the Owen 

group’s results, and shows that faster precursor conversion rates lead to more NP that 

have a smaller average size, whereas slower conversion leads to fewer NPs with a larger 

average size (Figure 2.5). The mechanism behind this trend is adjusting the balance 

between the fraction of monomer consumed during nucleation compared to the fraction 

consumed during growth. Faster precursor reaction rates increase the monomer 

consumption during nucleation, promoting more nuclei and smaller final NP sizes. In a 

follow-up paper, increasing the monomer solubility (by increasing free acid 

concentration) led to few, but larger NPs, by effectively preventing the consumption of 

monomer through improved solvation.28 These results highlight that the balance of the 

solution environment is equally as relevant to the outcome of synthesis as the inorganic-

bearing reactants.  
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Figure 2.5: Precursor-controlled Growth Model – (a) (Bold lines) Monomer formation 

rate, (normal lines) rate of monomer consumption by growth (normal dashed lines) 

rate of monomer consumption by nucleation for three different values of the first order 

rate constant of monomer generation. Red: the value used in Fig. 3 (k1). Green: k1/2. 

Black: 2k1. (b) (Full lines) Change of the NC concentration and (dashed lines) the 

average QD diameter as a function of time. (c) (Blue squares) NC diameter and (red 

circles) NC concentration at the end of the reaction driven growth regime. Reprinted 

with permission from Ref. 80. Copyright 2012 American Chemical Society. (Bottom) 

Schematic illustrating that fast precursor reactivity leads to large number of particle 

with small size (at full yield), in contrast to slower reactivities leading to a smaller 

number of large particles. The intensity of the “blue” color indicates the monomer 

concentration. 

 

2.3 Cluster-mediated Synthesis 

Even though controlling the precursor reactivity is essential to high-quality in II-VI 

semiconductor, recent publications indicate that additional factors are important for III-

V semiconductors.34,88,89 One of these factors is the formation of stable clusters during 

the early stages of NP synthesis (Figure 2.6).34,35 In contrast to the LaMer like 

nucleation described above, cluster formation indicates a nonclassical formation 

mechanism.34–36 A recent model describes this reaction-driven nucleation, and accounts 

of the energetic stability of clusters.90  
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Figure 2.6: Cluster-Mediate Synthesis – (a) Schematic illustrating the interplay 

between monomer, clusters, and nanocrystals.34 Absorbance spectra for the formation 

of high-purity clusters of (b) InP,20,34 (c) CdS,84 and (d) CdSe.83 

 

Stable clusters, often called magic-sized cluster (MSCs), are commonly 

observed during synthesis and are thought to be precise single-size nanomaterial.30,41,91–

97 Their defining characteristic is resistance to growth originating from precise closed 

shell atomic arrangement.84,91,97 Nevertheless, MSCs typically form in low-purity, 

mixed in with large NPs,97 preventing their isolation. Recent efforts have successfully 

isolated these clusters41,83,84,98 in high purity, enabling further characterization of these 

reaction intermediates. Several key insights from these recent works include the 

sensitivity of MSCs to their ligand environment,41,99 the structurally disordered nature 

of InP MSCs,34,98 and role of MSCs as monomer reservoirs during the production of 

NPs.34,35 These results highlight the profound role of organic-inorganic ligand 
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interactions on early-stage NP formation and suggest that control of these interactions 

is critical to direct the synthetic pathway. 

We recently demonstrated that high precursor concentrations that accentuate 

precursor-precursor interactions promote the formation of high-purity large-scale 

(>99.9%) magic-sized clusters.84 The mechanism directing the synthesis toward the 

high-purity formation of MSCs is the formation of fibrous mesophase assemblies 

concurrently with the formation of clusters. This assembly shields the clusters from 

further growth. Upon increasing the relative concentration of free ligands, the cluster 

pathway is destabilized, and NP growth is promoted. The mesophase behavior is 

inherent to typical NP precursors (e.g., metal carboxylates), suggesting surfactant phase 

behavior and controlling ligand interactions may be a generalized approach to produce 

MSCs for a variety of NP chemistries.45,97,100,101 

Clusters including MSCs can also be used as precursors or seeds for NP growth. 

These methods offer the ability to control the initial, often more complex, composition 

of multi-component alloys via cation exchange102 or doping14,103,104 prior to NP growth.  

For instance, the addition of InAs clusters can tune the supply of monomer and thus 

particle size.105 Overall, the use of clusters as precursors or seeds is a relative new topic 

in the semiconductor NP field, but offers promising routes to separate nucleation and 

growth as well as to leverage a richer combination of inorganic components for NP 

growth. 

 

2.4 Control of the Synthesis Environment 

Beyond precisely prescribing the ingredients to the synthesis and directing them down 

the desired product pathway, control of the broader synthesis environment is critical to 

reliable, high-quality NP production. Key aspects of the synthesis environment to 

control include thermal, compositional, and chemical interaction uniformity (Figure 
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2.7). Thermal uniformity is achieved by minimizing sensitive to external thermal 

fluctuations,15 and facilitating rapid thermal equilibration. Compositional uniformity is 

achieved by sufficient solution mixing to create homogeneous species concentration 

throughout the solution. Finally, chemical interaction uniformity is achieved by 

minimizing extraneous interactions that promote side-reactions such as excess ligands. 

The more uniform the solution environment, the more each precursor and NP follow 

identical reaction trajectories, leading to identical products.  

 

 
 

Figure 2.7: Sources of Solution Variation – Schematic illustrating possible sources of 

variation in synthesis environment: thermal, mass, and species. 

 

2.4.1 Thermal Uniformity 

Conventional synthetic methods achieved thermal uniformity using quasi-isothermal 

hot organic solutions into which reactive precursors are injected. While the solution 

temperature drops (10-20°C) upon addition of the precursors, the solution quickly 

recovered to the initial set point. One stipulation with these methods is that in some 

cases the reaction times can be shorter than the thermal recovery, creating a variable 

solution environment. Temperature gradients within the reaction solution lead to 

variations in the precursor and particle diffusivities and thus growth rates. These local 

variations in growth rate reduce the homogeneity of the reaction environment and 
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increase size dispersion.  

 

2.4.2 Mass or Concentration Uniformity 

Similar to the variation in growth caused by thermal gradients, variation in mass or 

composition through the solution can preclude NP uniformity. This is particularly 

troublesome for hot-injection methods in which rapid reaction rates overshadow 

precursor injection and mixing speeds.12 This mixing limited condition leads to inherent 

concentration gradients. High solution viscosity has been shown to reduce these 

gradients, and produce more uniform NP distributions of CdS.15,106–108 Even subtle 

change in ligand diffusivity (factor of 2), by using a ligand that was twice as long, is 

sufficient to alter the result NP size by 25% (increase in size by ~1 nm).109  Thus, a 

factor of 2 variation in mass diffusivity, due to limited mixing, could increase size 

dispersion, in some cases by ~25%. Mixing limitations are typically amplified upon 

scale-up, taking longer to be well-mixed than small-scale, requiring further 

considerations to create a uniform environment to promote narrow NP size dispersions. 

An additional source of compositional variations in flow reactors is variation in 

flow profiles (i.e., velocity) and thus particle residence-time distributions (RTDs, 

Figure 2.8).  The variation in flow profiles in microfluidic reactors contributes to 

variation in NP size distribution. Specifically, this flow variation can accounting for 

between 10-60% of NP size dispersion depending on reaction times.110,111 Additionally, 

a mismatch of precursors and particles diffusivities can cause compositional variation 

along a tubular reactor.112 Two approach to minimize the impact of flow profiles on NP 

synthesis include droplet and supercritical flow reactors. Droplet reactions maintain 

locally homogenous reaction compositions within a droplet, shielding the reaction 
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composition from reactor walls. 59,113–117 Supercritical fluid reactors reduce the solvent 

viscosity leading to narrower RTDs and a more uniform reactor composition.118 While 

significant successes have been demonstrated with flow reactors, they have yet to 

overtake batch methods as the primary synthetic method for materials discovery and 

design. Greater adoption of flow reactors at the research scale will streamline 

subsequent scale-up. 

 

 

 
 

Figure 2.8: Tube vs. Tank Reactors. Comparison of reactor behavior for continuous 

tubes and stirred tanks, and its impact on the distribution of NP structure. These 

residence time distribution plots schematically illustrate the probabilities that NPs will 

exit a reactor after a certain period of time (i.e., residence time). (a) All NPs would 

exit an ideal continuous tubular reactor (i.e., plug flow) after the same amount of time, 

which would yield a narrow distribution of structures and thus properties. Even in 

nonideal tubular reactors, the distribution of residence times and thus NP structures is 

relatively narrow. (b) Continuous stirred tanks reactors, owing to the increased 

mixing, likely yield NPs with a broader range of structures. Reprinted from Ref. 69 

with permission from Annual Review Copyright 2017. 
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2.4.3 Species Interactions Uniformity 

As mentioned above the presence of unbound ligands (e.g., hydroxyls, halides) can alter 

nanoparticle growth pathway,1,82,119 and interact with the particle surface.81,84,91 and 

drive facet-specific “shape” growth.39,120–122 In typical synthesis methods, these 

unbound ligands have the same abundance as the reactive precursor. Thus, precursor-

precursor interactions that promote NP formation may compete with precursor-ligand 

interactions. Two successful methods to ensure species uniformity include high 

precursor concentration solutions and/or high-purity precursor formation. High 

precursor concentration minimizes the amount of free ligand and non-coordinating 

additives in solution.15 Additionally, high concentrations also promote inherent 

precursor/surfactant phase behavior, leading to self-assembly driven exclusion of non-

reactive species.84 The use of high-purity precursors16,17,49 eliminates unreactive ligand 

through cleaning of prepared precursor prior to use, or saturation of precursor binding 

group (such as 1/1 TOP/S ratio). The wider the variety of different species interactions 

(e.g., precursor-precursor, precursor-ligand, ligand-facet), the larger the number of 

possible side reaction pathways that can compete with the desired synthetic path. Hence, 

fewer and more precise precursors promote homogeneity of the synthesis environment, 

and thus NP uniformity. 

 

2.5 Scale-up Processes 

While well-established design principles have been established for conventional 

chemical manufacturing, the commercialization of nanomaterials will requires an 

equivalent development of design principles for nanomanufacturing69 with an additional 

focus on sustainable design.70 Process development for nanomanufacturing can benefit 

from the framework of process intensification for chemical manufacturing that aims to 

increase process efficiency, reliability, and sustainability. 123,124 As previously outlined, 
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some key specifications for sustainable NP scale-up include Production, Quality, Safety, 

Lifecycle, Low-cost, Modularity, Reliability, and Efficiency. Within the contexts of 

these specifications, this section highlights a few promising methods for nanomaterial 

scale-up. 

 

2.5.1 Promising Methods 

Heat-up Methods.  Heat-up methods mix the reactants at low temperatures, and then 

raise the temperature to initiate the formation of NPs. This method has been 

demonstrated to produce a wide array of high-quality NPs.12,125,126 In contrast to hot 

injection methods, heat-up methods separate the mixing and reaction processes during 

synthesis, which improves reliability while maintaining quality. A main challenge of 

heat-up methods is the precise thermal control of the heating rate and overshoot.9,12,127 

The temporal separation of nucleation and growth offer greater tunability of synthetic 

conditions, and flexibility in experimental design compared to traditional hot-injection 

methods. 

High Concentrations. High concentration synthesis15,84,107,120 packs more 

reactants in the same volume, increasing production and efficiency. Beyond these 

advantages, high concentration synthesis leads to consistently high-quality NPs and is 

stable against compositional or thermal disturbances.15 The slow and stable growth 

observed at high concentrations is a by-product of the enhanced solution viscosity at 

elevated concentrations, that hinder precursor and NP motion and thus NP growth. 

Significant effort is required to establish the breadth of the impact of these nascent high 

concentration methods. 

NP-by-Precursor Design. As highlighted in detail above, designing the 

precursors to form a specific sized NP at full conversion is an attractive method for 

sustainable scale-up. It supplies a robust scale-up platform to select a precise NP size 
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with consistently high yields (i.e., efficiency) and with less waste and lower cost 

reactants.16,17,30 Challenges to this method include the large up-front precursor 

development effort and the need for a large library of precursors to produce a portfolio 

of different sizes and types of NPs. Overall, NPs-by-precursor design is a promising and 

emerging strategy for the reliable synthesis and scale-up of NPs. 

Droplet Reactors. Droplet reactors are a hybrid between batch and continuous 

reactors. They contain a continuous flow carrier phase and a dispersed droplet phase in 

which the reactor occurs. The droplets act as micro-batch reactors than are propelled 

along continuously by the carrier phase. Two main droplet reactor designs have been 

used for flow-through NP synthesis: micro-reactors (~100 μm) or milli- or capillary-

based reactors (diameter ~ 1 mm).59,128,129 One of the potential advantages of flow 

reactors is the able to scale-out rather than scale-up (i.e., more tubes rather than bigger 

tubes/vessels).60 The advantages of micro-reactors is continuous production, 

consistency, good control of mixing and temperature, while the disadvantages are 

fouling, small production rates (~μL), and difficulties scaling-out.116,128,130 

On the milli-reactor scale, laminar flow leads to broad residence time and thus 

particle size distributions.67,131,132 Again, two-phase-segmented flow (or droplet) 

reactors have emerged as a promising solution, enabling fast mixing, and avoiding 

diffusion gradients along the reactor that cause large residence time distribution. 

Nightingale et al. (De Mello’s group) have worked extensively in this area, showing (1) 

minimized fouling,115 (2) scaled out production of 54 g CdTe in 9 hr,116 and (3) addition 

of new reagent to the droplet (three phases).113 Nevertheless, this is still a nascent branch 

of nanosynthetic chemistry. 

A recent review details the current state of the art of microfluidic including 

successes and open challenges.133 While droplet reactors can produce large-quantities 

of high-quality NPs, they are also beneficial for efficient reaction parameter screening, 
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facile on-line monitoring, and investigation of a variety of NP chemistries.129,134,135 Key 

remaining challenges include limited continuous purification methods, and a lack of on-

line structural characterization. Though recent work, using gel permeation 

chromatography for separation and mass spectrometry for characterization, present a 

promising proof-of-concept to overcome these challenges.136 

 

2.5.2 Continuous Separation 

A variety of classic separation technique exist to isolate NP from unreacted precursors 

and by-products.51,54 On a lab scale, centrifugation with anti-solvent is the predominant 

method. However, in light of continuous NP production, traditional batch-scale 

centrifugation is a bottleneck to further development and large-scale production. Other 

possible separation methods for NPs include magnetic fields, chromatography, density 

gradient, electrophoresis, and filtration.51 A recognized complication to NP separation 

is the dynamic nature of NP surfaces, which can be disrupted during purification, 

resulting is loss of stability and deterioration of physical properties.40,58 

For continuous NP separation, extraction, chromatography and electrophoresis 

have received the most attention.54 Liquid-liquid extraction enables recovery of 100% 

of the NPs while removing 90% of unreacted acid or alkyl phosphine (i.e., ligands), 

using 5-countercurrent stages.58 The optical properties are unaffected by the 

purification, and 99% of the methanol anti-solvent could be removed. The residence 

time per stages was 10 s, and it took ~20 min to reach a steady-state recovery ~100%.58 

Unfortunately, the exact throughput was presented.  

Regarding gel permeation chromatography (GPC), preliminary efforts 

demonstrate the ability to recover 100% of the NPs, remove all unreacted ligand and 

solvents, achieve high-purity separation compare to conventional precipitation methods, 

separate NP without aggregation, and recover the loss in quantum yield by ligand re-
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addition.137,138 GPC has become more typical in the literature,52,53,136  though not all 

subsequent reports discuss the quality of the separation. Other advantages to 

chromatographic separation include the ability to change solvents and perform ligand 

exchange reactions continuously and directly after purification. Further studies that 

quantity the throughput and continue to quantify the quality of the GPC separation of 

NPs are critical to continued development. 

Electrical based separations include electrophoretic deposition (EPD) and 

electrophoresis, and have been used to separate NP by size55,139–141 as well as form from 

unreacted reactants. For continuous NP purification with EPD, the NP recovery is 

between 50-100% depend on the amount of additives, and only some of precursors are 

removed.56 While EPD is a promising approach to separate NP and reactants, additional 

systematic studies are required to determine its viability. Electrophoresis based 

separation have been demonstrated to remove precursors, recovery 87% of NPs, and 

retain the NP quality.57 Similar to EPD method the addition of anti-solvent was required 

to effective separation. Notably, the authors show 1g/day purification on small-scale, 

and estimate that 24 25-cm electrodes could purify 1kg NP/day.57 In summary, the need 

for improved and continuous NP purification is receiving increased attention as a key 

challenge to scale-up, and further systematic studies to certify these emerging methods 

are critical. 

 

2.6 Conclusions 

Improved synthesis methods and interest in NP properties has motivated efforts to scale-

up NP processes to meet commercial demands. Nevertheless, initial methods that 

synthesized high-quality NP (e.g., hot injection) are not well-designed for scale-up. New 

synthetic methods that leverage precursor design, cluster intermediates, and uniform 

reaction environments have led a more reliable synthetic methods, better understanding 
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of the critical mechanistic processes underlying NP synthesis and presented new 

paradigms for the scale-up of NPs reactions. Central and fundamental paradigm shifts 

to all these new methods is the understanding that NP chemistry is a complex, dynamic 

mix of organic and inorganic interactions rather than predominately inorganic in nature. 

As such, standard characterization and modeling of NPs has moved beyond only size 

analysis to routinely include compositional and structural data (i.e, more akin to rigorous 

analysis small molecules receive). As discussed, this more complete description of NPs 

has enabled better synthetic understanding. 

In addition to cataloging these new paradigms and their effects on NP synthesis, 

this review outlines sustainable scale-up specifications to provide a way to standardize 

and facilitate the scale-up of NP synthetic methods. These specifications include 

Production, Quality, Safety, Lifecycle, Low-cost, Modularity, Reliability, and 

Efficiency. Within this framework, we highlight several promising approaches 

including adjusting the precursor design, using cluster intermediates, and controlling the 

reaction environment. Heat-up and high concentration methods as well as droplet 

reactors are encouraging techniques to make the synthesis more productive and reliable.  

From a fundamental synthesis perspective, there are a large array of open areas, 

particularly establishing the synthetic principles that are foundational to high-quality 

tertiary and quaternary and pnictide-based binary NPs. The development of scalable NP 

synthesis also required better understanding of life-cycle analysis and safety 

considerations, continuous separation methods, on-line monitoring techniques, and 

collaboration between synthetic chemists and process engineers. Ultimately, the new 

paradigms for NP synthesis that have emerged over the last decade of research along 

with the outlined scale-up specifications supply a foundational framework to propel the 

rapid development of both synthetic understanding and sustainable NP 

commercialization. 



 

26 

2.7 References 

(1)  Boles, M. A.; Ling, D.; Hyeon, T.; Talapin, D. V. Nat. Mater. 2016, 15, 141–

154. 

(2)  Talapin, D. V; Lee, J.-S.; Kovalenko, M. V; Shevchenko, E. V. Chem. Rev. 

2010, 110 (1), 389–458. 

(3)  Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V. . 

(4)  Kagan, C. R.; Murray, C. B. Nat. Nanotechnol. 2015, 10, 1013–1026. 

(5)  Barton, D. H. R. Bull. Hist. Chem. 1996, 19 (43–47). 

(6)  Wang, F.; Richards, V. V. N.; Shields, S. P.; Buhro, W. E. Chem. Mater. 2013, 

26 (1), 5–21. 

(7)  Meyer, T.; Keurentjes, J. Handbook of Polymer Reaction Engineering; Wiley-

VCH, 2005. 

(8)  Talapin, D. V.; Yin, Y. J. Mater. Chem. 2011, 21 (31), 11454. 

(9)  Kwon, S. G.; Hyeon, T. Small 2011, 7 (19), 2685–2702. 

(10)  Talapin, D. V.; Rogach, A. L.; Haase, M.; Weller, H. J. Phys. Chem. B 2001, 

105 (49), 12278–12285. 

(11)  Thanh, N. T. K.; Maclean, N.; Mahiddine, S. Chem. Rev. 2014, 3 (1). 

(12)  van Embden, J.; Chesman, A. S. R.; Jasieniak, J. J. Chem. Mater. 2015, 27 (7), 

2246–2285. 

(13)  Zhang, H.; Hyun, B.-R.; Wise, F. W.; Robinson, R. D. Nano Lett. 2012, 12 

(11), 1–16 (5856–60). 

(14)  Perera, S. D.; Zhang, H.; Ding, X.; Nelson, A.; Robinson, R. D. J. Mater. 

Chem. C 2015, 3 (5), 1044–1055. 

(15)  Williamson, C. B.; Nevers, D. R.; Hanrath, T.; Robinson, R. D. J. Am. Chem. 

Soc. 2015, 137 (50), 15843–15851. 

(16)  Hendricks, M. P.; Campos, M. P.; Cleveland, G. T.; Plante, I. J.; Owen, J. S. 

Science (80-. ). 2015, 348 (6240), 1226–1230. 

(17)  Campos, M. P.; Hendricks, M. P.; Beecher, A. N.; Walravens, W.; Swain, R. 

A.; Cleveland, G. T.; Hens, Z.; Sfeir, M. Y.; Owen, J. S. J. Am. Chem. Soc. 

2017, 139 (6), 2296–2305. 

(18)  Hens, Z.; Čapek, R.; Capek, R. K. Coord. Chem. Rev. 2014, 263–264, 217–228. 

(19)  Kwon, S. G.; Piao, Y.; Park, J.; Angappane, S.; Jo, Y.; Hwang, N.-M.; Park, J.-

G.; Hyeon, T. J. Am. Chem. Soc. 2007, 129 (41), 12571–12584. 

(20)  Gary, D. C.; Terban, M. W.; Billinge, S. J. L.; Cossairt, B. M. Chem. Mater. 

2015, 27 (4), 1432–1441. 

(21)  Nanoco Group. Investor Presentation 

http://www.nanocotechnologies.com/system/files/uploads/financialdocs/needha

m-conference-investor-deck-january-2017.pdf (accessed May 30, 2018). 

(22)  Nanoco Group. Achiveves US$2M Milestone For Green Quantum Dots 

http://www.nanocotechnologies.com/media/press-releases/achieves-us2m-

milestone-green-quantum-dots (accessed May 30, 2018). 

(23)  Chinnock, C. Quantum Dot Manufacturing to get Less Expensive 

http://www.qmcdots.com/news/news13.php (accessed May 30, 2018). 

(24)  Nanosys. NANOSYS Doubles Production Capacity For Quantum Dot Displays 

in 2015 http://www.nanosysinc.com/press-releases-archive/2015/3/17/nanosys-



 

27 

doubles-production-capacity-for-quantum-dot-displays-in-2015 (accessed May 

30, 2018). 

(25)  Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Annu. Rev. Mater. Sci. 2000, 30 

(1), 545–610. 

(26)  Sugimoto, T.; Shiba, F.; Sekiguchi, T.; Itoh, H. Colloids Surfaces A 

Physicochem. Eng. Asp. 2000, 164 (2–3), 183–203. 

(27)  Polte, J. CrystEngComm 2015, 17 (36), 6809–6830. 

(28)  Abe, S.; Capek, R. K. R.; Geyter, B. De; Hens, Z.; De Geyter, B.; Hens, Z.; 

Geyter, B. De; Hens, Z. ACS Nano 2013, 1 (2), 943–949. 

(29)  Rosenthal, S. J.; McBride, J.; Pennycook, S. J.; Feldman, L. C. Surf. Sci. Rep. 

2007, 62 (4), 111–157. 

(30)  Hamachi, L. S.; Jen-La Plante, I.; Coryell, A. C.; De Roo, J.; Owen, J. S. Chem. 

Mater. 2017, 29 (20), 8711–8719. 

(31)  Masadeh, A. S.; Božin, E. S.; Farrow, C. L.; Paglia, G.; Juhas, P.; Billinge, S. J. 

L. 2007, 1–11. 

(32)  Rosenthal, S. J.; Billinge, S. J. L. 2013, 8480–8486. 

(33)  Jensen, K. M. Ø.; Juhas, P.; Tofanelli, M. A.; Heinecke, C. L.; Vaughan, G.; 

Ackerson, C. J.; Billinge, S. J. L. Nat. Commun. 2016, 7, 11859. 

(34)  Cossairt, B. M. Chem. Mater. 2016, 28 (20), 7181–7189. 

(35)  Friedfeld, M. R.; Stein, J. L.; Cossairt, B. M. Inorg. Chem. 2017, 56 (15), 

8689–8697. 

(36)  Lee, J.; Yang, J.; Kwon, S. G.; Hyeon, T. Nat. Rev. Mat. 2016, 1, 1–16. 

(37)  Chen, C.-C.; Herhold, A. B.; Johnson, C. S.; Alivisatos, A. P. Science (80-. ). 

1997, 276 (5311), 398–401. 

(38)  Jacobs, K.; Zaziski, D.; Scher, E. C.; Herhold, A. B.; Alivisatos, A. P. Science 

(80-. ). 2001, 293 (5536), 1803–1806. 

(39)  Hens, Z. Chem. Mater. 2013, 25 (2), 1211–1221. 

(40)  Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S. J. Am. Chem. Soc. 

2013, 135 (49), 18536–18548. 

(41)  Nevers, D. R.; Williamson, C. B.; Hanrath, T.; Robinson, R. D. Chem. 

Commun. 2017, 53 (19), 2866–2869. 

(42)  Gilbert, B.; Huang, F.; Zhang, H.; Waychunas, G. A.; Banfield, J. F. Science 

(80-. ). 2004, 305 (5684), 651–654. 

(43)  Petkov, V.; Moreels, I.; Hens, Z.; Ren, Y. Phys. Rev. B - Condens. Matter 

Mater. Phys. 2010, 81 (24), 1–4. 

(44)  Hendricks, M. P.; Cossairt, B. M.; Owen, J. S. ACS Nano 2012, 6 (11), 10054–

10062. 

(45)  García-Rodríguez, R.; Hendricks, M. P.; Cossairt, B. M.; Liu, H.; Owen, J. S. 

Chem. Mater. 2013, 25 (8), 1233–1249. 

(46)  Liu, H.; Owen, J. S.; Alivisatos, A. P. J. Am. Chem. Soc. 2007, 129 (2), 305–

312. 

(47)  Chan, E. M.; Xu, C.; Mao, A. W.; Han, G.; Owen, J. S.; Cohen, B. E.; Milliron, 

D. J. Nano Lett. 2010, 10 (5), 1874–1885. 

(48)  Liu, J.-H.; Fan, J.-B.; Gu, Z.; Cui, J.; Xu, X.-B.; Liang, Z.-W.; Luo, S.-L.; Zhu, 

M.-Q. Langmuir 2008, 24 (10), 5241–5244. 



 

28 

(49)  Tessier, M. D.; De Nolf, K.; Dupont, D.; Sinnaeve, D.; De Roo, J.; Hens, Z. J. 

Am. Chem. Soc. 2016, 138 (18), 5923–5929. 

(50)  Duan, H.; Wang, D.; Li, Y. Chem. Soc. Rev. 2015, 44 (16), 5778–5792. 

(51)  Kowalczyk, B.; Lagzi, I.; Grzybowski, B. a. Curr. Opin. Colloid Interface Sci. 

2011, 16 (2), 135–148. 

(52)  Shen, Y.; Roberge, A.; Tan, R.; Gee, M. Y.; Gary, D. C.; Huang, Y.; Blom, D. 

A.; Benicewicz, B. C.; Cossairt, B. M.; Greytak, A. B. Chem. Sci. 2016, 7 (9), 

5671–5679. 

(53)  Roberge, A.; Stein, J. L.; Shen, Y.; Cossairt, B. M.; Greytak, A. B. J. Phys. 

Chem. Lett. 2017, 8 (17), 4055–4060. 

(54)  Shen, Y.; Gee, M. Y.; Greytak, A. B. Chem. Commun. 2017, 53 (5), 827–841. 

(55)  Lhuillier, E.; Hease, P. Chem. Mater. 2014. 

(56)  Kim, D.; Park, H.; Choi, H.; Noh, J.; Kim, K.; Jeong, S. Nanoscale 2014. 

(57)  Lim, H.; Woo, J. Y.; Lee, D. C.; Lee, J.; Jeong, S.; Kim, D. Sci. Rep. 2017, 7, 

1–8. 

(58)  Shen, Y.; Weeranoppanant, N.; Xie, L.; Chen, Y.; Lusardi, M. R.; Imbrogno, J.; 

Bawendi, M. G.; Jensen, K. F. Nanoscale 2017, 9 (23), 7703–7707. 

(59)  Niu, G.; Ruditskiy, A.; Xia, Y.; Vara, M.; Xia, Y. Chem. Soc. Rev. 2015, 44, 

5806–5820. 

(60)  Zhang, L.; Xia, Y. Adv. Mater. 2014, 26 (16), 2600–2606. 

(61)  Protière, M.; Nerambourg, N.; Renard, O.; Reiss, P. Nanoscale Res. Lett. 2011, 

6 (1), 472. 

(62)  Saldanha, P. L.; Lesnyak, V.; Manna, L. Nano Today 2017, 12, 46–63. 

(63)  Cui, H.; Feng, Y.; Ren, W.; Zeng, T.; Lv, H.; Pan, Y. 2009, No. 1, 32–41. 

(64)  Sebastian, V.; Arruebo, M.; Santamaria, J. Small 2014, 10 (5), 835–853. 

(65)  Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; 

Hwang, N.-M.; Hyeon, T. Nat. Mater. 2004, 3 (12), 891–895. 

(66)  Charitidis, C. a.; Georgiou, P.; Koklioti, M. a.; Trompeta, A.-F.; Markakis, V. 

Manuf. Rev. 2014, 1, 11. 

(67)  Pu, Y.; Cai, F.; Wang, D.; Wang, J.-X.; Chen, J.-F. Ind. Eng. Chem. Res. 2018, 

57 (6), 1790–1802. 

(68)  Wood-Black, F. In Vol. 1163. Academia and Industrial Pilot Plant Operations 

and Safety; ACS Symposium Series, 2014; pp 37–45. 

(69)  Behrens, S. H.; Breedveld, V.; Mujica, M.; Filler, M. A. Annu. Rev. Chem. 

Biomol. Eng. 2017, 8 (1), 201–226. 

(70)  Tabone, M. D.; Cregg, J. J.; Beckman, E. J.; Landis, A. E. Environ. Sci. 

Technol. 2010, 44 (21), 8264–8269. 

(71)  Malik, M. A.; Afzaal, M.; Brien, P. O. 2010, 4417–4446. 

(72)  Steckel, J. S.; Yen, B. K. H.; Oertel, D. C.; Bawendi, M. G. J. Am. Chem. Soc. 

2006, 128 (40), 13032–13033. 

(73)  Evans, C. M.; Evans, M. E.; Krauss, T. D. J. Am. Chem. Soc. 2010, 132 (32), 

10973–10975. 

(74)  Thomson, J. W.; Nagashima, K.; Macdonald, P. M.; Ozin, G. A. J. Am. Chem. 

Soc. 2011, 133 (13), 5036–5041. 

(75)  Reiss, P.; Carrière, M.; Lincheneau, C.; Vaure, L.; Tamang, S. Chem. Rev. 



 

29 

2016, 116 (18), 10731–10819. 

(76)  Zherebetskyy, D.; Scheele, M.; Zhang, Y.; Bronstein, N.; Thompson, C.; Britt, 

D.; Salmeron, M.; Alivisatos, A. P.; Wang, L.-W. Science (80-. ). 2014, 344 

(6190), 1380–1384. 

(77)  Mourdikoudis, S.; Liz-Marzán, L. Chem. Mater. 2013. 

(78)  Preske, A.; Liu, J.; Prezhdo, O. V.; Krauss, T. D. ChemPhysChem 2016, 17 (5), 

681–686. 

(79)  Frenette, L. C.; Krauss, T. D. Nat. Commun. 2017, 8 (1), 1–8. 

(80)  Abe, S.; Čapek, R. K.; De Geyter, B.; Hens, Z. ACS Nano 2012, 6 (1), 42–53. 

(81)  Sluydts, M.; De Nolf, K.; Van Speybroeck, V.; Cottenier, S.; Hens, Z. ACS 

Nano 2016, 10 (1), 1462–1474. 

(82)  Kim, K.; Yoo, D.; Choi, H.; Tamang, S.; Ko, J. H.; Kim, S.; Kim, Y. H.; Jeong, 

S. Angew. Chemie - Int. Ed. 2016, 55 (11), 3714–3718. 

(83)  Beecher, A. N.; Yang, X.; Palmer, J. H.; Lagrassa, A. L.; Juhas, P.; Billinge, S. 

J. L.; Owen, J. S. J. Am. Chem. Soc. 2014, 136 (30), 10645–10653. 

(84)  Nevers, D. R.; Williamson, C. B.; Savitzky, B. H.; Hadar, I.; Banin, U.; 

Kourkoutis, L. F.; Hanrath, T.; Robinson, R. D. J. Am. Chem. Soc. 2018, 140 

(10), 3652–3662. 

(85)  Koh, S.; Eom, T.; Kim, W. D.; Lee, K.; Lee, D.; Lee, Y. K.; Kim, H.; Bae, W. 

K.; Lee, D. C. Chem. Mater. 2017, 29 (15), 6346–6355. 

(86)  Liu, X.; Liu, Y.; Xu, S.; Geng, C.; Xie, Y.; Zhang, Z. H.; Zhang, Y.; Bi, W. J. 

Phys. Chem. Lett. 2017, 8 (15), 3576–3580. 

(87)  Hamachi, L. S.; Jen-La Plante, I.; Coryell, A. C.; De Roo, J.; Owen, J. S. Chem. 

Mater. 2017, 29 (20), 8711–8719. 

(88)  Franke, D.; Harris, D. K.; Xie, L.; Jensen, K. F.; Bawendi, M. G. Angew. 

Chemie - Int. Ed. 2015, 54 (48), 14299–14303. 

(89)  Tamang, S.; Lincheneau, C.; Hermans, Y.; Jeong, S.; Reiss, P. 2016. 

(90)  Wall, M.; Cossairt, B. M.; Liu, J. T. C. J. Phys. Chem. C 2018, 

acs.jpcc.8b01368. 

(91)  Harrell, S. M.; McBride, J. R.; Rosenthal, S. J. Chem. Mater. 2013, 25 (8), 

1199–1210. 

(92)  Yu, W. W.; Peng, X. Angew. Chem. Int. Ed. Engl. 2002, 41 (13), 2368–2371. 

(93)  Liu, M.; Wang, K.; Wang, L.; Han, S.; Fan, H.; Rowell, N.; Ripmeester, J. A.; 

Renoud, R.; Bian, F.; Zeng, J.; Yu, K. Nat. Commun. 2017, 8, 15467. 

(94)  Zhu, T.; Zhang, B.; Zhang, J.; Lu, J.; Fan, H.; Rowell, N.; Ripmeester, J. A.; 

Han, S.; Yu, K. Chem. Mater. 2017, 29 (13), 5727–5735. 

(95)  Kudera, S.; Zanella, M.; Giannini, C.; Rizzo, A.; Li, Y.; Gigli, G.; Cingolani, 

R.; Ciccarella, G.; Spahl, W.; Parak, W. J.; Manna, L. Adv. Mater. 2007, 19 (4), 

548–552. 

(96)  Evans, C. M.; Guo, L.; Peterson, J. J.; Maccagnano-Zacher, S.; Krauss, T. D. 

Nano Lett. 2008, 8 (9), 2896–2899. 

(97)  Yu, K. Adv. Mater. 2012, 24 (8), 1123–1132. 

(98)  Gary, D. C.; Flowers, S. E.; Kaminsky, W.; Petrone, A.; Li, X.; Cossairt, B. M. 

J. Am. Chem. Soc. 2016, 138 (5), 1510–1513. 

(99)  Gary, D. C.; Petrone, A.; Li, X.; Cossairt, B. M. Chem. Commun. 2017, 53, 



 

30 

161–164. 

(100)  Pilpel, N. Chem. Rev. 1963, 63 (3), 221–234. 

(101)  Xu, Y.; Zhang, Q.; Lv, L.; Han, W.; Wu, G.; Yang, D.; Dong, A. Nanoscale 

2017, 9, 17248–17253. 

(102)  White, S. L.; Banerjee, P.; Chakraborty, I.; Jain, P. K. Chem. Mater. 2016, 28 

(22), 8391–8398. 

(103)  Yang, J.; Fainblat, R.; Kwon, S. G.; Muckel, F.; Yu, J. H.; Terlinden, H.; Kim, 

B. H.; Iavarone, D.; Choi, M. K.; Kim, I. Y.; Park, I.; Hong, H.-K.; Lee, J.; Son, 

J. S.; Lee, Z.; Kang, K.; Hwang, S.-J.; Bacher, G.; Hyeon, T. J. Am. Chem. Soc. 

2015, 151002154800004. 

(104)  Yang, J.; Muckel, F.; Baek, W.; Fainblat, R.; Chang, H.; Bacher, G.; Hyeon, T. 

J. Am. Chem. Soc. 2017, 139 (19), 6761–6770. 

(105)  TaMang, S.; Lee, S.; Choi, H.; Jeong, S. Chem. Mater. 2016, 28 (22), 8119–

8122. 

(106)  Hoffman, A.; Mills, G. J. Phys. Chem. 1992, 5552 (26), 5546–5552. 

(107)  Cademartiri, L.; Bertolotti, J.; Sapienza, R.; Wiersma, D. S.; von Freymann, G.; 

Ozin, G. A. J. Phys. Chem. B 2006, 110 (2), 671–673. 

(108)  Yuan, M.; Kemp, K. W.; Thon, S. M.; Kim, J. Y.; Chou, K. W.; Amassian, A.; 

Sargent, E. H. Adv. Mater. 2014, 26 (21), 3513–3519. 

(109)  De Nolf, K.; Capek, R. K.; Abe, S.; Sluydts, M.; Jang, Y.; Martins, J. C.; 

Cottenier, S.; Lifshitz, E.; Hens, Z. J. Am. Chem. Soc. 2015, 137 (7), 2495–

2505. 

(110)  Chan, E. M.; Alivisatos, A. P.; Mathies, R. A. J. Am. Chem. Soc. 2005, 127 

(40), 13854–13861. 

(111)  Yen, B. K. H.; Stott, N. E.; Jensen, K. F.; Bawendi, M. G. Adv. Mater. 2003, 15 

(21), 1858–1862. 

(112)  Panariello, L.; Mazzei, L.; Gavriilidis, A. Chem. Eng. J. 2018. 

(113)  Nightingale, A. M.; Phillips, T. W.; Bannock, J. H.; de Mello, J. C. Nat. 

Commun. 2014, 5 (May), 3777. 

(114)  Bannock, J. H.; Krishnadasan, S. H.; Heeney, M.; de Mello, J. C. Mater. 

Horizons 2014, 1 (4), 373. 

(115)  Nightingale,  a M.; Krishnadasan, S. H.; Berhanu, D.; Niu, X.; Drury, C.; 

McIntyre, R.; Valsami-Jones, E.; deMello, J. C. Lab Chip 2011, 11 (7), 1221–

1227. 

(116)  Nightingale, A. M.; Bannock, J. H.; Krishnadasan, S. H.; O’Mahony, F. T. F.; 

Haque, S. a.; Sloan, J.; Drury, C.; McIntyre, R.; deMello, J. C. J. Mater. Chem. 

A 2013, 1 (12), 4067. 

(117)  Hong, L.; Cheung, T.-L.; Rao, N.; Ouyang, Q.; Wang, Y.; Zeng, S.; Yang, C.; 

Cuong, D.; Chong, P. H. J.; Liu, L.; Law, W.-C.; Yong, K.-T. RSC Adv. 2017, 7 

(58), 36819–36832. 

(118)  Marre, S.; Park, J.; Rempel, J.; Guan, J.; Bawendi, M. G.; Jensen, K. F. Adv. 

Mater. 2008, 20 (24), 4830–4834. 

(119)  Razgoniaeva, N.; Yang, M.; Garrett, P.; Kholmicheva, N.; Moroz, P.; Eckard, 

H.; Royo Romero, L.; Porotnikov, D.; Khon, D.; Zamkov, M. Chem. Mater. 

2018, 30 (4), 1391–1398. 



 

31 

(120)  Riedinger, A.; Ott, F. D.; Mule, A.; Mazzotti, S.; Knusel, P. N.; Kress, S. J. P.; 

Prins, F.; Erwin, S. C.; Norris, D. J. Nat Mater 2017, advance on. 

(121)  Ortiz, N.; Skrabalak, S. E. Langmuir 2014, No. i. 

(122)  Bealing, C. R. C.; Baumgardner, W. J. W.; Choi, J. J.; Hanrath, T.; Hennig, R. 

G. ACS Nano 2012, 6 (3), 2118–2127. 

(123)  Williamson, C. B.; Nevers, D. R.; Hanrath, T.; Robinson, R. D. J. Am. Chem. 

Soc. 2015, 137 (50). 

(124)  Babi, D. K.; Cruz, M. S.; Gani, R. In Process Intensification in Chemical 

Engineering; Segovia-Hernandez, J., Bonilla-Petriciolet, A., Eds.; Springer, 

Cham, 2016; pp 7–33. 

(125)  Lignier, P.; Bellabarba, R.; Tooze, R. P. Chem. Soc. Rev. 2012, 41 (5), 1708–

1720. 

(126)  Kwon, S. G. U.; Hyeon, T. Acc. Chem. Res. 2008, 41 (12), 1696–1709. 

(127)  Sharifi Dehsari, H.; Heidari, M.; Halda Ribeiro, A.; Tremel, W.; Jakob, G.; 

Donadio, D.; Potestio, R.; Asadi, K. Chem. Mater. 2017, 29 (22), 9648–9656. 

(128)  Phillips, T. W.; Lignos, I. G.; Maceiczyk, R. M.; DeMello, A. J.; DeMello, J. C. 

Lab Chip 2014. 

(129)  Maceiczyk, R. M.; Dümbgen, K.; Lignos, I.; Protesescu, L.; Kovalenko, M. V.; 

Demello, A. J. Chem. Mater. 2017, 29 (19), 8433–8439. 

(130)  Marre, S.; Jensen, K. F. Chem. Soc. Rev. 2010, 39 (3), 1183–1202. 
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Abstract 

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

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

quality and large-quantities of 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 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 lab-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 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 

http://dx.doi.org/10.1021/jacs.5b10006
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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.  

 

3.1 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 

imaging11–14. 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)15–17. 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 compositions1,11,12,18. Unfortunately, high-

quality NPs produced in the laboratory by hot injection result from small-scale reactions 

(roughly <100 mg yield19). 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 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 precursors1,20, 2) seeded growth21, 

3) heat-up methods20,22,23, 4) excess metal concentrations4,19, and 5) high solid 
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loading4,9,19. For instance, recent work using novel precursors has enabled promising 

strides in high-quality NP synthesis and reaction control (e.g., ammonium sulfide20 and 

thioureas1). Alternatively, using a hot injection method Cademartiri et al. demonstrated 

that a high Pb precursor loading (423 g/L) can be used to synthesize 1.5 g, including 

ligands, of monodisperse PbS NPs (~8% size dispersion based on photoluminescence 

(PL), in a 50 mL reaction).4 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), reducing the 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. 

 

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) PbS1, 2) Fe2O3
2, 3) CdSe3, 4) PbS4, 5) 

PbS5, 6) CuS6, 7) CISe7, 8) CdSe8, 9) CdSe9, and 10) PbS10. 
 

Compared to the conventional hot-injection method, the gradual heat-up synthesis offers 
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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 oxide16,22 

and metal sulfide10,20,24,25 NPs. Notably, some heat-up method use a “one-pot” approach, 

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

precursor dissolution and reaction rates, and hinders consistent production of high-

quality NPs23. Decoupling the dissolution and reaction rates is a key “current challenge” 

for heat-up methods23. 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 the 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 toward large-scale synthesis, several 

key challenges must be resolved, namely to: (1) ensure burst nucleation during the heat-

up stage, (2) control the 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 of how the nanosynthetic 

chemistry of the heat-up method differs when the 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 of NPs/L of solvent1,2,26), our highly concentrated heat-
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up method provides a 10-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 (I) sulfide  (Cu2-xS) as a model system 

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

promising nontoxic alternative to cadmium and lead salt semiconductor NPs27. 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.  

 

3.2 ResultsConcentration 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.16,28 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 (see Table S1 for experimental details). In the discussion below, 

we will refer to 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. On 

the basis of a literature survey of conventional syntheses, typical precursor 

concentrations are 1-2 orders of magnitude lower, ranging from 10-100 mM (see Table 

B.S2 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 
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concentration and the suppression of particle growth; then, the solution is heated 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 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). 

 

 

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 become monodisperse; whereas the 

conventional synthesis experiences Ostwald-ripening.  
 

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. 
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To quantify the 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 SI-

Figure B.S1-2, Table B.S1). Low concentrations (< 500 mM) yield rapid particle 

growth (~2.5 nm/hr) 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/hr) 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 hr to 14.7 nm at 4hr, Fig. 3b), while the high 

concentrations (≥ 500 mM) produce NPs that grow slowly (e.g., 500 mM NPs are 6.2 

nm at 0 hr and 8.9 nm at 4 hr, Fig. 3b).  

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 

concentration reactions over a 4 hr soak at 185˚C. For 

concentrations below 500 m 
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More striking is the effect of the concentration on the 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 concentrations ≥ 500 mM, the RSD decreases; particularly for the highly 

concentrated solution (1000 mM), the RSD remains constant with time: 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 (see Figure B.S2 

for absolute standard deviation vs. time). The 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).1,25,29–32 The consistent narrow size 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 that of NPs 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 B.S3). Both the conventional and highly concentrated 

reactions maintained a constant size (~3 nm) and RSD (20% RSD) during the 4 hr, 

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 (see Figure B.S4).Beyond the Cu2-xS system, we demonstrate the general 

applicability of the highly concentrated heat-up method to other materials, namely, PbS 
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and CdS. Similar to the Cu2-xS system, 1000 mM concentrations of lead oleate and 

cadmium oleate are mixed with a sulfur source (5000 mM sulfur oleylamine for PbS or 

2500 mM trioctylphosphine sulfide for CdS). Ramp-soak heating profiles identical to 

those of the Cu2-xS system are 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 h soak (size and RSD at 2 h is 7.8 nm and 

15.1%, respectively, see Figure B.S5). 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 (see Figure B.S6). Furthermore, the full width at half-maximum (FWHM) of the 

PL peak for the CdS NPs remains constant during the soak (the FWHM of the PL peak 

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 exhibits substantial synthesis control, 

which is essential to the scale-up of these materials. 

3.2.2 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 B.S7, 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 RSDs (< 5% 

variability). 
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3.2.3 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) 1000 mM 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 h after which the 

reaction solution was spiked with one of the three spike solutions. Aliquots of each spike 

test were taken before the spike at 0 min (0 min 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 postspike), 150 min (30 min postspike), 180 min, and 240 min. The 

size and RSD of NPs for the various spike tests is shown in Figure 3.4. The inset in 

Figure 3.4 shows the responses to the three spikes. Notably, the highly concentrated 

solution is quickly restored to equilibrium after chemical perturbation, via seeds or the 

copper precursor, and is thus less susceptible to batch-to-batch chemical variations and 

local concentration variations within a solution. 
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Figure 3.3. Reaction robustness - concentrated reactions spiked with three different 

starting chemicals, 1000 mM CuCl, 1000 mM S, and 1000 mM equivalent Cu2-xS 

seeds in 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 

average size, (2) sulfur induces Ostwald-ripening, and (3) seeds increase average size. 

Spiking with copper and seeds leads to size focusing within 1 h. 

 

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 5 min-postspike is similar to that observed at the top of the ramp (time = 0 

h). One hour after the spike, the NP distribution recovers to the original prespike size 

and 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 double, and continue to ~1000 nm and ~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 rates33. 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 B.S8). A ζ potential of +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 the overall solution stoichiometry (Cu:S ratio) or sulfur rich 
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conditions (see Figure B.S9). Reactions 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 slightly larger particle size (see the inset of Figure 3.4). The rapid 

disappearance of the seeds after the spike implies that the injected particles had 

combined either with the native NPs or with each other to form larger NPs.  

 

3.2.4 Synthesis Scale-up 

The long-time stability of NPs in highly concentrated solutions and the robust system 

recovery from small chemical perturbations are desirable attributes for scale up, which 

makes this synthesis method ideal for large scale reactions. To test this assertion, we 

demonstrate the transition from a traditional laboratory-scale NP synthesis to a large-

scale pilot reaction. We scaled a typical laboratory batch reaction volume (~25 mL) by 

2 orders of magnitude to 2.5 L using a 4 L reactor and an overhead 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 postinjection, suggesting similar precursor conversion. We heat the solution 

to 185˚C and hold at this temperature for 2 h. The reaction cools via a 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. 
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Figure 3.4. 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#00-023-0959) and roxbyite 

(Cu1.8S, PDF#00-023-0958) phases. 

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 B.S10). Sample to sample variability in the product 

(size and RSD) is less than 5%. The average NP size is 8.0 nm with a RSD of 9.3%. X-

ray diffraction (XRD) shows the particles are mixed phase between djurleite (Cu1.94S) 

and roxbyite (Cu1.8S) phase (see Figure 3.5 and B.S11-B.S12). TGA reveals 

considerable mass loss at 300˚C, near the normal boiling point of oleylamine (see 
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Figure B.S13). 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%. 

 

3.3 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) the 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. 

 

3.3.1 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 SI for 

details). Baseline measurements of the reaction mixture are made in reference to their 

organic matrix: 70% oleylamine/30% 1-octadecene. When the inorganic precursors 

(CuCl and elemental sulfur) are mixed at 50˚C, both the conventional and highly 

concentrated solutions have similar viscosities that are greater than that of the baseline 

of the organic matrix (see Figure S14). 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) is nearly an order of magnitude greater than that of the organic matrix (see 
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Figure 3.6a). Interestingly, a concentration of 500 mM corresponds to the critical 

turning point for both enhanced viscosity and size-focusing growth (see Figure 3.3 and 

B.S14). 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 is 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 the 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 hydrodynamic radius r. Comparing mass transport for 

concentrated and conventional conditions therefore shows that diffusivity in the highly 

concentrated condition is approximately 5-fold lower, given the differences in viscosity 

discussed above (Figure 3.6b and Table B.S3). 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 the section 

“Growth Mechanism” below).   



 

47 

 
Figure 3.5. 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 SI and Table S3 for methods and details). 

 

3.3.2 Heat Transport 

Thermal conductivity and heat capacity can have a significant impact on NP reactions, 

especially since both factors depend on the 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 B.S15), 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 
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heat capacity (~64% greater) and lower thermal diffusivity measured for the highly 

concentrated solution (Figure 3.6c,d, Table B.S3). 

 

3.3.3 Growth Mechanism 

To better understand the growth mechanism, we can 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 SI for details, Figure B.S16). At the 

beginning of the soak stage at 185˚C (time = 0 h), the conversions are nearly complete 

for both the conventional and highly concentrated conditions (82% and 88%, 

respectively); furthermore, both conditions have similarly sized NPs (~6 nm). The high 

conversion values indicate the concentration of the 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 highly concentrated solutions, respectively. 

In relation to the LaMer model, the fact that the conventional conditions undergo 

Ostwald ripening (to be discussed; see Figure 3.7) suggests that this solution is near the 

monomer saturation limit (at approximately. 8 mM Cu2S monomer, Table B.S4) and 

that the residual monomer is in equilibrium with the monomer attached to NP 

surface.16,41 Thus, the highly concentrated solution, with a higher residual monomer 

concentration (approximately 50 mM), is still supersaturated, and resistant to Ostwald 

ripening4,41.  

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 (from ~6 to 6.4 nm), and ~4% for the highly concentrated case 
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(from ~6 to 6.3 nm) (see SI). However, experiments show that the final size for the 

conventional and highly concentrated cases (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 monomers, and then monomer deposition onto larger 

NPs.16,41 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). A linear volumetric growth rate is indicative of Ostwald ripening, as 

supported by the Lifshitz–Slyozov–Wagner (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 

SI). 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 
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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)  

 

Figure 3.6. Step vs. Living Coalescence Model. (a) Plots of the volumetric growth 

rate. The NP sizes for each concentration are converted to volume and normalized by 

the 4 hr “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. 

 

particle spread (99.7% of total particles) corresponds to variation or disparity in 
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diffusivity of 4.55x10-11 m2s-1 for the conventional reaction; whereas the highly 

concentrated reaction only varies in diffusivity by 9.70x10-12 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, 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, 3.7b). 

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 B.S5 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 oriented 

attachment (OA) and captures the initial sigmoidal growth behavior and the second 

fitting parameter (k2) describes Ostwald ripening (OR) (Figure B.S17). 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 (see Figure B.S17). 

 Kinetic growth profiles of NPs can also be described by the Kolmogorov-

Johnson-Mehl-Avrami (KJMA) model (Figure B.S18)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-fitting parameter model that does not 

describe Ostwald ripening, but rather only aggregative NP growth (kg) or coalescence 

rate.47,48 This rate increases with the concentration, suggesting coalescence is the 
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dominant process at high concentrations, which agrees with the oriented attachment rate 

of the Huang model (see Figure B.S18). 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 the particle size in the 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 particle size 

evolution shown in Figure 3.3 (see Figure B.S19). Notably, this analysis shows k4>k3 

at conventional concentrations, and a transition to k4<k3 at high concentrations (see 

Figure B.S19). 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 if the 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. Furthermore, 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 SI for model details). 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 
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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 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-d 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 number of particles of 

condition I, and III half that of II; see SI for details). 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, 

notably with only one step (see Figure 3.7c-d).  

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 
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physical insight agrees with the relative collision rate for NPs in solution. Specifically, 

the total collision rates are similar for both conventional and highly concentrated 

conditions (see Table B.S4) since the 5-fold higher diffusivity in the former is nearly 

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 (see Table B.S4). The greater number of NPs undergoing 

coalescence events for the 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. 

 

3.4 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 an 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 those observed on the laboratory scale. 

Importantly, the scale-up to a 215 g NP batch was accomplished with an unprecedented 
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yield of 86 g of NPs/ L of reaction volume. Furthermore, this method 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. 



 

56 

3.5 References 

(1)  Hendricks, M. P.; Campos, M. P.; Cleveland, G. T.; Plante, I. J.; Owen, J. S. 

Science. 2015, 348, 1226–1230. 

(2)  Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; 

Hwang, N.-M.; Hyeon, T. Nat. Mater. 2004, 3, 891–895. 

(3)  Kim, J. I.; Lee, J.-K. Adv. Funct. Mater. 2006, 16, 2077–2082. 

(4)  Cademartiri, L.; Bertolotti, J.; Sapienza, R.; Wiersma, D. S.; von Freymann, G.; 

Ozin, G. A. J. Phys. Chem. B 2006, 110, 671–673. 

(5)  Yuan, M.; Kemp, K. W.; Thon, S. M.; Kim, J. Y.; Chou, K. W.; Amassian, A.; 

Sargent, E. H. Adv. Mater. 2014, 26, 3513–3519. 

(6)  Du, Y.; Yin, Z.; Zhu, J.; Huang, X.; Wu, X.-J.; Zeng, Z.; Yan, Q.; Zhang, H. 

Nat. Commun. 2012, 3, 1177. 

(7)  Kang, X.; Yang, Y.; Huang, L.; Tao, Y.; Wang, L.; Pan, D. Green Chem. 2015, 

17, 4482–4488. 

(8)  Protière, M.; Nerambourg, N.; Renard, O.; Reiss, P. Nanoscale Res. Lett. 2011, 

6, 472. 

(9)  Flamee, S.; Cirillo, M.; Abe, S.; De Nolf, K.; Gomes, R.; Aubert, T.; Hens, Z. 

Chem. Mater. 2013, 25, 2476–2483. 

(10)  Zhang, J.; Gao, J.; Miller, E. M.; Luther, J. M.; Beard, M. C. ACS Nano 2014, 

8, 614–622. 

(11)  Park, J.; Joo, J.; Kwon, S. G.; Jang, Y.; Hyeon, T. Angew. Chem. Int. Ed. Engl. 

2007, 46, 4630–4660. 

(12)  Talapin, D. V; Lee, J.-S.; Kovalenko, M. V; Shevchenko, E. V. Chem. Rev. 

2010, 110, 389–458. 

(13)  Kovalenko, M. V; Manna, L.; Cabot, A.; Hens, Z.; Talapin, D. V; Kagan, C. R.; 

Klimov, X. V. I.; Rogach, A. L.; Reiss, P.; Milliron, D. J.; Guyot-sionnnest, P.; 

Konstantatos, G.; Parak, W. J.; Hyeon, T.; Korgel, B. a; Murray, C. B.; Heiss, 

W. ACS Nano 2015, 9, 1012–1057. 

(14)  Sun, L.; Choi, J. J.; Stachnik, D.; Bartnik, A. C.; Hyun, B.-R.; Malliaras, G. G.; 

Hanrath, T.; Wise, F. W. Nat. Nanotechnol. 2012, 7, 369–373. 

(15)  Owen, J. S.; Chan, E. M.; Liu, H.; Alivisatos, A. P. J. Am. Chem. Soc. 2010, 

132, 18206–18213. 

(16)  Kwon, S. G.; Hyeon, T. Small 2011, 7, 2685–2702. 

(17)  Murray, C. B.; Noms, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993, 115, 

8706–8715. 

(18)  Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Annu. Rev. Mater. Sci. 2000, 30, 

545–610. 

(19)  Weidman, M. C.; Beck, M. E.; Hoffman, R. S.; Prins, F.; Tisdale, W. A. ACS 

Nano 2014, 8, 6363–6371. 

(20)  Zhang, H.; Hyun, B.-R.; Wise, F. W.; Robinson, R. D. Nano Lett. 2012, 12, 

5856–5860. 

(21)  Perera, S. D.; Zhang, H.; Ding, X.; Nelson, A.; Robinson, R. D. J. Mater. 

Chem. C 2015, 3, 1044–1055. 

 



 

57 

(22)  Kwon, S. G.; Piao, Y.; Park, J.; Angappane, S.; Jo, Y.; Hwang, N.-M.; Park, J.-

G.; Hyeon, T. J. Am. Chem. Soc. 2007, 129, 12571–12584. 

(23)  van Embden, J.; Chesman, A. S. R.; Jasieniak, J. J. Chem. Mater. 2015, 27, 

2246–2285. 

(24)  Joo, J.; Na, H. Bin; Yu, T.; Yu, J. H.; Kim, Y. W.; Wu, F.; Zhang, J. Z.; Hyeon, 

T. J. Am. Chem. Soc. 2003, 125, 11100–11105. 

(25)  Zhang, H.-T.; Wu, G.; Chen, X.-H. Langmuir 2005, 21, 4281–4282. 

(26)  Jasieniak, J.; Bullen, C.; Van Embden, J.; Mulvaney, P. J. Phys. Chem. B 2005, 

109, 20665–20668. 

(27)  Kruszynska, M.; Borchert, H.; Parisi, J.; Kolny-Olesiak, J. J. Am. Chem. Soc. 

2010, 132, 15976–15986. 

(28)  Rempel, J. Y.; Bawendi, M. G.; Jensen, K. F. J. Am. Chem. Soc. 2009, 131, 

4479–4489. 

(29)  Luther, J. M.; Jain, P. K.; Ewers, T.; Alivisatos, A. P. Nat. Mater. 2011, 10, 

361–366. 

(30)  Lotfipour, M.; Machani, T.; Rossi, D. P.; Plass, K. E. Chem. Mater. 2011, 23, 

3032–3038. 

(31)  Saldanha, P. L.; Brescia, R.; Prato, M.; Li, H.; Povia, M.; Manna, L.; Lesnyak, 

V. Chem. Mater. 2014, 26, 1442–1449. 

(32)  Leidinger, P.; Popescu, R.; Gerthsen, D.; Lünsdorf, H.; Feldmann, C. 

Nanoscale 2011, 3, 2544–2551. 

(33)  Russel, W. B.; Saville, D. A.; Schowalter, W. R. Colloidal Dispersions; 

Cambridge University Press: New York, 1989. 

(34)  Hanaor, D.; Michelazzi, M.; Leonelli, C.; Sorrell, C. C. J. Eur. Ceram. Soc. 

2012, 32, 235–244. 

(35)  Xu, R.; Wu, C.; Xu, H. Carbon N. Y. 2007, 45, 2806–2809. 

(36)  Ogawa, A.; Yamada, H.; Matsuda, S.; Okajima, K.; Doi, M. J. Rheol. (N. Y. N. 

Y). 1997, 41, 769. 

(37)  Srivastava, S.; Shin, J. H.; Archer, L. a. Soft Matter 2012, 8 (15), 4097. 

(38)  Chieruzzi, M.; Cerritelli, G. F.; Miliozzi, A.; Kenny, J. M. Nanoscale Res. Lett. 

2013, 8, 448. 

(39)  Xuan, Y.; Roetzel, W. Int. J. Heat Mass Transf. 2000, 43, 3701–3707. 

(40)  Xuan, Y.; Li, Q. Int. J. Heat Fluid Flow 2000, 21, 58–64. 

(41)  Talapin, D. V.; Rogach, A. L.; Haase, M.; Weller, H. J. Phys. Chem. B 2001, 

105, 12278–12285. 

(42)  Finney, E. E.; Shields, S. P.; Buhro, W. E.; Finke, R. G. Chem. Mater. 2012, 

24, 1718–1725. 

(43)  Wang, F.; Richards, V. N.; Shields, S. P.; Buhro, W. E. Chem. Mater. 2014, 26, 

5–21. 

(44)  Lifshitz, I. M.; Slyozov, V. V. J. Phys. Chem. Solids 1961, 19, 35–50. 

(45)  Wagner, C. Z. Elektrochem. 1961, 65, 581–594. 

(46)  Huang, F.; Zhang, H.; Banfield, J. F. J. Phys. Chem. B 2003, 107, 10470–

10475. 

(47)  Shields, S. P.; Richards, V. N.; Buhro, W. E. Chem. Mater. 2010, 22, 3212–

3225. 



 

58 

(48)  Burbelko, A. A.; Fraś, E.; Kapturkiewicz, W. Mater. Sci. Eng. A. 2005, 413-

414, 429–434. 

(49)  Avrami, M. J. Chem. Phys. 1941, 9, 177. 

(50)  Avrami, M. J. Chem. Phys. 1940, 8, 212. 

(51)  Avrami, M. J. Chem. Phys. 1939, 7, 1103. 

 



59 

4 Mesophase Formation Stabilizes High-purity 

Magic-sized Clusters 
 
Douglas R. Nevers†§, Curtis B. Williamson†§, Benjamin H. Savitzky+, Ido Hadar#, Uri 
Banin#, Lena F. Kourkoutis‖,⊥, Tobias Hanrath†*, and Richard D. Robinson‡* 
 
†Robert F. Smith School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, USA. +Department 

of Physics, Cornell University, Ithaca, USA. #The Institute of Chemistry and Center for Nanoscience and 

Nanotechnology, The Hebrew University of Jerusalem, Jerusalem 91904, Israel  ‖School of Applied and Engineering 

Physics, Cornell University, Ithaca, USA. ⊥Kavli Institute for Nanoscale Science, Cornell University, Ithaca, USA. 
‡Department of Materials Science and Engineering, Cornell University, Ithaca, USA. §These authors contributed 

equally.  

 
Reproduced with permission from J. Am. Chem. Soc.  . Copyright 2018 American 

Chemical Society. DOI:  

 

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. Based on insights from in-situ X-ray scattering analysis, we 

attribute this stability to the accompanying production of a large, hexagonal organic-

inorganic mesophase (>100 nm grain size) 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 mM or >16 acid-to-metal), MSCs 
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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.  

 

4.1 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, MSCs, 

which are 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 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, 
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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 monomer nucleation into NPs 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. While 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 
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discovered that, upon formation of MSCs in highly concentrated solutions, long-range 

mesophase structures (100’s 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. Overall, high 

concentrations accentuate surfactant phase behavior promoting the formation of high-

purity MSCs along with a stabilizing hexagonal mesophase. 

 

 
Figure 4.1: Synthesis Pathways. (a) 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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4.2 Results 

4.2.1 Synthesis Concentration 

The concentration of the precursors controls the reaction pathways: at lower 

concentrations both NPs and MSCs are formed, while 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-octyl phosphine sulfide 

(TOP=S) using 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 C.S1). At 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 
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the MSC, 324 nm, peak is more intense compared to the 1000 mM reaction and located 

at 387 nm (FWHM ~200 meV). This broad peak is a signature of more 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 C.S1). 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 C.S1b). At the same conditions, 

the conventional concentration (i.e., 100 mM) does not produce MSCs or NPs. (Note: 

upon cooling from 130°C or further heating to 200°C (see SI) of the solution, NP 

precipitate.) Thus, precursor concentration tunes the synthesis selectivity from no 

products to high-purity MSCs. 

 

4.2.2 Mesophase Structure 

The observed preference for high-purity 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. 
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Mesophase formation is suggested by the increased turbidity (caused by 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 crystal domains (Figure 4.2c). The combination of 

SAXS and WAXS is particularly powerful since SAXS captures larger mesophases 

while 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 peaks 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, 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 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-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 S2), 

which is much smaller than the mesophase grain size (>170 nm), indicating that a 
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mesophase grain contains thousands of MSCs. 

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 S3). (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). 

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 
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microscopy (STEM) (Figure 4.2d-f, see SI). Unexpectedly, the STEM images reveal 

long (~10’s µm), fibrous assemblies with ~3 nm inter-fiber spacing (Figure 4.2d-f and 

Figure C.S3). The inter-fiber spacing based on STEM is consistent with the 3.4 nm d-

spacing of the first hexagonal mesophase peak (Figure C.S3). 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 C.S4). Overall, the size of these entities 

observed via STEM is similar to the size determined from WAXS (~2.2±0.9 nm, Figure 

C.S2) 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. 

 

 
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.  
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Beyond X-ray scattering and high-resolution STEM imaging, the anisotropic 

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 close to 0.4 near the band gap. 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 C.S5). 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.  
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Figure 4.4: Polarization Anisotropy. Comparison of absorbance, photoluminescence 

excitation (PLE), and photoselection-PLE (PS-PLE 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. 

 

4.2.3 In-situ Mesophase and MSC Formation 

The combination of small- and wide- angle X-ray scattering (SAXS/WAXS) provides 

an opportunity to monitor the co-evolution 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 Figures C.S6-C.S9). Below, we describe 

the co-evolution 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, while 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 C.S6), which is likely a micellar 

phase as previously seen at high concentrations.49 The spacings of the narrow hexagonal 
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mesophase (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 C.S10). 

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 hr) 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 C.S11). 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° two-theta 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 fibrous surfactant mesophase. The 

arrangement of MSCs within the fibrous mesophase limits the mobility of the nuclei 
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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 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 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) (Fig. 4.6a,b 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 mM 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 
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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 C.S11). In the 1000 mM reaction the 

hexagonal MSC peak (Fig. 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 (Fig. 4.6e, purple data set). The mesophase structure is roughly twice as 

abundant in the 1000 mM reaction compared to 500 mM at 2 h.  

 

 
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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 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, but not for 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 

C.S12 1000 mM reaction at 175°C). While 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. 
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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 

levels off 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 mM 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 (labelled (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. While 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. 

 

Closer inspection of the WAXS measurements provides important insight into 

the transformation from MSC nucleation to NP growth. We compared the formation 
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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 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 6f, dashed lines). The ZB peak intensity increases more rapidly in the 500 mM 

compared to the 1000 mM reaction (Fig. 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. (Fig. 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. 

 

4.3 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?  

 

4.3.1 MSC Stability and Mesophase Formation 

The time-resolved SAXS/WAXS data described above provide new insights into the 

origin of MSCs stability. Conventionally, MSCs have been suspected to be stabilized 
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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 While 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.  

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 discussed below). The link between MSC self-assembly and stability 

is reinforced by the observation that degradation of the fibrous mesophase assembly 

destabilizes the MSCs, 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 
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unbundles upon solvent intercalation to form a fibrous suspension (Figure C.S13). 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 C.S14). 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 C.S13). 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.  

 
Figure 4.7: MSC vs. NP Reaction Coordinate. Qualitative comparison of (a) classical 

and (b) non-classical 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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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 C.S15). 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. Based on 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. 

 

4.3.2 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 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 
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(~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. 

 

4.3.3 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 4.6 and C.S16) and 

previous literature reports, the estimated crossover point from NP to MSC formation is 
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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-per-metal ≤16 (i.e., 

concentration ≥200 mM), MSCs form in larger number than NPs. Previous reports 

mention that low acid-to-metal ratio (~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. While low acid/Cd ratios, even 

at dilute conditions, are sufficient to promote MSC formation, only high concentrations 

suppress NP growth (Figure C.S17). 

 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 Figures C.S18-C.S23). 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 C.S1), resembling the Ostwald 

ripening mechanism which is known to occur at high free acid concentrations.4 

Increasing the reaction temperature also leads to the formation of NPs, and the loss of 

the hexagonal mesophase and MSCs, but no transformation to a different mesophase 

structure (Figure C.S13). These results indicate that MSCs destabilize, and degrade, as 

they transition to NPs, and that MSC to NP conversion is predominately through 
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monomer-driven growth, not cluster coalescence.  

 

4.3.4 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 

independent of precursor chain length, identical fibrous MSCs form (Figure C.S22) 

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 non-

coordinating solvent (ODE) yields similar results to the original 1000 mM synthesis 

reaction: only MSCs are formed along with a hexagonal assembly (Figure C.S24-

C.S26). For coordinating solvents, only the dodecanol formed MSCs with a hexagonal 

assembly, and some NP growth, whereas oleylamine and TOP=O produce mainly large 

NPs without any significant mesophase (Figure C.S24-C.S26). 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 surfactant/ligand structure is intimately connected with 

both the formation, stability, and assembly of MSCs. 

Metal carboxylates such as 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 
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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 

C.S7). In contrast to the small micellar size of the cadmium oleate (Sherrer size ~ 10 

nm; Figure C.S7), the MSC mesophase emerges as an extremely narrow peak (100’s 

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 C.S26). 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. Based on these results, we conclude that both the 

anisotropic shape and precursor structure template the mesophase formation. 

 

4.3.5 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 believed 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, non-classical 

syntheses may involve continuous nucleation, and stable and persistent intermediates, 
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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 non-classical 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 C.S28-C.S29). 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 C.S5 and Figure C.S30). While the precursor conversion products 

(i.e., TOP=O and oleyl anhydride) match those in conventional synthesis, 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 x 10-6 M s-1; 

see Figure C.S30). 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-
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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. 
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Figure 4.8: 1000 mM Synthesis at 130°C (NMR). (a) The total spectral area of the 

four nuclei investigated decreases with time (H, C, P, and Cd). The silencing of the 

signal is attributed to species becoming NMR inactive through solidification..75–77 (see 

Table C.S5). (b) Reaction schematic showing the conversion from precursor (Cd-

oleate and TOP=S) to CdS along with organic by-products (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 

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 x 10-4 s-1) whereas no NP formation rate is observed 

for the 1000 mM reaction (Figure C.S30). These rates are slower than those previously 

reported (0.001-0.1 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 
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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 concentration kinetically arrest or freeze the MSCs, further 

stabilizing their kinetically persistent structure. 

 

4.4 Conclusions  

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. While 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 
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MSCs. In contrast, conventional 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 than are 

persistent intermediates in non-classical NPs syntheses.  
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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 cluster s, 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. 

 

5.1 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 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 effects6-8. For example, the sensitivity of the 
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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 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. 

 

5.2 Results 

5.2.1 MSC and NP Synthesis 

 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 Fig. 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 
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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. 

 

 

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 treatments produce respectively 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. 

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) (Fig 

5.1., black curve). By comparison, conventional high-quality CdS NPs have larger peak 
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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 Fig. 5.1 and Table 5.1; experimental details in SI). These derivative MSC 

families are also characterized by narrow absorption peaks (FWHM ≅ 110 meV, see 

Table D.S1 and Fig. D.S1). The ability to distinctly switch between two MSC families 

is, to our knowledge, unique to our isolated CdS MSCs. 

 

Table 5.1: Summary of diameter, phase, and compositional analysis of MSC families 

Family Chemical 

Treatment 

Size (nm) 

  Abs      XRD    TEM 

Composition (mol%) 

       Cd                S             Ligand 

Repeat Formula 

Unitb,c,e,f 

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 

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 the method described by Yu and Peng.22 Consistent with previous reports,22 we 

find that the synthesis product contains a trace of MSCs (i.e., F313; see Fig. D.S1). To 

match the MSC ligand treatment conditions, we conserve the ratio of ligands/surface 

sites and also ligand/surface area between NPs and MSCs (see SI for 

details/calculations). Interestingly, the NP excitonic peaks are insensitive to the 

chemical treatments and ligand exchange (see Fig. 5.1). In contrast, chemical treatment 

of MSCs can shift the excitonic peak up to 400 meV (see Fig. 5.1).  

To explain the mechanism underlying the shift in excitonic peak upon chemical 

treatment (Fig. 5.1), we considered three alternate hypotheses related to changes in the 

cluster: (1) core size, (2) surface chemistry, and/or (3) core structure (Fig. 5.2). 

To probe whether the conversion between different MSC families corresponds 
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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 SI). We note that this empirical sizing curve has 10-15% uncertainty,24 

based the experimental error of typical particle measurements. The 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 (see Table 5.1 and SI). 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. 

 

 

Figure 5.2: Alternate hypotheses to explain shifting excitonic peak position in 

nanomaterials. 

 

5.2.2 MSC and NP Surface Analysis 

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 that indicate differences in bonding and surface chemistry between the 

families (see Fig. 5.3a and Fig. D.S3 and D.S4). The initial F324 is characterized by 

vibrational stretches for an alkenyl =CH stretch (3005 cm-1, see Fig. D.S3) and the 
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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 (see Fig 5.3a and Fig. D.S3), 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, see Fig. D.S3), implying that 

amines completely exchange or coordinate with the surface. The peaks in the 1400-1550 

cm-1 region of the amine agree with those in neat butylamine (see Fig. D.S4). 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 (see Fig D.S3). 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. 
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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). 

 

5.2.3 MSC Structure and Compositional Analysis 

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) 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 (see Fig. 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 
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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 (see Table 5.1 formulas and SI for details). 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 group6. 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. 

 

5.2.4 Surface Chemistry Controls MSC Families 

 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 

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 
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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 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 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. 

 

5.3 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 
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(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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Abstract 

Structural transformations are ubiquitous at all length scales in chemistry, 

spanning from isomerization reactions of small molecules to solid-solid transformations 

in bulk crystals, which have generally been studied in isolation. Despite attempts to 

merge understanding of these disparate regimes by reducing domain size in solids to 

nanocrystalline dimensions, bulk-like solid-solid transformation behavior still 

predominates at length scales approaching those of molecules. In-between small 

molecules and nanocrystals, magic-sized clusters (MSCs) provide an advantageous 

experimental platform to study isomerization in well-defined atomically precise 

systems. We show here that a reversible transformation between CdS cluster isomers 

with distinct stable configurations possesses essential characteristics of both solid-solid 

transformations and molecular isomerization reactions. These isomers, termed α- and β-

(Cd2S)x, interconvert (α-to-β/β-to-α) reversibly, the transformation is identified by a 140 

meV shift in the species’ excitonic energy gap. A characteristic displacive 

reconfiguration of the inorganic core (solid-solid transformation), as evidenced by our 

reconstruction of the atomic pair distribution function from x-ray scattering, 

accompanies the change in electronic structures. The first order kinetics of the 

transformation—indicative of molecular isomerization—are driven by a distortion of 

the ligand binding motifs due to the presence of hydroxyl species in the ligand shell. 

The reversible transformation of MSCs reported here presents an interesting bridge 
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between molecular isomerization and physical solid-solid phase transformations. 

Manipulation of MSCs, which serve as seeds and as a monomer reservoir in nanocrystal 

growth, provides an additional strategy for control over the structure of colloidal 

nanocrystals. 

 

6.1 Introduction 

A class of particularly interesting structural transformations are those which preserve 

the overall composition of the system and transform through a well-defined transition 

path or set of paths—typified by molecular isomerizations and solid-solid 

transformations. Generally, the two phenomena have the same driving forces; changes 

in the external environment characterized by thermodynamic state variables (e.g., 

temperature, pressure, electromagnetic field)(1–4) effect the conversion from one form 

to another.  In diffusionless solid-solid transformations, atoms tend to move 

cooperatively along well-defined symmetry paths (5), just as isomerization proceeds 

through a series of many-atom transition states governed by the molecular symmetry. 

However, in extended solid systems, the phase transformation must be initiated by a 

nucleation event (6). Nuclei typically originate and propagate discontinuously from 

lattice defects with activated regions smaller than the grain (incoherent transformation) 

(7). At the other extreme, small molecules transform between structures with identical 

formulas (isomers) by discrete processes where the activation volume of the transition 

state is comparable to the size of the molecule (coherent transformation). In the absence 

of kinetic barriers, the thermodynamic state variables control the extent at equilibrium 

of the isomerization—the proportion of time a fluctuating molecule spends in a 

particular state. This is in contrast to extended solids, in which changes in the state 

variables dictate the existence of one form to the exclusion of all others (8). Although 

the concept of a structural transformation is similar at the two extremes of small 
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molecule isomerization and continuous solid-solid transformation, they are separated, 

at present, by a large mechanistic divide. Herein, we investigate the structural 

transformations in semiconductor cluster-molecules bridging between molecular 

isomerizations and solid-solid phase transitions in nanocrystals. 

Nanocrystals (100-10,000 atoms) were originally believed to bridge bulk-like 

and molecule-like structural transformations. Previous studies hypothesized that small 

CdSe nanocrystals under pressure transformed coherently, nanocrystal-by-nanocrystal, 

with first order kinetics, akin to molecular isomerization (5, 9). However, more recent 

investigations revealed that even the smallest of these nanocrystals still exceed the size 

of a nucleus and the hysteresis width of the transformation was independent on crystal 

size. Hence, their transformations are incoherent (10). Thus, nanocrystal 

transformations studied so far do not mirror molecular isomerization, but do show that 

bulk-like behavior extends to the nanometer length scale, even down to ~2 nm (7). This 

interpretation is consistent with the observation that manipulating the nanocrystal 

surface does not generally alter the structure of the crystalline core, even though the 

surface makes significant contributions to the nanocrystals’ observed electronic 

properties (11, 12). Nonetheless, intriguing questions remain about the connections 

between structural transformations of molecules and solids. To address these questions, 

we focus our inquiry on the still smaller regime of magic size clusters (MSCs) having 

10-100 atoms, where the length scales of bulk and molecular transformations merge. 

Studies of these ultra-small (<2 nm) clusters with a distinct chemical formula revealed 

that the clusters were strongly influenced by the surface (7, 11, 13). We demonstrate 

herein that these clusters provide an attractive experimental platform to investigate the 

connections between molecular isomerization and solid-solid transformations (Scheme 
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6.1) as mediated by the external surface energy.  

 

 

 

Scheme 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, nanocrystal 

solid-solid transformations still resemble that of bulk. However, at even smaller length 

scales, organic-inorganic clusters demonstrate molecular-like, and inorganic-solid-

like, isomerization. 

We find that CdS clusters with a composition of Cd37S20 undergo reversible 

isomerization between two isolable and stable states. The two states are separated by a 

forward and reverse barrier of ~1 eV, and switching between the isomers is triggered by 

the absorption/desorption of water or alcohol (hydroxyl groups). This chemically-

induced reversible transformation of these clusters is characteristic of both molecular 

isomerization and bulk solid-solid transformations.  

 

6.2 Results/Discussion 

To study dynamic isomerization in MSCs, we synthesized high-purity (i.e., single 

product) samples and immobilized them in a thin film (Fig. 6.1a). The synthesis of ultra-

pure and highly stable CdS MSCs are based on our high concentration methods (14). 

The initial MSCs are characterized by a narrow excitonic absorption peak at 324 nm 

and isolated in a stabilizing meso-phase (15). We refer to this cluster hereafter as α-

(Cd2S)x, in accordance with its experimental stoichiometry (11). 
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Figure 6.1: Electronic and Physical Analysis. a) Absorption spectra of two pristine 

MSCs (isomers) with excitonic peaks at 324 nm (α-(Cd2S)x) and 313 nm (β-(Cd2S)x). 

A cyclic arrow indicates reversible switching between the two isomers. a, inset) 

Schematic illustrating the thin-film experiment to reversibly transform between two 

discrete clusters upon alcohol/heat treatment. b) Cyclic study of the isomer peak 

position after 4 transformation processes. The slight deviation between cycles is 

associated with ambient temperature fluctuations. c) XRD pattern of α-(Cd2S)x and β-

(Cd2S)x isomers. The α-(Cd2S)x resembles more of a wurtzite (WZ) phase due to the 

defining feature at 37° (*) and the β-(Cd2S)x resembles more of a zinc blende (ZB) 

phase. d) PDF of the α-(Cd2S)x and β-(Cd2S)x isomers with insets of their respective 

fitted structure. d, inset) Displacement of atoms between the α-(Cd2S)x and β-(Cd2S)x 

isomer structures with respect to the radial position in α-(Cd2S)x. e) The difference in 

the PDF between the two isomers. The largest difference between the isomers are 

from the core-to-surface atoms. 

Upon treating solid films of α-(Cd2S)x with methanol vapor, the 324 nm 

absorption peak diminishes, and a second narrow absorption peak emerges at 313 nm 

(Fig. E.S2), indicating formation of a new species which we refer to as β-(Cd2S)x. The 

isomerization is identified by a discrete transition between these two distinct absorption 

signatures, which differ in energy by 140 meV (3.7% change in the energy gap). The 

conversion rate from α-(Cd2S)x to β-(Cd2S)x can be accelerated by heating the film (~30 

min to full conversion at 60°C). Hereafter, only transformations with methanol are 

discussed in detail, but any alcohol or water (hydroxyl-bearing species) can initiate the 

conversion process (α to β). The β-(Cd2S)x can be transformed back to α-(Cd2S)x 



 

109 

(reversion) by purging the methanol and heating the MSC film (> 60°C). The reversion 

rate increases with temperature. Figure 6.1b demonstrates the high reversibility of the 

MSC isomerization with four complete conversion-reversion cycles without creation of 

other MSC families or nanocrystals (Fig. E.S2). This behavior in MSCs is reminiscent 

of reversible isomerization reactions as are well-known in small molecules (16). 

To understand the origin of the MSC absorption changes and verify its analogy 

to reversible molecular isomerization reactions, we analyzed the structure of the isomers 

(α- and β-(Cd2S)x). A cursory comparison of the XRD patterns identifies a diffraction 

peak at ~37˚ 2θ in the α-(Cd2S)x , which is absent in the β-(Cd2S)x (Fig. 6.1c). Although 

broad, we interpret the diffractions peaks of the α-(Cd2S)x and β-(Cd2S)x isomers as 

generally having “wurtzite-like” and “zinc blende-like” phases, respectively. To gain 

deeper insights into the structure of the cluster isomers, we resolve the detailed atomic 

structure of the cluster isomers by fitting the pair distribution function (PDF) derived 

from the total scattering function (G(r)) using a Monte Carlo algorithm (Fig. 6.1d). The 

best-fit structures of α-(Cd2S)x and β-(Cd2S)x (residuals of 0.18 and 0.13, respectively, 

Fig. E.S3) are comparable to InP clusters (17) (formula unit: In37P20), but with the In 

and P atoms substituted with Cd and S, respectively. Our structures have a low 

symmetry structure, rather than the highly symmetric tetrahedral coordination as 

reported for other CdS or CdSe MSCs (18, 19). The representative structures of the 

clusters are molecular-like but have scattering features similar to the bulk CdS phases.  

Closer inspection of the difference between the β-(Cd2S)x and α-(Cd2S)x PDFs 

reveal changes in the atomic positions (Fig. 6.1e, ΔG(r), where larger magnitudes 

indicate a greater shift in atomic positions between the structures). G(r) becomes small 

at distances larger than ~16 Å; we infer this to be approximately the diameter of both 

MSCs. This size is consistent with that interpolated from the excitonic gap using 

previous semi-empirical sizing curves (20). The greatest difference between the PDFs 
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of the isomers is within the range of 5.5 to 11 Å, a range that likely corresponds to 

atomic pairs composed of one “core” atom and one “near-surface” atom. To assign a 

degree of transformation, we calculated the set of displacements required to transform 

one cluster into the other (Fig. E.S3). The resulting relative displacements between 

isomers, after superimposing their geometric centers, are small for atoms near the core, 

whereas atoms near the surface (>5.5 Å from the center) move longer distances (Fig. 

6.1d). Despite the large degree of displacement, connectivity has not changed. We 

conclude that the cluster isomerization is primarily displacive rather than reconstructive, 

characteristic of a diffusionless solid-solid transformation. 

We investigate the role of the surface ligands in the isomerization using FTIR 

spectroscopy. FTIR spectra show the α-(Cd2S)x and β-(Cd2S)x carboxylate asymmetric 

stretch (νas) at 1528 and 1538 cm-1, respectively (Fig. 6.2a), while the carboxylate 

symmetric stretch (νs) remains constant at 1410 cm-1 for both isomers. The spacing (Δ) 

between νas and νs (Δα = 118, Δβ = 128 cm-1) implies the dominant ligand binding is 

chelating in both isomers (21). Additionally, there is a strong shoulder in the νas (1580 

cm-1) that implies some bridging configuration of the oleate in the α-(Cd2S)x (22). 

Although this shoulder vanishes in the β-(Cd2S)x, the spectral area of the νas between 

the isomers is preserved, implying no change in bond number (Fig. E.S4). The 

difference between the two isomer Δ values of the dominant peak suggests that the 

carboxylate chelating bond angles increase by ~0.5° upon conversion from α-(Cd2S)x to 

β-(Cd2S)x (Fig. E.S4)(23, 24). On the other hand, the bridging configuration in the α-

(Cd2S)x decreases in bond angle by ~2.0° and becomes chelating, which contributes to 

the larger fraction of chelating configurations in the β-(Cd2S)x (see SI for calculation). 

The FTIR results thus indicate that the cluster isomerization is coupled to a change in 

the ligand binding modes, presumably induced by the addition of methanol. These 

changes in the ligand bonding may impart sufficient strain on the MSC surface to induce 
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a rearrangement of the core. Therefore, we hypothesize that the modified ligand binding 

arrangement on the cluster surface is the physical trigger to the isomerization. 

 

Figure 6.2: Surface Analysis. a) FTIR spectra of the carboxyl asymmetric stretch (νas) 

of the α-(Cd2S)x and β-(Cd2S)x isomers. b) XPS spectra of the O 1s electron orbital in 

the α-(Cd2S)x and β-(Cd2S)x isomers. There is a single peak that defines the α-(Cd2S)x. 

The β-(Cd2S)x has a second peak at 534.5 eV, suggesting physisorbed methanol. c) 

Lifetime and photoluminescence (inset) of the α-(Cd2S)x and β-(Cd2S)x isomers. The 

decay can be modeled with two exponentials; the first one is faster than the instrument 

resolution and the second is faster for β-(Cd2S)x compared to α-(Cd2S)x. d) Schematic 

of the isomer ligand configuration on the surface. The oleates are bonded to cadmium 

atoms with a chelating bidentate configuration. Alcohol can distort the ligand 

configuration on the surface: a possibility is that methanol hydrogen bonds with the 

oleate ligand to alter the chelating angle. The chelating angle (θβ) of β-(Cd2S)x is 

greater than α-(Cd2S)x (θα). 

 

X-ray photoelectron spectroscopy (XPS) provides further insights into the 

surface chemistries of α- and β-(Cd2S)x clusters. The electron binding energies in the 

cadmium 3d (Cd 3d) spectra show a significant (0.4 eV) chemical shift to higher binding 

energies of 405.5 eV (Fig. E.S5) for both the β-(Cd2S)x and α-(Cd2S)x compared to bulk 

CdS. Because an identical shift is also present in the cadmium oleate precursor, we 

presume that nearly all the cadmium atoms in the isomers are influenced by the surface 

oleate ligands. While the Cd 3d spectra for α- and β-(Cd2S)x are not notably different—

which suggests little interaction of the Cd atoms with the methanol—the isomers do 

have differing oxygen 1s (O 1s) spectra: the α-(Cd2S)x spectrum shows a dominant peak 
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at 531.9 eV, whereas this peak has a chemical shift of 0.2 eV in the β-(Cd2S)x spectrum 

and a unique second peak at 534.2 eV that is attributed to adsorbed methanol (25, 

26)(Fig. 6.2b). We suspect the methanol is not chemically bonded to the surface of the 

cluster, but rather hydrogen bonded (physisorption) to the oleate groups in the ligand 

shell.  If methanol was chemically bonded to surface cadmium atoms we would expect 

the dissociated methoxy group to displace oleate ligands and produce an additional 

feature at binding energies lower than the oleate ligand peak (<532 eV) (25).  We do 

not observe any new features in the β-(Cd2S)x O 1s spectrum that relate to a methoxy 

group. However, there is a slight chemical shift, potentially due to the presence of the 

methanol, in the dominant peak (531.9 to 531.7 eV) between the two isomers (Fig. E.S5, 

Table E.S1, E.S2). Therefore, we conclude that a well-passivated cadmium surface 

with oleate ligands may not permit chemisorption of the methanol to surface cadmium, 

but may still allow hydrogen bonding to oleate.  

Beyond the distinct shift in the absorption spectrum, photoluminescence (PL) 

spectroscopy and lifetime analysis can provide further insights into differences in the 

electronic structure of the isomers. The α- and β-(Cd2S)x isomers have low PL quantum 

yields of 2.5% and 1.7%, respectively, which indicate that nonradiative decay processes 

dominate at room temperature. As opposed to other clusters that typically show red-

shifted “surface-trap” emission, here, we instead observe significant emission from the 

cluster’s electronic transitions (Fig. 6.2c, inset). The PL decay transients can be fit by 

double exponentials (Fig. 6.2c); the shorter time constant is faster than the instrumental 

resolution (~1.0 ns), whereas the lifetimes of the slower decay rate are 5.8 and 5.2 ns 

for α-(Cd2S)x and β-(Cd2S)x, respectively. The corresponding radiative and nonradiative 

rate constants for α-(Cd2S)x are therefore 4.3x106 and 1.7x108 s-1, respectively; for β-

(Cd2S)x , they are 3.3x106 and 1.9x108 s-1, respectively (see SI for calculations). The 

slightly larger nonradiative recombination rate in β-(Cd2S)x may be related to the 
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presence of additional trap states due to the rearrangement of the cluster surface atoms 

and/or the binding of methanol on the surface. 

In combination, FTIR and XPS analyses indicate that the presence of methanol 

shifts the configuration of ligands bound to the surface of the cluster. We propose that 

changes to the carboxylate angle result in a reconfiguration of Cd and S atoms at the 

cluster surface, which, in turn, drives the overall isomerization of the cluster. To address 

the possible role of the solvent, we performed similar experiments using aprotic solvents 

with strong to weak dielectric constants (acetone to perfluorohexane, respectively) 

instead of methanol (Table E.S3). These solvents do not induce a transformation (Fig. 

E.S7). As noted above, we suspect that β-(Cd2S)x is formed following the adsorption of 

methanol on the surface of the cluster via hydrogen bonding with the oleate ligand (Fig. 

6.2d). If the methanol is removed under vacuum, but the applied thermal energy is 

insufficient, the absorption peak of the β-(Cd2S)x red-shifts to wavelength of 320 nm 

(Fig. E.S6). We term this the modified β form β’-(Cd2S)x. Upon exposure of these 

samples to methanol vapor, the spectrum rapidly returns to a β-(Cd2S)x spectrum, 

suggesting a strong connection between the β- and β’-(Cd2S)x forms and the methanol. 

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.  

To identify the energetic barriers of the isomerization process (α-to-β and vice 

versa), we performed in-situ time-resolved spectroscopy measurements at different 

temperatures to extract the kinetic rate constants (Fig. 6.3a, Fig. E.S8 & Table E.S4). 

The isomerization kinetics follows first order reaction behavior, described by single 

exponentials, and has a small transformation hysteresis (Fig. 6.3a, inset). There are no 

observable intermediates throughout the transformation. As the transformation 

temperatures increase (25°C-100°C), there is an increase in the rate constant by nearly 
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3 orders of magnitude over the entire range (~10-5 to ~10-2 s-1, Table E.S4). In these 

conversion experiments, the methanol partial pressure is at equilibrium (i.e., saturated). 

When methanol partial pressure falls, the transformation deviates from first order (i.e., 

other processes become rate controlling), which complicates analysis of the kinetics of 

the transformation (Fig. E.S8). From the transformation rates in saturated methanol 

atmospheres, we estimate the average time a single cluster requires to transform (i.e. 

transitioning lifetime) is between 10-14 s and 10-13 s (see SI for calculations). This 

timescale is similar to those of typical bond vibrations (27) and molecular transition-

states (28); it is also compatible with the calculated lifetime of a crystalline domain 

undergoing solid-solid transformation with typical phase boundary velocities (2, 29).  

Figure 6.3: Transformation Kinetics and Thermodynamics. a) Rate of transformation 

for the conversion and reversion processes. Both processes follow first order kinetics: 

Rate = e-kt. The inset is a hysteresis diagram of the transformation processes at 5 min. 

b) Arrhenius plot of the rate constants from the transformation processes. The dashed 

lines are fits using the Arrhenius equation. c) Reaction coordinate diagram of the 

reversible transformation. The Gibbs energy to transform requires the same energy for 

the conversion (ΔGC
‡) and the reversion (ΔGR

‡). The shift from the β-(Cd2S)x to β’-

(Cd2S)x is an entropic shift (TΔS‡) due to the absence of the alcohol. 
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The temperature dependent rate of both transformation processes can be 

modeled as an Arrhenius expression that describes the process attempt frequency 

(prefactor), A, and activation energy barrier, Ea (Fig. 6.3b, Table E.S5). For the 

conversion process, the prefactor extracted from the Arrhenius analysis is 3.4x 1012 s-1. 

This value is remarkable because the interpretation of A in first order reactions is that 

of a vibrational frequency of a transformation across the transition state (kbT/h, 6.2x1012 

s-1 at 300 K), which, indeed, aligns with our measured A. Moreover, the magnitude of 

the measured A for our conversion is typically observed in adsorption/desorption 

processes and solid-solid transformations processes (2, 30). The smaller reversion 

prefactor (9.3x109s-1) is seen with some solid-solid transformations (31). Only in rare 

instances of multilayer desorption (32, 33) or thermally activated systems (e.g., 

ferromagnetism)(34) is a prefactor this small observed, so we do not suspect desorption 

to be the rate-limiting process. The values of Ea for the conversion and reversion 

processes are found to be 0.99±0.04 and 0.87±0.08 eV (95.5 and 84.0 kJ/mol), 

respectively. First-principles calculations have shown that the binding energy of 

carboxylic acids onto cadmium selenide clusters (Cd33Se33) is ~0.7‒1.5 eV, with 

stronger binding on higher index facets (e.g., 1.1 eV for (0 0 1) facet vs 1.5 eV for (0 1 

1) facet)(35). Some studies suggest alcohols tend to displace the metal-oleate complex, 

rather than just the oleate ligand (22, 36). However, in our system the displacement of 

a cadmium oleate is unlikely for two reasons: first, the compositions of and α- and β-

(Cd2S)x are identical, including the ligand groups, based on our previous investigation 

(11); second, the activation energy is less than that required to displace the cadmium 

oleate by breaking the Cd-S bond (~4 eV)(37). 

The activation energy of the Arrhenius equation has a thermodynamic 

relationship to the Gibbs free energy of the transition state, ΔG‡, through the Eyring 

equation (Table E.S6). From ΔG‡, the apparent values for the enthalpy and entropy of 
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the transition state (ΔH‡ and ΔS‡, respectively) can be extracted. Figure 6.3c 

summarizes our findings on a reaction coordinate diagram and illustrates an 

experimentally indistinguishable ΔG‡ of ~1.0 eV for the reversible transformation 

processes. We attribute an entropic shift to the β → β’ transition because of methanol 

removal. ΔG‡ depends weakly on temperature (see SI for calculations), suggesting that 

the isomerization is predominantly an enthalpic process. This contrasts with the 

isomerization of noble gas clusters, where the free energies are entropically driven and 

on the order of thermal energy (kbT)(38, 39). The reversible CdS cluster isomerization 

is therefore fundamentally different from previously investigated structural 

transformations in clusters, as shown by the primarily enthalpic barriers and small 

observed hysteresis. 

Given the coupled nature of the methanol adsorption and the cluster 

reconfiguration, the enthalpic barriers of the transformation require closer inspection to 

identify their origins. The ΔH‡ for the conversion and reversion processes are 0.96±0.04 

and 0.84±0.07 eV, respectively. Under saturated conditions, the adsorption/desorption 

of methanol is in dynamic equilibrium between the vapor phase and the surface: the 

change in enthalpy and entropy is zero. In contrast, in dry environments methanol may 

only desorb with changes in enthalpy and entropy associated with its bonding to the 

surface (e.g., H-bonding). The mean difference in the ΔH‡ between the processes (0.12 

eV) may be related to the non-equilibrium desorption of physisorbed methanol in the 

reversion process. The apparent binding energies (enthalpy) of methanol via 

physisorption are expected to be ~0.1 eV (40), whereas chemisorption binding energies 

are ~0.5 eV (40, 41). Furthermore, these chemisorption energies are expected to change 

by ~0.2 eV for each additional carbon in the chain of the alcohol (42). To investigate 

the possibility of chemisorption, we perform the reversion process on β-(Cd2S)x isomers 

using alcohols with increasing alkyl tail length (Fig. E.S8). The ΔG‡ is found to be 
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independent of the alcohol. Therefore, we suspect the ΔH‡ is predominantly the free 

energy to reconfigure the inorganic core. Since a ligand displacement process is unlikely 

and the enthalpy of physisorption is small, we conclude that the enthalpic barrier for the 

transformation is dominated not by methanol adsorption, but rather by the energy 

required to transform the inorganic core of the MSC. The conditions applied here have 

demonstrated that hydroxyls are essential to the transformation. We determine from the 

spectral shifts in UV-Vis absorption, FTIR, and XPS that the organic surface of the 

isomers mediating interaction of the core with the environment equilibrates rapidly with 

the methanol vapor pressures. In other words, the change in the boundary conditions of 

the chemical potential during our experimental time scale occurs at the ligand-core 

interface, and relaxation of the inorganic core provides a likely origin for the observed 

energetic barrier to transformation. 

Although the transformation is predominantly enthalpic, ΔS‡ provides additional 

insight into processes that are present within the transformation. The ΔS‡ for the 

conversion and reversion processes are -0.14±0.13 and -0.66±0.21 meV/K. These small 

entropic values indicate that configurational entropy contributions (~2.0 meV/K) are 

likely negligible (43, 44), so other contributions are dominant. Possible origins of the 

entropic contribution include vibrational entropy from a solid-solid transformation 

(~0.01 meV/K)(45) and hydrogen bonding (H-bonding, ~0.5 meV/K)(44, 46). We 

cannot specifically discern the entropic contribution in the conversion and reversion 

processes, given the magnitude of the error. However, the mean difference in ΔS‡ of the 

transformation (ΔS‡
conversion - ΔS‡

reversion) is +0.52 meV/K. This result is consistent with 

H-bonding entropies and suggests methanol is physisorbed, as we also inferred by the 

mean difference in ΔH‡. 

Our experimental observations indicate the presence of a single step reversible 

transformation between the two cluster isomers with first order kinetics that follows an 
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Arrhenius dependence on temperature. These observations of the cluster isomerization 

enable us to construct a bridge between molecular isomerization and solid-solid 

transformations through two fundamental concepts: 1. thermodynamic vs. kinetic 

control and 2. coherent vs. incoherent transitions. Under thermodynamic control, 

species will interconvert at equilibrium in accordance with their relative differences in 

free energies ΔG, with the magnitude of conversion dependent on the state variable 

(e.g., temperature). In molecular isomers the degree of conversion depends smoothly on 

the state variable, while in extended solids, crystal phases only coexist at the transition 

point (e.g., critical temperature, Fig. E.S9). In contrast, under kinetic control, the system 

is far from equilibrium and the species conversion rates are governed by transition state 

activation barriers. Because we did not identify a steady-state coexistence of the α- and 

β-(Cd2S)x isomers under any conditions, and from the enthalpic barriers and the 

observed complete transformation of species for all conditions (for which changes in 

temperature only affect the rate constant), we conclude the transformation is under 

kinetic control. 

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 nucleation/propagation transformations (7, 9, 47). Based 

on the kinetic rates and the lack of any observable intermediates, we argue that the upper 

bound on the lifetime of an intermediate state is on the order of 10-13 s. This timescale 

is comparable to that of molecular transition-states (28); 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 

(2, 29). The small atomic displacements shown from PDF analysis indicate a structural 

reconfiguration without a significant change in coordination number. Finally, our 

experimental kinetics are consistent with an atomic displacement occurring in a single 
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step across the entire cluster. Therefore, we conclude that the transformation is coherent.  

 

6.3 Conclusion 

We conclude that the spectroscopically observed, reversible transformation of 

α- and β-(Cd2S)x arises from a coherent isomerization of a nanometer-size domain of 

CdS with a bond-preserving displacive reconfiguration akin to a bulk solid-solid 

transformation. The transformation is driven by the change in surface chemistry of the 

cluster. The energetic barriers of the kinetically controlled transformation derive from 

the reconfiguration energy of the cluster core, as would be expected in molecular 

isomerization and solid-solid transformation. We have thus identified molecular-

inorganic clusters as a missing link between solid-solid transformation and molecular 

isomerization, having important features of both extremes. The cluster isomerization, 

driven by the chemically triggered surface atoms, sheds light on the role of surface 

instabilities in directing the growth and transformation of nanocrystals.  
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7 Probing the Structural Origins of Quantum Dots: 

in-situ Total Scattering of PbSe 

7.1 Introduction 

Despite many years of impressive advances in the synthesis of colloidal quantum dots 

(QDs) with precisely programmable size, shape and composition, several fundamental 

questions persist about the basic nucleation and growth of QDs. For example, the 

detailed structure and composition of the ‘critical nucleus’ that defines the transition 

from molecular precursors to colloidal crystals is poorly understood. Moreover, the 

active growth species (i.e., monomer) have not been investigated structurally.  

This knowledge gap derives in part from the difficulty in isolating and 

characterizing these small short-lived reaction intermediates. Nevertheless, controlling 

these early-stage species is crucial to minimizing QDs size dispersion, tailoring QD size, 

and reliability producing large-batches of identical QDs. Total X-ray scattering methods 

(PDF) provide a unique, powerful, and in-situ analytical tool to characterize these 

crucial but fleeting initial structures and their subsequent growth into QDs.1–4 We have 

investigated a PbSe magic-sized cluster (MSCs) model system that presents an 

advantageous experimental platform, as an air-stable and slow growing reaction with a 

single predominate crystal structure, for in-situ characterization of QD intermediates.5 

Notably, MSCs grow through discrete transitions rather than continuous shifts in size, 

thus reducing the number of possible structural products.  

We show that even though PDF provides a rich data set to describe QD synthesis 

in-situ. The immense and evolving variety of precursor structures as well as MSC and 

QD sizes limit our ability to deconvolute all the signals. Indeed, the structural evolution 

from precursors to QDs spans the gamut from small molecules to extended crystals. 

Hence, further work to experimental answer these structural questions will 

require (1) simultaneous characterization with a multitude of probes (e.g., NMR, SAXS, 
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PDF, Absorbance), (2) precisely designed precursors that minimize by-products and 

selectively maximize desired products, and (3) carefully formulated experimental 

designs to deconvolute coupled phenomena. This conclusion aligns well with 

subsequent PDF studies that highlight the need for a diverse set of complimentary 

characterization in addition to PDF to address structural questions regarding QDs.6–10 

7.2  Results 

7.2.1 Total Scattering (Pair Distribution Function) 

Total scattering is a characterization technique that used both Bragg and diffuse 

scattering to improve the resolution of scattering data.11 The Fourier transform of the 

scattering data produced a pair distribution function (PDF) that describes the inter-

atomic spacing between the particles. The technique require high incident energy, high 

photon flux, large area detectors, and good counting statistics at high angles to provide 

reliable scattering data to convert to PDF.9,11 

The experimental workflow for a PDF experiment is as follows and depicted in 

Figure 7.1: (1) Collection of scattered X-ray on an area detector, (2) Integration 

azimuthally of 2D image in Fit2d,12–14 (3) Normalization of integrated intensity vs. Q 

(Å-1) data to produce the reduced scattering function using PDFGETX3,15 (4) Fourier 

Transformation of the reduced scattering function to obtain the PDF using 

PDFGETX3,15 and (5) Refinement of atomic structure to the PDF data, using PDFGUI16 

or DIFFPY-CMI.8 A comparison of the refinement of a Ni standard at the Cornell High 

Energy Synchrotron Source (CHESS) compared to the Ni standard in the PDFGUI 

tutorial demonstrates the importance of high Q data to improve the fit. 
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Figure 7.1. Schematic illustrating the work-flow for total scattering method from 

incident x-ray to refined crystal structure. The data analysis from 2D area images to 

PDF was performed using PDFGETX3 and PDFGUI. The above data was collected 

at CHESS on nickel standard. 

 

  

Figure 7.2. (Left) Experimental and Fit reduced pair distribution function (G(r)) for 

the Nickel standard, showing fairly accurate match. The calculated lattice constant 

is 3.518 Å while the literature value is 3.52 Å. The weighted residuals (Rw) is 0.387, 

where lower values indicate a better fit, and good fits typically yield values ~0.15. 

(Right) A comparison of nickel standard from CHESS to nickel standard provide in 

the PDFGetX3 tutorial. Again, the data is reasonably similar. Notably, the tutorial 

data goes to much higher Q (26 Å-1, while the CHESS data only goes 15 Å-1), which 

improves the data resolution, and led to be better fit (Rw = 0.16). 

 

7.2.2 Total Scattering on PbSe QD and Precursors 

The use of a MSC synthesis in contrast to traditional NP synthesis reduces the number 

of possible products because of the discrete growth rather than continuous growth 

mechanism of MSCs. Nevertheless, the challenge of in-situ measurements is to 

deconvolute the signals of the unreacted precursors and the nucleating and growing 

clusters. Several previous in situ PDF studies on oxide nanoparticles demonstrate that 

precursor structure play a role in templating nanoparticle formation.2,3,17,18 
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 The QD precursors also exhibit significant scattering features in both reciprocal 

and real space (PDF). The reduced scattering patterns, F(Q), for the QD precursors (lead 

oleate (Pb(OA)2) and tri-n-octyl phosphine selenide (TOPSe)) as well as solvents (1-

octadecene (ODE) and oleic acid) show significant sharp peaks (Figure 7.3). The peaks 

are most intense and extend to higher angles (i.e. higher Q) for lead oleate, which is near 

its melting point between room temperature to 50°C. At the selected collection time 

with the significant amount of solvent, the high Q data is noisy. While longer collection 

time would improve signal to noise, they limit the temporal resolution of the reaction. 

The PDF of these reduced scattering functions shows peaks between 3-5 Å, and then 

decays in intensity at larger inter-atomic distances (Figure 4). Again, the peaks are 

sharpest and more well-defined for the more crystalline lead oleate while the other 

precursors are more amorphous. 

 

 

  

Figure 7.3. Reduced total scattering function (F(Q)) with a Qmax of 15 Å-1 (Left) 

and 11 Å-1 (Right). There is a trade-off between improved resolution in PDF and 

greater noise at higher Q. 
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Figure 7.4. Reduced pair distribution function (G(r)) with a Qmax of 15 Å-1 (Left)  

and 11 Å-1 (Right). Using the lower Q value limits the noise in PDF, but also lowers 

the resolution. 

 

 

 
 

Figure 7.5. (Left) Intensity vs. Q (Å-1) for precursors and initial and final points of 

50 °C PbSe QD reaction. (Right) Times series of Intensity vs Q (Å-1) over the 

whole reaction (3 h) at 50 °C. The data is normalized to the start of the reaction (0 

min), and averaged in 5 min intervals. It shows the emergence and loss of intensity 

with time. Notably, the onset of the diffraction peaks is temporally resolved. 
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Figure 7.6 Comparison of reactants and at initial and final time of one reaction 

based on the reduced total scattering function (F(Q)) (Left) and the reduced pair 

distribution function (G(r)) (Right) using Qmax = 11 Å-1. In the case of lead oleate, it 

may be due to it being near its freezing point. A comparison of the reaction is show 

in Figure 7.7. 

 

7.2.3 Structural Evolution of PbSe QD Synthesis 

Upon comparing the precursors structure to that of the reacting QD solution, we observe 

that initial QD solution pattern (0 min) looks similar to combination the TOPSe and 

Pb(OA)2 signals (Figure 7.5). Closer inspection of the reaction data at 50 °C (Figure 

7.5) reveals the emergence of two peaks around 3 and 4 Å-1 after 3 h that rise slightly 

above the intensity of the initial precursor solution. By subtracting the initial solution (0 

min) from the later time traces, the evolution of the new peaks is more pronounced, and 

some regions of negative intensity are apparent due to lose of precursor signal. 

Converting the intensity into reduced scattering function highlights that the mixed 

precursor solution (lead oleate + TOPSe) is more similar to the more fluid TOPSe as 

opposed to the more crystalline lead oleate. As mentioned previously over the course of 

the 3 h reaction new peaks emerge above the precursor signal. The PDF curves at 0 min 

and at 180 min looks identical. Figure 7.8 shows the different between 0 and 180 min 

scans in both F(Q) and G(r).  
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The difference plot (final minus initial curve) for F(Q) highlights the evolution 

of PbSe diffraction peaks based on bulk standard, confirming that emerging peaks 

correspond to the formation of PbSe. The G(r) difference plot shows that inter-atomic 

peaks die off above ~20 Å, suggesting that observed PbSe diffraction corresponds to 

small particles. Overall, this preliminary highlight the ability of PDF to detect QD 

formation from precursor solutions, but also the difficult in separate the precursor 

signals from the low intensity scatter of the formed QD. 

 

 

 

Figure 7.7. Comparison of initial and final points of one reaction based on the 

reduced total scattering function (F(Q)) (Left-Top)  and the reduced pair 

distribution function (G(r))  (Right) using Qmax = 11 Å. G(r) looks nearly 

identical, but F(Q) shows slight peaks changes between 2-6 Å (see Left-

Bottom). The difference between these curves in shown in Figure 7.8. Notably, 

in G(r), most of the signal is nearly zero at distances greater than 15-20 Å, 

suggesting that this is the particle size. 
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Figure 7.8. Difference between the final (180 min) and initial (0 min) scans of 

reaction for the reduced total scattering function (F(Q))  (Left)  and the reduced pair 

distribution function (G(r))  (Right) using Qmax = 11 Å-1. F(Q) shows the emergence 

of several peaks. These peaks corresponding, nearly directly to theoretical peaks for 

PbSe (black bars). Again, the G(r) signal drops off above 15-20 Å, suggesting that is 

the particle size < 2 nm. 

  

To see the evolution of PDF signal over the course of QD reaction, we plot the 

difference of the subsequent PDF signals from the initial PDF signal (0 min) (Figure 

7.9). This plot reveals that the main PDF inter-atomic peak (Pb-Se bond) increase with 

time, and that the intensities of longer distance inter-atomic peaks also increase with 

time. This result demonstrates that the number of PbSe bonds increase with time, and 

that larger QD are forming (with larger internal inter-atomic distance). To determine the 

structure of emerging QD, we fit a cube with a PbSe bulk-lattice PbSe (4 times the size 

of a unit cell) to the normalized final PDF at 3 h (shown Figure 7.8). The calculated 

PDF from 4x PbSe unit cell (Figure 7.10), captures well most of inter-atomic peak 

positions, indicates a moderate agreement with experimental PbSe PDF (Rw~0.47), and 

suggests that the formed QD are ~ 2 nm.  
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Figure 7.9: PDF (G(r)) for in-situ PbSe reaction at 50 °C run for 3 h. The data is 

normalized to G(r) curve at 0 min. The increased peak intensities correspond to an 

increase number cluster as well as an increase in their size. 

 
  

Figure 7.10: In-situ PDF for PbSe crystals at 50 °C for 180 min, normalized against 

the PDF curve at the 0 min. The data is fit to a bulk-lattice PbSe supercell that is 4 

times the unit cell size. The fit residual (Rw) are 0.47 given a moderate quality fit, and 

the candidate structure captures the overall inter-atomic spacings of a PbSe lattice.  
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7.3 Conclusion 

One of the persistent open question to QD formation is the structural origins of QDs, 

and how reaction structurally evolves from precursors to QDs. Total scattering and PDF 

provide a promising method to probe the early-stage structures of QDs. We demonstrate 

the ability to observe the formation of PbSe QD using in-situ scattering and PDF 

analysis.  Nevertheless, the precise structure of the QDs and of the active growth species 

(“monomer”) is still obscured. Based on recent literature6–10 and analysis of high-purity 

CdS MSC transformation, further structural analysis will require additional standards 

and complementary characterization techniques. Specifically, the refinement of a single 

structure is conflicted by the lower yield of MSCs reactions, the low-purity (many 

different sized clusters co-exist),5 and the lack of standard structures for various MSC 

sizes. From a computational study on PbSe clusters, small clusters are expected to have 

be a rock-salt structure, and only differ in size and shape, and bond strain from large 

QD.19  

Hence to answer the fundamental question about the structural origins of QD 

formation, several synthetic and characterization improvements are required. The ability 

to isolate individual PbSe MSCs to act a library of structural standards, better resolution 

of the structure of small organic-inorganic structures (e.g, monomer), high-yield 

reaction, and complementary spectroscopy characterization (e.g., NMR, Optical 

Absorbance, and X-ray Absorption and Emission Spectroscopy). Overall, the highly 

coupled organic-inorganic nature of QD synthesis and the emerging understanding 

regarding the importance of precursor and ligand structure and complexing17,18,20–22 

establishes the need for both synthetic, characterization, and modelling improvements 

to better understand the formation mechanism of QD. 
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8 Future Work and Conclusions 

8.1 Future Work 

The main directions for future work include extension of the established methods to 

other chemistries (particularly non-toxic ones), and the coupling of new high 

concentration methods with other established process methods (i.e., continuous flow 

synthesis, cation exchange, core-shell formation). Specifically, the reported high 

concentration method has been demonstrated for Cu2-xS, PbS, and CdS. In principle, its 

advantages can and should be demonstrated for other chemistries such as metal selenide, 

non-toxic indium-based NPs (e.g., InP and CuInS2),
1 as well as emerging metal halide 

perovskites. Further study is required to enable predictive size control for high 

concentration methods. Additionally, integrating high concentration methods with 

continuous flow production may significantly improve its viable for large-scale 

production. Overall, there are many promising extensions to high concentration 

synthesis, where even at the research scale the demand for large batches of high-quality 

NPs is increasing.  

 Magic-sized clusters synthesis also offers promising extensions into other 

chemistry based on the insight that metal surfactant assembly is key to their stability.2–

5 Notably, cluster stability within low-temperature mesophases was recently 

demonstrated for perovskites clusters.6 Additionally, recent reports of cation exchange 

7 or doping8–10 of MSCs suggest a powerful future direction to synthesis ultra-small 

seeds that otherwise would be synthetically difficult to achieved. To further establish 

the promise of MSCs methods will require the development of methods to control the 

growth of clusters into specific larger NPs. 
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8.1.1 Magic-sized Clusters Fiber Alignment 

One interesting future direction for the MSC mesophase work include extending the 

fibrous alignment of MSCs to macroscopic scales. The MSCs, made at high 

concentration, assemble into long ~3-nm-spaced fibers. Upon controlled drying, the 

MSC fibers align as threads (a collection of nanofibers). Perpendicular to these threads 

are optically visible 5-10 μm bands (Figure 8.1). The band alignment is periodic. Three 

open questions from the surprising macro-scale alignment are (1) what is the formation 

mechanism? (2) What is the structural relationship of the nanoclusters, fibers, threads, 

and bands? (3) What interesting properties emerge from this significantly anisotropic 

alignment? 

Figure 8.1: CdS MSCs aligned upon controlled drying to length scales over 100’s μm 

 

Regarding the formation mechanism, we have learned that confined drying is 

critical to band alignment, as unconfined drying leads to unaligned films. Furthermore, 

high boiling point solvents (octane rather than hexane) do not form bands, and recent 

efforts demonstrate that ethyl ether and high shear rates produce aligned films. This 

suggests that the drying mechanism (including rate, concentration profile, and surface 

interactions) is likely central to the alignment. This project is currently an active area of 

work with efforts to better control and then vary the drying environment (using silicon 
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trenches, more precise thickness spacers, and different droplet area and shear rates). 

The lack of clear structural relationships between the clusters, fibers, threads, 

and bands also hinders mechanistic understanding. Recent characterization using SEM, 

STEM, optical fluorescence microscopy, and GISAXS elucidates these structural 

relationships (Figure 8.2). SEM images show that the micron size bands (5-10 μm) 

align periodically. This alignment extends to the mm scale. At higher magnification, 

threads (0.5 μm features) are observed perpendicularly to the bands. The threads are 

composed of small fibers (10’s nm). STEM also shows 10’s nm fibers that extend for 

over 1 μm. Higher magnification STEM images reveal that nanofibers assembly of 

nanoclusters. Hence, clusters assemble into nanofibers that align into threads. This 

characterization helps establish that the microscopic threads are a periodic assembly of 

nanoclusters.  

This conclusion is reinforced by GISAXS and optical fluorescence microscopy. 

GISAXS (parallel to the threads) shows spots indicative of periodic alignment at ~3-nm 

d-spacing; thus, threads are aligned at nanometer scale (Figure 8.3). These spots match 

the pattern for a hexagonally packed cylinders, corresponding to nanometer-scale 

hexagonal mesophase, indicating that aligning the threads aligns the mesophase to the 

nanometer scale. Nevertheless, scanning across the film parallel to the threads reveals 

that not all of the threads are composed of perfectly aligned fibers. Fluorescence 

microscopy (exciting the clusters) shows that nanoclusters are dispersed through the 

film (nearly homogenous red color in overlay; Figure 8.4). Thus, the MSCs align into 

threads that are made of MSCs. 

A remaining question is the relationship between the threads and the 

perpendicular bands. Profilometry measurements indicate that the bands coloration is a 

roughness effect with band alternating between peak and troughs (Figure 8.5). Darker 

coloration is a peak in the periodic roughness; this result aligns with the brighter 
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fluorescence (i.e., higher concentration) for the darker bands in the optical image 

(Figure 8.4). The band spacing also varies across the film, likely due to variation in 

drying conditions. The current hypothesis is that bands are a product of coffee-ring 

effect drying or compression waves through the film. Better control of the drying 

environment as mentioned above should help clarify the mechanism underlying fiber 

alignment into threads and the formation of bands. 

 

Figure 8.2: Hierarchical Structure of MSCs. SEM and STEM reveal the relationship 

between the levels of alignment for MSC films. At large scales, 10’s μm periodically 

spaced bands are observed and extend to the mm scale. Perpendicular to the bands are 

0.5 μm threads, which are composed of aligned nanofibers (Inset: STEM). STEM 

shows that the nanofibers are an assembly of MSCs. 
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Figure 8.3: GISAXS of Aligned Film. Measuring parallel to threads reveals that 

nanofibers are aligned within the threads during the drying process as evidenced by 

spots with the ~3.4-nm d-spacing diffraction ring. Measuring perpendicular to the 

threads shows a polycrystalline film (non-spotted ring). Indexing the diffractions spots 

corresponds to a hexagonal columnar packing with the hexagonal edge down. 
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Figure 8.4:  Optical and fluorescence microscopy of aligned film. Overlaid 

fluorescence and cross-polarized optical images demonstrate that excited MSCs are 

dispersed throughout the film. 

 

 

 

Figure 8.5: Film thickness. Optical profilometry shows that large area the films are 

relative flat. The spacing of the bands is not uniform (larger on right than left of the 

images). At higher magnification (shown on the right), the film roughness is shown to 

mirror the alternating coloration from lighter/darker observed in optical images of the 

bands. The darker bands are peaks whereas the lighter bands are troughs. The peak-to-

trough height is roughly 300 nm. 
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Preliminary studies show that aligned MSCs films give rise to polarized absorbance 

(Figure 8.6). With or without a polarized, a liquid solution (no aligned case) does not 

shown enhanced absorbance. For MSC film, the absorbance is both enhanced or 

diminished relative to signal without a polarizer depending on the angle of the polarizer. 

Specifically, when polarization and bands features are parallel the absorbance 

diminishes (observed in optical images, Figure 8.6). In contrast, when polarizer and 

bands are perpendicular (or when the polarizer and threads/nanofibers are parallel), the 

absorbance increases. Rotating the film, but not the polarizer, confirms this respond: 

when the polarizer and bands are perpendicular the absorbance is enhanced. Polarized 

absorbance suggests that the emission of MSC film may also be polarized. Overall, the 

interesting, emerging properties from these MSC films are only beginning to be 

explored. 

8.2 Conclusions 

The mesmerizing properties and tunability of NPs offers a remarkable platform to 

investigate complex, fundamental physical phenomena as well as enable improvements 

 
Figure 8.6: Polarized Absorbance. (Left) Optical absorbance for liquid F324 MSC 

solution in hexane with subtracted hexane background show no polarization based 

on data for the no Polarizer (no P), 0 deg polarizer (horizontal polarization), and 

90 deg polarizer (vertical polarization) cases. (Center) MSCs film on glass slide 

with subtracted blank slide background and (Right) Rotated MSCs film on glass 

slide. Film alignment leads to polarized absorbance. 
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in variety of applications. Commercial efforts to product NPs often accentuate gaps 

scientific understanding, while improved scientific understanding propel technological 

improvements, establishing a synergic cycle that generate both improved understanding 

and valuable products. This work embodies this synergy, detailing the use of high 

concentration heat-up methods to produce an unprecedent amount of high-quality NP 

as well as investigate and provide deeper understanding into mechanisms at high 

concentration and the stability and behavior of MSCs. 

 This work demonstrates that high concentrations allow the production of 10 

times more NPs per reaction volume while maintaining a high-quality product. 

Underlying the slow growth and improved stability of high concentration synthesis is 

an increase in solution viscosity that slows the growth processes and shield NPs from 

ripening. Based on published and a newly proposed model, we indicate that NP growth 

at high concentration is via coalescence, whereas at low concentration growth is driven 

by Ostwald ripening (i.e., NP dissolution, and material reabsorption). This novel 

synthesis method provides a robust synthetic platform and may propel the scale-up of a 

variety of other NP chemistries. 

Building on this high concentration, we show that high concentration synthesis 

leads to the formation of high-purity MSCs. Based on in situ small/wide angle 

scattering, we observe that the formation of the MSCs corresponds to the formation of 

an extensive (>100 nm grain) hexagonal mesophase assembly. This assembly isolates 

the clusters from the reactions, and shield them against further growth, enabling their 

high-purity synthesis. This result highlights that surfactant assembly is critical to MSC 

stability, and that surfactant phase behavior is an underappreciated, but promising 

parameter to direct NP synthesis. 

Subsequent chemical treatment of the high-purity MSCs exhibit discrete 

electronic shifts, with identical excitonic peaks positions to previously reported MSCs. 
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Thus, we propose that the identify of different MSCs is related to their surface chemistry 

rather than their size. In one case, we demonstrate that the chemical treatment is 

reversible based on addition/removal of the chemical agent. The combination of first-

order kinetics and crystallographic changes upon transformation suggest that this 

process is intermediate between molecular isomerization reactions and solid-solid 

transformations. These results lay the foundation for MSCs to be used as a probe to 

study fundamental nanoparticle-ligand surface interactions as well as structural 

transformations. Ultimately, this work demonstrates the robust and precise nature of 

highly concentrated NP synthesis for large-scale production, the underappreciated role 

of surfactant mesophase behavior of MSC formation, and the synergistic development 

of both large-scale nanomanufacturing and enhanced mechanistic understanding. 
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APPENDICES 

 

A: New Paradigms in the Scale-up of Nanoparticle 

Synthesis 
 

Table S1: Average and standard deviation of estimated values for eight 
characteristic scalability specifications. The values are based on evaluation of 
20 peer-reviewed papers. The large standard deviation highlights the 
significant variation between papers within the field. Note: the max total value 
is 16. 

 
Production Quality Safety Lifecycle Low-

cost 
Modular Reliability Efficiency Total 

Average 1.52 1.05 0.43 0.33 1.17 0.52 0.86 0.81 6.79 

St Dev. 0.60 0.50 0.60 0.48 0.73 0.68 0.65 0.93 2.32 

 

 

Table S2: Definitions and scoring for various scalability specifications  

Specifications Definition Scoring 

Production g inorganic 
NP/volume solvent 

0       <1 g/L 

1 > 1 g/L 
2 > 10 g/L 

Quality Monodispersity 0      > 10% 

1 < 10% 
2 < 5% 

Safety Communication of 
hazards 

0      Not mentioned 

1 Discussed (mentioned) 
2 Demonstrated (explanation) 

Lifecycle Recyclable, 
renewable, abundant 
elements, societal 
impact 

0       Not mentioned 

1 Mentioned 
2 Demonstrated 

Low cost Reagent expense 0      $1000/kg (e.g, TMS, In) 

1 $100/kg  (e.g., TOP) 
2 $10/kg 
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Modular Generalizable to 
other chemistries 

0       Single chemistry 

1 Few chemistries 
2 Many chemistries 

Reliability Replicates, stability 
analysis 

0       Single data set 

1 Replicates or stability 
analysis 

2 Replicates and  stability 
analysis 

Efficiency Precursor conversion 0       Not Mentioned 

1 Low (<90%) 
2 High/full (>90%) 

 

Challenges to Volumetric Scale-up 

When a reactor is scaled by volume, the heat transfer (i.e., surface area) and mixing do 

not scale directly. To scale the pilot scale 2.5 L reactor discussed in chapter 3 by 

another factor of 10 to produced ~ 2 kg, would require a ~25 L volume while at low 

concentration (100 mM) it would require 250 L. If we model the scaled-up system as a 

Continuously Stirred Tank Reactor (CSTR) (Nauman, E. B. Chemical Reactor Design, 

Optimization, and Scaleup, Second Edi.; Wiley-VCH, 2008., p28-30), then we can calculate 

the relative change in surface area and mixing time (Note: The diameter and height 

were solved for larger scales, and estimates of 10 cm diameter, and 31.5 cm height 

were used for the 2.5 L reactor.) Figure S1 highlights the deviations of the various 

scaling relations (surface area and mixing time) from the geometric (volume) scaling 

relation and illustrates the inherent decrease in heat and mixing efficiency in larger 

systems. For example, we compare the relative increases when using a 25 L vessel 

compared to the 2.5 L pilot reaction. This calculation shows that while volume 

increase by a factor of 10, the surface area only increased by a factor of 4.5, and the 

mixing time increase by a factor of 1.7 (assuming constant power/volume). For the 

low concentration case to produced 2 kg, the volume must increase by a factor of 100, 

but the surface only increases by factor of 22 and mixing time nearly triples (2.8). This 

approximation demonstrates how high concentration delays the diverges of the scaling 

relationships, by producing more product in a smaller reactor. 
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Figure S1: Comparison of volumetric scale-up factor to the surface area and mixing 

time scale-up factors based on CTSR and initial reactor volume (S=1 as diameter=10 

cm, and height = 31.5 cm). This plot illustrating the inherent divergence of scaling 

relationships with volumetric scale-up. 
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Experimental Methods 

Materials  

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.  

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). Specific reactions quantities are provided in Table 

S1. 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) 

http://dx.doi.org/10.1021/jacs.5b10006
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of hexane 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 again 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.  

 

 

 

 

Table S1: Cu2-xS NPs specific reaction quantities. 
Copper Precursor Sulfur Precursor 

Copper 
Concentration 

(mM) 

CuCl Mass 
(g) 

OLA 
Volume 

(mL) 

ODE 
Volume 

(mL) 

Sulfur 
Concentration 

(mM) 

S Mass* 
(g) 

OLA 
Volume 

(mL) 

ODE 
Volume 

(mL) 

100 0.1 7 3 500 0.18 7 3 

300 0.3 7 3 1500 0.54 7 3 
500 0.5 7 3 2500 0.9 7 3 

750 0.75 7 3 3750 1.35 7 3 

1000 1 7 3 5000 1.8 7 3 

*Only 1 mL was injected into the copper precursor 

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.   

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 
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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. 

Characterization Techniques   

Transmission electron microscopy (TEM) analysis was performed on 

a 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 powder 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 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) 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. Sample solutions 

were prepared similar to those used for TEM analysis. 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 was performed on EXSTAR SII TG/DTA 
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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 measurements were performed on Cary 5000 UV-

Vis-NIR (Aligent Technologies). Samples were suspended in hexane or TCE.  

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.  

 

Supplemental Data and Analysis 

Survey of Conventional Concentrations for NP Synthesis 

Table S2: Survey of Conventional Concentrations for NP Synthesis with specific 

precursors and solvents. Notably, metal concentrations are typically ≤100 mM, and 

400-1000 mM chalcogen. 
Chemistr
y 

Metal  
Precursors 

Chalcogen 
Precursors 

Solvent Metal 
Conc.(mM
) 

Chalcogen 
Conc. (mM) 

Re
f 

CdSe Cadmium 
myristate 

Se ODE 16 8 1 

Cu2S Cu(acac)2 S Oleylamine 20 10 2 

CdS Cd(tetradecanoat
e) 

N-n-hexyl-
N',N'-di-n-
butylthiourea 

hexadecane/ 
diphenylether 

25 400 3 

ZnS Zn(OA)2 thiourea octadecene/tetraglym
e 

32 400 3 

CdSe Cd(OA)2 Se OLA/ODE,TOP 40 1020 4 

Cu2S Cu(acac)2 S Oleylamine 50 25 5 

Cu2S Cu(acac)2 thiourea ODE/OLA/diphenyl 
ether 

84 1000 3 

PbS Pb(OA)2 N-dodecyl-N'-
phenylthioure
a 

octane 155 3052 3 

CdS CdCl2 S OLA 100 150 6 

CdS CdCl2 S OLA 100 1200 6 

ZnS ZnCl2 S OLA/TOPO 
(10mL,2.3g) 

159 2400 6 

PbS PbCl2 S OLA 200 332 6 

MnS MnCl2 S OLA 200 400 6 

 

Table S3: Thermal and physical properties of NP solutions and the mixed suspending 

solventsa 

 Melting Point 
(°C) 

Volumetric 
Heat    

Capacity 
(J/m3•°C)     

at 50°Ca 

Thermal 
Diffusivityb 

(m2/s)        
at 50°C 

Shear         
Viscosity    
(mPa·s)      
at 120°C 

Mass        
Diffusivityc 

(m2/s)        
at 120°C 

1000 mM ~40 3.7·106 4.0·10-8 3.8 2.8·10-11 

500 mM - - - 2.5 2.1·10-11 
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100 mM  ~30 2.2·106 5.7·10-8 0.81 13.0·10-11 

70%/30% 
OLA/ODE 

14-16 ODEd 

18-26 OLAd 

1.3·106 11.4·10-8 0.77 33.0·10-11 e 

a See Figure S15 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 1wt% fraction and 1000 mM has 10wt% based on 
theoretical yield), b Thermal 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), respectively7–9), c Calculated from Stokes-Einstein assuming particle size of 5.5 nm,  d Literature 
values from Sigma-Aldrich, e Calculated 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 study10. 
 

Table S4: Comparison of solution conditions between conventional (100 mM) and 

highly concentrated (1000 mM) 
Concentration Yield 

(%) 
Particle 

Concentration 
(NP/L) 

Unreacted 
precursor  

Concentratio
n (mM) 

Inter-
particle 
spacing 
(nm)a 

NP 
Diamete

rs 
betwee

n 
particles

b 

Smoluchows
ki Collision 

Frequency11 
or Rated  
(NP/s) 

Relative 
Collision 

Rate 
(1/s) 

100 mM 82 
10

19

 
8.5 58 5.5 1.37x105 1.37x10-14 

1000 mM 88 
10

20

 
53 27 2.5 2.5x105 2.5x10-15 

Superlatticec - 
10

21

 
- 10.6 ~1 - - 

aIncluding ligands (6 nm NP core; 2.3 oleylamine ligand =10.6 nm NP). Mean interparticle spacing calculated from 

r=(3/(4*π*n))^(1/3) where r is the mean interparticle distance and n is the number of particles per volume.  bInter-
particle spacing divided by the 10.6 nm NP diameter with ligands. cFor FCC close-pack, particle concentration is 

determined as 4 NP/unit cell, and the unit cell length is 𝑎 =
2𝑑

√2
.. dCollision frequency is based on a Smoluchowski 

collision equation (see sample calculations for additional details). 
 

Table S5: Comparison of R2 values for the fitted supporting Figures S17, S18, and 

S19 
Concentration Figure S14a 

Huang model12 
Figure S15b 

KJMA model13 
Figure S16c 

Finney model14 

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 each concentration to the model proposed by Huang et al12. bR2 values for each concentration to the 
KJMA model13,15. cR2 values for each concentration to the model proposed by Finney et al14,15. 
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Comprehensive TEM analysis of NP size distribution 

 
Figure S1. A series of TEMs and their size distribution (100 NP count) for several 
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soak times (columns) and concentrations (rows). TEMs correspond to data in 

Figure 3. TEM scale bar is 20 nm. 

 

 
Figure S2: Top: Histograms of NP sizes measured from TEM image. Representative TEM for each histogram are 
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shown in Figure S1. The mean and RSD (standard deviation/mean size) of these histograms are plotted in Figure 3.  
Bin size is 0.5 nm. Bottom: Size deviation of each aliquot over the duration of the soak. 

 
1000 mM 5 min 120 min 240 min 

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 

 

Figure S3: 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 below. 
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Figure S4: TEM images of the 2 hr aliquot of reactions with different injection speeds. The left image is the rapid 
injection of our typical reaction. The right image is a slow injection, in which ~ 0.05 mL is added every 10 sec over 

a 3 min period. The measured size of the fast and slow injection is 7.4 nm and 8.3 nm, respectively. Likewise, the 
RSD is 8.3% and 8.0%, respectively. Scale bar is 20 nm. 

 
Figure S5: 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 are 7.8 nm and 15.1%, respectively. Scale bar is 20 nm. 

 
Figure S6: (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.
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Replicate Experiments 

 
Figure S7. 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. 
 

Dynamic Light Scattering 

 
Figure S8: 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 S9: Reaction performed at different Copper to Sulfur ratios with Cu:S ratio of 2:1 is stoichiometric. A Cu:S 
ratio of 1:1, or sulfur rich, yields large polydisperse particles. Reactions run at stoichiometric conditions or greater 
in copper content remain small. Increasing copper content also decreases poly-dispersity to a small degree. All NP 
sizes correlate to a 2 hr soak. 
 
 
 

 
 
 
 

 
Figure S10: TEM images of randomly selected centrifuge tubes of the 2500 mL reaction cleaned at various times: 
1)Tubes 1-8 were fully cleaned 2 hr after quench, 2) Tubes 9-12 were fully cleaned 3 hr after quench, Tubes 13-16 
were fully cleaned 4 hr after quench, 4) Tubes 17- 24 were fully cleaned 6 hr after quench. Scale bar is 20 nm. 
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XRD analysis 

 
Figure S11: Series of XRD patterns from the same concentrated (1000 mM) reaction at various temperatures along 
the ramp and various times in the soak at 185˚C. The Djurleite (Cu31S16, JCPDS: PDF#00-023-0959) and Roxbyite 
(Cu7S4, JCPDS: PDF#00-023-0958) theoretical peaks are provided at the bottom. The NP begins to crystallize 
during the ramping process and no longer crystallize during the soak. 
 

 

 
Figure S12: XRD pattern of 2500 mL reaction. The blue and red dotted lines correspond to the Djurleite and 
Roxbyite phase, respectively. The pattern is between the Djurleite phase (Cu31S16, JCPDS: PDF#00-023-0959) and 
the Roxbyite phase (Cu7S4, JCPDS: PDF#00-023-0958). 
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Thermogravimetric Analysis  

 
Figure S13: 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. 

 

Viscosity Measurements 

 
Figure S14: 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 S13, S16), impairing reliable viscosity 

measurements.  
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Thermal Spike Experiments 

 
Figure S15: 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% oleylamine/octadecene 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. 
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Thermogravimetric analysis (TGA) of cleaned product 

 
Figure S16: 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 S13. The OLA/ODE mixture is plotted for a reference to 

the solvent. 
 

NP size evolution models 

  
Figure S17: (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. Interestingly, the value of k2 drops substantially 
as the concentration of the reaction increase, which is supportive of their linear volumetric growth. On the other 
hand, k1 or OA rate for each concentration remains small and nearly constant, suggests the growth from this 
process is small, yet in the high concentrations (750 and 1000 mM) k1 becomes prominent. The fitted volumes are 
based on a simply sphere volume and then normalized with the particle volume at 4 hours.  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 S5 for R2 values fit comparisons. 
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Figure S18: (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 S5 for R2 values fit comparisons. 
 

  
Figure S19: NP size fitting model proposed by Finney et. al.14 (a) The fitted data the particle sizes shown in Figure 

3, Figure S1 and Figure S2. The equation used to fit the data is included within the graph. An example particle 
concentration, [B] is calculated below in the sample calculation section of this document. (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 S5 for R2 values fit comparisons. 
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Figure S20: 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. 
 

Sample 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
 

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 Particles  
[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 
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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 S4 

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 

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 
Equations 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑀𝑎𝑠𝑠 = 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 − 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 ∙ (100−𝑤𝑡% 𝑙𝑖𝑔𝑎𝑛𝑑)/100 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑀𝑎𝑠𝑠

𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 ∙ 𝑀𝑤𝐶𝑢2𝑆

 

The change in volume by adding residual precursor mass to existing particles is  

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑜𝑙𝑝𝑎𝑟𝑡 ∙ (
1

𝑌𝑖𝑒𝑙𝑑 𝑃𝑒𝑟𝑐𝑒𝑛𝑡/100
− 1) 

𝑁𝑃 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 100% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 2(
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 ∙ 3

4𝜋
+ 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑁𝑃 𝑟𝑎𝑑𝑖𝑢𝑠3 )

1
3
 

Calculation 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 = 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 

Using initial NP diameter of 6nm and 88% yield, 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 =
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 

 

Step and Living Coalescence Models 

The theoretical distributions for the step and living coalescence models shown in 

Figure 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 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 
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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). 
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Synthesis Procedures 

 
Materials 
 The following chemicals were used as received and were purchased from 
Sigma-Aldrich: 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-octylphosphine (TOP, 90%), tri-n-
octylphosphine oxide (TOP=O, 99%), oleylamine (OLA, 98%), dodecanol 
(DDA, 98%), hexanoic acid (99%), lauric acid (98%), stearic acid (95%), and 
acetonitrile (ACN, 99.8%). 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. 
 
Synthesis of ultra-pure 324-nm cadmium sulfide MSCs (1000 mM) 
For the 1000 mM reaction, we used the same preparation procedure 
previously reported to synthesis 324-nm magic-sized clusters (MSCs),1 which 
are ultra-pure due to the 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) 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 
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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 required to 
precipitate the MSCs because of the 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 cadmium sulfide MSCs at different Cd oleate concentrations 
For the 500 mM and 100 mM Cd oleate preparation the only changes, from 
the 1000-mM method above, are the (1) amount of cadmium oxide added to 
10.0 mL of oleic acid (0.64 g and 0.128 g of CdO, respectively), and (2) the 
amount of 2500 mM TOP=S added to achieve 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 
reddish 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 Cd oleate 
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. 
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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 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. 

 
Table S1: Summary of different Cd carboxylate preparation conditions. 

Acid 
CdO 
(g) 

Acid 
(g) 

Acid 
(mL) 

Acid/Cd 
molar 
ratio 

Conc 
(mM) 

Lauric acid 1.075 5.04 5.70 3.00 1500 

Stearic acid 0.708 4.7 5.57 3.00 1000 

Erucic acid 0.543 4.3 5.00 2.99 850 

 
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 
solvents, 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. 

 
Table S2: Summary of preparation conditions for different solvents mixed with 

Cd oleate. 
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Solven
t 

Cd(OA)2 
(g) 

Cd(OA)2 
(mL)a 

Solvent 
(g) 

Solvent 
(mL) 

2500 M 
TOP=S  

(mL) 

DDA 0.477 0.394 0.259 0.312 0.141 

OLA 0.458 0.379 0.244 0.300 0.136 

ODE 0.452 0.373 0.233 0.296 0.134 

TOP=O 0.448 0.370 0.258 0.293 0.133 
a Cd Oleate density is ~1.21 g/mL (estimated as identical to cadmium 

stearate). 
 

Characterization Methods 

 
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 S1), 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.  
 
High Resolution Scanning Transmission Electron Microscopy (STEM) 
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 S3 and Figure 2). 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 the MSCs are anisotropic, ~2 nm 
in size, and atomically disordered (Figure S4). Notably, beam damage 
prevented more thorough analysis. These difficulties (small size and beam 
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damage) also impaired previous efforts to characterize clusters using TEM.2–4  
 
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 an 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.5,6 
 
The samples were heated in a custom designed apparatus (Figure S6). 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 pillars, 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 (Figures S6). The beam passed through the 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 the 
incident beam intensity (Figure S8a,b), 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 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 S8c,d). The fraction of the background 
curve intensity that was subtracted from each of the three concentrations 
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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 S8). (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 (for example, see 
Figure S7b; 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 (see Figure S9 for an example).  
 
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 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 an 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 
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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 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 (see ref.8 for additional details on the 
polarization anisotropy). The clusters were suspended in hexane for the 
measurements. 
 
Time-resolved Fluorescence Lifetime 
Time-resolved fluorescence lifetimes (LT) were measured using time 
correlated single photon counting (TCSPC) scheme. The sample was excited 
by a 270 nm picosecond pulsed LED and measured with a fast photomultiplier 
tube (PMT). The total instrument response function was approximately 0.5 
ns. The results were fitted by multiexponential decay (by deconvolution 
fitting), and an effective decay constant was defined by the time the fitted 
emission took to drop to 1/e of its maxima.  
 
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. 
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Figures and Tables 

Ex-situ Absorbance 

 
Figure S1: 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 positions from 375 to 
404 nm).9 (b) Evolution of MSCs and NPs in terms of concentration (see 
calculation below), based on dilution factors and empirical extinction 
coefficient curve.9 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 (with a Cd:S ratio1 of 
2:1; see calculation below). (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. (Note: (d) has the same y-scale as (a).) 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.9 
(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 
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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, and NPs continue to grow. 
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Scherrer Analysis (SAXS/WAXS) 

 
Figure S2: 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 (see Table S3 for details) 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 (see Table S3 for details), suggests a 
3.0±1.0 grain size. 

Table S3: Summary of Peak Fitting for Figure S2 

1000 mM– Wurtzite  

Q (Å-1) 
Peak 

Position (°) 
Intensity Std Dev. (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 

Scherrer Size = 2.2±0.9 

 
1000 mM 5 h – Zinc Blende 

Q (Å-1) 
Peak 

Position (°) 
Intensity Std Dev. (Å-1) 

1.87 26.51 0.90 0.09 

2.04 29.00e 0.17 0.13 

3.05 43.96 0.42 0.06 

3.59 52.13 0.34 0.08 

Scherrer Size = 3.0±1.0 

Shifted from bulk 2θ peak based on Cu source. Bulk peak 
positions are a26.51°, b28.18 c36.62°, d 47.84°, and e30.81°. 
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STEM images 

 
Figure S3: STEM fibers spacing. STEM image of cleaned high-purity MSCs 
(1000 mM reaction). Inset: FFT of red-boxed region illustrating 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. 
 

 
 
Figure S4: 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. 
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Photoluminescence Spectroscopy 

 

 
 
Figure S5: Electronic Structure Characterization. (a) 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). (b) Comparision of PLE at 
emission of 320 and 405 nm. (c) Comparison of PL lifetime for 320 and 405 
nm emission, which are 0.68 and 4.15 ns, respectively. 
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Apparatus 

 

 
              Figure S6: 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 
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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. 

 

X-ray Data Analysis 

 
Figure S7: SAXS/WAXS precursors at 130°C (background subtracted). (a) 
SAXS pattern for the precursors shows a peak at ~0.251 Å-1 (or 2.5-nm d-
spacing) that increases with concentration, likely correspond to cadmium 
oleate micelles or coordination polymers. 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 likely corresponds to organic molecules, 
and is similar to data previous reported for octadecene10 (See Figure S8 
and Methods section for discussion on background subtraction method).  
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Figure S8: Precursors at SAXS/WAXS at 130 °C. (a,b) SAXS and WAXS 
data normalized for incident intensity, 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 for discussion). 
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Figure S9: Separating the MSC assembly and Cd oleate SAXS peaks.To 
separate the first mesophase peak from the 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. 

1580 mM reaction (SAXS/WAXS) 

 
Figure S10: 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 
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experiment. Nevertheless, 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 S15). 
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NP Structure Factor 

 
Figure S11: 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 A-1 for 1000 
mM and 0.105 to 0.14 A-1 for 500 mM) to the monodisperse sphere model11 
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 (0.05-0.1 A-1, whereas 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 A-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 S1). 
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1000 mM Higher Temperatures (SAXS/WAXS) 

 
 
Figure S12: 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 (shown 
in (a)) and growth of zinc blende NP at the expense of the wurtzite-like 
MSCs (shown in (b)). 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 + 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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Heating Resuspended MSCs (SAXS/WAXS) 

 

 
 
Figure S13: 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 suggests it is still fibrous, potentially from unbundling of 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 S15). 
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Dynamic Light Scattering 

 

 
Figure S14: 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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Heating Solid MSCs (SAXS/WAXS) 

 
 
Figure S15: 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 S16: 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 S1. All concentrations ≥200 mM form MSCs. 
Inset: 20 times magnification of NP peaks. (b) Purity of MSCs as function of 
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concentration. The free acid concentration is calculated as the amount of 
free acid over the total amount of free acid and oleate. The ratio of Acid/Cd 
is inversely proportional to concentration: Acid/Cd ratio= 3169/Conc[mM]. 

 

100 mM Preparation (Absorbance) 

 
Figure S17: 100 mM preparation methods. To dilute the 1000 mM solution, 
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.9 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 
precursor 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 
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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 a 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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Precursor Schoichiometry 

 
 

Figure S18: 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. Note: these experiments were performed at 140 °C 
rather than 130 °C, increasing the temperature increases the production of 
MSCs and does change the selectivity (as long as temperature is below 
150 °C at which point NP growth increases). 
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Different Ligand Lengths 

 
Figure S19: 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 A-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 
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temperatures (>100 °C). The following carboxylic acids were investigated 
(a) oleic acid, (b) erucic acid, (c) stearic acid, and (d) lauric acid. Figure 
S20 shows the evolution of the peak max peaks position and Figure S21 
shows a comparison between the four acids at 142 °C. 

 
Figure S20: Evolution of mesophase peak with temperature for different 
ligands. A comparison of the maximum peak position and intensity within 
~0.01A-1 of hexagonal first peak (Note: peak positions farther away than 
~0.01 are considered to be zero; Figure S18 and Table S4). 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 structure. 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 S21: Absorbance of final sample using different ligands (from 
Figure S19). 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 (see Figure S19). 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 S22: 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 
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shown in Figure S19). The oleic and stearic give similar d-spacings while 
the shorter lauric acid and longer erucic acid 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 (see Figure S23 and Table S4). 
 
Table S4: Comparison of mesophase d-spacing and ligand length for 
different carboxylic acids (Figure S22). The gap is the 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, and = means there 
is a double bond in the chain. 1Q is the position of the first hexagonal peak. 
Both oleic and erucic have a double bond at the 9 position. 

Acid Carbon # 1Q (Å-1) d (nm) Ligand Length (nm) Gap (nm) Gap/(2•Ligand) 

(%) 
Oleic C18, = 0.1856 3.39 2.02 1.79 44% 
Erucic C22, = 0.1701 3.70 2.49 2.09 42% 
Stearic C18 0.1831 3.43 2.32 1.83 39% 
Lauric C12 0.2226 2.82 1.57 1.22 39% 

 
 
Figure S23: Schematic of ligand configuration based on mesophase d-
spacing. The d-spacing of the mesophase is less than two ligand lengths, 
indicating in contrast to the conventional view that the ligands are likely 
bend and interdigitated (“Emerging View”). Table S4 provides calculated 
gap distance between the particles compared to the ligand lengths. 
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1000 mM Different Free Solvents 

 
 

Figure S24: MSC reaction with 1000 mM Cd oleate in various solvents at 
130 °C (SAXS/WAXS). Cleaned and dried Cd oleate (prepared as 1000 mM 
before cleaning) and then mixed with different solvents, rather than the oleic 
acid present during typical concentrated synthesis, namely three 
coordinating (DDA, TOP=O, OLA) and one non-coordinating (ODE). The 
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concentration of the mixed solution was approx. 1000 mM Cd oleate. The 
precursor conversion is low in all four cases evidenced by the persistence 
of a strong Cd oleate peak (SAXS ~ 0.25 Å-1). (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 TOP=O 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. Note: The reaction times are not identical (a-d). Reaction times for 
ODE, DDA, TOP=O, and OLA samples are approx. 340, 80, 110, and 230 
min, respectively. 
 

 
Figure S25: MSC reaction with 1000 mM Cd oleate in various solvents at 
130°C. Absorbance of the final uncleaned sample. The ODE, DDA, and 
TOP=O 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 TOP=O 
samples also have a significant NP peak at ~400 nm. The OLA sample 
shows a MSC peak at ~360 nm1 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, TOP=O, 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 S26: 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 TOP=O 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 TOP=O 
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 S27: In-situ 1H NMR at 130 °C for 1000 mM reaction. Figure 8a 
shows that the total spectral area decreases with time. 
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Figure S28: In-situ 113Cd NMR at 130 °C for 1000 mM reaction. Figure 8a 
shows that the total spectral area decreases with time. 
 

8.4 Kinetics Fits 

 
Table S5: Fitting parameters and R2 values for the NMR silencing rate (see 
Figure 8a). 

Species A k (s-1) x 104 R2 

H1a 0.68 0.91 0.991 

C13a 0.56 0.95 0.982 

P31a 0.83 1.69 0.999 

Cd113a 0.35 0.16 0.775 
a
Fit: 1 − 𝐴 ∙ (1 − exp(−𝑘𝑡)) 

 

 

 
Figure S29: 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 
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WZ contribution to the diffraction are fits to data shown in Figure 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 S11). (f) the ZB 
contribution to the diffraction was not fit because the trend is linear, and the 
intensity is not quantitative.  

Table S6: Fitting parameters for X-ray data in Figure S29.  

A k (1/s) x 104 R2 

Cd oleate 1000 mM
a
 0.83 5.2 0.998 

Cd oleate 500 mM
a
 0.61 7.9 0.958 

MSCs 1000 mM
b
 0.83 3.4 0.995 

MSCs 500 mM
b,c

 0.48 2.9 0.970 

CdS 1000 mM
b
 0.96 2.2 0.997 

CdS 500 mM
b
 0.79 2.1 0.996 

NP 1000 mM
b,d,e

 1.95 0.049 0.853 

NP 500 mM
b,d

 2.58 0.050 0.989 

WZ 1000 mM
b
 0.87 3.1 0.996 

WZ 500 mM
b,c

 0.66 3.7 0.965 
a

Fit: 1 − 𝐴 ∙ (1 − exp(−𝑘𝑡)). 
b

Fit: 𝐴 ∙ (1 − exp(−𝑘𝑡)).  
cFit from 0 to 2. The intensity linearly decreases after that, but is not 

calibrated to quantitative. dRate of growth, not rate of formation. eFit start at 1 

h.  

 

 
Figure S30: MSC formation rates (ex situ absorbance). The linear fits 
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(zeroth order rates) of the MSC formation (Figure S1b,S1e). (a) For the 
1000 mM, the MSC formation rate constant is 2.1 x 10-6 M/s (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 x 10-6 M/s (R2 = 0.956) and at 
later times, the MSC depletion rate is -7.3 x 10-7 M/s (R2 = 0.991). Inset: In 
500 mM reaction, the NP formation rate is first order (6 x 10-4 1/s, R2 = 
0.974) and plateaus at longer time (>2 h). 

Calculations 

Purity Calculation 

The purity was calculated based on the concentration of the particles, using a 
published size and size-dependent extinction coefficient curves for cadmium 
sulfide.9 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. 

 
MSC Conversion 

The conversion of MSC compared to the maximum yield was determined as 
follows: 
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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% from ref.1) 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 ∙ 𝑀𝑤𝑀𝑆𝐶 𝑖𝑛𝑜𝑟𝑔 

 
where 𝑀𝑤𝐶𝑑𝑂  and 𝑀𝑤𝑀𝑆𝐶𝑖𝑛𝑜𝑟𝑔 are the molecular weights of cadmium oxide 

and inorganic (cadmium sulfide component with 2:1 ratio based on ref.1) for 

the MSCs, respectively; and 𝑣𝐶𝑑:𝑆 is the composition of the clusters 2:1 Cd:S 
ratio.1 
 
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). 
 

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 2.355 factor converts from FWHM to standard 
deviation: 
     

𝜎𝐴𝑏𝑠 =
(328 𝑛𝑚) − (320𝑛𝑚)

2.355
, 

 
𝜎𝑑 = 𝑑(324 𝑛𝑚 + 𝜎𝐴𝑏𝑠) − 𝑑(324𝑛𝑚), 
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𝜎𝑟 =
𝜎

𝜇
. 

      
For instance, for the 324 nm (8 nm FWHM) MSC the size dispersion is the 
following: 
 

𝜎𝐴𝑏𝑠 =
(328 𝑛𝑚) − (320𝑛𝑚)

2.355
= 3.4 𝑛𝑚 

 
 

𝜎𝑑 = 𝑑(324 𝑛𝑚 + 3.4 𝑛𝑚) − 𝑑(324𝑛𝑚) = 0.047 𝑛𝑚, and 
 

𝜎𝑟 =
0.047 𝑛𝑚

1.636 𝑛𝑚
= 2.9%. 

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.12–14 
 
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
 

 
  

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  
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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
, 

leading to  
 

𝑑𝜃 = √

(

 

𝑞
4𝜋

√1 −
𝑞
4𝜋

2
𝜆2)

 

2

(𝑑𝜆)2  +

(

 

𝜆
4𝜋

√1 −
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  
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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 Calculation 

The crystallite size is calculated with the Scherrer equation: 
 

     𝑑𝑐𝑟𝑦𝑠𝑡𝑎𝑙 =
𝐾𝜆

𝐹𝑊𝐻𝑀 cos (𝜃)
 

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 as 
well as the applicable limit of the Scherrer equation. 
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Synthesis Procedures and Chemical Treatments 

 

Materials 

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-n-octylphosphine (TOP, 90%) was 

purchased from Sigma-Aldrich. 1-dodecanethiol (DDT, >98%) from Sigma-Aldrich. 1-

Butylamine (>99%) from Alfa Aesar. 

Synthesis of ultra-pure 324 nm family MSCs 

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 

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 NPs 

The synthesis of high-quality NPs is adopted from Peng et al.2 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. 
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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. 

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 (see 

Table S1): 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.3, 4  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%5). 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 - 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 hr, the resin-like F324 sample breaks 

Table S1: 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 Total Mass 

of Sample 

(mg) 

Total Inorganic 

Surface Area 

(cm2) 

Total Surface 

Sites (µmol) 

Fraction of 

Surface 

Atoms 

Magic-sized 

Clusters 

4±1 10000±4500 6.2±3.5 0.68 

Nanoparticles 4±1 4500±2000 3.4±2.0 0.26 
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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 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 - 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 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 - 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 
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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. 

 

Characterization Methods 

Absorption Spectroscopy 

Absorbance 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 

FTIR measurements were performed on Thermo Scientific Smart iTR diamond ATR. 

A background scan was collected before each measurement (64 scans), sample scan was 

an average of 64 scans, and resolution was set 4 with a data spacing of 0.482 cm-1. 

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)  

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) 

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) 

XRD data were collected on a Bruker D8 Discover (Cu Kα radiation, wavelength 1.54 
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Å) with a 0.5-mm collimator. All samples were washed with 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. 
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Figures and Tables 
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Absorption Fits and TEM 

 
Figure S1: Absorption spectra for each MSC family (a-d) and the initial NP spectrum. All spectra are 
fitted with 3 normal distribution functions. See Table S2 for fitting parameters. For the NPs, the sharp 

peak at 313nm is trace MSCs. 

Table S2: Fitting parameters to the absorption spectra above in Figure S1. 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 2nd Peak 3rd Peak 

Species Position

* 

(nm) 

FWH

M 

(nm) 

Std.dev

. (nm) 

Intensit

y 

Positio

n 

(nm) 

Std.dev

. 

(nm) 

Intensit

y 

Positio

n 

(nm) 

Std.dev

. (nm) 

Intensit

y  

F313 313.1 8.1 3.46  7.3 307.5  6.0  4.0 290.0 6.0 0.6 

F324 323.8 8.0 3.40  7.0 318.0  6.7  4.0 296.0 8.0 1.6 

F348 348.9 13.9 5.90 12.0 339.5  6.0  5.5 318.2  12.5  20.6 

F360 360 .2 13.0 5.50  12.3 348.0  8.5  6.1 321.5  12.5  26.8 

NPs 450.0  25.0 10.6  24.3 422.6  12.0  29.4 394.0  12.5  40.6 

*These values are the fitted peak positions for the exciton 
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Figure S2: 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 S3.  

 

Table S3: Analysis of TEM images of the bottom row in Fig. S2. 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) 

Initial 0.6 0.1 16.7 0.2 

Alcohol 0.7 0.1 14.3 0.1 

Thiol 1.1 0.2 18.2 0.2 

Amine 2.5 0.3 12.0 0.2 

 

AlcoholInitial

40 nm

10 nm

Thiol Amine
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 FTIR Spectra 

 
Figure S3: 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 S4.  
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Figure S4: 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 S4. The broad base between 2400-

3400 cm-1 of the oleic acid and Cd-oleate are due to O-H stretches (j). 

 

Table S4: Peak positions for selected peaks in FTIR spectra of MSCs, NPs, and reference materials. 

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 Clusters Nanoparticles Reference Materials  

Gra

ph 

Labe

l 

Chemi

cal 

Stretc

hes 

Alcoh

ol 

Initia

l 

Thi

ol 

Ami

ne 

Alcoh

ol 

Initia

l 

Thi

ol 

Ami

ne 

CdOlea

te 

Oleic 

Acid 

DD

T 

But

yl-

ami

ne 

Literat

ure1 

a C-S n.a. n.a. 803 n.a. n.a. n.a. 803 n.a. n.a. n.a. n.a. n.a. 585-750 

b C-N n.a. n.a. n.a. 1144 n.a. n.a. n.a. 1144 n.a. n.a. n.a. 1120 1020-

1090 

c C-O 

(s) 

1419 1436 n.a. 1407 1435 1435 n.a. 1435 1421 1435 n.a. n.a. 1350-

1450 

d C-O 

(as) 

1541 1524 n.a. 1553 1533 1533 n.a. 1538 1542 n.a. n.a. n.a. 1525-

1650 

e C=O 1705a 1655b n.a. n.a. n.a. n.a. n.a. n.a. 1682/17

10 

1708 n.a. n.a. 1710 

f S-H n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2560-

2590 

g =CHR 3005 3005 n.a. 3005 3005 3005 n.a. n.a. 3004 3005 n.a. n.a. 3000-

3040 

h N-H 

(s) 

n.a. n.a. n.a. 3157 n.a. n.a. n.a. 3157 n.a. n.a. n.a. 3290 3300-

3250 

i N-H 

(as) 

n.a. n.a. n.a. 3257 n.a. n.a. n.a. 3257 n.a. n.a. n.a. 3365 3400-

3330 

j O-H 3330a 3330b n.a. n.a. 3300a 3300a 330

0b 

n.a. n.a. 3100a n.a. n.a. 3200-

3570 
       a Broad peak. b Trace and broad peak 
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Compositional Analysis 
 

Table S5: Compositional analysis of MSCs (core Cd and S and Ligand) in mass and mole percent. 

Values are based on ICP-OES and TGA analysis (see calculations for conversion from mass to mole 

percent). Error refers to the standard deviation and is determined using propagation of error analysis. 

 Mass Percent (wt%) Mole Percent (mol%)  

Species Cd S 

Ligand 

(ICP-

OES)a 

Cd S 

Ligand 

(ICP-

OES) 

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 

F348c 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. c The 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 calculation for details).   

  

 
Figure S5: 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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Scherrer Analysis (XRD) 

 
Figure S6: XRD patterns of MSCs. Each pattern is fit with eight normal distribution functions (see 
Table S6) corresponding to the bulk peak positions and 2 float peaks possibly associated with the 

organics.  

Table S6: 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). 
 F324 F313 F348 F360 

Phase Wurtzite Zinc Blende Zinc Blende Zinc Blende 

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 
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Calculations 

Particle Size Calculation 
The size of the MSCs and NPs is determined from its excitonic peak position (see Table S2) using an 

equation proposed by Peng et al (Eq. 1)5, 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 

(see Table S5).  

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 (Scherrer equation): 

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 (see Table S6), 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 Surface Sites 

This calculation 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 the Table below.  
Property Value Error 

Total sample mass (mg) 4 1 

 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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Total chemical volume (mL) 0.5 0.01 

MSC Diameter (nm) (Sizing Curve) 
NP Diameter (nm) (Sizing Curve) 

1.6 
5.3 

0.16 
0.53 

Percent Inorganic Mass MSC (%) (TGA) 
Percent Inorganic Mass NP (%) (TGA) 

33 
48 

0.1 
1 

 
Total Surface Area of a Cluster Sample 

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.5  

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
 

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) 

For 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 

 
Total Surface Sites in a Cluster Sample 

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.3, 4 
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)

=
4

3
𝜋(𝑟 − 𝑟𝑆𝑢𝑟𝑓𝑎𝑐𝑒_𝐿𝑎𝑦𝑒𝑟 )

3 

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 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)
= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)
− 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶) 

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 𝑜𝑓 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶) ∙ 𝑁𝑝𝑎𝑟𝑡 

For example 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ( 𝑀𝑆𝐶)

=
4

3
𝜋(
1.6 𝑛𝑚

2
− 0.25𝑛𝑚)3 = 6.97𝑥10−22 𝑐𝑚3 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 ( 𝑀𝑆𝐶)
= 2.14𝑥10−21𝑐𝑚3 − 6.97𝑥10−22𝑐𝑚3 = 1.4 𝑥10−21  𝑐𝑚3 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑎𝑑𝑚𝑖𝑢𝑚 𝑆𝑢𝑙𝑓𝑖𝑑𝑒 𝑎𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑀𝑆𝐶)

=
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 
 

Fraction of atoms on the surface 

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 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)

=
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑎𝑦𝑒𝑟 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 (𝑁𝑃 𝑜𝑟 𝑀𝑆𝐶)
 

For example, 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑡𝑜𝑚𝑠 (𝑀𝑆𝐶) =
1.4 𝑥10−21 𝑐𝑚3

2.14𝑥10−21𝑐𝑚3
= ~0.68 
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E: Reversible Isomerization in Inorganic Clusters 
 

Important Notice 
The identification of the Cadmium Sulfide Magic-sized Clusters 

(MSCs) within the supporting information have been labeled 
differently than in the main text. The labeling of the MSCs in the 

supporting information follows typical semiconductor MSCs 
identification: position of the 1st absorption peak at room 

t mp r tur . T  r for , t   α-(Cd2S)x isomer is a 324 nm MSC 
f m ly (F324); t   β-(Cd2S)x isomer is a 313 nm MSC family 

(F313);  n  t   β’-(Cd2S)x isomer is a 324 nm MSC family (F320). 

 

Materials 

The following chemicals were used as received: oleic acid (OA, 90%), 
cadmium oxide (99.5%), ethyl acetate (≥99.5%), Tri-n-octylphsosphine (TOP, 
97%), and elemental sulfur (purified by sublimation, particle size~100 mesh), 
hexane (95%, anhydrous), 1-propanol (≥99.5%, ACS reagent), 1-octanol 
(99%), 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) and acetone (99.5% 
ACS Grade) were purchased from VMR International. Perfluorohexane (99%) 
was purchased from Alfa Aesar. Tetrahydrofuran (>99.9%, DriSolve, BHT 
stabilized) was purchased from EMD Millipore. 

Characterization Techniques 

UV-Vis Absorption Spectroscopy – Measurements were performed on 

an Ocean Optics USB2000+ photodiode spectrometer with the 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 cuvette. 

Cryogenic UV-Vis Absorption Spectroscopy – Measurements were 

performed on a Cary-5000 spectrometer, using a Janis STVP-100 Optical 
Cryostat. The clusters were measured as a thin-film on a CaF2 window. The 
temperature range investigated was from 5 to ~300 K. During measurement 
scans, the temperature was within ±0.5 K of the set point. Before cooling data 
were collected at room temperature. After cooling, scans were collected at 5, 
10, and 20 K, and then at 20 K intervals up to ~300 K. Background subtractions 
were done with a clean CaF2 window at room temperature.  The scan resolution 
is 0.1 nm. 

Fourier-Transform Infrared Spectroscopy – Measurements were 
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performed on a Bruker 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 F2 beamline at the Cornell High Energy Synchrotron Source (CHESS) 
(wavelength=0.202152 Å; Energy=61.3321 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 
335.74 mm, as determined from a ceria standard. The patterns were averaged 
over 20 scans with 7.5 s collection time. Background subtraction was done with 
dark images (no beam). The averaged images were then integrated using Fit2D, 
and normalized to the incident beam intensity. The clusters did not have a 
container. 

X-ray Photoemission Spectroscopy – Measurements were performed 

on a Surface Science Instrument systems SSX-100 ESCA spectrometer. The 
source was a monochromated Aluminum K-alpha X rays source (1486.6 eV) 
with an X-ray beam spot size of 1000 microns and 50 V pass energy. The angle 
between the electron energy analyzer and a sample normal was fixed at 55°. 
The operating pressures were below 2x10-9 Torr. 

X-ray Diffraction – XRD data were collected on a Bruker D8 Discover (Cu 

Kα radiation, wavelength 1.54 Å) with a 2-mm collimator. 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 

a fluorescence spectrophotometer (Edinburgh Instruments FL920), 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. 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 Edinburgh 
Instruments FLS920 fluorometer 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 
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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 ns. To define the start of the emission beyond the 
IRF we fit the data starting around 2.8 ns. To normalize that 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. 

Experimental Methods 

Synthesis of F324 Clusters 

The following protocol is for a 12 mL reaction and can be linearly scaled with 
consistency in yield and purity.  
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 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. The solution becomes progressively more viscous. We find it necessary to 
check on the mixing periodically. After 120 min, the reaction is cooled to 100°C 
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and then quenched with 10 mL of ethyl acetate, which produces a white 
precipitate. Near room temperature, the mixture is split between two 50 mL 
centrifuge tubes. Additional ethyl acetate is added until the volumes of both 
tubes are ~20 mL (~3:1 ratio of ethyl acetate to reaction solution). The tubes 
are centrifuged at 4000 rpm for 7 min, after which, the supernatant is discarded. 
The solid precipitates in both centrifuge tubes are dissolved in 15 mL of hexane 
each, forming a clear viscous gel. 10 mL of ethyl acetate is added to both tubes 
and forms a fibrous precipitate. The tubes are then centrifuged at 4000 rpm for 
7 min. After centrifuging, the supernatant is discarded and the solid F324 
product is stored under vacuum. 
Note: The ramp time between 50°C and 130°C is irrelevant, but the ramp rate 
must be controllable around 140°C as to not overshoot to 150°C. The purity of 
the mixture decreases substantially at temperature above 150°C. 
Note: Acetone is sufficient alternative to ethyl acetate, but prevents any 
immediate optical characterization of the cluster absorption spectrum. The 
product would have to be dried first. Do not use alcohols or other protic solvents 
as this would initiate the cluster transformation. 
Note: After about 2 weeks, the dried F324 becomes brittle and does not dissolve 
in solvent. To store the F324 for an extended period of time (> 1 week), the dried 
F324 product can be suspended in ethyl acetate at 50°C. The F324 product 
must free of any non-polar solvents when storing in ethyl acetate as to prevent 
growth of the cluster. To use the F324 product from the ethyl acetate 
suspension, simply add to a centrifuge tube and spin at 1000 rpm for 3 min and 
dry with N2 gas (do not use vacuum to dry). 
Reversible Transformation of Magic-size Clusters 

The following protocol describes the method to prepare cluster thin films used 
in the determination of the transformation kinetics from UV-Vis absorption 
spectroscopy. 
Preparation of F324 films: To prepare the stock solution used to make the 
F324 films, 7.5 mg of dried F324 product is dissolved in a mixture of 0.2 mL 

octane and 0.8 mL hexane. Once the mixture is fully dissolved, 10 µL is drop-

casted onto one wall of a UV transparent of a 1x1 cm2 cuvette. Note: It is 
essential that the liquid does not touch the neighboring surfaces as capillary 

action prevents the desired thicknesses. After the full 10 µL volume is 

dispensed, pull vacuum immediately on cuvette, which ensures a near uniform 
film and prevents any surface roughness scattering of the optical beam. Once 
the film is dried, place cuvette under N2. This procedure produces a film with an 
optical density around 0.6 at a wavelength of 324 nm (F324). 
Preparation of F313 films: A solid product of F313 is produced by mixing 200 
mg of F324 dried product in 2 mL of methanol (linearly scalable) and heating to 
60°C. After about 2 days, the entire product is a white fine powder suspension 
of F313. To use the F313 product from the methanol suspension, simply add to 
a centrifuge tube and spin at 1000 rpm for 3 min and dry with N2 gas (do not 
use vacuum to dry). To prepare the stock solution used to make the F313 films, 
7.5 mg of dried F313 product is dissolved in a mixture of 0.2 mL octane and 0.8 
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mL hexane. Once the mixture is fully dissolved, 10 µL is drop-casted onto one 

wall of a UV transparent of a 1x1 cm2 cuvette. Note: It is essential that the liquid 
does not touch the neighboring surfaces as capillary action prevents the desired 
thicknesses. After the full 10 µL volume is dispensed, pull vacuum immediately 

on cuvette, which ensures a near uniform film and prevents any roughness 
scattering of the optical beam. Once the film is dried, place cuvette under N2. 
This procedure produces a film with an optical density around 0.6 at a 
wavelength of 320 nm (F320). Fill cuvette with ambient air to have absorption 
peak at 313 nm (F313). 
Note: Similar to the F324, extended storage of the F313 can be kept as a 
suspension in the methanol at ambient conditions (no heat). 
Conversion Process: Kinetics of the conversion process uses the F324 films 
prepared by the above protocol. The absorption spectrum from 200 nm to 800 
nm of the conversion process is collected at once using a photodiode (see 
characterization techniques for specification) with an integration of 200 ms 
averaged over 25 scans (a total of 5 s). The cuvette stage is heated to a pre-
determined temperature and allowed 60 min to equilibrate. Then, the cuvette 
with the F324 thin film is inserted into the cuvette stage and given 5 min to 
equilibrate with the stage. Equilibration is reached when the peak stops shifting 
as a result of heating (see Fig. S7 for exciton-temperature relation). Once the 

temperature has equilibrated, 50 µL of methanol is injected into the cuvette and 

the absorption spectrum is collected every 5 s. See Calculations for 
interpretation of conversion kinetics. Note: It is crucial that liquid methanol does 
not form on the film as this would promote nanoparticle growth. 
Reversion Process: Kinetics of the reversion process uses the F313 films 
prepared by the above protocol. The absorption spectrum from 200 nm to 800 
nm of the reversion process is collected at once using a photodiode (see Ocean 
Optics characterization) with an integration of 200 ms averaged over 25 scans 
(a total of 5 s). The cuvette stage is heated to a pre-determined temperature 
and allowed 60 min to equilibrate. The cuvette with the F313 film is connected 
to the Schlenk line and N2 gas is continuously flushed through at ~10 mL/min. 
This causes the F313 to transition to the F320 intermediate (if not already), after 
which, the cuvette is sealed. The cuvette is inserted into the cuvette stage and 
absorption spectrum is recorded immediately and every 5 s. There is rapid peak 
shifting due to heating (see Fig. S7 for exciton-temperature relation), which 
decreases substantially after 30 s.  Once exciton shifting subsides, further 
changes in the absorption spectrum are affiliated with 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 the 50 µL of methanol is injected into the cuvette. 

After 60 min, the cuvette is cooled to room temperature and the methanol is 
removed by purging with N2 gas. Once dried, the cuvette is opened to air and 
the absorption spectrum of the F313 is recorded. The cuvette is then sealed and 
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flushed with N2 gas and then the F320 spectrum is recorded. For the reversion 
component of the cycle, the F320 film is heated to 80°C. After 60 min, vacuum 
is pulled on the cuvette and cooled to room temperature under vacuum. At room 
temperature, the cuvette 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 lab (see Fig. S7 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 (similar to Preparation of F324/F313 films) and placed onto a 
heating stage. The cluster films were exposed to ambient air throughout the 
heating experiment. The thermal couple was placed directly onto the cluster film 
and in the optical path of the UV-Vis spectrometer to achieve the most accurate 
film temperature. The cluster films were cycled over various temperature 
ranges. See Fig. S7 for 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 
(see Characterization Techniques). 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 process of pulling vacuum and filling 
the cryostat with helium cause the F313 to transition to the F320. See Fig. S7 
for Exciton-Temperature Relation for temperature below ambient. 
Monte Carlo and PDF Analysis: The integrated total scattering data was 
converted to pair distribution function (PDF) to better resolve differences 
between the two physical structures. The PDF was calculated using PDFgetx31, 
using the following parameters: Qmin = 1 Å-1, Qmax = 19.5 Å-1, Qmax,inst =  22 Å-1, 
rpoly = 0.9, rmin = 0 Å, and rmax = 20 Å. Qmin and Qmax are the limits in the range of 
scattering angle included in the Fourier transform to obtain the PDF. Qmax,inst is 
the upper bound for polynomial fit. rpoly is constant for frequency in polynomial 
correction. rmin and rmax are the range of calculated PDF. 

To determine a candidate 3D structure that fits the experimental PDF 
data for the F324 and F313 clusters the clusters were modeled using DiffPy-
CMI2 and a reverse Monte Carlo (reverse MC) method.  For an initial structure, 
we used InP MSCs3. The fit between the structure and the experimental PDF 
were evaluated using DiffPy-CMI with a least-squares solver (DiffPy-CMI, fitting 
script from CMI Exchange on Github). The following parameters were held 
constant: rmin = 2 Å, rmax = 20 Å, dr = 0.01 Å, Qdamp = 0.06 Å-1, Qmin = 1 Å-1, Qmax 

= 19.5 Å-1, δ2 = 6 Å2, isotropic atomic displacement parameters (ADP) = 0.02 Å2 
for Cd and S, and zoomscale = 1. δ2 is coefficient for r-2 contribution to the peak 
sharpening. Qdamp is damping envelope due to limited Q-resolution. Isotropic 
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ADP are thermal displacement of the atom, and zoomscale is stretches the 
structure model. (Note: see PDFgui user guide for a detailed description.) The 
values for Qdamp , δ2, and ADP for Cd and S were held constant, and determined 
based on literature values. Specifically, Qdamp is between 0.05-0.06 Å-1, δ2 

ranges from 2-7 for gold nanoparticle and CdSe1,4, and ADP are typically 
between 0.004-0.09 for Au and 0.01-0.05 for CdSe4–6. From these ranges, we 
selected the values for δ2 and Cd and S ADP (6, 0.02, and 0.02 Å2, respectively). 
Change the δ2 or ADP value by a factor of 4 changes residual by ~0.1 and ~1%, 
respectively. The single fitting variable used in DiffPy-CMI is the overall scale 
0.1 initial guess, fitted value scale are ~0.3. 

The reverse MC method follows the following procedure: 1) Randomly 
select at atoms in the cluster, 2) randomly move in 3D space the selected atom 
by 0.01 Å, 3) check that the move maintains realistic bond lengths (i.e., no 
atoms is within 2.15 Å of another and that no two Cd or two S atoms are closer 
than 3.6 Å). If not, the move is rejected. 4) Calculate residual based on DiffPy-
CMI fitting script. 5) Accept or reject the move. Accept if it improves the residual 
value (Rw). The residual value is calculated the following equation:  

𝑅𝑤 = √
∑ (𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖))

2𝑁
𝑖=1 

∑ 𝐺𝑜𝑏𝑠(𝑟𝑖)2
𝑁
𝑖=1 

, 

where 𝐺𝑜𝑏𝑠 and 𝐺𝑐𝑎𝑙𝑐 are the experimental and calculated PDF’s, and 𝑟𝑖 is inter-
atomic distance. 

If the atomic movement is worse than the fit based on 𝑅𝑤, then the move 
is accepted or rejected based on the following probability equation: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 < exp (−
|𝑅𝑤,𝑛𝑒𝑤 − 𝑅𝑤,𝑜𝑙𝑑|

𝑇𝑒𝑚𝑝
), 

where 𝑅𝑤,𝑛𝑒𝑤 and 𝑅𝑤,𝑜𝑙𝑑 are the residual values for the proposed move and 

current structure, respectively; Temp is a scaling factor that adjusts the 
likelihood of accepting a worse fit. It is similar to the temperature, in that the 
higher values promote the acceptance of worse fits or less favorable structures. 
During the reverse MC refinement, a simulated annealing approach was used 
in which initially there was a higher probability of accepting a worse fit (i.e., 
higher temperature), and probability decreased with time. The initial 
temperature was 0.1. The temperature is decrease based on the following 
criterion: if the running standard deviation is <0.1% for 200 steps the 
temperature is dropped by 10%. 

Supplemental Data 

Magic-sized cluster reversible transformation 
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Figure S1: 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 is nearly a pristine F324 species as in the concentrated. 
The F324 converts to F313 upon exposure to alcohol, but produces larger 
nanocrystals in the process. Removing the alcohol and heating does not 
revert the F313, but produces more nanocrystals and grows them. MSCs 
produced at dilute conditions are not reversible. 
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Figure S2a: 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 S2b: Ex-situ reversion process of clusters performed in a hexane. 
Here, the F313 is dissolved in hexane in a sealed cuvette with an initial optical 
density of 0.39 at a wavelength of 313 nm. The cuvette is placed into a hot oil 
bath at 70°C. The cuvette is periodically taken out of the hot oil bath and the 
cuvette exterior rinsed. The absorption spectrum of the cuvette is recorded at 
room temperature. The cuvette is heated and cooled repeatedly, until 
complete reversion. The final optical density is 0.35 at a wavelength of 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 (~0.04) is small, we do not suspect there is a bimolecular collision of 
the F313 to produce a F324. Therefore, we affiliate the difference in optical 
density to a change in extinction coefficient with a constant cluster 
concentration 
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Figure S2c: Left – Waterfall of the absorption spectra for the transformation 
cycle (Fig. 1b) with the respective F320 intermediate. Right – Intensity map 
of the absorption spectra for the transformation cycles. 



 

234 

Pair Distribution Function (PDF) Analysis 

 

 
Figure S3a: Iterations of the reverse Monte Carlo (MC) method used to 
generate the candidate F324 and F313 structures. The initial input 
structure is the single crystal of an InP MSC presented by D. Gary and co-
workers3 (see Fig. S3e) and is fitted against the F313 experimental PDF. 
The composition of the InP clusters are 37 In atoms and 20 P atoms, which 
translate to 37 Cd atoms and 20 S atoms in our clusters (see Fig. S3b). 
When the residuals of the fit have reached a plateau, the current structure 
is fitted to the F324 experimental PDF. The candidate F313 and F324 
structures are extracted from this plateau. See experimental methods for 
details on the MC method. 
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Figure S3b: Left – Fitted F324 structured determined from reverse Monte 
Carlo. The red spheres represent cadmium atoms and the orange represents 
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 each structures geometric center. Overlaying the 
fitted structures involved only translational functions and no rotational 
functions.  

F324 F313 Overlay

 
 Figure S3c: Left – PDF of F324 and the fitted F324 structure determined from 
reverse Monte Carlo (see Fig. S3a,b). The difference between the two PDF 
have small deviations about 0.0 across the inter-atomic spacings with a residual 
of 0.18, which indicates a good fit. Right – PDF of F313 and the fitted F313 
structure determined from reverse Monte Carlo (see Fig. S3a,b). The difference 
between the two PDF have small deviations about 0.0 across the inter-atomic 
spacings with a residual of 0.15, which indicates a good fit. The 16 Å diameter 
of the MSC is determined when the experimental data becomes noise and the 
fitted structure becomes smooth. 
 

 

 



 

236 

 

 

 
 Figure S3d: Left – PDF of F324 and an F324 after a complete transformation 
cycle (reverted F324). The peak positions between the F324 and the reverted 
F324 are the same. There are differences in the magnitude of the peaks, which 
may be attributed to the amount of free organic material within the sample. The 
reverted F324 undergoes more cleaning processes than the initial F324. Right 
– PDF of F313 and an F324 after a complete transformation cycle (reverted 
F324). The peak positions and magnitudes between the F313 and the reverted 
F324 differ substantially. These figures indicate that this CdS MSC family can 
reversible switch between two physical structures. 

 
 Figure S3e: Left – An InP MSC structure determined from single crystal with 
the In and P atoms replaced with Cd and S atoms, respectively. The single 
crystals work was performed by D. Gary and co-workers3. Right – A CdS MSC 
tetrahedral determined from single crystal. The single crystal work was 
performed by T. Vossmeyer and co-workers9.  
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 Figure S3f: Left – PDF of the F324 and an InP MSC structure determined 
from single crystal. Right – PDF of the F313 and an InP MSC structure 
determined from single crystal. Refer to Fig. S3e for atomic structure. 

 
 Figure S3g: Left – PDF of the F324 and a tetrahedral CdS MSC structure 
determined from single crystal. Right – PDF of the F313 and a tetrahedral CdS 
MSC structure determined from single crystal. Refer to Fig. S3e for atomic 
structure. 
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Figure S3h: Illustration for the determination of atomic displacement 
between the F324 and F313 structure with respect to radial position. The 
radial position 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. We use cadmium 
atom #19 (not shaded atom) in the F324 and F313 structures in the following 
calculations. 

Radial Position of Cadmium Atom #19 in F324 
F324 Cartesian Coordinate: [5.56, -4.58, 0.62] Å 

Geometric Center: [0.00, 0.00, 0.00] Å 

𝑅𝑎𝑑𝑖𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  √(5.56 − 0.00)2 + (−4.58 − 0.00)2 + (0.62 − 0.00)2

= 7.24 Å 

Displacement of Cadmium Atom #19 
F324 Cartesian Coordinate: [5.56, -4.58, 0.62] Å 
F313 Cartesian Coordinate: [5.33, -4.68, 0.53] Å 

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

=  √(5.56 − (5.33))2 + (−4.58 − (−4.68))2 + (0.62 − (0.53))2 = 0.27 Å 

𝑆𝑡𝑟𝑎𝑖𝑛 =  
𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝑅𝑎𝑑𝑖𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛
=
0.27 Å

7.24 Å
× 100% = 3.7% 

 
 
 

G
Geometric 

Center

Radial Position

Displacement
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Fourier-transform Infrared Spectroscopy (FTIR) 

 

 
 Figure S4a: Left – FTIR spectra of the C-H stretches 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 stretches for the 
F313, F320, and F324 clusters. The hashed lines indentify the carboxylate 
asymmetric stretches. The deviation within this spectral area between the 
F313, F320, and F324 is 2.5%, which suggests there is no change in bonding. 

 
 Figure S4b: 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 come from a 
variety of different transition metal acetate and are experimentally measured. 
The values reported for Ref. 2 are calculation from frequency shifts of a free 
acetate ion.  
Fit for Ref. 1: ∠OCO = 0.048∆ + 116.5 
Fit for Ref. 2: ∠OCO = 0.114∆ + 93.9. 
Ref. 1: Review by G.B. Deacon and R. J. Phillips10 

Ref. 2: Article by A. I. Grigor’ev11 
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 Figure S4c: Top – FTIR spectra of deuterated methanol (D3OD) and F324 
measured independently in a vapor cell. Bottom – FTIR spectra of deuterated 
methanol and F324 measured together, but separated by CaF2 window. The 
deuterated methanol does not share any vibrational features with the F324, 
which enables characterization of peak shifts. 

 
 Figure S4d: Ex-situ FTIR spectra of conversion process using deuterated 
methanol to initiate the transformation. UV-Vis Absorption is used to identify 
ratio of F324 to F313. When the deuterated methanol is added to vapor cell, 
the shoulder (*) 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). 
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 Figure S4e: Full spectra of the ex-situ conversion process using deuterated 
methanol. The deuterated methanol concentration changes periodically as a 
result of evaporation and condensation within the vapor cell. The significant 
changes in the deuterated methanol prevent quantitative analysis of how the 
deuterated methanol interacts with the film. However, the large changes in 
the deuterated methanol spectra do not influence the cluster spectra. 

 
 Figure S4f: Comparison of F313 made with standard methanol (CH3OH) 
to F313 made with deuterated methanol (DH3OD). The features between 
1350 and 1480 cm-1 are similar. The asymmetric carboxylate stretches for 
the standard and deuterated methanol 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 deuterated 
methanol and/or temperature fluctuations as observed with the exciton (see 
Fig. S7). 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 the standard methanol, deuterated methanol 
interactions with the carboxylate should be larger and shifted to lower 
frequencies, which neither of these effects are observed with the F313 
made with deuterated methanol. 
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X-ray Photoelectron Spectroscopy (XPS) 

 

  
Figure S5a: Stacked XPS spectra of F324, F313, cadmium oleate (CdOl), 
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 reference for each sample. Middle – 
Cadmium 3d XPS spectra. The dotted line at 405.1 eV represents the Cd 3d 
5/2 spin state of a +2 oxidation state. The Bulk and NPs matches that of the 
reference (405.1 eV). The F324, F313, and CdOl peaks are shifted to 405.5 
eV. Right – Oxygen 1s XPS spectra. The dotted line at 531.8 eV is used to 
illustrate the F324, CdOl, NPs, and Bulk samples have the same peak position. 
The F313 sample has the main peak shifted to 531.6 eV. The F313 and CdOl 
have a second peak at 534.5 eV, which indicate different oxygen species or 
binding configurations. 
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Table S1: Peak positions, standard deviations (Std. Dev.) and spectral areas 
of the cadmium 3d 5/2 spin states. All values are extracted from the data in 
Fig. S5a. The Std. Dev. is the standard deviation of a normal distribution 
function. The intensity of the peak for the 5/2 spin state is normalized to 1. The 
spectral area is the sum of normalized intensity between the binding energies 
of 402 to 408 eV. 

Cadmium 3d 5/2 spin state 
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 
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Table S2: Peak positions, standard deviations (Std. Dev.) and spectral areas of 
the oxygen 1s spin states. All values are extracted from fits to the data in Fig. 
S5a. The intensity of the C-O bonding peak is normalized to 1. 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 Std. Dev. is the standard deviation of a normal distribution function. The 
standard deviation within a sample is held constant between all of the fitted 
peaks. The spectral area is the area of the fitted normal distribution function. 

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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Origin of F320 

 

 
Figure S5b: Evolution of the O1s XPS spectra for the F313. While the F313 is 
under vacuum the amount of adsorbed methanol, peak at 535 eV diminishes 
with time. The XPS spectra are collected under ultra-high vacuum, which may 
cause desorption of weakly adsorbed species, such as the physisorption of 
methanol. It takes roughly 60 min to evacuate the air from within the XPS 
instrument. All O1s spectra are referenced to the 284.8 eV peak of the C1s 
spectra. 

 
Figure S6a: 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 × λ5 + λ, where λ is the original 
wavelength value. 
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 Figure S6b: 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 shifts 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. See Fig. S4 for the spectral area analysis. 
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 Figure S6c: 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 
hydroscopic. We do not believe the increase in O-H stretch is due to the N2 
being replaced with ambient air inside the vapor cell, since there is not a 
significant difference between the vapor cell backgrounds, whether it is filled 
with ambient air or N2. 
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Investigation of spectral shifts 

 

 
Figure S7a: Dieletric Effects – Left – Absorption spectrum of F324 dissolved 
in hexane (Hex) and tetrahydrofuran (THF). THF is the highest dielectric 
solvent (tested so far) that can dissolve the MSCs. In hexane the F324 at 
ambient temperature has an excitonic peak at 324.0 nm, whereas the same 
sample at ambient temperature in THF has an excitonic peak at 327.5 nm. 
Middle – Absorption spectrum 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 the energy 
separation in hexane is 135 meV. An increase in the dielectric constant 
increases the energy separation between the two pristine MSCs. Right – 
Absorption spectrum of F324 cleaned with varying dielectric solvents and 
dissolved in hexane (small peaks shifts are due to temperature variations, see 
Fig. S7d). Cleaning the F324 with a strong (fluorohexane) or weak (ethyl 
acetate) dielectric solvent does not affect the F324. Only a protic alcohols, 
either strongly (methanol) or weakly (octanol) dielectric can induce a 
F324→F313 transformation. Therefore, the MSC transformation is not the 
result of a dielectric effect. 
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Table S3: Physical and optical properties of the suspending and 
precipitating (cleaning) solvents for the MSCs. 

Solvent Dielectric Constant MSC Interaction 

Hexane 1.9012 Suspends 

Tetrahydrofuran 7.4013 Suspends 

Fluorohexane 1.6914 Precipitate 

Ethyl Acetate 6.0212 Precipitate 

Fluoroethanol 24.3215 Precipitate 

Acetone 27.7012 Precipitate 

Methanol 32.6312 Precipitate 
Ethanol 24.3012 Precipitate 

Propanol 20.1012 Precipitate 

Octanol 10.3012 Precipitate 

   

   

 

 
Figure S7b: Thermal cycle of cluster films. Each cluster film has a strong 
temperature dependent exciton. A dry F313 film will quickly shift to F320 when 
heated. A F320 film begins revert to F324 when heated above 65°C. The 
excitonic peak of the F324 follows the same thermal path. 
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Figure S7c: Left – Absorption spectra of F324 films below ambient 
temperature in a cryostat. Middle – Absorption spectra of F320 (originally 
F313, see Methods) films below ambient temperatures in a cryostat. Both 
F324 and F320 films are slightly opaque, which attributes to the observed 
slope at wavelengths greater than the 1st absorption peak. Right – Excitonic 
peak positions with cryo-temperatures. There is a constant ~106 meV 
separation between the F324 and F320 at cryo-temperatures. 
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Transformation Kinetics 

 

 
Figure S7d: Influence of temperature on the exciton of cluster films. The F320 
and F324 films are under in a dry environment (N2 or He gas). The F313 film 
has a saturated methanol vapor. Removal of the methanol vapor causes the 
F313 to shift to F320 (see Fig. S7b). Peak positions below ambient were 
measured in a Cryostat using the Cary5000 spectrometer and peak positions 
above ambient were measured in a sealed cuvette 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 and reverts to F324. 

 
Figure S8a: Left – Typical evolution of absorption spectra for the in-situ 
conversion process in a cluster thin film. The film is initially a pristine F324 
that discretely transforms into the F313 upon addition of alcohol. The spectra 
shown are from the conversion at 60°C. Right – Typical evolution of 
absorption spectra for the in-situ reversion process in a cluster thin film. The 
film is initially a pristine F313 that shifts to F320 upon removal of alcohol, 
which transforms into the F324 upon heating. The spectra shown are from 
the reversion at 80°C. 
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Figure S8b: Conversion process of a cluster film at 60°C showing the evolution 
of the F324 and F313 fractional components, and their sum. The spectral area 
of the transformation is nearly constant throughout the transformation. The 
spectral area is normalized to the initial spectral area and is the sum of the 
absorbance between the wavelengths 257-350 nm. 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 everyone F324 that is consumed, a F313 is produced.  

 

 
Figure S8c: 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. The rate constant is the only fitting 
parameter and is determined from the minimization of least squares fitting. 
The thin lines are the error in the rate constants. Error analysis of the least 
squares fitting is also performed (see Tables S4). Representative absorption 
spectra are shown in Fig. S8a. 
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Table S4: Rate constants of fits to the conversion and reversion processes. 
Uncertainty of the fits is indicated by Δk. R2 is the coefficient of determination. 
Uncertainties are determined by fitting the raw data with an exponential and 
the natural log (linearized) of the data with a line. 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 
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Figure S8d: Left – Arrhenius plot of the rate constants from Fig. S8c. Right – 
Eyring plot of the rate constants from Fig. S8c and normalized by temperature 
to enable analysis using the Eyring equation. 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 accuracy in the temperature (horizontal error bars) are the 
horizontal error bars, which is ±2.0°C. Temperature fluctuations during these 
processes are ~±0.5°C. Temperature of the film is equivalent to shifts in the 
excitonic peak (Fig. S7) and does not move outside the resolution in the 
wavelength of the instrument throughout the transformation process. Thick 
lines are the fit using the Arrhenius (left) or the Eyring (right) function and the 
thin lines are the uncertainty in the fitting parameters (see Table S5,6 for 
values). 

 

Table S5: 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. Error analysis is performed 
only to the data on the Arrhenius plot and is 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
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Table S6: Thermodynamic parameters for the conversion and reversion 
processes using the Eyring equation. The Gibb’s 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. Error analysis is performed only to the 
data on the Arrhenius plot and is 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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Figure S8e: 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)16. 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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Thermodynamic Control 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S9: 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, 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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PDF analysis of structures with bulk lattices 

 

 
 Figure S10a: Left – A 2 nm sphere of a bulk CdS wurtzite lattice (WZ). Middle 
– A 2 nm sphere of a bulk CdS zinc blende lattice (ZB). Right – A CdS tetrahedral 
with a zinc blende lattice. The faces of the tetrahedral are the (1 1 1) facets of 
the zinc blende lattice and has a composition of Cd35S20. 
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Figure S10b: Left – PDF of the F324 and a 2 nm sphere of the bulk CdS 
wurtzite phase (WZ). Right – PDF of the F313 and a 2 nm sphere of the bulk 
CdS wurtzite phase. Refer to Fig. S10a for atomic structure. 

 
Figure S10c: Left – PDF of the F324 and a 2 nm sphere of the bulk CdS zinc 
blende phase (ZB). Right – PDF of the F313 and a 2 nm sphere of the bulk 
CdS zinc blende phase. Refer to Fig. S10a for atomic structure. 

 
 Figure S10d: Left – PDF of the F324 and a bulk CdS zinc blende tetrahedral 
(TH). Right – PDF of the F3213 and a bulk CdS zinc blende tetrahedral (TH). 
The faces of the tratahedral are the (1 1 1) facets of the zinc blende lattice and 
has a composition of Cd35S20. Refer to Fig. S10a for atomic structure. 
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Conversion of F324 in a liquid 

 

Calculations 

Gibbs Free Energy 

The Gibbs free energy of the transition state is defined as, 

 ∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡ [1a] 

where, ∆𝐺‡ is the Gibbs free energy, ∆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 
fairly 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 

 
Figure S11: 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 depletes 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 (see Fig. S7). When the hexane and ethanol are evaporate 
from the cuvette and the solid mass is re-dissolved in fresh hexane, the 
spectrum is that of a pristine F313 (see Fig. S2). 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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process, there is a small difference in the ∆𝐺‡. The difference is even smaller in 
the conversion process, with the entropy being 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 
spectrum 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, 
Beer-Lambert’s law establishes a linear correlation 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, 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 
(see Fig. S8). 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, 
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 3a 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 at 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 
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Estimation of the CLUSTER radiative and non-radiative recombination rates 
can be calculated from the relationship to the CLUSTER quantum yields. The 
first relationship, eq. [3a], predicts the radiative recombination rate and 
requires knowledge of the excited state lifetime. 

 
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑

=  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 a ratio of radiative 
recombination pathway to all other recombination pathways. 

 
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑

=  
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 =
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑

𝜏𝑒𝑓𝑓
=  

0.017

5.2𝑥10−9𝑠
= 3.3𝑥106𝑠−1  

𝛾𝑛𝑜𝑛𝑟𝑎𝑑 =
𝛾𝑟𝑎𝑑(1−𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑)

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑌𝑖𝑒𝑙𝑑
=  

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, ℎ, (cuvette 
thickness) of 1.0 cm and a diameter, 𝐷𝑜𝑝𝑡 = 2𝑟𝑜𝑝𝑡, of 0.5 cm. This equates 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] 

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 F324,7 
the inorganic mass fraction of the cluster is ~30% and the organic (oleate ligand) 
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] 
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Method 2: Using the formula weight of the cluster, Cd37S20Oleate37 
(Cd40S20Oleate40, 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)(CdOleate2)]x, but the value of x was unknown.7 
Combining the PDF with the inorganic-organic composition, we expect the 
formula weight of the cluster to be Cd37S20Oleate37. 

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 
coworkers8, 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 polynomial8, 

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 
polynomial8, 

휀 =  21536× 𝐷2.3 = 21536× 1.672.3 = 7.0𝑥104 𝑀−1 ∙ 𝑐𝑚−1 [4f] 

where the units of M are moles of particles (clusters) per unit liter of solvent. 
The number of clusters can be estimated from Beer-Lambert’s law, 

𝐴 = 휀𝐶𝐿 [4g] 

where 𝐶 is the particle (cluster) concentration and 𝐿 is the path length of the 
optical beam though the cuvette.  By rewriting 𝐶 in terms of cluster number, 

𝐶 =
𝑁

𝑁𝐴𝑉𝑜𝑝𝑡
 [4h] 

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] 



 

264 

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 in each method is within the same order, 
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; considering, as it is the middle temperature between 
both processes. 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, 

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
= 1.2𝑥10−13𝑠 [5c] 

These two approaches yield similar lifetimes for the transforming cluster, where 
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 traverse through a meta-stable 
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 
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remains constant (~1.0) when summed over the wavelengths 220-350 nm 
throughout the transformation process (see Fig. S8). 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 meta-stable intermediate. 
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F: PDF Tutorial 
 

PDF Advantages 

Total X-ray scattering methods (Pair distribution function, PDF) provide a powerful 

analytical tool to characterize quasi-crystalline materials like nanocrystals .1–6  In 

contrast to standard X-ray diffraction that collect Bragg scattering; total scattering 

utilize both Bragg and diffuse scattering to obtain an atomic map of interparticle 

spacings. Upon refinement, this technique offers a way similar to Rietveld refinement 

to determine the structure of quasi-crystalline materials 7–9 

 

PDF Fundamentals 

Total scattering collects X-ray scattering over a wide-range of angles, particular large 

angles (>20 Å-1). Here is provided some details of theoretical foundation of total 

scattering and PDF. For further details see the following references.4,6,10) These 

scattering is described by Bragg’s law: 

 
I(Q) = ∑ ∑ 𝑓𝑖𝑓𝑗

sin(𝑄𝑟𝑖𝑗)

𝑄𝑟𝑖𝑗

𝑁
𝑗=1

𝑁
𝑖=1 , 

(1) 

 
Q= 

4𝜋 sin(𝜃)

𝜆
=

2𝜋

𝑑
, 

(2) 

where I is the scattered intensity, Q is the scattering vector (A-1), fi, fj are the atomic 

form factor, r is the inter-atomic distance, i,j are atoms that scatter, θ is the scattering 

angle, λ is X-ray wavelength, and d is the d-spacing. To cover the scattered intensity to 

the scattering function, the intensity is normalized by the atomic concentration and 

atomic form factor as follows: 

 
S(Q)=

𝐼(𝑄)−∑ 𝑐𝑖|𝑓𝑖(𝑄)|
2𝑁

𝑖=1

|∑ 𝑐𝑖𝑓𝑖(𝑄)
𝑁
𝑖=1 |

2 + 1. 
(3) 

This scattering function is often scaled by Q to obtain a reduced scattering function:  
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 F(Q) = 𝑄[𝑆(𝑄) − 1]. (4) 

The Fourier Transform of the F(Q) is the experimental PDF (G(r));an atomistic model 

of the PDF can be determined from the inter-atomic spacing of a given structure. 

Together the experimental and atomistic PDF provide way to refine the atomic structure 

of a given experimental sample.  

 
G(r) = 

2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄,
𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
 (5) 

 
G(r) = (

1

𝑟
∑ ∑

𝑓(0)𝑣𝑓(0)𝜇

⟨𝑓(0)⟩2
𝛿(𝑟 − 𝑟𝑣𝜇)𝜇𝑣 ) − 4𝜋𝑟𝜌𝑜, 

(6) 

where μ, ν are atomic in the structure, δ is delta function, and ρo is the average atomic 

density. By minimizing the error between the experimental and atomistic G(r) curves, a 

representative structural model can refined. 

The experimental workflow for a PDF experiment is as follows  

(1) Data acquisition—collection of X-ray scattering from the sample on 

an area detector,  

(2) Integration azimuthally of 2D image in Fit2d,11–13  

(3) Normalization of integrated intensity vs. Q (Å-1) data to produce the 

reduced scattering function using PDFGETX3,10  

(4) Fourier Transformation of the reduced scattering function to obtain 

the PDF using PDFGETX3,10 and  

(5) Refinement of atomic structure against the PDF data, using 

PDFGUI14 or DIFFPY-CMI.15  
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Data Acquisition 

Total scattering experiments are typically performed at synchrotron sources, which 

provide the necessary experimental conditions to obtain high-quality data for analysis. 

Specifically, synchrotrons offer high flux, large-area detectors, and high energy that 

enable the rapid collection of X-ray scattering over a large range of angles, especially 

high angles (Q> 20 Å-1), and collection of good counting statistics at high Q. Another 

key consideration is the elimination or collection of background signal to enable the 

removal/subtraction of all other forms of scattering beside that from the sample. 

Possible sources of scatter include sample holder, additives, scattering from beam 

upstream from the sample (i.e., shadowing which results in reduced intensity in select 

areas of the detector that resemble the ubstream setup (like a shadow)). The 

experimental data is a collection of images that can be averaged, and background 

subtracted to produce the corrected image to be analyzed.  

 

Data Processing 

Integration (Fit2d) 

The detector images are first integrated, often with a program called Fit2D. 11–13 The 

Cornell High Energy Synchrotron Source (CHESS) provided a clear tutorial using 

Fit2D.16 The basic steps for integration are 

1. Calibrating the image (determine sample to detector distance, often with ceria 

standard), 

2. Masking artifacts, 

3. Selecting the area to integrate, and 

4. Integrating. 

The data is typically save as a .chi file, which can be used PDF software. One important 

note macros can be recorded in fit2D for a specific analysis sequence, and then used to 
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perform the same analysis a large number of images extremely quickly. This integrated 

curve is I(Q) in Equation 1. 

 

Transformation to PDF (PDFGETx3) 

The main software to convert the integrated pattern in to the reduced scattering function, 

S(Q),and PDF, G(r), is PDFGETX3.10 This software has a thorough tutorial describing 

the analysis. The main point of consideration that requires some explanation is the many 

parameters required.  Specifically, Qmin and Qmax are the limits in the range of scattering 

angle included in the Fourier transform to obtain the PDF. Qmax,inst is the upper bound 

for polynomial fit. rpoly is constant frequency in polynomial correction. rmin and rmax are 

the range of calculated PDF. There is a trade-off in the selection of Qmax. Large values 

give better resolution, yet they also introduce high frequency oscillations into the PDF 

due to noise at high Q. As demonstrated in this reference,8 the selection of these 

parameters should be adjusted to ensure it does provides the high resolution, but 

minimize oscillations from noisy within the data..  

 

Structure Refinement (Data Analysis) 

Fitting Algorithm 

To determine a candidate 3D structure that fits the experimental PDF data, DiffPy-

CMI17 or PDFGUI14 are often used. DiffPy-CMI17 provide greater flexibility for non-

periodic samples (e.g., nanoparticle), yet requires some knowledge of coding in Python. 

The fit between the structure and the experimental PDF can be evaluated using DiffPy-

CMI with a least-squares solver (DiffPy-CMI, fitting script from CMI Exchange on 

Github). 

As with PDFGETX3, the parameters are a key consideration. The main 
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parameters are Qdamp, δ2, and isotropic atomic displacement parameters (ADP) for 

elements in the sample, and zoomscale. Qdamp is damping envelope due to limited Q-

resolution, and is a function of sample to detector distance and Qmax. δ2 is coefficient for 

r-2 contribution to the peak sharpening. Isotropic ADP are thermal displacement of the 

atom, and zoomscale is stretches the structure model. (Note: see PDFgui user guide for 

a detailed description.) In lieu of a more thorough 3D refinement, the changes in these 

fitting parameters (ADP, δ2) between samples are often use a metric to describe 

difference between samples.4,18,19 

 

Revere Monte Carlos Analysis 

To refine a 3D structure from the PDF data, a reverse Monte Carlo method is used. This 

method adjusts the atomic positions of the atoms in the structural model to improve the 

fit between the experimental and atomistic PDF.  When using a reverse Monte Carlo 

method with Diffpy-CMI fitting algorithm the fitting parameters (ADP, δ2) should be 

selected, and then held constant to avoid having two different solvers trying to improve 

the fit concurrently (see notes on this consideration in Appendix E). 

As mentioned in Appendix E, the following reverse MC method was used to 

analyze the structure of magic-sized clusters:  

1) Randomly select at atoms in the cluster,  

2) randomly move in 3D space the selected atom by 0.01 Å,  

3) check that the move maintains realistic bond lengths (i.e., no atoms is 

within 2.15 Å of another and that no two Cd or two S atoms are closer 

than 3.6 Å). If not, the move is rejected as not valid.  

4) Calculate residual based on DiffPy-CMI fitting script.  

5) Accept or reject the move. Accept if it improves the residual value 
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(Rw). The residual value is calculated the following equation:  

𝑅𝑤 = √
∑ (𝐺𝑜𝑏𝑠(𝑟𝑖)−𝐺𝑐𝑎𝑙𝑐(𝑟𝑖))

2𝑁
𝑖=1 

∑ 𝐺𝑜𝑏𝑠(𝑟𝑖)2
𝑁
𝑖=1 

, 

where 𝐺𝑜𝑏𝑠 and 𝐺𝑐𝑎𝑙𝑐 are the experimental and calculated PDF’s, and 𝑟𝑖 

is inter-atomic distance. 

6) If the atomic movement is worse than the fit based on 𝑅𝑤, then the 

move is accepted or rejected based on the following probability equation: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 < exp (−
|𝑅𝑤,𝑛𝑒𝑤 − 𝑅𝑤,𝑜𝑙𝑑|

𝑇𝑒𝑚𝑝
), 

where 𝑅𝑤,𝑛𝑒𝑤 and 𝑅𝑤,𝑜𝑙𝑑 are the residual values for the proposed move 

and current structure, respectively; Temp is a scaling factor that adjusts 

the likelihood of accepting a worse fit. It is similar to the temperature, in 

that the higher values promote the acceptance of worse fits or less 

favorable structures.  

During the reverse MC refinement, a simulated annealing approach was used in which 

initially there was a higher probability of accepting a worse fit (i.e., higher temperature), 

and probability decreased with time.  The initial temperature was 0.1. The temperature 

is decrease based on the following criterion: if the running standard deviation is <0.1% 

for 200 steps the temperature is dropped by 10%. 
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Below is the code for this reverse Monte Carlo Method described in Appendix E: 

1. #####################################################################   
2. # This Reverse Monte Carlo code adjusts the atomic positions of    
3. # a candidate structure, and the compare the new PDF to the PDF of   
4. # the previous structure. It uses a modified fitting script from    
5. # Diffpy-cmi's github page.   
6. #   
7. # The code is technically a function and is meant to be imported into   
8. # a python environmental to run.   
9. #   
10. # INPUTS: 1) folder name contain xyz file without extension ('.xyz')   
11. #         2) candidate xyz file (initial structure)   
12. #   
13. # OUTPUT: 1) Logfile has the step #, accepted residual, and    
14. #               acceptance criteria (temp)   
15. #         2) Old xyz file     (previous step)   
16. #         3) Next_guess       (proposed step)   
17. #         4) "_324" xyz file  (current best structure)   
18. #####################################################################   
19.    
20. ## Runtime timer if need   
21. import time   
22. #start_time = time.clock()   
23.    
24. ## Import packages   
25. import numpy as np   
26. import random   
27.    
28. def Monte_Carlo(folder_num,base_name):   
29. #####################################################################   
30.    
31. # Define Reverse Monte Carlo Alogrithm   
32. #   
33. # MECHANICS/CONSTRAINTS   
34. # 1) Selects a atoms to move (it does not delete or add atoms)   
35. # 2) Decide if big (0.01-0.1 A) or small (0.01 A) shit    
36. #      ~1% of shift should be big#    
37. # 3) Check if move is valid--physical   
38. #      a) No distance smaller than left edge of 1st PDF peak (2.15 A)   
39. #      b) No Cd-Cd distance larger than right peak edge (3.6 A)   
40. #      c) No distance in gap between right edge of 1st PDF peak    
41. #         (2.75 A) or left edge of Cd-Cd peak (3.6 A)   
42. # 3) Calculate residuals (Rw) on proposed move (new)   
43. # 4) Accept/Accept Up/Reject move based on probabilities   
44. #      a) Accept if new structure has lower Rw   
45. #      b) Accept up based on weighted probability (temp)   
46. #      c) Otherwise reject move   
47. # 5) Weighted acceptance criteria (temp), simulated annealing that    
48. #    adjusted the likelihood that a Accept Up move (worse fit) will   
49. #    be select. Temperatures state high (more Up Accepts),and then    
50. #    decrease stepwise as the Rw plateau.   
51. #      a) Track running std dev.   
52. #      b) If after 400 steps, the Rw has change by 0.1% of less   
53. #          drop temp by 10%   
54. #      c) If Rw are still > 0.1 and temp is low (1e-6), re-anneal to   
55. #         high temp (1e-1)   
56. # 6) Overwrite old xyz with new best struture   
57. # 7) Append step results to Logfile (step, Rw, temp)   
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58. # 8) Continue until max_step or select Rw threshold reached.       
59. #####################################################################   
60.    
61.     # Update file locations   
62.     # Note file_data directory should be the location of this script   
63.     file_data=''                             # Directory of Exp PDF   
64.     file_dir=file_data+folder_num+'/'        # Structure files INPUT   
65.     PDF_file = '[Exp PDF curve file.gr]'     # Exp PDF file name   
66.        
67.        
68.        
69.     def FindRw(struc,PDF_file):   
70.     #################################################################   
71.     # DIFFPY-CMI leasted squared code from Github (CdSe Fit script)   
72.     # converted into a function.    
73.     # INPUT: Structure   
74.     # NOTE: The experimental PDF curve is hard code below as dataFile   
75.     # OUTPUT:    Rw - residual   
76.     #            r  - inter-atomic distance   
77.     #          gobs - experimental PDF   
78.     #         gcalc - calculated (atomistic) PDF   
79.     #         gdiff - difference between gobs and gcalc   
80.     #################################################################   
81.    
82.         # A least squares fitting algorithm from scipy   
83.         from scipy.optimize.minpack import leastsq   
84.    
85.         # DiffPy-CMI modules for building a fitting recipe   
86.         from diffpy.Structure import loadStructure   
87.         from diffpy.srfit.pdf import PDFContribution   
88.         from diffpy.srfit.fitbase import FitRecipe, FitResults   
89.    
90.         # Update with data and structure file    
91.         structureFile=struc                 # Import structure file   
92.            
93.         # Files containing our experimental data   
94.         dataFile=file_data+PDF_file   
95.    
96.         # The first thing to construct is a contribution. Since this    
97.         # is a simple example, the contribution will simply contain    
98.         # our PDF data and an associated structure file. We'll give    
99.         # it the name "cds"   
100.         cdsPDF = PDFContribution("CdS")   
101.        
102.         # Load the data and set the r-range over which we'll fit   
103.         cdsPDF.loadData(dataFile)   
104.         cdsPDF.setCalculationRange(xmin=2, xmax=13, dx=0.01)   
105.    
106.         # Add the structure from our xyz file to the contribution,    
107.         # since the structure model is non-periodic, we need to    
108.         # specify the periodic=False here to get the right PDF   
109.         cdsStructure = loadStructure(structureFile)   
110.         cdsPDF.addStructure("CdS", cdsStructure,periodic=False)   
111.         #cdsPDF.CdS.setPhase(periodic=True)  #periodic or not   
112.        
113.         # The FitRecipe does the work of managing one or more    
114.         # contributions that are optimized together.  In addition,   
115.         # FitRecipe configures fit variables that are tied to the    
116.         # model parameters and thus controls the calculated profiles.   
117.         cdsFit = FitRecipe()   
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118.    
119.         # give the PDFContribution to the FitRecipe   
120.         cdsFit.addContribution(cdsPDF)   
121.    
122.         # Here we create variables for the overall scale of the PDF    
123.         # and a delta2 parameter for correlated motion of neighboring   
124.         # atoms.   
125.         # fixed = False means variable; = True mean constant    
126.         cdsFit.addVar(cdsPDF.scale, 0.1,fixed=False)   
127.         cdsFit.addVar(cdsPDF.CdS.delta2, 6,fixed=True)   
128.    
129.         # We fix Qdamp based on prior information about our beamline.   
130.         cdsFit.addVar(cdsPDF.qdamp, 0.06, fixed=True)   
131.         #0.06   
132.    
133.         # Since we are calculating PDF from a non-periodic structure,    
134.         # we also need to specify the Qmin to get he correct PDF. The   
135.         # value of Qmin could be the actual Qmin in the experiment or   
136.         # the Qmin used in PDF transformation, or some value related    
137.         # to the size and the shape of the structure model. Usually a   
138.         # value in (0.5 ~ 1.0) will give reasonable results.   
139.         cdsPDF.CdS.setQmin(1.0)   
140.    
141.         # The Qmax used in PDF transformation should also be specfied   
142.         cdsPDF.CdS.setQmax(19.5)   
143.    
144.         # We create the variables of ADP and assign the initial value   
145.         # to them.    
146.         # In this example, we use isotropic ADP for all atoms   
147.         CdBiso = cdsFit.newVar("Cd_Biso", value=2,fixed=True)   
148.         SBiso = cdsFit.newVar("S_Biso", value=2,fixed=True)   
149.    
150.         # For all atoms in the structure model, we constrain their    
151.         # Biso according to    
152.         # their species     
153.         atoms = cdsPDF.CdS.phase.getScatterers()   
154.         for atom in atoms:   
155.             if atom.element == 'Cd':   
156.                 cdsFit.constrain(atom.Biso, CdBiso)   
157.             elif atom.element == 'S':   
158.                 cdsFit.constrain(atom.Biso, SBiso)   
159.        
160.         # Now we create a zoomscale factor which stretches the    
161.         # structure model, this is useful when you want to fit    
162.         # the bond length. Note that the relative position   
163.         # of atoms are not changed during the refinements   
164.         zoomscale = cdsFit.newVar('zoomscale', value=1,fixed=True)   
165.        
166.         # Here is a simple we to assign the zoomscale to the structure.    
167.         # Note that this only works for NON-PERIODIC structure    
168.         lattice = cdsPDF.CdS.phase.getLattice()   
169.         cdsFit.constrain(lattice.a, zoomscale)   
170.         cdsFit.constrain(lattice.b, zoomscale)   
171.         cdsFit.constrain(lattice.c, zoomscale)   
172.        
173.         # Turn off printout of iteration number.   
174.         cdsFit.clearFitHooks()   
175.        
176.         # We can now execute the fit using scipy's least square    
177.         # optimizer.   
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178.         #print "Refine PDF using scipy's least-squares optimizer:"   
179.         #print "  variables:", cdsFit.names   
180.         #print "  initial values:", cdsFit.values   
181.         leastsq(cdsFit.residual, cdsFit.values)   
182.         #print "  final values:", cdsFit.values   
183.         #print   
184.    
185.         # Obtain and display the fit results.   
186.         cdsResults = FitResults(cdsFit)   
187.         #print "FIT RESULTS\n"   
188.         #print cdsResults   
189.    
190.         # Plot the observed and refined PDF.   
191.    
192.         # Get the experimental data from the recipe   
193.         r = cdsFit.CdS.profile.x   
194.         gobs = cdsFit.CdS.profile.y   
195.    
196.         # Get the calculated PDF and compute the difference between    
197.         # the calculated and measured PDF   
198.         gcalc = cdsFit.CdS.evaluate()   
199.         #baseline = 1.5 * gobs.min()   
200.         gdiff = gobs - gcalc   
201.             
202.    
203.         Rw=(np.sum((gobs-gcalc)**2)/np.sum(gobs**2))**0.5   
204.         return Rw,r,gobs,gcalc,gdiff   
205.    
206.    
207.     def XYZ_Reader(filename):   
208.     #################################################################   
209.     # Import base xyz file   
210.     # color atoms based on element 'Cd' or 'S'   
211.     #################################################################   
212.    
213.         atoms = []   
214.         coord = []   
215.         xx = []   
216.         yy = []   
217.         zz = []   
218.         xyz = open(filename)   
219.         n_atoms = int(xyz.readline())   
220.         title = xyz.readline()   
221.         for line in xyz:   
222.             atom,x,y,z = line.split()   
223.             atoms.append(atom)   
224.             coord.append([float(x), float(y), float(z)])   
225.             xx.append(float(x))   
226.             yy.append(float(y))   
227.             zz.append(float(z))   
228.         xyz.close()   
229.    
230.         col=[]   
231.         ## Distinquish Cd and S   
232.         for atom in range(0,len(atoms),1):   
233.             if atoms[atom] == 'Cd':   
234.                 col.append([0,1,0])   
235.             elif atoms[atom] == 'S':   
236.                 col.append([1,1,0])   
237.             else:   
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238.                 col.append([1,0,0])   
239.         return xx,yy,zz,col,atoms   
240.    
241.     #################################################################   
242.     #################################################################   
243.     # Finished initializing functions   
244.     # Start of Reverse Monte Carlo Code   
245.     #################################################################   
246.    
247.     # Load previous/initial XYZ file   
248.     file_name=file_dir+base_name+'.xyz'   
249.     xx,yy,zz,col,atoms=XYZ_Reader(file_name)   
250.    
251.     # Save old matrix with atoms, x,y,z, col   
252.     atoms_old = atoms[:]   
253.     n_atoms_old = len(atoms)   
254.     x_old = xx[:]   
255.     y_old = yy[:]   
256.     z_old = zz[:]   
257.     col_old = col[:]   
258.    
259.     ## Save generate xyz to file   
260.     f = open(file_dir+base_name+'.xyz','w')   
261.     f.write(str(len(atoms_old))+'\n')   
262.     f.write('\n')   
263.            
264.     for line in range(0,len(atoms_old),1):   
265.         f.write(str(atoms_old[line])+" "+str(x_old[line])+" "+   
266.         str(y_old[line])+" "+str(z_old[line])+"\n")   
267.     f.close()   
268.    
269.     #Calculate Rw of old structure   
270.     Rw_old,r_old,gobs_old,gcalc_old,gdiff_old =    
271.         FindRw(file_dir+base_name+'.xyz')   
272.     print "Rw_old:",Rw_old   
273.    
274.    
275.    
276.     # Initialize while loop for Monte Carlo   
277.     max_int=100000000               # Max iterations   
278.     count=0                         # count   
279.     count_sh=200                    # temp. count for rolling average   
280.        
281.     # Initialize Rw to save for each step   
282.     Rw_new=1.   
283.     Rw_total=[]   
284.     Rw_total=np.append(Rw_total,Rw_old)     
285.     temp=1e-1                       # initial temp, or acceptance   
286.                                     #   criterion weighting   
287.                                        
288.     while (count < max_int or Rw_new<0.12):    
289.     # while loop to continue alogrithim until residual are low   
290.        
291.         # Select a random atom # to move   
292.         atom_mod=random.randint(0,len(atoms)-1)   
293.        
294.         # Probability of move selection (Big or small step size)   
295.         rand_move= random.uniform(0, 1)   
296.            
297.         # Initial move vector x, y, z   
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298.         rand_x=0.   
299.         rand_y=0.   
300.         rand_z=0.   
301.            
302.         ## Propose a move ###########################################   
303.    
304.         if rand_move>0:      
305.             # Probability of small move   
306.             prob_test_move=random.uniform(0.00, 1)    
307.    
308.             if prob_test_move>0.01: # move small amount   
309.                 rand_r=0.01         # A   
310.             else:                   # move large amount   
311.                 rand_r=random.uniform(0.01,0.1)   
312.                
313.             # Select a random movementin 3D space   
314.             rand_theta=random.uniform(0,np.pi)     
315.             rand_phi=random.uniform(0,np.pi/2)   
316.             rand_x=rand_r*np.sin(rand_phi)*np.cos(rand_theta)   
317.             rand_y=rand_r*np.sin(rand_phi)*np.sin(rand_theta)   
318.             rand_z=rand_r*np.cos(rand_phi)   
319.        
320.             ## Check that move is within constraints--physical   
321.             # Calculate inter-atomic distances   
322.             dist=[]   
323.             for a in range(0,len(atoms)-1):   
324.                 if a==atom_mod:   
325.                 #if selected same atom as atom that moved-->skip/NAN   
326.                     dist=np.append(dist,np.nan)     
327.                 else:   
328.                     dist=np.append(dist,np.sqrt((xx[a]-   
329.                         xx[atom_mod]-rand_x)**2+(yy[a]-   
330.                         yy[atom_mod]-rand_y)**2+(zz[a]-   
331.                         zz[atom_mod]-rand_z)**2))   
332.                            
333.             # Don't let Cd's get to close to each other,    
334.             # distance btwn any 2 Cd atoms   
335.             dist_Cd=[]   
336.             for a in range(0,len(atoms)):   
337.                 if (atoms[a]=='Cd' and atoms[atom_mod]=='Cd') \    
338.                 or (atoms[a]=='S' and atoms[atom_mod]=='S'):   
339.                     if a==atom_mod:   
340.                         dist_Cd=np.append(dist_Cd,np.nan)   
341.                     else:   
342.                         dist_Cd=np.append(dist_Cd,np.sqrt((xx[a]-   
343.                             xx[atom_mod]-rand_x)**2+(yy[a]-   
344.                             yy[atom_mod]-rand_y)**2+(zz[a]-   
345.                             zz[atom_mod]-rand_z)**2))      
346.                 else:   
347.                     dist_Cd=np.append(dist_Cd,[4.15])    
348.                     # place holder S-S or Cd-C to by-pass check   
349.            
350.             #Don't let CdS bond get to close or far away       
351.             dist_CdS=[]   
352.             for a in range(0,len(atoms)):   
353.                 if (atoms[a]=='Cd' and atoms[atom_mod]=='S') \    
354.                 or (atoms[a]=='S' and atoms[atom_mod]=='Cd'):   
355.                     if a==atom_mod:   
356.                         dist_CdS=np.append(dist_CdS,np.nan)   
357.                     else:   
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358.                         dist_CdS=np.append(dist_CdS,np.sqrt((xx[a]-   
359.                             xx[atom_mod]-rand_x)**2+(yy[a]-   
360.                             yy[atom_mod]-rand_y)**2+(zz[a]-   
361.                             zz[atom_mod]-rand_z)**2))      
362.                 else: # if "Cd-Cd" or "S-S"   
363.                     dist_CdS=np.append(dist_CdS,[5.5])   
364.            
365.             # sort dist_CdS to ensure CdS coordination   
366.             sort_dist_CdS=np.sort(dist_CdS)   
367.             CdS_in_gap=[]   
368.             for a in range(0,len(atoms)):   
369.                 # NEW PDF data dist>2.75 or <4.7   
370.                 if dist_CdS[a]>2.75 and dist_CdS[a]<3.6:   
371.                     #In gap   
372.                     CdS_in_gap=np.append(CdS_in_gap,1)   
373.                 else:   
374.                     #Not in gap   
375.                     CdS_in_gap=np.append(CdS_in_gap,0)   
376.             In_Gap=np.sum(CdS_in_gap)   
377.             # if In_Gap==0, valid move within CdS coordiation distance   
378.                
379.                 # Test if move is valid/physical   
380.                 if np.nanmin(dist)>2.15 and np.nanmin(dist_Cd)>3.6 \   
381.                 and In_Gap==0:   
382.                             #accept   
383.                     xx[atom_mod]=xx[atom_mod]+rand_x   
384.                     yy[atom_mod]=yy[atom_mod]+rand_y   
385.                     zz[atom_mod]=zz[atom_mod]+rand_z   
386.                     n_atoms = len(atoms)   
387.                     Valid_Move=True   
388.                     print "Valid move"             
389.                 else:   
390.                     #reject   
391.                     rand_r=rand_r      
392.                     Valid_Move=False   
393.                     print "Invalid move"   
394.                                    
395.         ## Calculate Rw_new #########################################   
396.         # Save xyz file for the proposed step   
397.         ff = open(file_dir+base_name+'_nextguess.xyz','w')   
398.         ff.write(str(len(atoms))+'\n')   
399.         ff.write('\n')   
400.         print len(atoms)   
401.    
402.         for line in range(0,len(atoms),1):   
403.             ff.write(str(atoms[line])+" "+str(xx[line])+" "\   
404.             +str(yy[line])+" "+str(zz[line])+"\n")   
405.         ff.close()   
406.    
407.         # Find Rw    
408.         Rw_new,r_new,gobs_new,gcalc_new,gdiff_new = FindRw(file_dir+   
409.         base_name+'_nextguess.xyz')   
410.    
411.         ## Compare OLD and NEW Rw ####################################   
412.         if Rw_new < Rw_old and Valid_Move==True:    
413.         ## Accept   
414.             print "Accept Rw_new:",Rw_new   
415.             Rw_total=np.append(Rw_total,Rw_new)   
416.             # use xx,yy,zz,col and replace old with new   
417.             atoms_old=atoms[:]   
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418.             x_old=xx[:]   
419.             y_old=yy[:]   
420.             z_old=zz[:]   
421.             col_old=col[:]   
422.             n_atoms_old=len(atoms)   
423.    
424.             f = open(file_dir+base_name+'_324.xyz','w')   
425.             f.write(str(len(atoms_old))+'\n')   
426.             f.write('\n')   
427.    
428.             for line in range(0,len(atoms_old),1):   
429.                     f.write(str(atoms_old[line])+" "+str(x_old[line])+" "+   
430.                     str(y_old[line])+" "+ str(z_old[line])+"\n")   
431.             f.close()   
432.    
433.             Rw_old,r_old,gobs_old,gcalc_old,gdiff_old = \   
434.             Rw_new,r_new,gobs_new,gcalc_new,gdiff_new   
435.            
436.         ## Accepted up or reject   
437.         else:   
438.             # Schedule temperature drop (or decrease weight of    
439.             # acceptance criterion)   
440.             # if difference in Rw is <0.1% over 400 points, and    
441.             # at least 200 steps have elapsed   
442.             running_std=np.std(Rw_total[count-400:count],ddof=1)   
443.                
444.             if running_std<0.0001*Rw_total[count] and count>count_sh:   
445.                  temp=temp*0.9 # drop temp by 10%   
446.                  print "TEMP Change",temp   
447.                  count_sh=400+count   
448.                     
449.                  if Rw_total[count]>0.2 and temp<1e-6:     
450.                  # Re-anneal, if not optimal after 110 temp drops and   
451.                  # 2000 equilibration time   
452.                     temp=1e-1   
453.                     #Save structure pre re-anneal   
454.                     f = open(file_dir+base_name+'_324'+'_count_'   
455.                     +str(count)+'.xyz','w')   
456.                 f.write(str(len(atoms_old))+'\n')   
457.                 f.write('\n')   
458.                 for line in range(0,len(atoms_old),1):   
459.                         f.write(str(atoms_old[line])+" "+   
460.                         str(x_old[line])+" "+str(y_old[line])+" "   
461.                         +str(z_old[line])+"\n")   
462.                 f.close()    
463.                
464.             else:   
465.                 # No change in temp   
466.                  temp=temp   
467.                
468.             ## Test if should accepted up Rw   
469.             prob_test=random.uniform(0, 1)   
470.                
471.             if prob_test<np.exp(-np.abs(Rw_new-Rw_old)/temp) \    
472.             and Valid_Move==True:     
473.                
474.             # When Prob is greater than prob_test,    
475.             # accepted up   
476.                 print "Up Accept Rw_new:",Rw_new   
477.                 Rw_total=np.append(Rw_total,Rw_new)   
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478.                 # use xx,yy,zz,col and replace old with new   
479.                 atoms_old=atoms[:]   
480.                 x_old=xx[:]   
481.                 y_old=yy[:]   
482.                 z_old=zz[:]   
483.                 col_old=col[:]   
484.                 n_atoms_old=len(atoms)   
485.                 #print "Cd/S ratio: ", findstoic(atoms)   
486.                 f = open(file_dir+base_name+'_324.xyz','w')   
487.                 f.write(str(len(atoms_old))+'\n')   
488.                 f.write('\n')   
489.    
490.                 for line in range(0,len(atoms_old),1):   
491.                         f.write(str(atoms_old[line])+" "+   
492.                         str(x_old[line])+" "+str(y_old[line])+" "+   
493.                         str(z_old[line])+"\n")   
494.                 f.close()   
495.    
496.                 Rw_old,r_old,gobs_old,gcalc_old,gdiff_old = \   
497.                 Rw_new,r_new,gobs_new,gcalc_new,gdiff_new   
498.    
499.             else:    
500.                 #Reject new/proposeds structure, use old   
501.                 atoms = atoms_old[:]   
502.                 n_atoms = len(atoms_old)   
503.            
504.                 xx = x_old[:]   
505.                 yy = y_old[:]   
506.                 zz = z_old[:]   
507.                 col = col_old[:]   
508.                 Rw_new=Rw_old   
509.                 print "Reject Rw_old:",Rw_old   
510.         #           print "Cd/S ratio: ", findstoic(atoms)   
511.                 Rw_total=np.append(Rw_total,Rw_old)   
512.            
513.                 ff = open(file_dir+base_name+'_324.xyz','w')   
514.                 ff.write(str(len(atoms))+'\n')   
515.                 ff.write('\n')   
516.    
517.                 for line in range(0,len(atoms),1):   
518.                     ff.write(str(atoms[line])+" "+str(xx[line])+" "+   
519.                     str(yy[line])+" "+str(zz[line])+"\n")   
520.                 ff.close()   
521.    
522.                 Rw_new,r_new,gobs_new,gcalc_new,gdiff_new = \   
523.                 Rw_old,r_old,gobs_old,gcalc_old,gdiff_old   
524.       
525.         ## Print Log file   
526.         print count   
527.         #print "Rw_old:",Rw_old   
528.         f = open(file_dir+base_name+'_Log_324.txt','ab')   
529.         f.write(str(count)+' '+str(Rw_old)+' '+str(temp)+'\n')   
530.         f.close()   
531.        
532.         count+=1   
533.     return dist_CdS,atoms[atom_mod],atom_mod   
534.     #print time.clock() - start_time, "seconds"   
535. #####################################################################   
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G: Ph.D. Experience 

High Point 

One of the high points during my PhD was the discovery of the connection between 

magic-sized clusters (MSCs) stability and surfactant mesophase assembly. Based on 

several observations, I expected that MSCs formation occur along with a mesophase 

assembly. These observations included solution turbidity upon MSC formation, the 

viscous and gel-like nature of cleaned MSCs, and previous reports of surfactant phase 

behavior in highly concentrated metal soaps, which are chemically identical to 

nanoparticle reagents. Other groups have shown MSCs form inside a mesophase at low 

temperature, but not at high temperatures. I reached out to two staff scientists at the 

Cornell High Energy Synchrotron Source (CHESS) to be able to run an in-situ CdS 

MSC reaction at high temperature in the X-ray beam and was given a day to run the 

experiments. I spent the first handful of hours setting up the apparatus and 

troubleshooting equipment. By ~11pm, I still didn’t have any data, and the detector was 

being finicky. I decided to quit, and head home. As I walked out of CHESS, I saw the 

last bus drive for the night go by. I could either walk home or go back. I went back. I 

finally got the detector working and started an experiment. I remember watching the 

detector images refresh with each scan. Suddenly, I saw an extremely narrow ring in the 

image, and over time it increased in intensity, and additional narrow rings emerged. 

After this 1000 mM experiment, I ran a 500 mM experiments that also showed narrow 

rings. These narrow rings represent a hexagonal mesophase and verified the hypothesis 

that MSC formation is coupled to mesophase formation. Subsequent CHESS runs 

provided a more complete data set that illustrated this point, but this day in February 

2017 was the proof of the idea and provided data to better understand an open question 

in the literature: what stabilized MSCs? 

 

Low Point 

During my first year as a PhD student, I was starting to investigate high concentration 

nanoparticle synthesis. We had tried numerous parameters and finally had developed a 

method to produce consistent, high-quality nanoparticles. However, mechanistically, it 

was unclear what was happening at high concentration that gave rise to the slow growth 

and nearly monodisperse product. There were several hypotheses:  increased solution 

viscosity and lack of unreacted precursors (high conversion), but it was not clear how 

to demonstrate their effects on nanoparticle growth and size dispersion. Over several 

months, we presented various schematics outlining what we thought was happening. It 

felt like we were going in circles. Finally, we found ways to measure the nanoparticle 

conversion, raw reaction solution viscosity, as well as compare our data to several 

published model and create a coalescence model of our own. These efforts provided the 

needed mechanistic understanding to flesh out the paper. 
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Advise to Future Graduate Students 

Find another graduate student close to your research area that you can discuss things 

with (both as a supporter and a devil’s advocate). The person should know the area well 

enough to be able to quickly give detailed, accurate feedback, but not so well as to not 

be objective. Quick and frequent feedback on proposed experiments, recent literature, 

data interpretation and presentations help vastly improve the quality of the work, 

presentations to advisors, and makes research more effective. I have benefited from such 

discussion, which have a way of fleshing out hidden assumption and overlooked details 

as well as providing a valuable second perspective. These discussions are one of the 

best things about grad school, and I would submit they are a cornerstone of scientific 

research and collegiality.  

 

Favorite Quote 

Theodore Roosevelt said: 

“It is not the critic who counts; not the man who points out how the strong man stumbles, 

or where the doer of deeds could have done them better. The credit belongs to the man 

who is actually in the arena, whose face is marred by dust and sweat and blood; who 

strives valiantly; who errs, who comes short again and again, because there is no effort 

without error and shortcoming; but who does actually strive to do the deeds; who knows 

great enthusiasms, the great devotions; who spends himself in a worthy cause; who at 

the best knows in the end the triumph of high achievement, and who at the worst, if he 

fails, at least fails while daring greatly, so that his place shall never be with those cold 

and timid souls who neither know victory nor defeat.” (from the speech "Citizenship In 

A Republic” delivered at the Sorbonne, in Paris, France on 23 April, 1910. URL: 

http://www.theodore-roosevelt.com/trsorbonnespeech.html)  

 

http://www.theodore-roosevelt.com/trsorbonnespeech.html
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