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 Nanoparticles have consumed the attention of inorganic and materials chemists for decades 

owing to both their tremendous breadth in composition, size, and shape, as well as the many 

exceptional physical and chemical properties which derive therefrom. Organic and metallic 

nanoparticles are exceptional classes of materials, but of particular interest to us are nanoparticles 

produced from semiconducting compositions. Nanoparticles derived from combinations of group 

II and VI or III and V elements on the sub 10 nm scale are commonly referred to as quantum dots 

(QDs). Quantum dots have attracted a great deal of attention as the result of potent emergent 

properties arising from their quantum scale as well as the many benefits and applications of 

solution processability. Quantum dot research has led to a generational advance in numerous 



technologies and real-world applications including bio-sensing, catalysis, light harvesting, solid-

state lighting, and displays. Continued development of the physicochemical properties of QDs 

promises a more technologically advanced and a greener future.  

 One of the most poorly understood and yet functionally-critical properties of nanomaterials 

is their surface. Surfaces of bulk materials do not appreciably contribute to most of the material’s 

physical properties such as the band gap, absorptivity, or charge mobility. By contrast the surface 

of a nanoparticle is paramount to its physical as well as chemical properties. While size 

predominantly dictates the bandgap via the quantum confinement effect in QDs, the surface 

speciation ultimately decides charge trapping, transfer, solubility, and all manner of chemical 

reactivity. These varied implications of the surface represent both a responsibility and an 

opportunity to the chemist. The responsibility lies in identifying and characterizing the surface 

even though such measurements are often exceptionally difficult. However, if the surface can be 

well understood and controlled it holds the invaluable opportunity to tune the desired properties 

of the nanomaterial in ways not available through other means. Post-synthetic surface modification 

represents one of the most readily accessible and tractable methods for producing high-quality 

quantum dots with specific, engineered applications in mind. Our work in the Cossairt Lab has 

been exceptionally well poised to tackle this problem using atomistic and precise synthetic 

methodology.  

 Understanding the surface properties of quantum dots is also a critical step towards 

extending synthesis across length scales through the formation of mesocrystalline assemblies. 

Mesocrystals can be described as macroscopic pseudo-crystals and assemblies of nanomaterial 

units. Such assemblies offer not only another method of tuning the material properties, but a handle 

with which to create products for real-world problems that cannot be adequately solved by solution 



or amorphous film phases of matter. Just as the cytoplasm of a light harvesting plant cell contains 

a delicate assembly of countless microscopic components, future applications of quantum dots too 

must be built up from the nanoscale and incorporated into greater structures to extract their 

usefulness. By transcending the nanoscopic scale and engineering these structures across scales 

researchers can begin to tackle more problems with a greater degree of control and rational design. 

In order to achieve this though, one must simultaneously understand and control the critical 

interface of every nanoparticle: the surface. 

 In Chapter One of this thesis conceptualizations of nanoparticle surfaces will be reviewed 

in a greater detail. The discussion will be focused on II-VI and III-V materials, especially InP as 

it is the predominant focus of this body of work. An overview of mesocrystals and across length 

scale design will also be examined here. Chapter Two will focus on a quantitative investigation of 

ligand speciation and exchange at the surface of InP nanoparticles. This topic was thoroughly 

examined using atomically precise InP clusters and a combination of 1H NMR and 31P NMR 

spectroscopy as well in-situ SAXS via synchrotron. The controlled manipulation of InP surfaces 

is further examined in Chapter Three where manipulation of the nanoparticle surface is shown to 

give rise to control over nanoparticle crystal phase and growth profiles. Finally, Chapter Four will 

continue manipulations of the quantum dot surface towards the formation of mesocrystalline 

assemblies. Mechanisms of mesocrystalline material formation as well as preliminary applications 

towards photocatalysis will be discussed.  
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Chapter 1.  A review of semiconductor nanoparticle surfaces 

 

1.1 Introduction 

 Nanoparticles of all material compositions whether organic polymer, metal, 

semiconducting, or insulating exhibit changed properties that distinguish them as unique materials 

despite being compositionally identical to their respective bulk counterparts.1–4 The common 

denominator and source of these differences is often the nanoparticle surface. Consider a uniform 

bulk, cubic crystal 1 μm in size, such a crystal would contain on the order of 1×1012 atoms and 

only 0.06% of those atoms would be distinctive surface atoms. By contrast sub 10 nm nanoparticles 

contain on the order of 100 to 1000 atoms with surface to volume ratios as high as 30%. This 

dramatic change in size and surface area causes extreme changes to practically all physical and 

chemical properties including changes in crystal structure, melting point, magnetism, charge 

mobilities, defect moieties, catalytic activity, and redox potentials.5–9 In addition to altered 

properties it is the emergent properties of nanomaterials that have garnered a great deal of sustained 

interest, including the extreme electric field effects of metallic nanoparticles and the quantum 

confinement effects of semiconducting nanoparticles.10,11  

 Semiconducting materials are defined by their band gap, a 0.1 – 3.0 eV gap between the 

HOMO and the LUMO often arising from pairing cationic and anionic metal and non-metal atoms 

in their composition, e.g. Cd2+ and Se2- forming CdSe or In3+ and P3- forming InP. Upon electrical 

or photoexcitation, energetic electrons and holes in these materials characteristically give rise to 

excitons; these are coupled charge pairs that do not Coulombically recombine, similar in concept      

to the electron and nucleus of a hydrogen atom. The characteristic distance of this attraction differs 

between materials and is known as the Bohr exciton radius. In semiconducting nanoparticles when 
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the particle radius is decreased below the Bohr radius the quantum confinement effect is observed 

(Figure 1.1). By confining the exciton wavefunction, the observed bandgap of a given material is 

steadily increased. Particles in this regime are subsequently referred to as quantum dots (QDs).  

 

Figure 1.1. Effect of nanoparticle size on material band gap and intra-gap states as a result of the 

quantum confinement effect. 

 

To fully understand the implications of this effect on a QD’s chemical properties and behavior one 

must consider the effects of the surface. In a bulk semiconductor the small amount of surface atoms 

contributes negligibly to the QD’s electronic properties, and in the absence of a junction, bulk 

electronic properties are well-described by pseudo-infinite Bloch molecular orbitals defined by the 

bulk structure.12,13 In the nano-regime however, band edges are perturbed by the quantum 

confinement effect and under-coordinated surface atoms contribute intra-gap electronic states. 

Such states are the topic of a great deal of theoretical, spectroscopic, and crystallographic work.8,14–

16 These effects combine to cause the observable electronic and chemical behavior of a quantum 
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dot to be inextricably tied to the nature of the surface. Quantitative understanding of a nanoparticle 

surface must be considered a prerequisite for any rational application of quantum dot science or 

technology.       

 

1.2 Ligands and the atomistic quantum dot surface model 

The synthetic strategies and reagents used to prepare QDs vary widely between materials 

and have advanced greatly over time.1,17,18 While the effects of these synthetic differences are 

discussed in section 1.3, one universal factor that must first be addressed is ligation at the quantum 

dot surface. Individual nanoparticles are stabilized during and after growth by ligand 

molecules.17,19,20 Commonly used moieties include carboxylates, phosphonates, thiolates, amines,      

and phosphines. These ligands serve to stabilize under-coordinated surface atoms, prevent 

aggregation during nanoparticle growth, and promote colloidal solubility. Many metal-ligand 

interactions have been well-studied for small molecules in the organometallic literature.21–23 While 

this serves as a guide to understanding ligand-metal interactions at the nanoparticle surface, 

understanding these interactions quantitatively has been a long standing challenge in quantum dot 

research. This challenge arises both from the complexity of large, non-uniform surfaces and 

analytical limitations. There are dozens of commonly used organic and inorganic ligands and 

hundreds of quantum dot precursors that     are frequently mixed in many syntheses, resulting in a 

broad and complex scope of reported ligation motifs.24,25 Moreover there are a limited number of 

methods and techniques with which to analyze a nanoparticle’s surface. Commonly used 

techniques include transmission electron microscopy (TEM), nuclear magnetic resonance 

spectroscopy (NMR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Infra-

red (IR), UV-Vis, and fluorescence spectroscopies. However, many of these techniques not only 
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lack the ability to resolve surface and bulk differences but convolute greatly from even small 

amounts of nanoparticle or ligand polydispersity, with single crystal X-ray diffraction being 

limited to a select few examples.26–28  As a result, in spite of the tremendous importance of surface 

analysis, exact surface quantification remains a challenging issue in quantum dot research. 

A qualitative conceptualization of a typical quantum dot can be described as a nearly 

stoichiometric particle with a metal-rich surface that is passivated by surfactant ligands (Figure 

1.2).29  

 

Figure 1.2. Cartoon depiction of an approximately stoichiometric nanoparticle with a crystalline 

core, distinct surface environment, and layer of ligand surfactant.  

 

 Surface ligands are commonly referred to as belonging to one of three classes depending on their 

general binding behavior: X-type charged ligands which bind covalently such as carboxylate, L-
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type ligands which bind datively such as amine, or Z-type neutral organometallic molecules which 

bind datively such as Cd(COOR)2. Salts and other outer-sphere charge balancing species are not 

generally considered ligands and are usually the result of stripping away or under-passivation of 

the initial ligand layer.30 In addition to these binding motifs there are many highly relevant factors 

to nanoparticle ligation that may be quantified including the number of ligands per particle, facet-

specific binding, binding mode and denticity, binding strength, electronic influence, stability, and 

equilibria with other species.19,31–35 Moreover, these behaviors can vary greatly for the same ligand 

between material systems. For example, whereas amines stabilize Cd chalcogenides, they retard 

the growth of and decompose InP20,25. The organometallic analogy can only go so far to investigate 

many of these points. In small molecules charge balancing and valence filling greatly dictate ligand 

behavior. By contrast it has been shown that nanoparticle surfaces are highly dynamic and can 

stabilize missing ligands and charges via surface defects.15 These surface defects generally are 

localized and result in intra-band gap electronic states which can radically alter a particle’s 

electronic behavior.36–38 Finding and addressing such states is an imperative goal when designing 

quantum dots for emissive applications, for example. Likewise, distinct surface states play a key 

role in the catalytic activity of quantum dots.  

     One of the greatest tools in investigating at the level of detail demanded by this 

complexity is single crystal X-ray diffraction spectroscopy. Ensemble polydispersity of 

nanocrystals normally makes this impossible. In select cases however, small molecularly precise 

nanocrystals called clusters in conjunction with crystallographic measurements represent the “gold 

standard” in investigating nanomaterial surfaces with the same certainty seen in organometallic 

chemistry for decades. Unfortunately crystal structures remain elusive for most observable cluster 

species, especially for semiconducting material systems. Working with clusters as model systems 
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however remains a tractable approach with atomistic precision for studying nanocrystal surfaces 

and behaviors across many methods.39  Ultimately care must be taken in an almost case-by-case 

basis to carefully consider and understand how the surface of a quantum dot is both synthesized 

and treated for any given application or system. 

 

1.3 Synthetic and post-synthetic control over quantum dot surfaces 

 Early investigations into synthesizing quantum dots often involved formation in a solid 

matrix or polymer stabilized solution.40,41 These systems provided great insight into the novel 

optical and electronic properties of semiconducting nanoparticles but could only be studied using     

solid state methods, and by modern standards the quality (i.e., crystallinity, polydispersity, etc.) of 

the materials was quite low. By introducing coordinating solvents such as oleylamine and 

trioctlyphosphine, colloidal synthetic routes became widespread, and it was quickly recognized 

that coordinating surfactants had a great impact on controlling particle size and monodispersity, as 

well influencing optoelectronic behavior and defect densities.17,38 At this time, reproducibility was 

a problem facing the field. Buhro and others demonstrated that impurities in commonly used 

solvents such as trioctyl phosphine oxide (TOPO) were preferentially binding surfactants and had 

tremendous impact on nanocrystal morphology during synthesis.42 This revelation set the      

foundation for the field of ligand mediated nanocrystal shape control and affirmed the importance 

of careful solvent and surfactant consideration. Combined with procedural refinements, colloidal 

synthesis became and has remained the primary method for producing many types of high quality 

nanoparticles. 

 Modern QD syntheses typically aim to optimize ensemble monodispersity and minimize 

defects that negatively affect optoelectronic properties. This is often performed by designing 
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conditions to achieve a LaMer type growth profile using a combination of high concentration and 

temperature.43,44 Long-chain fatty acids, amines, and phosphines with high solubility in organic 

solvents and high temperature stability such as oleic acid, oleylamine, and trioctlyphosphine are 

commonly used in many different modern material syntheses. These reagents are commercially 

available and can be readily used in the preparation of organometallic precursors in many cases. 

As a result, highly monodisperse colloidal syntheses currently exist for a wide variety of materials. 

Optimizing for monodispersity however does not ensure the high-quality optoelectronic properties 

of a quantum dot. In many cases effectively monodisperse solutions can have so many surface 

defects as to have < 1% fluorescence quantum yield as is commonly observed during InP QD 

synthesis for example.45 It has been shown that at high temperatures carboxylates can decompose 

to form water, as a result it is very likely that the high temperatures required to form monodisperse 

QDs unavoidably introduce oxidative defects.46 Straightforward optimizations to synthetic 

variables such as temperature and reagent purity cannot entirely eliminate such a problem, instead 

post-synthetic strategies are a promising and more generally applicable alternative. 

 Post-synthetic modifications typically involve chemical treatment or shelling of the 

nanocrystal or both.1,24,36,38,47–49 Type I shells have been shown to pacify surface defects including 

vacancies and under-passivation. Using large band gap type I shells in this manner is a common      

approach for making high quantum yield nanoparticles of various compositions. The method has 

several drawbacks however. Finding a compatible shelling material and scalable conditions that 

will shell without damaging the starting nanocrystals is non-trivial. Moreover, shelling cannot 

repair all types of defects and has been shown to cause strain related defects and undesired 

optoelectronic effects as well.50,51  
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 A more broadly defined approach to nanoparticle surface modification involves the post 

synthetic treatment with small molecules. Owen et al. for example have shown that treatment with 

Z-type metal-ligand molecules can effectively, post-synthetically passivate certain surface defects 

relating to undercoordination.44 Similar treatments have shown improvements in quantum yields 

for other materials with treatment by HF being a common example.52 Ion treatment by the addition 

of additional metal ions such as Zn and Cd have also been explored as methods of targeting and 

repairing specific surface traps.38 The addition of supplemental L-type ligand to improve solubility 

is also reported in several cases.18,53 The addition or substitution of ligands has become an 

increasingly studied method in nanoparticle chemistry. By using this method one may optimize 

monodispersity with highly soluble fatty acid based ligands and separately optimize for the desired 

system afterwards. For example it has been shown by Talapin, Bawendi, and Kagan that 

conductivity of nanoparticle films can be increased dramatically by substituting shorter ligands, 

ligands which could fundamentally not be used in bottom up syntheses.54 In extreme cases ligands 

have been removed altogether using alkylating reagents, either as an intermediate step in ligand 

exchange or to produce optimal electronic coupling of the quantum dot to a substrate.55 Such 

systems are strictly only obtainable through post-synthetic means. Given the tremendous impact 

of the nanoparticle surface on its properties, controlling that surface is a primary objective of any 

materials chemist. Considering the difficulties and complexities of quantum dot synthesis it is 

imperative to be aware of and control the surface from the earliest stages of synthesis, and in order 

to produce the most useful materials possible continue to study and modify the surface post 

synthetically as well.  
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1.4 The surface chemistry of mesocrystals 

Nanocrystal surfaces also play a tremendous role in thinking about nanoscale synthesis across 

length scales. In this regard, a rapidly growing field within nanomaterial chemistry over the last 

decade has been the study of mesocrystals, their assembly, novel properties, and surface chemistry. 

Mesocrystals can be described as assemblies of nanocrystals often with pseudo crystalline packing 

or order up to macroscopic length scales.56 These structures were first appreciated in the field           

of biomineralization,57 but the principle has since been drastically expanded upon using a wide 

variety of metal, semiconducting, and mineral nanoparticles. Understanding the surface chemistry 

at work in driving the formation of mesocrystals and related hybrid structures has been a critical 

foundation of the research effort. Surface effects are key in driving the ordered assembly process 

which has been shown to occur in different systems between crystalline facets,57 ligand shell 

interactions,58,59 and through direct covalent bridging.60 In all these cases understanding and 

control of surface chemistry is critical towards directing the assembly process. It has been shown 

that the produced assemblies often exhibit novel or increased electronic properties through near-

field interactions between particles.61,62 One exceptionally useful application for which 

mesocrystals may be ideal is heterogeneous photocatalysis. Mesocrystal structures combine 

naturally active nanocrystals to form stable, extremely high surface area structures with excellent 

catalytic activity and turnover.63 The effectiveness of photocatalytic activity in this type of system 

has recently gained interest as the electronic communication afforded by the electronically 

interconnected particles can result in effective (de)localization of photogenerated charges.64,65 One 

of our longstanding research efforts is to take full advantage of this motif to enable highly efficient, 

and robust photocatalysts for green chemical transformations. 
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Chapter 2. Quantifying Ligand Exchange on InP Using an Atomically-Precise Cluster 

Platform 

Adapted with permission from the Journal of Inorganic Chemistry. Copyright 2019 American 

Chemical Society. 

2.1 Introduction 

Our understanding of the chemistry of colloidal semiconductor nanoparticles has advanced 

to enable progress in applying these materials in a wide range of applications including catalysis,1,2 

photovoltaics,3,4 displays,5 and imaging.6,7 Recent efforts have focused on developing non-toxic 

materials, such as InP, for large-scale, highly distributed applications.8,9 Research into II-IV and 

III-V nanomaterials has been tailored to the applications at hand by manipulating the quantum 

confinement effect as a function of size,10,11 shape,12,13 and composition.14 Underpinning this 

research, and fundamental to colloidal nanoparticle function and synthesis, is the nature of the 

nanoparticle surface. The surface and ligand layer represents a highly complex component of the 

nanoparticle composition that has influence on the structural, electronic, and reactivity properties 

of the nanomaterial.15,16 Accurately quantifying the binding properties of ligands is critical for 

designing size-tunable and anisotropic nanoparticle syntheses,17,18 as well as for post synthetic 

modifications such as shelling, passivation, or cation exchange.19–21 A detailed, analytical 

understanding of the surface structure and ligand coordination properties of a colloidal system 

must underscore any rational design of nanoscale properties in those systems.  

Post synthetic ligand modification specifically has enabled a host of targeted applications. 

Exchanging ligands of differing hydrophobicity has long been known to facilitate changes in 

nanoparticle solubility, a critical parameter to control for applications in biosensing.22 In a similar 
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manner, modifying mixed ligand shells to tune hydrophobicity has been used to coordinate the 

formation of nanoparticle superstructures.23 For catalysis applications, ligand exchange has been 

used improve C-C coupling rate24 as well as H2 production.25 Furthermore, quantum dots are 

frequently treated with additives such as HF and Zn2+ in order to improve photoluminescent 

quantum yields by removing defects such as dangling bonds at the surface.26–28 Finally, post-

synthetic ligand modification is required for tuning interparticle charge and exciton transfer in thin 

films of colloidal semiconductor nanocrystals.29 The nature of these applications implicitly 

requires post synthetic surface modification because the resulting surface chemistries would be 

significantly altered or the chemistry would preclude particle nucleation and growth.30 Therefore, 

a robust understanding of ligand behavior not only directly benefits nanoparticle synthetic design 

but can also enable it to be separately optimized and better compartmentalized from applications. 

Previous work in the literature has elegantly defined the binding affinities and 

characteristics of common ligands in the cases of CdSe,31–34 PbS,35,36 and perovskites.37,38 Using 

NMR spectroscopy, it has been shown that equilibrium models for the binding of ligands on these 

surfaces can be accurately and easily measured. These previous analyses, however, suffer from 

fundamental limitations of measuring ensemble properties of inherently polydisperse samples. 

Because these systems are not perfectly uniform and vary with respect to particle size, and 

moreover, the number and type of binding sites, simplifying assumptions must be made or the 

model must take these factors into consideration. This greatly complicates the modeling, reducing 

the translatability and interpretation across particle sizes, compositions, and morphologies. 

Critically, many of these systems lack experimental quantification of ligand binding modes in the 

first place, relying on theory or analogy to distantly-related molecular structures. Here we illustrate 

the veracity of using the precisely known In37P20X51 (X = carboxylate) cluster as a model for the 
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InP nanocrystal surface. This cluster can be synthesized and purified on a large scale and its surface 

chemistry is precisely known from single crystal X-ray diffraction analysis.39 Notably, despite the 

rising prominence of InP nanocrystals for emissive applications, no such investigation into the 

ligation and surface binding properties of InP has been performed to date.  

In order to answer outstanding questions surrounding InP nanoparticle surface chemistry, 

we adopt an analytical 1H NMR spectroscopic approach used to great success in the CdSe and PbS 

literature.31,35,40 Traditional aliphatic ligands are not diagnostically useful in the 1H NMR spectrum 

of nanoparticles due to excessive overlapping and polydispersity of their alkyl resonances in the 

upfield region. By using alkene-labeled ligands it is possible to quantitatively measure both free 

and bound ligands on the nanoparticle surface in the relatively clean 4.0-6.0 ppm region. It is 

convenient for our purposes then to use secondary alkene oleate ligands on the native particle 

surface in conjunction with terminal alkenes as the exchanging ligands to enable complete 

deconvolution and analytical assessment of the ligand exchange equilibria. The sources of 1H 

resonance shifts in nanoparticle solutions has recently been examined in detail including the source 

of peak shifts and broadening of ligated species.41 By using a high field instrument, ligated 

molecules can be reliably shifted and deconvoluted from their free counterparts. Herein we will 

use these 1H NMR properties to model ligand exchange equilibria as reversible chemical processes 

(Scheme 2.1) using  
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Scheme 2.1. Reaction Scheme Showing the Equilibrium Exchange of Oleate Ligands on InP 

Particles for Incoming Terminal Alkene-Labeled Ligands, Including Carboxylic Acid, Phosphonic 

Acid, and Thiol 

 

quantitative NMR integration and fitting in conjunction with mesitylene as an internal standard, 

and highly purified 1.3 nm In37P20X51 cluster as a precise starting point. Per-particle measurements 

are normally highly limited by not just polydispersity but also the inherent difficulty in determining 

nanoparticle concentrations. Using an atomically defined starting point eliminates data 

convolution arising from ensemble measurements and allows for highly precise correlations of 

per-particle properties such as ligand count and density.  
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2.2 Results and Discussion 

2.2.1 Carboxylate-Carboxylic Acid Exchange 

Carboxylates have historically been the ligand of choice for the synthesis of InP 

nanoparticles both for general laboratory use as well as for their application in commercialized 

display technologies.5 The exchange between X-type carboxylate ligands (Figure 2.1) such as 

oleate (Ol) and dodec-11-enoic acid (DDA) on nanoparticle surfaces has often been modeled as a 

metathesis type equilibrium as described by equation 2.1. 

 

Figure 2.1. 1H NMR spectra of the alkene region for titration of DDA into a solution of the Ol-

capped In37P20 cluster, from 0 equiv (red) to 139 equiv (violet). Resonances at 5.8−5.9 and 5.0−5.2 

ppm correspond to DDA, while those at 5.4−5.7 ppm correspond to Ol. Inset: 31PNMR spectra of 

the starting cluster (blue) and the cluster + 139 equiv of DDA (orange). 



20 
 

 

  ����� +  ���	�
��  ⇄  ��� ����
 +  ���	�� (2.1) 

 ��� = �����������
�����������   (2.2) 

 

This model is indifferent to binding modes of the ligand and site differentiation on the nanocrystal. 

The crystal structure of the In37P20X51 cluster with carboxylate ligands is known and exhibits 

exclusively bidentate and bridging-bidentate X-type binding across a relatively uniform surface. 

Attempting to model the exchange as an X-type metathesis and determine Keq via equation 2.2 

shows a non-linear trend that can be interpreted as two distinct equilibrium regimes (Figure 2.2A). 

The difference in these regimes is much greater than would be expected from the difference in 

chemical potential between facets of InP42, moreover a non-stoichiometric exchange ratio is seen 

in the early regime with sub-stoichiometric ligand displacement. Therefore, we consider an 

alternative, neutral L-type binding mode in addition to the X-type exchange to account for this 

increase in coverage. 
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Figure 2.2. A) A metathesis-style plot of Keq via equation 2.2 for the titration of DDA vs oleate 

capped cluster. Instead of a single slope corresponding to Keq, empirically two regimes of differing 

equilibrium constant are seen. B) The same data replotted using an isotherm fit via equation 2.4. 

This fit gives the following values: KXeq = 0.80, KLDDA = 2.3, KLOl = 1.9, nX = 51, nL = 8. 
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To model this type of binding, we adopt a modified multi-site Langmuir isotherm model 

(equation 3) that enables us to account for multiple species as well as multiple binding modes. 

Additional details and derivation are available in experimental section 2.4.4. Equation 2.3 

represents the binding of titrated acid (DDA) using a multisite-competitive Langmuir isotherm, 

which models the bound fraction of ligand, θDDA, as a function of free ligand concentrations and 

equilibrium constants. This model allows for the fitting of the fraction of sites belonging to each 

mode per nanoparticle, the L-type equilibria of each acid, and the relative X-type binding affinity 

of each carboxylate, such that KXDDA/KXOl = KXeq. We note that based on the range of calculated 

ligand desorption energies for different sites on the In37P20 cluster and the 1:1 nature of this 

exchange process, we would not expect to be able to distinguish individual X-type sites.45 

Considering that a ligand bound in the X- vs L-type mode will have a nearly indistinguishable 

terminal alkene resonance we can further rearrange equation 2.3 into directly measurable 

concentrations for quantitative 1H NMR analysis via equation 2.4.  Using this model, we see a 

much-improved fit and experimentally determine the equilibrium constants (Figure 2.2B). Our 

experimental value for KXeq of 0.80 is remarkably similar to KXeq reported by Dempsey et al. for 

a virtually identical pair of ligands on CdSe QDs,31 suggesting that some relative binding 

properties of ligands may translate very well between nanoparticle systems. This may be especially 

true for Cd2+ and In3+-based systems given the similarities in cation size and Lewis acidity. While 

the basicity of carboxylic acids is well characterized43,44 the L-type equilibria of carboxylic acids 

on nanoparticle surfaces has to our knowledge never been quantified. Here we find equilibrium 

constants for the L-type binding of typical aliphatic carboxylates to be on the order of KL = 2.0 

and that L-type binding accounts for approximately 15% of the total ligation when saturated. Given 

that L-type binding would proceed as a Lewis base interaction with a surface In atom, this ratio 
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would likely decrease with the decreasing concentration of surface In that has been theorized and 

observed on larger particles.45 Because these In sites are sterically saturated at the onset by 

bidentate binding, we would predict the L-type binding to be monodentate and concomitant with 

neighboring monodentate shifts in order to maintain coordination number and charge balance 

(Scheme 2.2). 

 ���� = �� �����������
� ����������� ��!"����� + �� �#���������

� �#��������� �#!"����� (2.3) 

 ���	�� = �$%&� '() �����������
� ����������� ��!"����� + (* �#��������� 

� �#��������� �#!"�����+  (2.4) 

 

 

 

Scheme 2.2. Schematic representation of L-Type carboxylic acid coordination with a concomitant 

shift in a bidentate carboxylate to a monodentate binding mode 

 

The difference between the L- and X-type binding modes was further investigated using variable 

temperature (VT) 1H NMR spectroscopy (Figure 2.3). Because the theoretical number of L-type 

sites is small due to steric crowding on the cluster surface and the binding is favorable, the low 

free acid concentration regime can be considered L-exchange dominated, whereas the high free 
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acid regime would theoretically be X-exchange dominated and L-type saturated. Constructing a 

Van’t Hoff plot by examining Keq as a function of temperature in the high concentration regime at 

44 equivalents of acid (115 mM acid) reveals a nearly iso-Gibbs energy reaction. This is a 

reasonable result given that the number of particles in the system remains unchanged and that the 

acids are extremely similar with an equilibrium constant quite close to one. By contrast, examining 

the low, L-type dominated regime at 7 eq (18 mM) reveals weakly positive enthalpy and entropy 

terms of ∆H° = 8 kJ/mol and ∆S° = 26 J/mol K respectively, in line with similar measurements in 

the literature. These values equate to a ∆G of 412 J/mol at room temperature and suggest that L-

type binding is slightly unfavorable whereas the isotherm fitting indicated it was slightly favorable. 

This may be an artifact of X-type exchange or other rearrangements convoluting the measurement, 

however it would also be unsurprising that carboxylic acids bind less favorably than traditional 

Lewis basic L-type ligands such as amines or phosphines. Positive entropy terms for ligand 

exchange reactions have been observed previously and assigned by others in the literature as 

disorder in the ligand shell, i.e. the entropy of mixing.31,40 Entropy purely from mixing would, 

however, be proportional to the molar fractions of ligands being mixed and thus we would expect 

an order of magnitude lower entropy for the low equivalent exchange regime, treated as ideal 

species just 1.2 J/mol K.46 We have previously shown crystallographically that carboxylates have 

four distinct X-type binding modes on InP that are predominantly bridging and bidentate. We 

hypothesize that L-type carboxylate binding would be associated with local rearrangement with 

neighboring ligands shifting from bidentate to monodentate in order to alleviate steric hindrance      

and reveal additional coordination sites. This denticity rearrangement has been seen 

crystallographically during the adsorption of water to the InP cluster.47 Such a rearrangement could 

result in a net increase in entropy related to the increase in available microstates of a monodentate 
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species vs a more rigidly bound bidentate ligand. Such conformational entropies have been 

calculated to be on the order of 10 J/mol K per degree denticity in other systems.48 

       

 

Figure 2.3. A) 1H NMR of cluster with 44 equiv additional DDA acquired from 268 K (red trace) 

to 328 K (magenta trace) in 10 K increments, toluene-d8, 700 MHz. B) Corresponding Van’t Hoff 

plots for the temperature-dependant equilibria of DDA vs oleate at a low concentration (blue) vs 

high concentration (orange) regimes of added DDA. 

 

A) 

 

 

 

 

 

 

 

 

B) 
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The excitonic feature of the cluster as measured by UV-Vis spectroscopy was tracked as a function 

of added titrant and undergoes a slight 20 meV redshift followed by a 60 meV blueshift over the 

course of the titration at room temperature (Figure 2.4). This change is inconsistent with what has 

been seen in the Z-type etching of In-carboxylate from the cluster by amine.47 Rather this strongly 

indicates influence of the ligand shell over the excitonic wavefunction which is magnified due to 

the cluster’s small size. Given the electronic similarity of oleic acid and DDA this shift is more 

attributable to changes in the surface environment as opposed to ligand identity, with changes in 

binding modes and increased total coverage being the operative differences. As such, this feature 

is not only tunable but highly reversible and a useful metric for conveniently tracking cluster 

purification. The 31P NMR spectrum does not show an appreciable change upon the addition of 

excess carboxylic acid (Figure 2.1, inset). Given that exchange is fast relative to the NMR 

timescale and that the net density of oxygen bonds at the surface does not change, this is not 

surprising, and supports the stability of the cluster towards excess carboxylic acid.  

 

Figure 2.4. Shifting absorbance spectra of In37P20 cluster with additional carboxylic acid. 
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2.2.2 Carboxylate-Phosphonic Acid Exchange 

Phosphonic acids are widely used in the semiconducting nanocrystal literature as robust X-

type capping ligands. As ligands they are characterized by their variable, bidentate binding modes 

and strong, often irreversible, binding affinity.49,50 These properties have been the driving 

arguments for synthetic observations such as anisotropic growth51,52 and shelling inhibition, as 

well as influencing physical properties of nanoparticles through enhanced thermal, photochemical, 

and oxidative stability.53–55 In the case of InP, phosphonate capping ligands have been little 

explored, and no bottom-up syntheses of InP using phosphonate ligands have been reported 

beyond a phosphonate-capped cluster species.56 This is likely due to the extreme stability these 

ligands impart upon low molecular weight, oligomeric, and cluster intermediates. 

Dianionic binding of phosphonates and displacement of carboxylate is widely reported in 

the quantum dot literature. This is readily predictable as phosphonic acids are roughly three orders 

of magnitude more acidic than analogous carboxylic acids and subsequent bidentate binding is 

heavily favored by the chelate effect.57 Assuming the dianionic nature of the phosphonate ligand, 

the theoretical point of complete stoichiometric exchange on the starting oleate-ligated In37P20X51 

cluster by adding 10-ene-undecyl-phosphonic acid (UDPA) is 25.5 equivalents. Titrations towards 

this stoichiometric point at room temperature are associated with a steady blueshift of the excitonic 

feature in the UV-vis spectrum across a range of 10 meV, beyond which a decrease in intensity 

and loss of the lowest energy features and solution color are observed, suggesting cluster 

decomposition (Figure 2.5).  
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Figure 2.5. Shifting absorbance spectra of In37P20 cluster with additional phosphonic acid. 

 

The initial hypsochromic shift is reasonably attributable to what has been proposed in the literature 

as ligand effects on excitonic wavefunctions as a function of head group electronegativity.58–60 The 

HOMO and LUMO of the cluster are calculated to reside close to the surface and can be influenced 

by binding agents as we have shown previously.39 Additionally, the exchange of carboxylate for 

phosphonate ligands dictates a significant degree of surface rearrangement, corroborated by an 

increase in cluster symmetry as seen by 31P NMR spectroscopy (Figure 2.6 C). During this room 

temperature ligand exchange, however, structural rearrangement is not equivalent to the alternate 

zincblende cluster structure observed from bottom-up synthesis at elevated temperatures. Rather, 

the In37P20 cluster core is evidently kinetically stable across the complete range of the ligand 

exchange.  By 1H NMR spectroscopy we measure the stoichiometry of this exchange between 

carboxylate and phosphonate to be 2.10 ± 0.06 carboxylates per phosphonic acid (Figure 2.6), in 
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strong agreement with the initial hypothesis of bidentate, irreversible binding as the phosphonate 

dianion. 
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Figure 2.6. A) 1H NMR spectra of the alkene region for the titration UDPA into a solution of 

oleate capped In37P20 cluster, from 0 equivalents (red) to 51 equivalents (violet). Resonances at 

5.8-5.9 and 5.0-5.2 correspond to UDPA while 5.4-5.7 correspond to oleate. B) Quantification of 

the displacement of carboxylate (blue) by phosphonate (orange). The solid black lines correspond 

to theoretical 1:1 (UDPA:UDPA, increasing) and 2:1 (DDA:UDPA, decreasing) stoichiometries 

respectively. C) ) 31P NMR spectra of the phosphide region for the titration UDPA into a solution 

of oleate capped In37P20 cluster, from 0 equivalents to 30 equivalents. 

 

Beyond the stoichiometric point of complete exchange there is no appearance of a free phosphonic 

acid resonances in either the 1H or 31P{1H} NMR spectra in these experiments. Coupled with the 

bleach of the UV-Vis spectroscopic features, this suggests cluster decomposition in the presence 

of excess acid. The stoichiometric point of etching to form In2PA3 and PH3 would be 55.5 

equivalents of added phosphonic acid, however we do not observe a distinct crossover at this point. 

Etched PH3 accounts for less than 3% of the phosphorous measured via 31P NMR spectroscopy 

C) 
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and the continued absence of free phosphonic acid suggests that InP decomposition by phosphonic 

acid does not proceed through primarily PH3 displacement. Instead, the broadening of the bound 

phosphonate resonances and eventual solidification of the sample implies the formation of 

complex InP(PO3)(PO3H) species. Despite this transformation being as completely forward driven 

as ligand exchange, it is only observed after ligand exchange is complete, prior to which at least 

20 unique bound phosphonate resonances are observable in the 31P NMR spectrum. Oligomeric 

phosphonate products such as this are likely what inhibits bottom-up growth of phosphonate-

capped InP nanoparticles. 

 

2.2.3 Carboxylate-Thiol Exchange 

While not a general-use ligand choice for InP synthesis as compared to carboxylates, thiols 

hold great interest in InP syntheses insofar as they relate to shelling strategies to access InP@ZnS 

and related heterostructures.61,62 A preliminary treatment of the exchange equilibrium between 10-

undecene-1-thiol (UDTh) and oleate ligands on the cluster using equation 2.2 results in a similar 

two regime progression as seen in the carboxylate exchange case. Quantifying the exchange by 

total ligands bound per particle, however, reveals a trend inconsistent with a mixed L- and X-type 

binding model. The low concentration exchange regime exhibits a highly stoichiometric 50 ± 1 

total X-type ligands bound. Following a rigid one-to-one exchange rate ratio strongly implies thiol 

does not L-type bind to InP. Additionally, the exchange causes a significant loss of 31P 

environment symmetry as observed by NMR spectroscopy that likely signifies surface 

reconstruction (Figure 2.7). This surface rearrangement appears to preclude carboxylate L-type 

binding, as is also observed in the case of phosphonate coordination. Modeled as pure X-type 

exchange, this regime follows a thiolate for carboxylate exchange with KXeq = 3.9 through 36 
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equivalents of added thiol, meaning a favorable exchange for thiol is seen through approximately 

50% starting ligand substitution. This favorable binding is consistent with thiolate being a much 

softer Lewis base than carboxylate and In3+
 being a relatively soft Lewis acid. By contrast, in the 

high concentration regime a roughly linear increase in the total number of bound ligands is 

observed at a ratio of approximately one per six equivalents of thiol added, or equivalently per 

increase in 0.6 mM thiol.  

 

Figure 2.7. 31P NMR spectra of the phosphide region for the titration UDTh into a solution of 

oleate capped In37P20 cluster at 0 and 15 equivalents. 

 

Because there is no observed L-type binding, super-stoichiometric binding in this second regime 

can only be explained by particle etching, exposing either more metal atoms on the surface or in 

solution. Similar observations have been made in the Z-type etching of CdSe nanoparticles by 
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concentrated primary alcohols.63 Using 1H DOSY NMR spectroscopy we measure the signal vs 

gradient decay rates for the bound species to be clearly non-monoexponential (Figure 2.8 A). 

Polyexponential decay curves mean that a sum of diffusing products is being measured, supporting 

the hypothesis of particle etching. Using biexponential fitting, three distinct species are found and 

can be independently correlated with the chemical shifts of bound or free regions (Figure 2.8 B). 

These species were found to have diffusion constants D = 1 × 10-5, 5 × 10-7, and 4 × 10-6 cm2/s 

which we assign as free acid/thiol, cluster, and etched product respectively. Accounting for solvent 

viscosity differences these values are consistent with literature.41,64  

 

A) 
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Figure 2.8. A) Example of a non-monoexponential diffusion signal decay measured in the alkene 

region. B) 1H DOSY NMR spectra from low gradient (red) to high gradient (violet), overlaid with 

corresponding pairs of diffusion constants acquired from bi-exponential fits. Mean diffusion 

constants in benzene and assignments are as follows (cm2/s): 1 × 10-5 (red) free acid, 5 × 10-7 (blue) 

etched species, 4 × 10-6 (green) cluster. 

 

The etched product appears to contain both thiolate and carboxylate. Using the Stokes-Einstein 

equation this material has a hydrodynamic radius of 1.0 nm, approximately three times that of the 

free acid. Specifically assigning this species is very challenging as many small oligomers can be 

drawn with mixed numbers of carboxylates and thiolates, especially considering the many bridging 

modes of carboxylate. Whether this species also contains. No such decomposition was observed 

by 1H and 31P{1H} NMR spectroscopy after exposing a sample of cluster to 16 equivalents of thiol 

B) 
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for 12 hours, while decomposition was effectively immediate when exposed to an excess of 35 

equivalents of thiol. This observation is unlike the Z-type displacement by amines on both InP65 

and CdSe,63 where initial displacement is very rapid and subsequently slows, likely speaking to a 

different displacement mechanism. Whereas the carboxylate and phosphonate exchange systems 

were found to be relatively analogous to what has been found for CdSe nanoparticles, the case for 

thiol differs quite dramatically. There is no evidence to suggest that thiol shows L-type behavior 

or that thiolate irreversibly binds on InP. Additionally, no evidence for the formation of disulfides 

was found in the 1H NMR data, which would have a diagnostic triplet at 2.5 ppm. The etched 

product of high concentration thiol exposure to the InP cluster most closely resembles Z-type 

exchange observed in the presence of alcohols in metal chalcogenide systems. 

 

2.2.4 Carboxylate-Carboxylate Exchange on QDs 

The In37P20X51 cluster has proven to be a robust analog for InP quantum dots in many 

regards. It possesses a similar stoichiometry, has an In-Rich surface comparable to that which has 

been established for InP quantum dots, and is passivated with the same commonly used ligands. 

Given the cluster’s greater curvature and more confined electronic structure, the similarity of 

ligand affinity between cluster and nanoparticle is not immediately obvious.66 To establish the 

veracity of using the InP cluster as a model system for larger InP nanostructures, we have 

replicated the carboxylate exchange experiment on larger InP quantum dots. These particles were 

purified in the same manner as the cluster and determined to be 3 nm by TEM analysis. Solution 

concentrations were determined via the literature extinction coefficient values66 and the exchange 

was carried out over a similar range to the cluster on a percent ligand basis using the same oleate 

starting and DDA titrant system.  
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The results of this exchange were indeed similar to those seen in the cluster case. 

Attempting to model the exchange mechanism as pure X-type metathesis yielded a similar non-

linear fit to Keq that was much-improved upon use of isotherm fitting via equation 2.3 (Figure 2.9). 

The experimental value for the X-type equilibrium was measured to be KXeq = 0.88. This value is 

in strong agreement with the cluster system. The ratio of L- to X-type sites was calculated to be 

approximately 10% of total sites, which is significantly less than the 15% seen in the cluster case. 

A decrease in available surface-In concentration with increasing particle size has been recently 

computationally predicted to be as much as 30% lower for a 3.28 nm nanoparticle as compared to 

the In37P20X51 cluster.45 This change would naturally lead to a decrease in the L- to X-type ligand 

ratio as there are fewer sites in general to bind and X-type coordination takes priority for charge 

balance requirements. The absolute number of bound ligands on a per particle basis was also found 

to be lower than expected. At 98 bound ligands per particle there are approximately 25% fewer 

bound ligands than literature and geometric considerations would otherwise predict on a per 

particle basis.45,66 This discrepancy could reasonably be attributed to ligand stripping from over-

purification as has been observed previously,67,68 or simply error arising from the inherent 

difficulty in quantifying nanoparticle concentrations. Overall, the nanoparticle system is 

demonstrably similar to the cluster system with nearly equivalent relative ligand affinities in 

conjunction with a predictable decrease in L-site availability.  
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Figure 2.9. Isotherm fitting via equation 2.4 of DDA titration into a solution of oleate capped InP 

QDs from 0 eq to 110 equivalents. This fit gives the following values: KXeq = 0.88, KLDDA = 2.3, 

KLOl = 3.5, nX = 88, nL = 10. 

 

2.3 Conclusion 

Ligand shells are a complex and relatively poorly understood aspect of colloidal 

nanostructures. We have shown that on colloidal InP, ligative properties can vary greatly 

depending on the ligand identity, but that their binding can be reliably and quantitatively modeled. 

By using an InP cluster as a molecularly precise starting point and alkene-labeled ligands, we are 

able to quantitatively model the ligand binding dynamics in an atomically precise manner using 

1H NMR spectroscopy. Using dodec-11-enoic acid, we demonstrate the broad similarity of the 

cluster coordination chemistry to that of larger quantum dots of InP and CdSe. By modeling the 

equilibrium between DDA and the starting oleate ligands using an isotherm-based approach, we 
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are able to for the first time deconvolute and quantify carboxylic acid L-type binding to a 

nanoparticle surface as accounting for 10-20% of total ligand binding at saturation. Given the net 

increase in entropy associated with this type of binding and the change in 31P symmetry seen upon 

the binding of phosphonate and thiol, we suggest that both X- and L-type exchanges are 

concomitant with surface carboxylates shifting from bidentate to monodentate and more 

significant structural perturbations in the case of strongly binding ligands. 10-Undecyl-1ene thiol 

was found to bind more strongly than oleate with no tendency towards L-type binding or disulfide 

formation but was observed to cause decomposition before complete exchange. Finally, undecyl-

10-ene phosphonic acid was found to bind irreversibly and at a strict 2:1 stoichiometry for oleate 

as has been observed in several material systems. This binding was largely free from 

decomposition below the complete exchange limit, beyond which InP-phosphonate oligomers 

began to develop. Ultimately, we believe that observations and analytical techniques such as these 

will underpin future development of nanoparticle synthesis and technological translation via an 

improvement in rational surface design. Methodological development in post-synthetic surface 

modification, including shelling for improved photophysical properties and ligand exchange for 

improved charge transport, will require a detailed understanding of the relative binding strengths 

of ligands as well as ligand decomposition pathways to achieve maximal utility. 

 

2.4 Experimental  

2.4.1 General Practices 

Unless stated otherwise, all chemical reactions were performed under N2 using standard Schlenk 

line air-free techniques and glassware. Chemicals were stored in a N2 glovebox dried unless 

stated otherwise. Standard solutions were prepared immediately prior to use. 
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2.4.2 Experimental Procedures, Synthetic: 

2.4.2.1 Synthesis of dodec-11-enoic acid (DDA):  

DDA was synthesized via a Grignard reaction. A 100 mL Schlenk flask under nitrogen was 

charged with 30mL dry THF, 333 mg of Mg (3 eq), and one flake of I2. Once the yellow color 

had dissipated, 4.0 g (17.1 mmol, 1.0 eq) of 11-bromo-1-undecene was added. The vessel was 

brought to 40 °C under N2 with stirring for 2 hr, and a deep gold developed. A cannula was then 

used to sparge the solution with CO2 for 1 hr. The solution was decanted and worked up with 

excess 1.0 M HCl and ammonium chloride. Following this it was extracted three times with 

saturated brine solution. The organic layer was concentrated by rotovap and purification was 

performed by column chromatography with a 1:8 ether:hexanes eluent followed by repeated 

washes with cold pentane. The product was a white powder with a tendency to melt from 

handling. 

2.4.2.2 Synthesis of 10-undecene-1-thiol (UDTh):  

UDTh was synthesized using a modified literature procedure via the synthesis and subsequent 

reduction of thioester.69 A 50 mL round bottom flask was loaded with 15 mL dry ethanol and 

1.96 g potassium thioacetate (17.1 mmol, 1.0 eq) and sonicated until a homogenous but opaque 

pink color. A separate solution of 15 mL dry ethanol and 4.0 g 11-bromo-1-undecene (17.1 mmol, 

1.0 eq) was prepared and both solutions were sparged with nitrogen for 30 m. The solutions were 

then combined in the round bottomed flask, equipped with a condensing column, and refluxed for 

18 hr under nitrogen. The resulting product was a dark orange with white precipitate and was 

extracted three times with 50 mL pentane. This solution was concentrated by rotovap down to an 

oil and purified by silica column using a 1:10 ether:hexanes eluent. The product was concentrated 

and confirmed by 1H NMR to be S-(undec-10-en-1-yl) ethanthioate (2.54 g, 65% yield). A 100 
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mL Schlenk flask was loaded with 740 mg LiAlH4 (1.75 eq) and under nitrogen and cooled to 0 

°C in an ice bath.  The thioester was resuspended in 5 mL dry ether and added dropwise with 

stirring. The solution was then removed from the ice bath and allowed to stir for 1 hr. The mixture 

was quenched with 15 mL of 1.0 M HCl and filtered over Celite on a glass frit. The organic layer 

was dried over MgSO4 and concentrated via rotovap to a clear oil yielding 10-undecene-1-thiol 

which was degassed and stored immediately in a glovebox freezer and used without further 

purification. 

2.4.2.3 Synthesis of 10-ene-undecyl-phosphonic acid (UDPA):  

UDPA was synthesized from 11-bromo-1-undecene via the Michaelis-Arbuzov reaction. In a 

Schlenk flask 3.0 g (12.9 mmol, 1.0 eq) of 11-bromo-1-undecene was combined with 6.2 mL 

distilled triethyl phosphite (38.6 mmol, 3.0 eq) and refluxed under nitrogen at 150 °C for 16 hr. 

Excess triethyl phosphite was removed by vacuum assisted distillation leaving a yellow oil and 

complete conversion was verified by 31P NMR spectroscopy. The flask was refilled with nitrogen 

and placed in an ice bath where a solution of 3.6 mL tris(trimethylsilyl)bromide in 10 mL dry 

toluene (27.1 mmol, 2.1 eq) was slowly injected. The flask was gently raised to 50 °C and allowed 

to stir for 2 hr where complete conversion was seen by 31P NMR spectroscopy. Toluene and 

volatiles were removed via distillation and the reaction was worked up with a dilute solution of 

HCl. The product was purified by four repeated recrystallizations from hot hexanes yielding white 

crystalline flakes. 

2.4.2.4 Synthesis of the In37P20 Cluster [In37P20(O2C18H33)51] 

Oleate ligated cluster was synthesized via the established literature procedure using in-situ formed 

In(Ol)3.70 After synthesis the clusters were taken into a glovebox where they were flocculated out 
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of solution with acetonitrile. The crude material was purified by two elutions through a size-

exclusion column using a BioBead stationary phase,67 followed by further resuspensions in toluene 

and acetonitrile flocculation until no free acid was visible by NMR spectroscopic analysis. The 

clusters were dried under vacuum and stored as a solid with a wax consistency.  

2.4.2.5 Synthesis of InP QDs 

The InP QDs used were synthesized by heatup of oleate-capped cluster.71 A solution of 200 mg as 

prepared cluster was dissolved in 10 ml octadecene and transferred to a 3-neck flask on the Schlenk 

line. The solution was raised to 280 °C at a rate of 10 °C/min. The solution was held at temperature 

for 1 hr, then allowed to cool. After vacuum assisted distillation at 120 °C the QD’s were purified 

in the same manner as the cluster. 

2.4.2.6 Titrations 

Samples of 20.0 mg of cluster (1.04 μmol) were weighed and suspended in 400 μL C6D6, or in 

the case of variable temperature experiments toluene-d8. Prior to use, deuterated solvents were 

prepared with mesitylene as an internal standard at a concentration of 0.050 M. Sufficient delay 

time was determined via the inversion recovery experiment of mesitylene. Titrating solutions were 

prepared using this internally standardized solvent for each sample at a concentration of 1 

equivalent ligand/ 10 μL of solvent. Between trials the J Young tube was brought into the glovebox 

where the appropriate amount of titrant was added via microliter syringe. Amounts beyond 50 eq 

(~10 mg) were weighed and added neat. The sample was allowed 30 min to equilibrate with 

agitation between additions. 
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2.4.3 Experimental Procedures, Analytical 

2.4.3.1 UV-Vis Spectrometry 

Ex situ UV-Vis spectra were measured using a Varian Cary model 5000 dual beam spectrometer. 

The spectrometer was equipped with a Mercury light source and measurements were made with 1 

nm resolution between 300 and 800 nm. Samples were loaded into polished quartz cuvettes for 

analysis. 

2.4.3.2 NMR 1H and 31P{1H} Spectrometry:  

1H and 31P{1H} spectra were acquired on a Bruker base 700 MHz frequency instrument using a 

BBO 1H{X} probe unless otherwise stated. Deuterated solvents were acquired from Cambridge 

Isotope Labs and dried over calcium hydride, vacuum-transferred, and stored over 4 Å sieves in a 

nitrogen glovebox. For 1H NMR spectra mesitylene was used as an internal standard and reference, 

while for 31P NMR spectra 85% phosphoric acid was used as an external reference. A 30° tilt pulse 

sequence was used to reduce quantitative delay times. Pulse and shim recalibrations were 

performed between all temperature changes during variable temperature experiments.  

2.4.3.3 NMR DOSY Spectrometry: 

DOSY spectra were acquired on a Bruker 500 MHz instrument using a TXO{1H} probe. A basic 

STE DOSY pulse sequence with a single gradient was used. The gradient dimension was acquired 

over 32 evenly spaced datapoints from 5% to 90% gradient strength at 8 scans each. Scans were 

run using a Τ1 delay of 30 s and a DOSY gradient pulse ∆ delay of 400 ms.  
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2.4.4 Deriving a multi-site, multi-species-competitive Langmuir isotherm in terms of measurable 

variables:  

A site balance on site-type n for multiple adsorbate species i is described by:  

 �%,� =  �%,-� − /01,,345
6

(2.5) 

Where individual equilibria are described by kinetics in the Langmuir model as:  

01,,345 = ���,,6 �%,�01<5 (2.6) 

Combining (2.5) and (2.6) one can define the fractional occupation of site-type n by species j: 

>,,? = ���,,?  0@<5
1 + ∑ ���,,66 01<5 (2.7) 

Summing over all site-types, the total fractional occupancy by species j becomes: 

>? = / �,
,

���,,?  0@<5
1 + ∑ ���,,66 01<5 (2.8) 

Using (2.8) one can rewrite (2.7) in the context of nanoparticles of concentration [NP] with zn 

number of sites of type n per-particle: 

>? = �@34�
∑ E,�FG�, (2.9) 

�@34� = �FG� / E,
,

���,,?  0@<5
1 + ∑ ���,,66 01<5 (2.10) 

 

(2.10) is general for n ≥ 1 and i ≥ 1, reducing to the competitive Langmuir isotherm for n = 1 and 

the multisite Langmuir isotherm for i = 1.  
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For example, the concentration of adsorbed oleate (Ol) competing with dodec-11-enoic acid 

(DDA) for L and X type sites becomes: 

����4� = �FG� JE#
���,#�� 0��<5

1 + ���,#�� 0��<5 + ���,#���0��	<5 + E�
���,��� 0��<5

1 + ���,��� 0��<5 + ���,����0��	<5K (2.11) 

And 

���	�4� = �FG� JE#
���,#���0��	<5

1 + ���,#���0��	<5 + ���,#�� 0��<5 + E�
���,����0��	<5

1 + ���,����0��	<5 + ���,��� 0��<5K (2.12) 

Definitions: 

 

[Sn0] Total concentration of sorption sites of type n  

[Sn]  Concentration of open sites of type n 

[in,ad] Concentration of species i bound on n-sites 

[iad] Concentration of species i bound on all sites (i.e. ∑n [in,ad]) 

[if] Concentration of species i free in solution 

Ki
eq,n Equilibrium constant of species i towards n-site type binding 

Θn,i Fractional occupancy of species i over n-type sites (i.e. [in,ad] / [Sn0] ) 

χn  Fraction of total sites that are type n (i.e. [Sm0] / ∑n [Sn0] ) 

Θi  Fractional occupancy of species i over all sites (i.e. [iad] / ∑n [Sn0] ) 

[NP] Concentration of nanoparticles 

zn Number of sites of type n per nanoparticle (i.e. [Sn0] = zn[NP] ) 

 

A note on X-type binding in this model: 
Modeling X-Type binding using the Langmuir model physically implies a sorption reaction of: 
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)� + FG ⇄ )FG 
Which is a physically unreasonable reaction in non-polar solvent. However, the net combination 

of two such reactions: 

)	� + FG  ���LLLLLLL⃗  )	FG 

)N� + FG  ���LLLLLLL⃗  )NFG 

()NFG  �����LLLLLLLL⃗  )N� + FG ) 
Reduces at equilibrium to the X-Type exchange reaction for reversible reactions A and B: 

)	� + )NFG  ��� ���⁄L⃖LLLLLLLLLLLLLLLL⃗   )	FG + )N� 

Thus if the reactions are at equilibrium and the exchange is one-to-one the net X-type equilibrium 

constant can be directly obtained from the isotherm variables: 

���,� = ���,��
���,��  
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Chapter 3. Templated Growth of InP Nanocrystals with a Polytwistane Structure 

Adapted with permission from Angewandte Chemie. Copyright 2018 Wiley-VCH. 

3.1 Introduction 

Since the earliest discovery of emergent properties in nanoscale materials, the field of 

nanomaterial synthesis has advanced to afford access to a host of entirely new phases of matter 

not observed in the bulk. The ability to define structure at the nascent stage of nanocrystal 

nucleation has enabled the synthesis of a wide variety of non-thermodynamic structures, including 

Al, Ge, and Au clusters,1–5 metal chalcogenide superlattices,6–9 and molecule-like crystals of InP 

and CdSe,10–13 many of which exhibit unique surface chemistry and optical properties, and all of 

which redefine the classical ideas of material phase and crystal synthesis. Such clusters often 

exhibit novel material phases. One such hypothesized nanoscale phase of matter is 

polytwistane.14,15 Based on the monomer twistane, an isomer of adamantane displaying carbon 

rings in twist-boat conformation, polytwistane is a polymer that has been hypothesized to form 

chiral, ultra-thin, ultra-rigid, high surface area carbon nanotubes. Strain extended into the polymer 

by the twist-boat conformation poses a synthetic challenge, but also implies exciting physical and 

optoelectronic properties.16  

Developing a rational understanding of the growth mechanisms of nanocrystals (NCs) is 

necessary in controlling material morphology at the atomistic level. Growing evidence suggests 

that classical mechanisms are in many cases insufficient to explain the formation of semiconductor 

NCs.11,17–19 The existence of non-classical cluster intermediates during crystal growth have been 

shown to have profound implications on the growth kinetics of NCs.17,20,21 These locally stable 

intermediates, so called magic-sized clusters (MSCs), are characterized by their  molecule-like 

monodispersity, unusual stability, and in many cases their ability to seed the growth of kinetically 
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accessible nanomaterial morphologies such as nanobelts, platelets, and pyramids.7,9,13 This last 

feature has made MSCs intriguing synthons for templated nanomaterial synthesis and suggests that 

exploiting their unique structural properties can facilitate the synthesis of new nanoscale phases 

and morphologies.22 Specifically, a close examination of a recently discovered InP MSC, 

In37P20(O2CR)51,10 reveals a high-symmetry In13P14 core fragment displaying a structure of 

multiple polytwistane units helically intersecting in three dimensions. We hypothesize that 

extending this framework without molecular rearrangement23 could result in InP nanostructures 

with a polytwistane crystal lattice.  

In this work, we describe a kinetic, templated growth strategy to convert InP MSCs to 

larger nanomaterials without a concurrent transition to a more thermodynamically stable phase. 

This strategy enables the synthesis of InP NCs with the unprecedented three-dimensional 

polytwistane framework by kinetically trapping the phase of the MSC. We further examine 

reaction intermediates and propose a non-classical mechanism to explain the evolution of this 

structure type. 

 

3.2 Results and Discussion 

3.2.1 Templated Conversion of InP Cluster Using P(SiMe3)3 

The P(SiMe3)3-induced conversion of In37P20(O2C(CH2)12CH3)3 (InP MSC) into larger 

NCs was probed using in situ UV-Vis spectroscopy (Figure 3.1). The synthesis was carried out at 

100 °C with 23 eq of P(SiMe3)3, both in excess over the empirical minimums for the reaction. At 

this temperature the MSC would not spontaneously thermally decompose (t1/2 >5 hr at 150 °C), 

but any added P(SiMe3)3 would immediately react, thus allowing for a quantitative relation 

between the equivalents of P(SiMe3)3 added and the evolution of the NCs via their optical spectra. 
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The resulting in situ absorbance spectra demonstrated a broad and continuous redshift of the 

excitonic transition over nearly 0.7 eV, consistent with nanocrystal growth. During this period, 

nanocrystal polydispersity was maintained as indicated by the change in FWHM of the excitonic 

transition from 0.50 eV to 0.56 eV. Closer inspection of the optical change vs time (Figure 3.1, 

inset) reveals that the growth occurred across three distinct regimes. Regime I is an apparent 

induction period wherein the optical spectra show no appreciable shift, slowly accelerating by the 

addition of ca. 5 equivalents P(SiMe3)3. Given that the lowest energy MSC transitions have been 

previously assigned to molecular orbitals that reside primarily in the core of the MSC,10 this 

observation does not discount the possibility of significant, surface-localized reactions. Regime II 

shows an extended period of nanocrystal growth with a strong correlation to the amount of 

P(SiMe3)3 added to the solution. Transition to the final regime occurs precisely at 17 equivalents, 

the stoichiometric point for conversion of all 51 carboxylate ligands in the MSC to silylester. 

Complete conversion is confirmed by 1H NMR spectroscopy. The decrease in absorbance is thus 

rationalized by a loss of colloidal stability. 
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Figure 3.1. In-situ UV-Vis spectra of the reaction between In37P20(O2C(CH2)12CH3)3 and 23 eq 

P(SiMe3)3 injected over 1 hr at 100 °C; traces displayed in 2.5 min increments. Inset: The shift in 

the absorbance at 450 nm vs time. 

 

Similar trends are observed upon the rapid and complete addition of the P(SiMe3)3, as well 

as under conditions in which concentration (across two orders of magnitude) and temperature (35 

- 125 °C) are varied (Figure 3.2). The temperature of this reaction was found to have a modest and 

non-linear impact on increasing product particle size. 
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Figure 3.2. A) UV-Vis absorption spectra as a function of reaction temperature for the product 

QDs of the reaction between In37P20 and 15 equiv P(SiMe3)3 at standard concentration. B) The 

corresponding lowest energy excitonic transition energy as determined by Tauc intercepts of A. 

 

 A typical 100 °C synthesis generates NCs with a diameter of 2.93 (± 0.25) nm as evidenced by 

TEM analysis, and as would be expected from the position of the excitonic transition (2.4-2.1 eV) 

of this material.24,25 The combination of dependence on temperature yet independence of starting 

A) 

 

 

 

 

 

 

 

 

 

B) 
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MSC concentration suggests a reaction mechanism that is rate limited by the conversion of an 

intermediate. 

 

3.2.2. Structural Analyses Using XRD and SSNMR  

 

Figure 3.3. XRD Patterns of MSC and NCs collected with Cu K1-Alpha radiation, and InP 

reference pattern (ICDD PDF 00-032-0452). 

 

 

The X-ray diffraction (XRD) patterns of the resulting NCs imply a greatly unaltered structure 

(Figure 3.3). Identical peak positions imply a perseverance of the MSC crystal phase whereas the 

lack of change in the FWHM implies that increasing synthesis temperature had no effect on the 

crystalline domain size of the NCs. These observations may be indicative of a unit cell that is large 
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relative to the final NC size, or by the formation of highly defective NCs. Annealing a dried sample 

under dynamic vacuum at 275 °C does, however, yield a clearly corresponding and also novel 

diffraction pattern exhibiting increased crystalline domain size greater than 10 nm. Variance in the 

diffraction patterns is well explained by the convolution of these underlying peaks (Figure 3.4). 

 

Figure 3.4. Comparison of standard In37P20 cluster (black) wide-angle X-ray diffraction peaks with 

the sum of three underlying gaussians centered at the cadmoindite (CdIn2S4) diffraction peak 

positions. 

 

 The annealed pattern has stark resemblance to the spinel mineral type, matching the thiospinel 

mineral Cadmoindite (CdIn2S4) to within d-spacing of 0.4%. We infer the formation of the near-

isovalent In-P based analogue, with P replacing S, In replacing Cd, and a charge balancing 

vacancy, In3P3, which would represent the first phosphospinel in the literature to our knowledge. 

In this light, the MSC-phase may be a similar, incomplete, or defective form of this structure type.  
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Using Magic Angle Spinning (MAS) 31P NMR spectroscopy we have observed that these 

NCs have a set of P environments distinct from both the starting MSC and zincblende InP (Figure 

3.5 C). The predominantly observed P environment at −242 ppm matches exactly with what we 

have previously assigned to the “core” environment of the MSC (Figure 3a), further suggesting 

that this structure has been isotropically repeated during growth.  

 

Figure 3.5. A) Solution 31P NMR spectrum of the In37P20 MSC. B) Solution 31P NMR spectrum 

of the In37P20 exposed to 2 eq P(SiMe3)3 over 120 hr, assigned as In29P14(O2CR)45. C) Solid state 

MAS 31P NMR spectrum of NCs packed in boron nitride and grown via MSC conversion with 

P(SiMe3)3. Marked at −197 ppm is the literature reported resonance of zincblende InP NCs.26 
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We propose that this solution-phase cluster conversion reaction is leading to the templated growth 

of InP NCs into a 3D polytwistane structure. The structural relationship between twistane, 

polytwistane, and the MSC is shown in Figure 3.5. Polytwistane is a theoretical carbon nanotube-

like morphology of carbon composed of ‘twist’ conformation six-membered rings with a structural 

connectivity exactly matching that of the InP MSC.14 The MSC contains numerous, interlocking 

polytwistane units of identical chirality up to polytwistane-6. Such a structure has, to the best of 

our knowledge, never been described theoretically or experimentally prior to our observation of 

the In37P20 MSC. Although the crystal structure of the cluster does not contain a repeatable unit 

cell of this phase, the motif of isotropically interlocking twistane units is clearly extensible and its 

similarity to a spinel crystal structure is evident. Given the near-identical powder diffraction 

patterns of InP NCs synthesized via this P(SiMe3)3 method and the starting cluster, the resulting 

quantum dots strongly appear to have maintained the phase of the MSC, adopting neither the bulk 

zincblende nor wurtzite structure. Moreover, the annealed diffraction pattern corresponds to no 

known phase of any In, P, and/or O containing material. 
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Figure 3.6. A) The In21P20 core of the In37P20 MSC (P=orange, In=purple). B) Twistane and 

(6)polytwistane, hydrogens omitted. C, D) One subunit of (6)polytwistane highlighted in the MSC. 

E, F) Hypothetical structure of In13P14 derived from the In21P20 core, etched atoms highlighted. 

 

3.2.3 Investigation of Intermediary Cluster Species and a Growth Mechanism 

Given the low C2 symmetry of the starting InP MSC and the continuous, steady growth 

process observed by in situ UV-Vis analysis, direct cluster aggregation seemed like an unlikely 

mechanism to explain the observed nanocrystal formation. Interested in learning more about how 

the cluster transforms during this growth process, we examined the reaction between the InP MSC 
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and low equivalents of P(SiMe3)3 (vis a vis Regime I) under more kinetically controlled conditions. 

Two equivalents of P(SiMe3)3 at room temperature resulted in a drastic blue shift in the MSC 

optical transition over a period of four days (Figure 3.7).  

 

Figure 3.7. Evolution of the absorbance spectrum of In37P20 MSC with the addition of 2 equiv 

P(SiMe3)3 in toluene at room temperature over four days.  

 

Figure 3.5B shows the 31P NMR spectrum of the resulting product. Contrasted with the NMR 

spectrum of the starting In37P20 cluster, fewer distinct P environments are present, implying that 

this product has significantly higher symmetry and is plausibly smaller, an observation consistent 

with interpreting the blue shift as resulting from increased quantum confinement. Shrinkage is 

further consistent with an increase in diffusion constant as measured by DOSY 1H NMR 

spectroscopy (Figure 3.8). 
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Sample Region (PPM) D0 (10-10 m2 s-1) Assignment 

MSC 
1.55 1.5 ± 0.5 Cluster, Surface 

1.40 4.9 ± 0.4 Cluster, Outer Ligand 

MSC +2eq 

1.45 3.5 ± 0.5 Cluster, Surface 

1.38 6.25 ± 2 Cluster, Outer Ligand 

1.30 14 ± 5 Silyl Ester 

In(Myr)3 1.35 9 ± 1.5 In(Myr)3 

 

Figure 3.8. 1H NMR DOSY diffusion spectra of In37P20 MSC, In-carboxylate, and the etched 

product of MSC with P(SiMe3)3 in toluene at room temperature. 

 

Tellingly the XRD pattern of this species remains virtually unchanged from the initial MSC 

pattern indicating significant structural preservation. We hypothesize that the addition of 

P(SiMe3)3 destabilizes the MSC by removing carboxylate ligands in the form of silylester, and 

creating high energy surface P sites. The cluster responds by fragmentation, shrinking but not 

dissolving entirely to its “core” (Figure 3.6F), which is shown with its P atoms assigned to the 
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observed 31P NMR resonances, in strong agreement with near isoenvironmental assignments of 

the intact In37P20 MSC (Figure 3.9).  

 

 

 

 

 

A) 
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Figure 3.9. A) Structure from single crystal X-ray diffraction of the In21P20 core of the In37P20 

cluster and corresponding 31P spectrum and assignments. B) The proposed structure of the 

In13P14 core produced by etching with 2 equiv of P(SiMe3)3 at room temperature (Figure 3.7) and 

corresponding 31P spectrum and assignments.  

 

The fused inorganic core has T point group symmetry and chemical formula of In13P14. 

Based on the structure of the starting InP MSC, we anticipate all of the phosphorus atoms to have 

near-tetrahedral coordination with their coordination spheres completed by In(O2CR)3, resulting 

B) 
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in a complete molecular formula of In16(In13P14)(O2CR)45. Ligation by indium carboxylate results 

in symmetry lowering and non-degeneracy of the ‘surface P’ environments as seen in the 31P NMR 

spectrum (Figure 3B).10,27 This formulation coincides perfectly with a balanced stoichiometric 

reaction between In37P20(O2CR)51 and 2 eq of P(SiMe3)3, as shown in Scheme 3.1. 

 

 

Scheme 3.1. A proposed reaction between the MSC and P(SiMe3)3. 

 

The structure of this polytwistane core is rationalizable at the atomistic level as shown in Scheme 

3.2. A slight deviation from zincblende during the early stages of nucleation readily drives the 

formation of the polytwistane phase. Atomistic growth or fragment addition can proceed to the 

formation of the MSC and beyond with no other perturbations necessary. By contrast, traditional 

colloidal InP syntheses in significant excess of 100 °C would have greater nuclei redissolution and 

favor a zincblende nucleus of lower chemical potential.28,29 However, complete dissolution is not 

observed under the kinetic conditions described here. Moreover, given the fact that no excess 

clusters or fragments are visible in the final NC 31P NMR spectrum, and that the MSC does not 

completely dissolve under these kinetic conditions, it can be inferred that multiple, partially 

dissolved cores must take part in surface P(SiMe3)3 driven aggregation processes in parallel or 

convolution with the recrystallization of liberated monomer. 
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Scheme 3.2. A hypothetical, partially illustrated example of structural formation and solidification 

during proto-nucleation of InP.  

 

3.2.4 Structural Evolution of InP Clusters and Quantum Dots Measured by In-Situ SAXS 

In order to further quantify the structural evolution of colloidal InP nanomaterial during 

nucleation and growth, time-resolved in-situ small angle X-ray scattering (SAXS) measurements 

were obtained using a synchrotron X-ray source. Capillaries containing typical 2:1:3.6 

stoichiometries of indium and phosphorus precursors and ligand were sealed in quartz capillaries 

inside an air free glovebox. While P(SiMe3)3 is known to react to form subsequent intermediates 

under these conditions no nucleation is observed at room temperature and the solution remains 

colorless. By loading the capillary into a heated sample holder nucleation can be initiated and 

measured in-situ as a function of time. The capillary heater was raised to 100 °C until no evolution 

in the scattering was observed, yielding a clear yellow solution. 
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Figure 3.10. Stacked in-situ SAXS measurements of InP nucleation, heated from 20 to 100 °C at 

a rate of 5 °C per minute with 60 s integration time per acquisition.  

 

At early time points below 50 °C no coherent scattering is observed from the solution which 

is consistent with the hypothesis that nucleation does not occur at room temperature. Coherent 

scattering begins to develop as the cell holder reaches approximately 50 °C. The development over 

time of this scattering is notably non-continuous. Scattering develops slowly within a band 

between 50 and 75 °C and appears to reach completion beyond 80 °C. Fitting using relatively 

simple solid sphere and ellipsoidal models was performed to investigate this structural evolution 

over time (Figure 3.11). 
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Figure 3.11. Selected time points of in-situ SAXS measurement of InP nucleation. Blue: 1 m, 25 

°C, no fit shown. Purple: 9 m, 75 °C, the black line represents a modeled spherical fit with a 7 Å 

radius and 20 % ensemble polydispersity. Orange: 22 m, 100 °C, the black line represents a 

modeled ellipsoidal fit with a 6.5 Å equatorial radius and an 11 Å polar radius.  

 

By 100 °C the product had stopped evolving and the scattering was fit to an ellipsoidal 

model fitting a 6.5 Å equatorial radius and an 11 Å polar radius. These dimensions closely reflect 

the dimensions and overall shape measured by single crystal X-ray crystallography being several 

bond lengths wider than tall and C2V symmetric. By contrast, the first persistent band in the growth 

profile centered around 60 – 70 °C fit to a spherical model with a 7 Å radius with 20 % ensemble 

polydispersity. The improved fit to a more symmetric spherical model with roughly the same radial 

dimension is in strong agreement with the fragment isolated via decomposition of the In37P20 

cluster (Figure 3.9). Observing such a species during the heating of precursors supports the 
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hypothesis that the smaller cluster is an on-path intermediate and not purely the result of 

decomposition.  

 To further explore the growth pathways of InP NCs, similar experiments were performed 

on purified solutions of the In37P20 cluster in ODE solution heating to significantly higher 

temperatures up to 275 °C to induce growth of larger InP nanomaterials. For these experiments, 

we were additionally able to correlate the evolution of both the small and wide-angle X-ray 

scattering domains over time (Figure 3.12).  

 

 

A) 
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Figure 3.12. A) SAXS spectra collected of 10 mg/mL In37P20 cluster solution heated at a rate of 5 

°C with 60 s integration time per acquisition. B) Corresponding WAXS spectra, shown at 8 m 

intervals.  

 

The thermolysis of a cluster solution to form quantum dots is shown to proceed only once the 

solution is heated beyond 150 °C. This barrier is in good agreement with in and ex-situ 

measurements that measure the optical properties of the system as a function of time via UV-Vis 

spectroscopy. The observed growth of the ensemble of QDs by SAXS shows no signs of 

intermediate aggregative or anisotropic growth. The crystal phase measured in the wide-angle 

domain during cluster thermolysis (Figure 3.12 B) shows a clear conversion between the starting 

twistane phase to the bulk phase zinc blende final product. What this in-situ data reveals that ex-

B) 
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situ measurements do not, however, is that the conversion proceeds through decomposition of the 

initial phase and a re-growth into the zinc blende phase. This corroborates observations from      

NMR investigations that suggest InP cluster to QD conversion occurs through a decomposition 

pathway and not an aggregative pathway followed by annealing. If phase annealing were occurring      

the WAXS data should reveal a mixed or alloyed phase at intermediate times rather than the almost 

complete loss of crystalline scattering altogether as seen by ca. 22 m, 150 °C. 

 

3.3 Conclusion 

The conversion of InP precursors to colloidal nanomaterials demonstrably deviates from 

the classical La Mer mechanism of growth. The In37P20 cluster has been previously shown by our 

group to be an isolable intermediate along the growth pathway to larger QDs. However here we 

have further investigated kinetic and thermodynamic growth regimes to control the conversion of 

this intermediate to larger InP NCs. Under the kinetic surface-mediated growth regime we propose 

a full mechanistic scheme as follows: P(SiMe3)3 drives a surface decomposition event upon its 

reaction with the stabilizing carboxylate ligands of the MSC, forming silylester, and liberating InP 

monomers. Because the MSC does not dissolve entirely, its core-dominated optical properties 

remain largely unperturbed, likewise the crystalline phase naturally remains unchanged as 

observed in the kinetic product. The fragmented, P rich products and liberated monomers then 

recrystallize in a non-thermodynamic phase as their chemical potential at low temperature is very 

high. Templated by the initial phase of the MSC, the resulting NCs therefore adopt the 

unprecedented 3D polytwistane structure. The thermodynamic growth regime was also 

investigated using synchrotron in-situ SAXS and WAXS spectroscopies. These investigations      
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corroborate growth pathways that involve cluster decomposition and regrowth as opposed to      

aggregation followed by annealing. 

 

3.4 Experimental 

3.4.1 General practices 

Unless stated otherwise all chemical reactions were performed under N2 using standard Schlenk 

line air-free techniques and glassware. Experiments were typically run using a 50 mL three-neck 

round bottomed flask equipped with a condensing column, gas adapter, glass thermowell, rubber 

septum, and magnetic stir bar. All glassware was oven or flame dried prior to use. Solvents were 

dried as described above. In a typical synthesis, materials were weighed and measured in a N2 

atmosphere glovebox and transferred to a receiving flask on the Schlenk line via syringe. Upon 

completing a reaction, solvent was removed by vacuum distillation and the flask was sealed and 

transferred into the glovebox for subsequent workup and analysis preparation. Samples were stored 

re-dispersed in toluene unless otherwise insoluble. 

 

3.4.2 Experimental procedures, synthetic 

3.4.2.1 Synthesis of Tristrimethylsilylsphosphine, P(SiMe3)3 

P(SiMe3)3 was prepared in a modified literature procedure.30,31 In our modified preparation NaK 

was substituted stoichiometrically with Na at a scale of 8.05 g (350 mmol) with the addition of 

0.759g (6 mmol) naphthalene. All subsequent steps remained unaffected. Net yield, 60%. 
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3.4.2.2 Synthesis of the In37P20 MSC, In37P20(OOCR)51 

Myristate ligated (OOCR = C14H27O2
-) InP MSC was prepared following literature procedures17 

using in situ produced InMyr3 and P(SiMe3)3. The cluster was purified by flocculation between 

toluene and acetonitrile and stored dry under an inert atmosphere. 

 

3.4.2.3 Synthesis of acid free In-Myristate 

In-Myristate (InMyr3) used outside of MSC synthesis was produced via InMe3 (We have observed 

both various reaction sensitivities to acid and morphological differences between in-situ, InAc3 

derived In(OOCR)3 vs that made with this method). In a typical synthesis 112 mg (0.70 mmol) of 

InMe3 and 479 mg (2.10 mmol) of Myristic acid were each dissolved in 2 mL toluene respectively. 

The In solution was added dropwise to the acid solution with stirring at RT in a glovebox and the 

mixture was allowed to stir at RT for 2 hr. Finally, the solution was dried under vacuum and the 

material was stored as a solid under nitrogen.  

 

3.4.2.4 QD Synthesis via MSC and P(SiMe3)3 

In a typical synthesis 50 mg of MSC was dissolved in 5 mL dry toluene in the glovebox and 

transferred via syringe to charge a 3-neck round bottom flask equipped to the Schlenk line under 

N2. Once the reaction was brought to temperature, 35-100 °C, a solution of 13.(3) uL P(SiMe3)3 

(15 eq) in 1 mL toluene was rapidly injected and the solution was monitored by UV-vis 

examination of aliquots for 10-120 min until completion. Once complete the reaction was distilled 

to dryness using vacuum assisted distillation. The Product was resuspended in toluene and purified 

by repeated flocculation in toluene and acetonitrile (1:5).  
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3.4.2.5 In37P20 Kinetic Conversion to In29P14 

In a glovebox 25 mg of purified MSC was dissolved in 25 mL dry toluene. A 3-neck round 

bottomed flask on the Schlenk line was charged with the MSC solution via syringe. To the solution 

2 mL of a prepared stock solution containing a total 0.44 uL (1 equivalent) P(SiMe3)3 was injected 

at 0 °C. The temperature was raised and held at 25 °C under nitrogen flow for 120 hr using an oil 

bath. Aliquots taken were diluted in 2.0 mL dry toluene in air free cuvettes. Toluene was distilled 

under vacuum at 25 °C prior to NMR and other analyses.  

 

3.4.2.6 ZnS Shelling 

A batch of QDs was made using the above procedure with 35 mg MSC, 5 uL (8eq) P(SiMe3)3, and 

4 mL dry ODE instead of toluene, carried out at 60 °C for 1 hr. The Sulphur precursor was made 

the day prior by allowing 10.5 mg elemental S (0.33 mmol) to stir at room temperature in 2 mL 

TOP overnight. The Zn precursor was made by first drying 75 mg Zinc Stearate (0.24 mmol) under 

dynamic and at 100 °C vacuum overnight. Under N2 4 mL of dry ODE was added to the ZnStr2 

and was stirred at 200 °C for 2 hrs until the solution was mostly clear. Using a syringe 

approximately one third of the Zn solution was transferred to the QD flask and the temperature 

was raised to 200 °C. Upon reaching temperature one third of the TOP-S solution was injected 

over a 10 min period using a syringe pump. The reaction was allowed to proceed for another 10 

min after which point the process was repeated two more times. The sample was resuspended in 

toluene, centrifuged, and decanted to remove greatly insoluble impurities, and was then purified 

by three rounds of resuspension in toluene and flocculation with acetonitrile. Photoluminescent 

data were acquired post purification. 

 



75 
 

3.4.3 Experimental procedures, analytical 

3.4.3.1 In-situ UV-vis of QD Synthesis 

In Situ observation of P(SiMe3)3 mediated QD growth was performed using an Ocean Optics 

dipprobe. The probe was fitted via air tight adapter to a 50 mL 4-neck round bottomed flask also 

equipped with condensing column, glass thermowell, and septa and under N2 via the Schlenk line. 

The flask was charged with 25 mg MSC dissolved in 15 mL dry toluene. The temperature was 

raised to 100 °C at which point 3 mL of dry toluene containing 10 uL (23 equivalents) P(SiMe3)3 

was slowly injected over 1 hr using a syringe pump.  

 

3.4.3.2 UV-Vis Spectrometry 

Ex situ UV-Vis analysis was measured using a Varian Cary model 6000 dual beam spectrometer. 

The spectrometer was equipped with a Mercury light source and measurements were made with 1 

nm resolution between 300 and 800 nm. Diluted samples were loaded into polished quartz cuvettes 

for analysis. Purified samples were taken directly from the glovebox using air-tight cuvettes.  

 

3.4.3.3 Photoluminescence Spectrometry 

Photoluminescence spectra of the ZnS shelled particles were acquired on a Horiba Fluoromax 4 

spectrofluorimeter. The sample was diluted in toluene, loaded in a quartz cuvette, and excited at λ 

= 430 nm. Light acquisition was measured using emission and collection slit widths of 2nm and 

automated software correction of dark noise. 
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3.4.3.4 XRD Preparation and Analysis 

After being purified, samples of clusters and quantum dots were concentrated in toluene. On <100> 

Si wafer and in the glovebox the samples were dropcast and the solvent was allowed to evaporate. 

This was repeated for 3-10 repetitions until visible surface coverage was achieved. Samples were 

analyzed on a Bruker D8 Discover X-Ray diffractometer with Cu Kα source. The Instrument was 

equipped with a 0.5 mm beam collimator, large area 2D detector, and an air scatter screen. Data 

were acquired with fixed theta position.  

 

3.4.3.5 HRTEM Preparation and Analysis 

Prior to TEM analysis samples were passed through a column filled with toluene soaked BioBeads 

1-2 times as an additional purification from excess carboxylate. Samples were diluted in dry 

toluene and dropcast on 200 mesh carbon-covered Cu TEM grids supplied by TED Pella. HRTEM 

imaging was performed using an FEI TECNAI F20 operating at 200 KeV using a single tilt holder 

with a point resolution of 2.3 Å. Images were collected via 4 MP CCD camera.  

 

3.4.3.6 Solution 31P and 1H NMR Spectroscopy 

Solution 31P NMR was performed on a Bruker Avance 500 system operating with a Bruker BBI 

1H {X} multichannel probe operating at 202 MHz. Unless otherwise stated 31P Spectra were taken 

under N2 in J Young tubes and using C6D6 as solvent. Chemical shifts are referenced to external 

85% phosphoric acid. Acquisitions were made using a d1 delay of 40s and generally collected for 

8-12 hours.  

Solution 1H spectra were taken either on the Bruker Avance 500 or on a Bruker Avance 300 system 

also operating with a Bruker BBI 1H {X} multinuclear probe operating at 300 MHz. Samples were 
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prepared in and referenced to C6D6. Acquisitions were made with a d1 delay of 25 s unless 

otherwise stated.   

 

3.4.3.7 Solid State MAS 31P NMR 

For MAS analysis ca. 100 mg of QDs were prepared and purified using the procedure outlined 

above. The sample was pumped to dryness using dynamic vacuum yielding a waxy product. Boron 

Nitride was manually mixed into this product until a homogenous, free-flowing powder was 

formed. Samples were packed firmly into a 3.2 mm ZrO2 rotor. Solid state spectra were taken on 

a Bruker 700 Avance system equipped with a 3.2 mm probe at 283 MHz. Spectra were acquired 

at the magic angle with a spin rate of 10 kHz and referenced to 85% phosphoric acid. 

 

3.4.3.8 Diffusion Spectroscopy NMR 

Diffusion constants were measured in C6D6 using a pulse field gradient stimulated Hahn echo 

sequence. Spectra were acquired on a Bruker Avance 500 (500 MHz). The sequence was executed 

with a sine wave pulse gradient and with a delay Δ between 100 and 200 ms for molecular or 

cluster species respectively. Data was processed using DOSY Toolbox freeware32. 

 

3.4.3.9 Synchrotron SAXS Preparation and Analysis 

Small angle X-ray scattering (SAXS) was performed using beamline 1-5 of the Stanford 

Synchrotron Radiation Light Source at the SLAC National Laboratory.  Wide angle X-ray 

scattering (WAXS) was collected at beamline 11-2. Data were acquired using a 1 m detector 

distance configuration using a PILATUS 100K 2D detector and at 10.5 keV. Samples were 

prepared in 1 mm quartz capillaries produced by Charles Supper Co at concentrations of about 10 
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mg/mL and sealed with epoxy. SAXS data were analyzed using SasView, an open source project 

developed in part by the NSF and NIST.33 The background was determined using an external 

capillary of solvent as a baseline reference and data were normalized to the beam-stop intensity. 
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Chapter 4. Covalently Linked, Two-Dimensional Quantum Dot Assemblies 

4.1 Introduction 

A longstanding goal in materials synthesis is the formation of order across length scales by 

the directed assembly of nanoscopic building blocks.1–4 By creating long range, hierarchical 

materials with order engineered down to the nanometer length scale, a new environment is created 

for the nanoscale building blocks, which can lead to distinct local behavior.5–7 Moreover, new 

system-level properties may emerge, a feature commonly exploited in nature to create complex 

functionality.8 Many successful strategies have been developed to create nanoparticle frameworks 

with long-range order, usually based on the use of hard- or soft-matter templates,9–11 or 

alternatively crystallization or aggregation across a larger length scale.12–14 The crystallization of 

atoms and small molecules is a well understood and analogous process to the repeated assembly 

of monodisperse nanoparticles or protein-sized molecules. In the most straightforward cases the 

direct, non-covalent crystallization of superlattices has been observed using nanoparticles as 

superatoms in crystalline or mesocrystalline lattices and films.9,15,16 A more generalizable 

approach to nanoparticle assembly has been the addition of linker units that make use of either 

non-covalent or covalent bonding to hold or direct individual centers in a lattice,17–20 similar to the 

strategy common to metal- and covalent-organic frameworks (MOFs and COFs).21,22 However, 

few generalizable strategies exist when the assembling unit exceeds the size of a small molecule.  

Forming freestanding assemblies of nanoparticles with a high degree of order has proven 

to be a particular challenge, and most solution synthesized NP assemblies in the literature are 

entirely amorphous.17,23 This is due to their large size and polydispersity resulting in crystallization 

of a superstructure being kinetically disfavored. In contrast, more ordered and mesocrystalline 

nanoparticle assemblies are the result of enthalpic or electrostatic assembly pathways, templating, 
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and often drying effects via dipolar and Van der Waals interactions.24,25 Particles with well-defined 

shapes for example can exhibit permanent dipoles leading to solution-phase self-assembly as has 

been seen in the dipole driven formation of anisotropic CdTe films in water with charged ligands.26 

Similarly, nano and microparticles with well defined, distinguished facets and anisotropy have 

been observed to form long range assemblies,13,27,28 and especially in the presence of hard 

templates,29,30 bio-templates,31–33 or interfaces in which they preferentially orient.34–36 

Thermodynamic assembly forces have been demonstrated most clearly in the case of 

nanoparticle “programmable atom equivalent” design. In these systems it has been shown that 

DNA based ligands induce assembly driven by the enthalpic, thermodynamically favored binding 

of complementary base pairs leading to orientational control.31,37–41 Recently, this strategy was 

exploited to create 3D frameworks of DNA-defined voxels that define the lattice symmetry 

independent of the size or shape of the nanoparticles.42 Extension of this approach to more versatile 

polymer-based ligands with “lock-and-key” complementarity has also been realized.43–48 These 

methods, however, often require ligands that are difficult to scale and have been most broadly 

examined in the case of traditional metal nanoparticles in aqueous solution. Very few examples 

exist in the literature of scalable, solution processable methods for creating ordered assemblies for 

arbitrary nanoparticle compositions. Scalable and generalizable syntheses with robust products are 

required for practical applications such as catalysis where changes to material composition and 

morphology are less flexible. In one particularly inspiring example, Pozzo demonstrated a solution 

phase method of directed nanoparticle assembly based on generalizable steric exclusion,49 

allowing formation of dimers, trimers, and higher-order linear oligomers starting from spherical 

nanoparticles. This interaction of “patchy” surfaces for hierarchical self-assembly has been widely 

examined theoretically,50,51 but few experimental results exist in this area, especially in the case of 
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isotropic, 0-dimensional nanoparticles in the 1-10 nm size regime. Here we demonstrate the 

generalizable assembly of colloidal semiconductor quantum dots into robust, covalently linked 

monolayer and multilayer two-dimensional sheets. Our method relies on the exchange of a 

moderate density of bifunctional linkers (10-50 equivalents per QD) on an otherwise fatty-acid-

ligated surface. We demonstrate the generality of the method using CdSe (3.3 nm), InP/ZnSeS (3.2 

nm), and CdS (5.9 nm) QDs. The impacts of equilibration time, QD concentration, linker 

concentration, and linker identity (length and rigidity) are explored in detail to give a set of design 

principles that deepen our understanding of the assembly process. 

4.2 Results and Discussion 

 

Scheme 4.1. Synthesis of 2D QD assemblies from QDs and esterified linker 

 

4.2.1 Synthesis of amorphous and 2D Quantum Dot Assemblies 

The synthesis of monolayer quantum dot sheets is typified by the reaction of 5.9 nm oleate-

capped CdS quantum dots and 2,2'-bipyridine-5,5'-diacrylic acid (Scheme 4.1). A 2 μM solution 
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of quantum dots and 50 eq. of crosslinker were combined in CH2Cl2 at room temperature in a 

nitrogen atmosphere glovebox. The crosslinker was added in its esterified (tBu) form to improve 

its solubility in non-polar solvents and thereby ensure good mixing prior to aggregation. Notably, 

the carboxylic acid form of the linker is both poorly soluble and apt to immediately induce 

aggregation, visible by precipitation of the quantum dots. In a second step, aggregation was 

induced by addition of stoichiometric amounts of trifluoroacetic acid to deprotect the ester, 

followed by 1 h equilibration at room temperature. Excess trifluoroacetic acid and the solvent were 

removed under reduced pressure. At this stage, amorphous quantum dot aggregates with sizes 

dictated by the total amount of added linker (10-250 eq) are obtained as determined by TEM and 

dynamic light scattering (DLS) analysis (Figure 4.1).  
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Figure 4.1. TEM images of amorphous QD aggregates after 1 h equilibration at 22 °C with 

varied linker equivalents 10 eq, 50 eq, and 250 eq (A-C respectively) and corresponding DLS. 

TEM images using 50 eq linker after 1, 4, and 7 d at 90 °C (D-F, respectively).  

 

This process is general for various quantum dot compositions and sizes, including 3.3 nm CdSe, 

5.9 nm CdS, and 3.2 nm InP/ZnSeS. By tuning the solution concentration and equivalents of 

linkers, aggregates of mean radius 100 to 800 nm can be targeted using this in-situ deprotection 

method, as measured by DLS. Similar but more polydisperse assemblies were created when using 

various bis-carboxylic acid cross linkers such as dodecanedioic acid and using 2,2'-bipyridine-5,5'-

diacrylic acid directly without in situ deprotection of the ester. Similar schemes have been reported 

previously in the literature for aggregation of nanoparticles using bifunctional linkers and have 

achieved amorphous assemblies and monoliths of NPs using ambient, solvothermal, or 

supercritical reaction conditions. 
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While a single carboxylate linkage may be considered labile, a large crosslinked system is 

effectively a kinetically trapped structure. The method described here aims to target a more specific 

free energy minimum in the assembly landscape. Quantum dot monolayer sheets were prepared 

by drying and resuspending the amorphous assemblies in a 50/50 mixture of toluene and DMF at 

a 2 mM nanoparticle concentration (6 mL scale typical). The solutions were raised to 90 °C under 

N2 and with 60 rpm stirring. This mixture of solvents was found to maximally solubilize both the 

quantum dots and 2,2'-Bipyridine-5,5'-diacrylic acid, allowing for improved equilibration kinetics. 

The solution was held at 90 °C for between one and seven days. Observations were made by TEM 

and DLS of aliquots that were removed and purified by flocculation at several time points. After 

one day of equilibration at 90 °C, the large amorphous aggregates had broken down into a 

polydisperse ensemble of smaller aggregates. Over the next four to seven days, a secondary 

morphological evolution occurred resulting in the formation of two-dimensional structures (Figure 

4.2, Figure 4.3). 
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Figure 4.2. Two dimensional aggregates of 5.9 nm CdS QDs following treatment with 50 eq. 2,2'-

bipyridine-5,5'-diacrylic acid and equilibration at 90 °C for 7 days. 

 

Figure 4.3. (A, B) 5.9 nm CdS and (D) 3.3 nm CdSe QDs. Assembly of (C) 5.9 nm CdS and (E, 

F) 3.3 nm CdSe QDs formed following treatment with 2,2'-bipyridine-5,5'-diacrylic acid and 

equilibration at 90 °C for 7 days. Areas of high contrast result from sheets folding during drying, 

but areas where a slight increase of contrast is seen in a stepwise fashion indicates sheet stacking 

into bilayers and trilayers as illustrated in F. (G – CdS, H – CdSe) Histograms of interparticle 

spacing for close packed arrays of free QDs (blue) and linked QDs (orange). 
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4.2.2 HR TEM Analyses of 2D Quantum Dot Assemblies 

With ex situ TEM analysis, the assembly process can be seen to ultimately create large, 

nearly flat QD aggregates on the micron scale that resemble sheets (Figure 4.3C, E, F). The 

thickness appears to be roughly that of a monolayer of QDs without structure or ordering within 

the plane of the layer. Sporadic areas within the sheets show some QD overlap (Figure 4.3C), 

likely due to QDs bound outside the plane of the main monolayer. Additionally, multilayer areas 

are observed due to the drying of the sheets for TEM analysis leading to stacking or folding of the 

sheets (Figure 4.3E, F). With no linker present, oleate-capped CdS QDs are seen to dry in roughly 

hexagonal close packed (hcp) arrays with an average size of 5.92 ± 0.65 nm and center-to-center 

distance of 7.88 ± 0.96 nm, leaving a 1.95± 0.96 nm spacing between the particles (Figure 4.3A, 

E, F and Table 4.1). 

 

 Table 4.1. Particle size and spacing analysis for CdS QDs from TEM. 

CdS Particle size 

(nm) 
Center-center distance 

(nm) 
Interparticle spacing 

(nm) 
STDEV 

(nm) 

QDs 5.93 7.88 1.96 0.96 

Aggregates 5.31 7.07 1.76 1.14 

 
 
Note the reported ranges here reflect the dispersity of the sample and not the error of the 

measurement. Before undergoing aggregation, the CdS QDs exhibit a faceted pyramidal structure 

that can disrupt the hexagonal packing depending on how the nanocrystals dry relative to 

neighboring particles. After being subjected to assembly conditions the nanocrystals etched 

slightly, resulting in smaller, more spherical particles that packed more uniformly into hexagonal 
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arrays. The final particles exhibit an average size of 5.31 ± 0.67 nm after 7 days in the reaction 

mixture. In the case of etching without assembly (using a monofunctional linker, for example), the 

average particle spacing increases to 2.63 ± 0.79 nm because of the morphological evolution to a 

less faceted shape that forms more ordered hexagonal lattices. In the case of successful assembly, 

the center-to-center distance decreases as a result of the shorter bifunctional linker with an average 

center-to-center distance of 7.07 ± 1.14 nm, leaving 1.76 ± 1.14 nm between particles. The linker 

is 1.63 nm long from oxygen to oxygen as determined by single crystal X-ray diffraction analysis, 

slightly shorter than the native oleate ligands (~2 nm), on the surface of the particles. For two 

particles to become linked, the linker must penetrate two individual ligand shells, each of about 2 

nm. There is likely interweaving occurring in the ligand shells, especially upon drying, as we 

observe an average particle spacing of 2.63 nm without linker present. 

4.2.3 Synchrotron SAXS Analyses of QD Assemblies 

The structures of the QD assemblies were analyzed by solution phase SAXS using the 

synchrotron source at the Stanford National Accelerator Labs. Suspensions of QD sheets in toluene 

were measured in sealed capillaries to confirm the existence and structure of assemblies in solution 

(Figure 4.4).   
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Figure 4.4. SAXS data (black) for 6 nm CdS QDs in toluene (A) and 2D assemblies of CdS QDs 

in toluene (B). The data in (A) are fit to a spherical model giving a diameter of 5.96 ± 0.55 (blue). 

The data in (B) are fit to a “pearl necklace” model giving a particle radius of 5.62 ± 0.62 and an 

interparticle distance of 1.84 nm.  
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Table 4.2. Results of SAXS fitting of free QDs and QD assemblies. Fitting methodology described 

in section 4.4.12.  

 QD SAXS QD TEM Assembly SAXS Assembly TEM 

Diameter (nm) 5.96 ± 0.55 5.93 ± 0.65 5.62 ± 0.62 5.31 ± 0.67 

Spacing (nm) n/a 1.96 ± 0.96 1.84 1.76 ± 1.14 

 
 

The unassembled CdS QDs were fit to a spherical model to a diameter of 5.96 ± 0.55 nm, in strong 

agreement with manual TEM measurement of 5.92 ± 0.65 nm (Table 4.2). SAXS measurements 

of QD sheet assemblies were fit using an existing ‘pearl necklace’ model fitting both the spherical 

diameter and spacing of particles within the assembly.52,53 The results of this fitting give a particle 

diameter of 5.62 ± 0.62 nm and an interparticle spacing of 1.84 nm Table 4.2), in close agreement 

with both crystallographic data of the linker length and TEM measurements. By dividing the 

aggregate scattering intensity by the as-measured form factor, an experimental structure factor can 

be obtained in addition to the theoretical pearl necklace model.54–57 This experimental structure 

factor displays clear aggregation of particles at low Q values as well as a defined correlation peak 

at 0.95 nm-1 near the expected mean center-to-center distance. These data along with other solution 

phase measurements including DLS (Table 4.3) show definitively the existence of assemblies in 

solution and not merely as a drying effect. Interestingly, the optical properties of the sheets 

measured by diffuse reflectance confirms the QDs remain intact and that their electronic structure 

is largely unperturbed by the assembly process in the CdS case (Figure 4.5). 
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Table 4.3. Particle size and spacing analysis for different linkers measured by TEM. 

 
Center-

center 

distance 

(nm) 

Interparticle 

spacing 

(nm) 

Theoretical Spacing 

(crystallographic 

estimates from 

CCDC) 

2,2′-bipyridine-4,4′-dicarboxylic acid 7.60 2.28 ± 0.89 1.07 

Terephthalic acid 7.48 2.17 ± 0.83 0.73 

Dodecanedioic acid 6.88 1.57 ± 0.80 1.61 *est 

2,2′-biphenyl-5,5′-diacrylic acid 7.01 1.70 ± 0.83 1.68 

 

 

Figure 4.5. TEM images of particles following treatment of CdS QDs with different linkers. (A, 

B) 2,2′-bipyridine-4,4′-dicarboxylic acid. (C, D) 2,2′-biphenyl-5,5′-diacrylic acid. (E-H) 

terephthalic acid. (I-L) dodecanedioic acid. 
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4.2.4 Investigation of the Mechanism of 2D Structure Assembly 

We hypothesize that the length of the bifunctional linker being very similar to the native 

ligands is critical in forming these anisotropic sheets from 0-dimensional particles. In fact, the 

combination of short bifunctional linkers (e.g., mercaptopropionic acid and ethanedithiol) and 

quantum dots is a common approach to create close packed QD films with strong electronic 

communication for device applications,58–62 yet freestanding two-dimensional assemblies have not 

before been observed. In these cases, ligand shell steric hinderance is demonstrably too extreme 

to achieve crosslinking given the extremely short bifunctional ligands. Conversely linker 

molecules more than twice the native ligand length would provide no barrier at all towards random, 

isotropic assembly.  

To test this hypothesis, aggregation was performed under standard conditions with 

terephthalic acid and 2,2′-bipyridine-4,4′-dicarboxylic acid, rigid bifunctional linkers, estimated to 

be 7 Å and 11 Å spacers by crystallographic measurement, which are approximately half the length 

of our standard linker. In both cases, well-defined QD sheets were not observed (Figure 4.5 A, B, 

E, H). The only observed aggregation occurred with a yield of <5% by volume and, in the case of 

2,2′-bipyridine-4,4′-dicarboxylic, led to small, amorphous aggregates as observed by TEM (Figure 

4.5 A, B) and DLS. The majority of the QDs dried in an hcp array, with better uniformity than 

native CdS QDs, and with a similar particle spacing of 2.0 nm (Table 4.3). Based on the above 

results, we conclude that, if the linker is not long enough, it cannot successfully bridge two ligand 

shells and lead to sheet formation.  
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To test the importance of linker rigidity, assembly was performed with dodecanedioic acid, 

a saturated bifunctional linker of comparable length to 2,2'-bipyridine-5,5'-diacrylic acid (~1.69 

nm vs 1.63 nm). For the flexible linker, high quality sheets very similar to standard conditions 

were observed with an average spacing of 1.57 ± 0.83 nm (Figure 4.5 I-L). For all three of the 

above linkers tested, unlike the standard 2,2'-bipyridine-5,5'-diacrylic acid linker, only a fraction 

of the material crashed out during assembly. Analysis of the supernatants showed unlinked QDs 

in the case of 2,2′-bipyridine-4,4′-dicarboxylic, a few small sheet-like structures in the case of 

terephthalic acid, and abundant spherical aggregates for the dodecanedioic acid (Figure 4.5 A, B, 

E, H). Finally, aggregation was performed using 2,2'-biphenyl-5,5'-diacrylic acid to confirm the 

bipyridine binding pocket was not influencing sheet formation. As expected, two-dimensional 

sheets were observed analogous to standard linkage with an average particle spacing of 1.70 ± 

0.83 nm (Figure 4.5 C, D). Based on these results, we conclude the linker must be long enough to 

efficiently penetrate the ligand shell of two particles, and it is likely that linker rigidity aids in 

preventing more 3D growth as seen with dodecanedioic acid. 

To test the generalizability of the aggregation, sheets were made with InP/ZnSe (3.2 nm 

InP cores) and CdSe (3.3 nm) in addition to the standard CdS (5.9 nm) cores. In all cases, well 

defined sheets formed independent of particle size and composition with some particle etching 

seen throughout all samples. The average distance between particles in the sheets remained 

roughly the same between the different cores at 1.58 ± 0.83 nm and 1.63 ± 0.73 nm for InP/ZnSe 

and CdSe, respectively. In the case of InP/ZnSe, an aliquot after 1 day of assembly showed two 

populations of particles, from a previously monodisperse sample. The two sizes of cores (6 nm, 

shelled and 3 nm, unshelled) were seen to size-segregate, making two distinct sheet populations 

containing only one size of particle within a given sheet. By the 4-day and 7-day aliquots, the 
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shelled population had completely destabilized leaving only sheets with 3 nm InP cores. Similar 

size-segregation was observed when assembly was performed using CdS QDs containing a 

bimodal distribution of particle sizes (Figure 4.6). 

 

Figure 4.6. TEM images of assemblies prepared from InP/ZnSe QDs showing auto-segregation of 

core and core/shell QDs in separate structures.  

 

The thickness of the two-dimensional QD assemblies was investigated using tomography 

to probe the 3D structure (Figure 4.7). CdS aggregates formed under standard conditions were 

drop-cast onto a TEM grid and dried overnight under vacuum. An area of interest containing QD 

sheet assemblies was identified and tilted from -65° to 65°, and images were acquired every 5° 

after drift and focus correction. After acquisition and further alignment, a 38.7 nm wide aggregate 

at neutral tilt measured 19.7 nm wide at 65°. Assuming a 5.3 nm thick QD monolayer at 40 nm 

wide, the expected width for the aggregate would be 19.4 nm, in good agreement with the 

measured results. Occasionally, bilayers were observed, appearing as overlapping QDs at 0° tilt. 

Tomography analysis performed on larger sheets, on the order of several hundred nanometers, 

showed less monolayer-like structure with more QDs binding outside the main plane. The 
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measured width of a 231 nm aggregate at 65° tilt was 124 nm, with the expected width of a single 

monolayer being 102 nm and a bilayer being 187 nm. This suggests about 25% of the observed 

aggregate shows bilayer character, due to QDs binding outside the primary plane in a random 

fashion rather than the formation of an additional layer. Additionally, tomography of an aggregate 

with large areas of extensive overlap showed two individual monolayer-like aggregates when tilted 

to 65°, confirming that the presence of bilayer structures is due to discrete monolayers where sheets 

have dried in close proximity, with overlap. 

 

Figure 4.7. Tomography of CdS QD assemblies at 0° tilt (A) and 65° tilt (B) showing that what 

looks like a single assembly at 0° tilt is actually stacked 2D structures. Videos of the tomography 

data can be found in the Supporting Information. 

 

One attractive feature of the 2,2'-bipyridine-5,5'-diacrylic acid linker is its ability to serve 

as a coordination site for transition metal ions. This feature could ultimately be used to drive 

tandem catalytic reactions.63–68 and has been used here to confirm the presence of the 2,2'-

bipyridine-5,5'-diacrylic acid linker. CdS assemblies deposited and dried on a TEM grid were 

submerged in a solution of NiCl2(PPh3)2 and washed with CH2Cl2. Upon elemental mapping, high 
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Ni signal was seen in the assemblies co-localized with Cd and S, suggesting Ni on or near the 

surface of the QDs (Figure 4.8 A-D). Low background Ni signal was seen away from aggregates, 

likely due to peak overlap with Cu from the grid, confirming the enhanced Ni signal was due to 

uptake in the QD assemblies and not Ni dried non-specifically on the grid surface. We have 

corroborated the high affinity of the QD assemblies for Ni using ICP-MS, which showed nearly 

quantitative uptake relative to the concentration of the 2,2'-bipyridine-5,5'-diacrylic acid linker at 

low linker and Ni eq. (50 eq.), with Ni uptake relative to linker decreasing at higher linker and Ni 

eq. up to 250 eq. (Figure 4.8 E). 

 

 

Figure 4.8. A-D) EDS mapping of CdS assemblies exposed to Ni2+ showing co-localization of Cd 

(blue), S (red), and Ni (yellow). E) ICP-MS data quantifying Ni2+ uptake in CdS assemblies. 
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Of the existing literature methods for creating directed, crystalline assemblies of 

nanoparticles, exploitation of either the geometry and dipole of the particle, or the use of 

complementary ligand interactions or templates is required. None of these mechanisms can explain 

the generality of spherical and quasi-spherical nanoparticles of various sizes forming anisotropic, 

2D sheets with the addition of a single, symmetric, small molecule crosslinker as observed here. 

Moreover, multiple observations argue against an interfacial mechanism under these conditions. 

The solution is monophasic and stirred continuously to disrupt growth on the vessel wall or at a 

liquid-liquid interface, although interfacial assembly has been suggested in certain cases even in 

the case of agitated systems.69 Further, the yield of sheets has a strong dependence on ligand 

identity (length and rigidity). Additionally, the starting aggregate morphology does not 

significantly rearrange to sheets at a lower concentration but with the same solution volume and 

vessel. 

Considering these observations in conjunction with the dependence on concentration and 

equivalents of linker, we propose a ligand directed mechanism reliant on the formation of patchy 

QD surfaces. The native aliphatic ligand shell of QDs is dense, and steric repulsion is observed to 

dominate any Van der Waals or interdigitation effects at short distances.24,25 In our system, the 

introduction of a low concentration of bifunctional linker with steric properties similar to that of 

the native ligand shell results in at least one thermodynamic minimum in the free energy landscape 

and the steric repulsion created by the ligand shell is minimized. As a result, the hierarchical 

assembly of isotropic units is observed and is likely controlled by the steric effects of the QD 

“ligands” in analogy with the electron pair repulsion model that governs geometry preferences in 

coordination chemistry (Scheme 4.2).70,71 In the limit of two or three linking patches per QD, the 

formation of linear or hexagonal planar assemblies would be expected based on the 
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thermodynamic preference to maximize the distance between QDs while concomitantly 

minimizing steric repulsion at their surfaces. While the natural valency of a QD is one to two 

orders of magnitude greater than that of a transition metal ion, the superlattice pseudo-valency is 

much smaller, in accordance with the larger ‘patchy’ equilibrium zones described here and in the 

theoretical literature.50,72 Reorganization to the lowest energy configuration to maximize planarity 

requires significant ligand rearrangement at the nanoparticle surface and hundreds to thousands of 

kinetic steps. We therefore postulate that biscarboxylic acid linkers are ideal for these QD systems 

because ligand exchange for the native fatty acid ligands occurs with a Keq ~1. While this value is 

generally reported for ligand exchange at room temperature, the temperature dependence is 

expected to be small given the measured value of about 30 J mol-1 K-1.73,74  If we were to use a 

linker that binds the particle irreversibly, linker redistribution would not be achievable, and the 

resulting products would be kinetically trapped amorphous aggregates as observed here prior to 

equilibration. 

 

Scheme 4.2. Simplified depiction of one- (A) and two- (B) dimensional QD assemblies. 
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The standard conditions for the two-dimensional assembly described above used 50 eq. of linker 

per QD. Based on previous measurements in the literature, we can estimate that each QD has about 

200 native oleate ligands per particle and an exchange equilibrium constant of ap-proximately 1. 

Given two binding groups per linker, the most basic theoretical equilibrium ligation sphere would 

comprise approximately 33% bifunctional ligands and 67% oleate ligands. By perturbing the 

concentration of bifunctional linker ligand to 10 eq. and 1250 eq. relative to QD, we targeted 

ligation spheres containing 9% and 93% bifunctional ligands respectively, assuming ideal 

exchange. In the case of adding only 10 eq. 2,2'-bipyridine-5,5'-diacrylic acid, two-dimensional 

sheets are still observed with the average sheet size being an order of magnitude larger than under 

standard conditions, with the low equivalence sheets averaging over 5 microns for a given sheet 

edge and the standard sheets averaging 500 nm (Figure 4.9 A, B, Figure 4.10). Additionally, hardly 

any sheets were seen to be stacking with the main population being flat monolayers. In contrast, 

the use of 1250 eq. 2,2'-bipyridine-5,5'-diacrylic acid yielded exclusively large, three dimensional 

aggregates (Figure 4.9 C). These observations are in line with our sterically based patchy ligand 

hypothesis as substitution of too many native oleate ligands removes the barrier to aggregation in 

three dimensions. 

 

Figure 4.9. Images of CdS QD assemblies prepared from 10 (A), 50 (B), and 1250 (C) eq. of 2,2'-

bipyridine-5,5'-diacrylic acid. 
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Fig 4.10. TEM Images of CdS nanoparticle sheets formed at standard conditions using 10 eq. of 2,2'-

bipyridine-5,5'-diacrylic acid exhibiting relatively large monolayer areas. 

 

Figure 4.11. Images of CdS QD assemblies starting from 0.2 mM (A, B) and 20 mM QDs (C, D). 
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Finally, the dependence of QD assembly on total concentration was explored in an effort 

to elucidate the kinetic barrier towards 2D sheet formation. At ten times lower concentration (0.2 

mM QDs) relatively few sheets were observed, and the material exhibited a predominantly 

unchanged morphology like the amorphous aggregates formed upon initial mixing at the standard 

2 mM concentration. Notably, a population of non-aggregated particles was observed and appeared 

to be dimer and trimer clusters with few lone, singular particles (Figure 4.11 A, B). Inhibition of 

sheet formation at low concentration, with small clusters forming instead, implies that the directed 

self-assembly arises from particle-particle interactions and not particle-interface interaction. It is 

also in accordance with analysis of higher concentrations at earlier time points, implying that the 

mechanism is the same in both concentration regimes but with a kinetic dependence on quantum 

dot concentration. Performing assembly at ten times higher concentration (20 mM QDs) yielded 

high quality sheets that began to exhibit crystalline superlattice hcp ordering. These superlattices 

were only observed in areas that appeared to be multilayered suggesting the emergence of three-

dimensional order. These concentration tests were otherwise run with the same volume and in the 

same type of vessel. The overall concentration effect on both rate and degree of assembly implies 

that the mechanism of sheet assembly is not dependent on interfacial effects, but instead driven by 

kinetically limited particle-particle interactions. 

4.3 Conclusion 

Using nanoparticle building blocks to construct hierarchical materials is a radical new 

branch point in materials discovery that promises new structures and emergent functionality. 

Understanding the design principles that govern nanoparticle assembly, especially in the most 

basic system using non-tailored, 0-dimensional nanoparticle building blocks, is critical to moving 
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this field forward. Here we have demonstrated a novel method for the solution-based assembly of 

2D QD sheets using simple molecular linkers. Furthermore, we have shown that this method is 

generalizable across nanoparticle sizes and compositions. Using a combination of TEM, DLS, and 

SAXS measurements we demonstrated that the formation of two-dimensional sheets is driven by 

a mechanism in which kinetically formed amorphous, three dimensional aggregates preferentially 

convert to the sheet morphology over time. We propose that this morphological evolution is driven 

by ligand redistribution to create a patchy surface that maximizes steric repulsion of neighboring 

QD “ligands”. By operating in an under-exchanged regime, the arising patchy-ness results in 

enthalpically preferred directions of crosslinking that can be accessed by thermal equilibration at 

moderate temperature. Essential to the success of this approach is the use of readily exchangeable 

surface ligands with Keq close to 1 and linkers of similar length to the native surfactant on the QD 

surface. We believe these two-dimensional structures will provide exciting opportunities for the 

examination of exciton and charge transfer dynamics and will hold promise as light harvesting 

complexes in photoredox catalysis.  

 

4.4 Experimental 

4.4.1 General Practices 

Unless stated otherwise, all chemical reactions were performed under N2 using standard Schlenk 

line air-free techniques. Chemicals were stored dried in a N2 glovebox unless stated otherwise. 

Purified quantum dots were stored in stock solutions in toluene and concentrations were 

determined by UV-Vis spectroscopy.75,76 All other chemicals were stored dried and stock solutions 

for their use were made and used within 8 h.  
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4.4.2 Experimental Procedures, Synthetic 

4.4.2.1 Synthesis of CdS QDs 

CdS QDs were synthesized using an adapted literature method using tetramethyl thiourea and 

cadmium oleate (CdOl2) precursors.77 In a glovebox, a 500 mL three neck round-bottomed flask 

was charged with 2.430 g (3.60 mol, 1.2 eq.) of CdOl2, 140 mL of dried octadecene (ODE), and 

2.040 mL oleic acid (7.20 mmol, 2.4 eq.), and the vessel was transferred to a Schlenk line. Due to 

the lack of solubility in ODE, for the injection medium a mixture of 74% diphenyl ether and 26% 

biphenyl was prepared. In the glovebox, 396 mg (3.00 mmol, 1.0 eq.) of tetramethyl thiourea was 

measured and dissolved in 5.0 mL of this mixture. The reaction vessel was raised to 230 °C and 

the thiourea was swiftly injected and allowed to react for 2 h. QD purification was performed in 

air. The particles were precipitated with acetone and isolated via centrifugation at 10,000 rpm. The 

particles were resuspended in 60 mL hexanes (divided) and precipitated again with acetone. The 

particles were then resuspended in 40 mL toluene and precipitated with 90 mL acetonitrile; this 

was repeated a total of three times. Drying in vacuo yielded a free-flowing yellow powder. Dried 

yield: 576 mg. Emission 476 nm ± 14 nm FWHM, PLQY 81%. 

 

4.4.2.2 Synthesis of CdSe QDs 

CdSe QDs were synthesized using an adapted method using selenourea and cadmium oleate 

precursors.77 The procedure was performed as described using diphenyl-imidazole selenourea on 

a 2.5 mmol CdOl2 scale. The product was isolated as an orange wax. Emission 527 nm ± 16 nm 

FWHM, PLQY 36%. 
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4.4.2.3 Synthesis of InP/ZnSeS QDs 

InP/ZnSeS QDs were prepared as described by in the literature.78 The procedure was performed 

as described on a 0.11 mmol In scale. The product was isolated as an orange wax. Emission 605 

nm ± 25 nm FWHM, PLQY 60%. 

4.4.2.4 Synthesis of Linkers 

2,2'-bipyridine-5,5'-diacrylate-tBu was synthesized using a palladium catalyzed double Heck cross 

coupling as previously reported on the 3 mmol scale.79 The crude product was filtered and 

recrystallized from acetone. 1H NMR (300 MHz, Methylene Chloride-d2) δ 8.78 (d, J = 2.2 Hz, 

2H), 8.48 (d, J = 8.3 Hz, 2H), 7.99 (dd, J = 8.4, 2.3 Hz, 2H), 7.62 (d, J = 16.1 Hz, 2H), 6.51 (d, J 

= 16.1 Hz, 2H), 1.54 (d, J = 3.1 Hz, 18H). Mass Spec Theoretical m/z (MH+) 409.2122, Found: 

m/z (MH+) 409.2118. 
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 The ester group was cleaved by the addition of TFA and phenol in CH2Cl2 as described for 

Ru(bpy)2(bpyCOOH)Cl2 below, however the product is remarkably insoluble and was only 

observed to dissolve in basic aqueous solution and hot DMF. 1H NMR (300 MHz, Deuterium 

Oxide) δ 8.64 (s, 2H), 8.14 – 7.87 (m, 4H), 7.30 (d, J = 16.1 Hz, 2H), 6.55 (d, J = 16.2 Hz, 2H). 

 

2,2'-biphenyl-5,5'-diacrylate-tBu was synthesized using an adapted procedure involving a 

phosphine-free Heck cross coupling.80 A 100 mL Schlenk flask was loaded with 1.872 g 4,4’-

dibromo-biphenyl (6.0 mmol, 1.0 eq.), 1.538 g tertbutyl acrylate (12.0 mmol, 2.0 eq.), 31 mg 

palladium acetate (0.12 mmol, 0.02 eq.), and 24 mL triethanolamine. Triethanolamine was dried 

over 4 Å molecular sieves and degassed under vacuum prior to use. The vessel was equipped with 

a condensing column and raised to 100 °C for 14 h. The cloudy brown reaction mixture was diluted 

with 50 mL CH2Cl2 and filtered. The soluble phase was then extracted three times with 50 mL 

portions of H2O. The organic layer was dried over MgSO4, filtered, and the solvent was removed 

using a rotovap. The resulting yellow-white powder was dissolved in 4 mL CH2Cl2 and layered 

with 10 mL hexanes, immediately yielding 2,2'-biphenyl-5,5'-diacrylate-tBu as crystalline white 

flakes. 1H NMR (300 MHz, Methylene Chloride-d2) δ 7.61 (d, J = 15.8 Hz, 10H), 6.42 (d, J = 16.0 

Hz, 2H), 1.53 (s, 18H). 
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4.4.2.5 Synthesis of Ru(bpy)2(2,2'-bpy-5,5'-diacrylic acid)Cl2 

A round bottom flask was loaded with 108 mg of Ru(bpy)2Cl2 (0.223 mmol, 1 eq.) and 100 mg 

2,2'-bipyridine-5,5'-diacrylate-tBu (0.245 mmol, 1.1 eq.) and charged with 35 mL 200 proof EtOH. 

The Solution was sparged with N2 for 10 min and then the vessel was equipped with a condensing 

column and connected to a Schlenk line under N2. The solution was refluxed with stirring for 5 h. 

The resulting deep red solution was allowed to cool, and the solvent was removed by rotovap 

leaving a dark red-black solid. The solid was dissolved in 15 mL H2O, filtered through a glass frit 

leaving a black solid, and the eluent was dried via rotovap at 50 °C. The product, Ru(bpy)2(2,2'-

bpy-5,5'-diacrylate-tBu)Cl2, was isolated as a dark red powder, 73 mg, 40% yield.  

 For ester cleavage, the esterified complex was dissolved in 2 mL CH2Cl2 (82 umol, 1.0 

eq.), and 166 mg phenol (1.7 mmol, 20.0 eq.), and 0.15 mL trifluoroacetic acid (0.9 mmol, 11 eq.) 

were added. The solution was stirred at room temperature for 2 h. Solvent and excess phenol were 
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removed under vacuum at elevated temperature. The remaining powder was dissolved in 1 mL 

CH2Cl2, layered with 5 mL hexanes, and allowed to slowly recrystallize in a -20 °C freezer yielding 

red-orange single crystals that were used for single crystal X-ray diffraction analysis. 
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4.4.2.6 General Assembly Method 

The assembly method is identical for all quantum dot compositions. Typical conditions employed 

CdS QDs and 2,2'-bipyridine-5,5'-diacrylate-tBu as a linker precursor.  From a toluene stock 

solution stored in a glovebox, 0.8 - 80 nmol (8 typical) of QDs (1.0 eq.) are transferred to a glass 

Schlenk bomb with a magnetic stir bar. The solvent is removed by vacuum and the QDs are 

resuspended in 3 mL CH2Cl2. Stock solutions of linker were prepared the day of use using CH2Cl2 

for esterified linkers and DMF for bis-carboxylic acids. Using a microliter syringe 10 - 1,250 eq 

(typical 50 eq.) of linker are measured and added to the QD solution. For esterified linkers a 

solution of trifluoroacetic acid (TFA) in CH2Cl2 is prepared and 5 eq. per carboxylate (i.e., 100 - 

12,500 eq. per QD, typical 500 eq.) of TFA is added. The solution is left to equilibrate for 1 h with 

stirring. Solvent and excess TFA are removed by vacuum and 2 mL of each toluene and DMF are 

added. The Schlenk bombs are sealed and brought out of the glovebox and are then transferred to 

an oil bath. The vessels are heated at 90 °C for up to 7 d. Aggregates are isolated by centrifugation 

at 6,000 rpm usually yielding a clear supernatant without the use of antisolvent. The solid is shaken 

with 5 mL acetonitrile and centrifuged again a total of three times.  

 

4.4.3 Experimental Procedures, Analytical 

4.4.3.1 ICP-MS Details 

Elemental analysis was performed using a Perkin Elmer NexION 2000B ICP-MS. Samples were 

dried and digested overnight in 67% ICP grade nitric acid then diluted to 2% concentration using 

18 MΩ water and filtered. Samples were further quantitatively diluted to the 10-100 ppb range 

with additional pure 2% nitric acid solution.  
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The chelation ability of bipyridine-linked aggregates was tested using this method. Four aggregate 

samples were prepared in total as described by the general assembly method, two at 50 eq. linker 

and two at 250 eq. linker. For each series a respective amount of Ni(PPh3)2Cl2, 50 or 250 eq, was 

added either before or after aggregation for a total of four samples. Prior to digestion samples were 

centrifuged at 10,000 rpm to separate precipitate from supernatant and each phase was tested 

separately. 

 

4.4.3.2 DLS Details 

Dynamic light scattering (DLS) measurements were performed using a Malvern Zetasizer Pro with 

a 632 nm laser, above the bandgap of the studied quantum dots to minimize fluorescent 

convolution. Samples were prepared in dilute solutions of toluene in a quartz cuvette and sonicated 

immediately prior to measurement at 22 °C. Scattering data were fit using a cumulant model in the 

Malvern Zetasizer software.  

 

4.4.3.3 TEM Analysis 

All imaging was done on a FEI Tecnai G2 F20 transmission electron microscope operated at 200 

kV. Standard samples were prepared via drop-casting dilute aggregate suspension in toluene (5 

mL) onto ultrathin carbon film on a lacey carbon support film, 400 mesh, copper grids purchased 

from Ted Pella Inc, allowed to dry fully then placed under vacuum overnight. Tomography 

samples were prepared as previously described on carbon support film, 200 mesh, copper 

pinpointer grids purchased from Ted Pella Inc. Analysis of aggregates was done in Image J81 with 
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the uncompressed .dm3 file with an average of 350 measurements (diameters and spacings) per 

average value reported. No enhancements or further processing was done to the images. 

 

4.4.3.4 Synchrotron Details 

Small angle X-ray scattering (SAXS) was performed using beamline 1-5 of the Stanford 

Synchrotron Radiation Light Source at the SLAC National Laboratory. Data were acquired using 

a 1 m detector distance configuration using a PILATUS 100K 2D detector and at 10.5 keV. 

Samples were prepared in 1 mm quartz cuvettes produced by Charles Supper Co at concentrations 

of about 5 mg/mL and sealed with epoxy. SAXS data were analyzed using SasView, an open 

source project developed in part by the NSF and NIST.82 The background was determined using 

an external capillary of solvent as a baseline reference and data were normalized to the beam-stop 

intensity. 

4.4.3.5 SAXS Fitting  

SAXS data were fit using SasView software using unweighted least squares regression. 

Background subtraction was performed using an external solvent capillary and data were 

normalized to the beam-stop intensity. Polydispersity was modeled as a gaussian distribution, 

ranges represent one standard deviation. Polydispersity in spacing was not fit.  

Sphere Model: A Guinier and G. Fournet, Small-Angle Scattering of X-Rays, John Wiley 

and Sons, New York, (1955). 

Pearl-Necklace Model: R Schweins and K Huber, Particle Scattering Factor of Pearl 

Necklace Chains, Macromol. Symp. 211 (2004) 25-42 2004. 



112 
 

Structure Factor Analysis: 

The procedure for extracting a structure factor for quantum dot films has been previously 

investigated by Murray, Kagan, and Bawendi as described in principle by Klug. Here we apply the 

same approach for our colloidally stable assemblies. 

General total scattering by N particles is described by: 

 ���� = ������ 	
������� (4.1) 

Where F2(q) is the form factor of an individual particle and S(q) is the structure factor relating 

interparticle order and scatter interference. 

 

By first determining the form factor via a dispersed (i.e. uncorrelated) nanoparticle solution where 

S(q)Solv = 1 the structure factor of the assembly may then be solved for directly by dividing the 

assembled total scattering by the dispersed (experimental) nanoparticle form factor:  
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