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Nanocrystal quantum dots are novel materials of great scientific and technological 

interests. The attractive features of quantum dots include size-tunable optoelectronic 

properties, high optical absorption cross section and ease of synthesis and deposition. 

These unique features qualify quantum dots as a promising material platform for 

emerging technological applications such as photovoltaic devices, sensors, light 

emitting diodes and bioimaging. In most of the proposed applications, individual 

quantum dots cannot be utilized until they form macroscopic assemblies. Under proper 

conditions quantum dots self-assemble into periodical superlattices. The properties 

and performance of quantum dot assemblies depend on not only the intrinsic 

properties of isolated dots but also their spatial arrangement or ordering. Consequently 

the relationships between processing, structure and properties of quantum dots and 

superlattices are of great importance in guiding the design and fabrication of novel 

nanomaterials with advantageous features using quantum as building blocks. In this 

dissertation, I present my graduate research studying such trilateral relationships in 

lead chalcogenide quantum dot systems.  

The first half of this dissertation discusses the relationship between processing and 

structure of self-assembled superlattices. An overview of how the ligand-ligand 



 

interaction as the major driving force along with factors including particle size, shape, 

ligand morphology, solvents and interfaces determine superlattice morphology is 

provided and followed by specific examples. (1) By tuning surface ligand morphology 

of PbS quantum dots and growth conditions, the effective particles shape was altered 

and therefore different symmetries (fcc, bcc and bct) of superlattice were achieved. (2) 

The translational and orientational orderings in an fcc superlattice of cuboctahedron 

PbS quantum dots was decoded by small and wide angle x-ray scatterings. The dots 

showed two distinct orientations as a result of the interplay between particle shape and 

ligand attractions. (3) Study of the nucleation, orientational alignment and symmetry 

transformations of PbS nanocubes at solvent-air and solvent-substrate interfaces is 

presented to demonstrate the role of interfaces as templates in guiding superlattice 

formation. 

Presented in the second half of this dissertation are my research works using high 

pressure, which efficiently tunes both superlattice and atomic structures without 

altering chemistry, to probe the relationships between structure and properties of 

quantum dots systems. (1) Difference in the pressure-induced atomic phase transition 

pressure indicated that dots in bcc superlattice are more mechanically stable than those 

in fcc due to translational and orientational orderings. (2) Elastic stiffness of PbS 

quantum dots were found to show size-dependence which is explained by a core-shell 

model. (3) Size-dependent variation of band gap of PbS quantum dot under elevated 

pressure was observed and correlated to changes of atomic structure. (4) Quantum dots 

were innovatively used as a nano-scaled tool to uniaxially compress organic molecule 

chains and measure the force-length relationship of single molecules.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Nanocrystal Quantum Dots  

Nanocrystal quantum dots are nanocrystals (NCs) of semiconductor materials which 

are small enough to display quantum confinement effect on electron-hole pairs. Here 

“small enough” means the dimension of the NCs is close or smaller than the Bohr 

radius of the constituent semiconductor. Typically the size of quantum dots ranges 

from few to tens of nanometers[1] and is between that of discrete molecules and bulk 

materials and so are their properties.  

On one hand, like molecules, the energy levels of quantum dots are discrete. On the 

other hand, like bulk semiconductors, adding/removing one atom to/from a NC does 

not change its properties noticeably[2, 3]. It is intuitive to expect that the properties of 

quantum dots gradually change from molecule-like to bulk-like as particle size 

increases. In another word, as introduced by the following sections in more details, 

properties of NCs depend on particle size. Such size-dependence is the most 

distinguishing and attractive feature of NCs.  
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1.2 Size-Dependent Properties of Nanocrystals 

Many properties of nanocrystals depend on particle size. Size-dependent properties of 

NCs include but are not limited to optoelectronic properties, e.g. energy gap [3, 4]; 

mechanical properties, e.g. elastic strength [5-9]; and thermodynamic properties, e.g. 

melting temperature, thermal conductivity [10-12]. As examples, the size-dependent 

energy gap and mechanical strength of NCs are briefly discussed.   

1.2.1 Size-Dependent Optoelectronic Properties of Quantum Dots 

In semiconductors energy gap Eg is defined as the energy range between the top of 

valence band and bottom of the conduction band. The value of energy gap is the 

minimum energy required to move an electron from valence band to conduction band 

creating an electron-hole pair, or an exciton. Then the excess electron in the 

conduction band and the hole left behind in the valence band become mobile charge 

carriers. The excited electron tends to return to the valence band and recombine with 

the hole emitting a photon of energy Eg. When the exciton was initially created by an 

incident photon of energy greater than Eg, this light emitting process is defined as 

photoluminescence.   
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In a quantum dot, as the dimension of the crystal drops below the Bohr radius of the 

exciton, its intrinsic energy gap becomes size-dependent. The smaller the NC is, the 

narrower valence band and conduction band are and therefore the larger its energy gap 

is (Figure 1.1). The size-dependence of energy gap in quantum dots is a direct 

consequence of quantum confinement effect which can be explained in two alternative 

ways namely the linear combination of atomic orbitals approach and the particle in a 

box approach. 

 

Figure 1.1. Size-dependent energy gap of quantum dots: (a) Bright florescence from 

CdSe NCs of size from 8 to 2 nm when exited by UV light (reproduced from ref. [13]); 

(b) Scheme of the linear combination of atomic orbitals (adapted from ref. [14]).   
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The linear combination of atomic orbitals approach provides a straightforward 

qualitative explanation to the size dependent energy gap in NCs. As demonstrated in 

Figure 1.1b, the construction of electronic structure begins with orbitals of an isolated 

atom. When a pair of atoms couple with each other forming a molecule, the orbitals of 

the two atoms combine and become molecular bonding orbitals and anti-bonding 

orbitals. The number of molecular orbitals equals to the total number of original 

atomic orbitals. Further addition of atoms makes the molecular orbitals more densely 

packed in terms of energy. Eventually the orbitals become continuous energy levels 

and form bands in macroscopic crystals. 

In the regime between molecules and bulk crystals where NCs belong to, the energy 

gap strongly relies on the number of atoms within a NC and therefore its size.  

Addition of atoms to the NC results in more continuous energy levels, expansion of 

both conducting and valence bands and narrowing of energy gap. Consequently the 

energy gap of a quantum dot decreases as the particle size increases. 

The size-dependence of energy gap in quantum dots can also be explained 

quantitatively by the particle in a box model. When an exciton is generated in a NC, 

unlike in bulk crystals where it could travel freely, it is trapped within the NC. Such 
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spatial confinement requires the exciton to possess excess energy in addition to the 

energy gap of the bulk material. This excess energy can be approximately calculated 

by the particle in a box model. Assuming infinite potential wall at NC boundary, the 

energy gap of a NC can be calculated by the expression:[3] 

 
2 2 2

2
2

1.8
2

NQD
g g

eE E
R R
π

μ ε
= + −   (1.1) 

where Eg
NC and Eg are the energy gap of NC and the corresponding bulk 

semiconductor respectively. The second term represents the confinement energy as a 

function of NC radius, R, and reduced effective mass, µ, of the semiconductor. The 

third term represents the Coulombic attraction between the electron and the hole, and 

 is the dielectric constant of the NC core. The original model also includes a fourth 

term for dielectric solvation energy loss which is comparatively small in magnitude 

and usually neglected.   

Eq. 1.1 indicates that as the size of NC decreases, the confinement energy term 

increases as R-2 while the magnitude of Coulombic term increases as R-1.  

Consequently in most cases the overall energy gap of NC Eg
NC becomes larger as 

particle size reduces.  

ε2
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Not only Eg
NC depends on particle size, but also its temperature and pressure 

coefficients (dEg
NC/dT and dEg

NC/dP).[15-18] This is obvious when we take the first 

derivative of Eq. 1.1 with respect to temperature or pressure. The example of size-

dependent pressure variation of energy gap of PbS NCs will be discussed in details in 

Chapter 9.  

1.2.2 Size-Dependent Mechanical Properties of Nanocrystals 

Mechanical properties of nanocrystals are also known to be influenced by particle size. 

However, comparing with the size-dependent optoelectronic properties, they are less 

understood with many unexpected phenomena to be resolved.[19] Although size-

dependent plastic strength and elastic stiffness of NCs have been widely reported for 

different classes of materials including metal, metal oxides and semiconductors, many 

alternative theories exist to explain observed trends.  

Regarding plastic strength, it has been long-known as the Hall-Petch effect that the 

yield strength of materials is enhanced as the grain size decreases what facilitates 

dislocation pileup near the boundary of small particles.[20, 21] Obviously a material 

cannot be infinitely strong, when the grain size drops below several nanometers the 

Hall-Petch relationship breaks down and is replaced by the inverse Hall-Petch effect, 
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i.e. yield strength decreases as grain/particle size further drops.[5, 6, 22, 23] Thanks to 

the successful development of synthesis of NCs of a variety of composition, size and 

shapes this inverse relationship has been notice and studied. Several alternative 

theories based on different mechanisms including dislocations,[24, 25] diffusion,[26, 

27] core-shell structures[28, 29] and grain boundary shearing[30] were proposed. 

However, unlike the well-studied Hall-Petch relationship there is so far no common 

agreement on the mechanism underlying the inverse behavior of yield strength. 

Similar to plastic strength, elastic stiffness is also found to rely on particle size. 

Nanocrystalline metal and metal oxides display significantly enhanced stiffness than 

their bulk counterparts and the elastic moduli are functions of NC size. For example, 

TiO2 NCs display a unimodal relation between elasticity and particle size which was 

attributed to dislocation propagation.[9] Size-dependent elastic stiffness was also 

observed in semiconductor NCs. A significant decrease in elastic modulus in CdSe 

NCs has been experimentally found and reported.[16, 31-33] In contrast, Si, Ge, GaAs 

and CdSe NCs are predicted by quantum Monte Carlo simulations to have enhanced 

elastic stiffness for NCs smaller than 10 nm in diameter.[34] More recently, as 

detailed in Chapter 8 of this dissertation, PbS NCs are found to display enhance 
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stiffness comparing with bulk PbS as well as a unimodal size-dependence of elastic 

modulus which is well explained by a core-shell model.[35]   

1.3 Applications of Quantum Dots 

The unique and attractive features of quantum dots qualify them as promising 

materials which may replace traditional semiconductors in the future. These features 

include but not limit to: (1) tunable energy levels which make NCs flexible and 

convenient in the design of electronic structures. (2) Once commercially mass-

produced, the cost of NCs is expected to be much lower than traditional 

semiconductors such as single crystal silicon. This is a result of the fact that 

production of NCs requires moderate conditions (details in the following section) and 

is very energy-efficient comparing with fabrication of single crystal semiconductors 

which requires rigorous conditions such as super clean environment and ultra-high 

vacuum. (3) The colloidal nature of NCs enables highly efficient and low-cost 

solution-based processing methods such as roll-to-roll deposition. Due to the above 

advantages, NCs are very promising for a wide variety of applications such as 

photovoltaic devices (solar cells), [36-41] light-emitting diodes, [42-44] lasers, [45] 

filed effect transistors [46] and biological imaging.[47] NC-based solar cell is 
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and indium tin oxide (ITO) electrodes respectively.[38, 40, 50] Comparing with 

conventional solar cells made of single or poly-crystalline semiconductors there are 

following advantages of NC-based solar cells.  

(1) The size-tunable optoelectronic properties of NCs provide freedom to optimize 

solar cell performance by energy level engineering. Unlike a bulk semiconductor 

whose band gap is constant and might not be the optimal value in terms of solar 

spectrum harvest, NCs’ band gap can be easily tuned to optimum by simply changing 

the particle size. NCs of the same composition but different sizes can be even made 

into multi-junction tandem cells to improve efficiency by covering a broader range of 

solar spectrum.[51] 

(2) When the energy of an incident photon (hν) exceed twice the band gap of a 

semiconductor (2Eg) it may generates more than one electron-hole pairs (excitons). 

This phenomenon is called impact ionization in bulk semiconductors and multiple 

exciton generation (MEG) in NCs. The criteria for impact ionization are more rigorous 

than MEG. Two factors significantly reduce the likelihood of impact ionization: in 

bulk semiconductors both energy and crystal momentum need to be conserved; hot 

carrier cooling in bulk crystals is very fast (< ~1 ps). Consequently in bulk 



 

11 

semiconductors the excess energy (hν-Eg) is most likely to dissipate as heat by hot 

carrier cooling. In contrast, thanks to the lack of long-range periodic atomic potentials, 

in NCs only energy but not crystal momentum needs to be conserved. And the 

relaxation of hot carriers can be slowed down intentionally in NCs.[52-54] Therefore 

achieving MEG in NCs is relatively much easier. As proven both theoretically and 

experimentally, MEG in NC-based solar cells is capable of boosting up solar cell 

efficiency by making a better use of the photon energy.[48]   

(3) A working NC-based solar cell requires sufficiently high charge mobility between 

neighboring dots. Unfortunately assemblies of as-synthesized NCs which are covered 

by long chain ligand molecules, e.g. oleic acid or dodecanethiol, cannot meet such 

requirement due to the large inter-particles separation determined by the bulky ligands. 

A common approach to resolve this problem is to, during solar cell fabrication, 

intentionally reduced inter-NC distance by ligand exchange with short linker 

molecules such as ethanedithiol to improve charge mobility. However the ligand 

exchange approach has some inevitable drawbacks. Upon the ligand replacement with 

linker molecules which are much shorter than the original ligands, any ordering in the 

NC assembly is destroyed and the packing of NCs become amorphous. As will be 
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discussed in Chapter 2, orderings of NCs can be constructive to their optoelectronic 

performance. Another issue with ligand exchange is that it usually makes NCs more 

vulnerable to oxidation which forms undesired surface trap states and deteriorate 

devices. 

The difficulty might be overcome by the newly developed confined-but-connected 

(CBC) nanomaterials. The CBC structure is formed by connection of NCs cores into 

1-D wires, 2-D sheets or even 3-D networks (Figure 1.2c). The partial fusion between 

NCs can be driven by either high-pressure or modification of surface chemistry.[55-57] 

It was predicted theoretically and has been confirmed experimentally in PbSe NCs that 

such CBC significantly enhance the charge mobility while preserve the size-tunable 

quantum confinement effects.[57] In addition, guided by atomic crystallographic axis, 

NCs in the CBC networks often display both translational and orientational orderings. 

Therefore the CBC assemblies of NCs are very ideal materials for photovoltaic 

applications.[49]  

(4) Comparing with conventional counterparts, NC-based solar cells, once 

commercialized, cost less to fabricate. Two aspects contribute to the low cost. On one 

hand, synthesis of NCs by wet chemistry is high-throughput and requires only 



 

13 

moderate conditions. Therefore it can be easily produced and purified by mature 

chemical engineering methods. On the other hand, when integrate NCs into thin film 

devices, highly efficient solution-based processing may allow us to print future solar 

cells at high speed and low cost by printing NCs on flexible substrates in a roll-to-roll 

fashion, like printing newspapers today.      

1.4 Synthesis of Quantum Dots 

To make all the aforementioned promising technological applications into reality, the 

first step is certainly to produce high quality quantum dots. The first synthesis of 

quantum dots can be traced back to the 1970s. At the early stage, quantum dots were 

made either on a substrate by techniques such as molecular beam epitaxial or in a glass 

matrix.[58-60] The limitations of these early methods include requirement of 

complicated and expensive equipment operates under high vacuum, unacceptable low 

throughput and the loss of spatial mobility as the quantum dots are anchored to the 

substrate/matrix. For these reasons quantum dots synthesis methods at that time were 

not satisfactory even for scientific research propose not to mention large scale 

applications.     

During the 1990s, pioneer works developing simple, cheap and high-throughput wet-
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chemistry quantum dot synthesis methods emerged. The successful synthesis of a wide 

variety of II-VI, III-V and IV-VI semiconductor NCs of various sizes and shapes 

enormously expanded the field of NC research.[61-68] In a typical so called hot-

injection NC synthesis, one organometallic precursor is rapidly injected into another 

hot precursor with the presence of some long chain ligand surfactants. The rapid 

mixing of precursors and drop of temperature trigger the formation of monomers 

followed by further growth into NCs by either absorbing free precursors or Ostwald 

ripening. The reaction is then quenched by quick cooling of the mixture when the 

desired NC size is reached. The raw product is then purified usually by a sequential 

solvent-antisolvent cleaning procedure. As a representative example the synthesis 

method of PbS NCs is described below.[69] 

In a typical synthesis of ~ 7 nm (diameter) PbS NCs, 0.45 g of lead oxide powder is 

dissolved in 20 mL of oleic acid and then heated up to 150°C to form a clear lead 

oleate solution as lead precursor. Then it is kept at 150°C for one hour in nitrogen 

environment or under vacuum to degas then cooled down to the reaction temperature 

of 130°C. As surfer precursor 210 μL of bis(trimethylsilyl)sulfide is dissolved in 10 

mL of 1-octadecene and then injected rapidly into the hot lead oleate solution. The 
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liquid turns dark immediately after the injection, indicating formation of PbS NCs. 

The reaction is quenched after 1 min by quickly cooling the flask in cold water. The 

crude product is collected then purified twice by sequential precipitation of NCs with 

ethanol and redispersion in hexane. Finally the solvent is removed by nitrogen flow 

and the dry NC product is stored in a nitrogen glovebox to prevent oxidation. 

The size and shape of resultant NCs can be tuned by synthesis conditions such as 

reaction temperature, duration and ligand concentration. Transmission electron 

microscopy (TEM) and optical absorption spectroscopy are the two often-used 

techniques to measure the size, size distribution and shape of NCs. While the former 

provide intuitive real space images of individual dots based on which statistics of size 

and shape can be drawn, the later measures the peak and distribution of the NC band 

gap which can be used to calculate the average particle size and monodispersity 

respectively.[1, 70]  

1.5 Nanocrystal Superlattices  

An isolated NC is certainly of great scientific interests but almost useless when it 

comes to applications. Any noticeable functionality requires the assembly of large 

number of NCs. For example, in a thin film device such as NC-based solar cell, the 
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active layer has to be thick enough to harvest photons efficiently. A typical thin film 

of 3 nm PbS NCs of the area of 1 cm2 and thickness of 1 μm contains approximately 

1.5×1015 dots. To integrate NCs into device of optimal performance, understanding the 

relationships between processing, structure and properties of the nanocrystal 

assemblies is of great importance. In another word these trilateral relationships serve 

as a bridge connecting fundamental research in laboratories to real-world applications.  

Under proper conditions, like atoms, nanocrystals as building blocks can self-assemble 

into periodical structures named superlattices. The self-assembly process of NCs is 

driven by multiple inter-particle interactions including van der Waals (vdW), entropic 

and, in some cases, electrostatic and magnetic forces. Mediated by these interactions 

as well as the size and shape of NCs, two levels of spatial orderings can be obtained in 

NC superlattices: translational and atomic ordering. 

Translational ordering refers to the symmetry of crystallographic sites on which NC 

centers sit. Common superlattice symmetries include face-centered cubic (fcc), 

hexagonal close-packed (hcp), body-centered cubic (bcc), simple cubic (sc) as well as 

those derived from these symmetries such as body-centered tetragonal (bct) and 

rhombohedral (rh). Atomic ordering in a superlattice is made of two aspects: 
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orientation of individual NC cores and conformation of interstitial ligand molecules. 

Orderings in NC superlattices are of great interest because they can affect the overall 

properties of the assemblies and further their performance in applications. As an 

analogy and excellent example supporting this argument, as building blocks, carbon 

atoms can form either graphite or diamond depending on how they pack. While 

graphene sheets (monolayers of π-bond-connected carbon atoms) pile up loosely to 

make up soft graphite, carbon atoms in diamond are connected to each other by strong 

covalence sp3 bonds and form one of the hardest materials on earth. 

Similarly, the collective properties of NC assemblies depend on not only the intrinsic 

properties of the constituent NCs but also the spatial arrangement of the building 

blocks. Even before people realized it, nature had developed a variety of 

nanomaterials such as biological shells, enamel of animal teeth and some ocean 

sediments. These materials are made of nano-scaled inorganic building blocks which 

assembled into complex hieratical structures with the aid of relatively small amount of 

organic compounds. These optimal structures lead to the extraordinary toughness or 

functionalities which do not appear in their simple inorganic counterparts.[71-75] As 

analogy in laboratories, enhanced mechanical stability was achieved in PbS NCs by 
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intentionally assembling them into a bcc superlattice (details in Chapter 7).[76]   

Importantly, especially for applications such as photovoltaic, the collective 

optoelectronic properties of NC assemblies are also affected by spatial arrangement of 

building blocks. The correlation between functionality and structures in superlattices 

enables tunability and optimization of device performance by modifying the 

superlattice structure.[49] Specifically, one way that superlattice morphology affects 

the overall optoelectronic properties of NC assemblies is by forming minibands.  

The envelope wave functions of two approaching NCs overlap and the two dots 

become quantum mechanically coupled. The coupling between NCs in periodic 

superlattices results in formation of extended electronic states named minibands. The 

energy and shape of minibands are determined by both the coupling strength and the 

translational/orientational orderings in the superlattice.[77-79] In addition to 

expanding of the band width and narrowing the band gap, the minibands, which 

require an ordered superlattice, also produce a delocalized and coherent exciton state 

in the NC superlattice and hence improve the charge motilities as desired in solar 

cells.[80]  

A comprehensive and detailed review discussing fabrication, characterization methods, 
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the trilateral relationships between processing and structures of NC superlattices is 

provided as Chapter 2 of this dissertation.  

1.6 Nanocrystals Under Pressure 

Characterizations of materials especially minerals under high pressure using diamond 

anvil cells (DAC) have been widely used in geosciences. As illustrated by the scheme 

in Fig. 1.3, a small amount of specimen is loaded in a tiny hole through a gasket and 

enclosed by two parallel diamond anvils forming a chamber. Pressure medium fluid 

such as argon, methanol/ethanol/water mixture or silicone oil is usually added with the 

specimen to maintain hydrostatic pressure. Pressure is applied by pushing the 

diamonds closer to squeeze the sample while the desired measurements are performed 

in-situ. The pressure inside the chamber can be read by indirect methods such as ruby-

fluorescence, references standard crystal or phase transition of liquids. The pressure 

generated by a sophisticated hydraulic machine-operated DAC can be as large as 

several hundreds of gigapascals (GPa). More practically, a typical manually operated 

DAC offers pressure up to tens of GPa.  

As introduced in the aforementioned sections, the structures in NCs and superlattices 

strongly affect their properties and performance. Therefore it’s of great importance to 
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understand the relationship between the structures and properties in NC systems. To 

probe this relationship, atomic and superlattice structures need to be intentionally 

tuned while the dependent properties are measured. For example, the coupling of 

electronic states between neighboring NCs can be studied by changing the inter-

particle separation via ligand exchanges using linker molecules of variable length. 

However the ligand substitution approach inevitably alters the chemistry in the system, 

especially at surface of NCs, and can further affect the electronic properties.  

To overcome this difficulty, recently high-pressure experiments using DACs have 

been adopted into the field of NC research.[81] Pressurization of NCs and their 

assemblies provides an efficient way to tune both the atomic and superlattice 

structures without altering chemistry. The changing structure of the specimen is 

monitored in-situ by techniques such as x-ray scatterings. By combining other 

characterization methods, the pressure-dependent properties of NCs are also measured 

and then correlated to the structural changesd to comprehensively map the structure-

property relationship. 

1.6.1 Structures of Nanocrystals and Superlattices under Pressure. 

Upon pressurization of a superlattice, the structural change that one intuitively expects 
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is the shrinkage of both atomic lattices in NC cores and inter-particles separation. 

These two elements add up to the volume reduction of the superlattice. The 

compression of the NC cores and the superlattice can be measure in-situ by 

synchrotron-based wide-angle and small angle x-ray scatterings (WAXS and SAXS) 

respectively. In addition, by subtracting the former from the later, the pressure-volume 

relationship of the interstitial soft matters can be calculated and used to decode the 

interactions between the soft ligands which direct the self-assembly process.[82-84] 

Motivated by this capability of high pressure measurements, in a recent innovative 

work (details in Chapter 10) PbS NC is used as a nano-scaled tool to probe the 

correlation between compression force and the length of a molecule chain by 

uniaxially squeezing molecule bundles that connecting NCs in a superlattice.[85] 

When pressure is elevated above the hydrostatic limit of the pressure medium or the 

specimen material if no pressure medium presents, deviatoric stresses start to play a 

role in shaping the structures in the NC superlattice.[86, 87] In this case, deviatoric 

stresses compress both superlattice and atomic lattice non-hydrostatically and results 

in structural transformations beyond simple isotropic shrinkages. 

In atomic lattices, deviatoric stress can cause structural phase transition from ambient 
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lattice symmetry into high-pressure phases of a different space group. For example, 

the wurtzite lattice in bulk CdSe transform into rock salt symmetry when pressurized 

to ~2 GPa.[88-90] At similar pressure bulk PbS undergoes a phase transition from 

rock salt to orthorhombic.[91-93] Such pressure-induced structural transition occurs in 

corresponding NCs as well but usually at a higher pressure due to the presence of soft 

ligands which provide pressure shielding and reduce deviatoric stresses. In NCs of 

either CdSe or PbS, the phase transition pressure was found to be up to 7 GPa.[33, 82] 

Therefore the phase transition pressure can be used as a convenient indicator of 

structural stability of NCs.  

As the pressure further increases and generates greater deviatoric stresses, the force 

that pushing neighboring particles together along the squeezing directions is so strong 

that it can push away the surface ligands and eventually allow NC cores to make 

contact and even fuse together. Under deviatoric stresses, NCs have been found to 

form nanowires, nanosheets [55, 56, 94] and are likely to form the aforementioned 

CBC networks as well. A recent computational work indicates that the key to 

successful connection of NCs into desired superstructure is to first compress a NC 

superlattice under hydrostatic pressure to strengthen its integrity then apply directional 
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compression to generate deviatoric stress which forces NCs to partially fuse.[95] 

1.6.2 Properties of Nanocrystals under Pressure 

Mechanical properties such as elastic stiffness and structural stability of NC cores and 

superlattices under pressure can be directly evaluated by high-pressure wide and small 

angle x-ray scattering respectively. Similar to NCs’ other quantities, their mechanical 

properties are also size-dependent. Size-dependent compressibility of NC cores was 

found in materials including metals,[96-98] metal oxides[9] and semiconductors.[31, 

32, 35] For example, PbS NC becomes stiffer as its diameter decreases. In a small size 

regime, however, the stiffness-diameter relationship reverses and shows a maximum 

around 7 nm. [35] (Details in Chapter 8)    

The pressure-induced atomic phase transition behavior in NCs is also known to be 

size-dependent. Tolbert et. al. reported that the wurtzite/rock salt transition pressure of 

CdSe NCs increased from 3.6 to 4.9 GPa as the NC radius decreased from 2.1 to 1.0 

nm.[16] And Quan et. al. found a Hall-Petch type relationship between rock 

salt/orthorhombic transition pressure and the size of PbTe NCs. The maximum 

structural stability, as indicated by the peak transition pressure, is achieved at particle 

diameter of ~ 10nm.[99]  
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In addition the phase transition is not only influenced by NC size but also ligand 

morphology and superlattice structure. Revealed by a recent high-pressure study, PbS 

NCs assembled in a bcc superlattice display enhanced structural stability than those in 

an fcc superlattice as indicated by a higher phase transition pressure.[76] Details of 

this study is provided in Chapter 7. 

Optoelectronic properties of NCs under pressure have also been investigated by 

optical measurements such absorption and photoluminescence spectroscopy with 

DACs. As an excellent example which endorses the unique capability of high-pressure 

experiments to probe property-structure relationships, the pressure coefficient of band 

gap of PbS NCs was found to, again, depend on particle size. Such size-dependence is 

interpreted quantitatively by the Brus model (Eq. 1.1) with the consideration of the 

aforementioned size-dependent mechanical stiffness.[100] Details of this work are 

presented in Chapter 9. 

1.7 Organization of the Dissertation  

The theme of this dissertation is to present my research works mapping the 

relationships between processing, structure and properties of lead chalcogenide NCs 

(Figure 1.3).  
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superlattice symmetry by tuning the growth conditions.[101, 102] Chapter 5 and 6 

demonstrate the x-ray scattering studies that unveiled detailed translational and 

orientation orderings in superlattices formed by cubic and truncated-cubic shape PbS 

NDQs.[83, 103] 

The second half of this dissertation presents works probing the structure-property 

relationships of NCs under high pressure. Chapter 7 introduces the high-pressure work 

that revealed enhanced structural stability of PbS NCs in bcc superlattice comparing 

with those in fcc superlattice.[76] High-pressure studies on size-dependent mechanical 

stiffness and optoelectronic band gap of PbS NCs are discussed in Chapter 8 and 9 

respectively.[35, 100] In chapter 10, the conceptual idea of probing microscopic forces 

in organic molecules using NC as a tool is demonstrated.[85]. Finally in chapter 11, 

conclusions and future directions for the NC research field are discussed.  
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CHAPTER 2 

NANOCRYSTAL SUPERLATTICES 

2.1 Introduction  

Since discovered in 1970s, semiconductor nanocrystals (NCs), or nanocrystal quantum 

dots, have drawn tremendous scientific and technological interests in a variety of 

communities including chemistry, physics and material science. Recent developments 

of synthesis, characterization and device fabrication of NCs have significantly 

expanded fundamental understandings of chemical processes and physical properties 

in spatially confined systems as well as accelerated the advance in nanotechnologies. 

Comparing with bulk counterparts NCs possess attractive features including but not 

limited to size-tunable optoelectronic properties, large optical absorption cross section, 

low cost and capability of being solution-based processed. These features make NCs 

ideal novel materials for applications such as energy conversion, e.g. photovoltaic (Fig. 

2.1a)[1-4], thermoelectric devices,[5-10] light emitting diodes (LED),[11-13] and field 

effect transistors.[14] All these applications require a thin film active layer made of 

NC assembly (Fig. 2.1b) taking the place of conventional semiconductor materials.  
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superlattice shown in Fig. 2.1b has a bcc translational symmetry with uniform 

orientation of PbS NC cores and intercalated oleic acid (OA) ligands.[19, 23-25]  

Structures in nanocrystal superlattices are of both scientific and technological interests. 

On one hand, knowing the hierarchical structures in a superlattice is beneficial in 

tracing back the self-assembly process and understanding how different types of 

molecular interactions balance each other and guide the self-assembly. While the 

translational symmetry of a superlattice reveals the profile of long-ranged attractive 

interactions between NCs during the early stage of self-assembly, the orientational 

orderings inform the isotropy/anisotropy of inter-particle interactions. As an analogy, 

from the structure of polymorphs of minerals abundant information such as geological 

history and crystal growth process can be extracted.[26-28] 

On the other hand the collective properties of NC assemblies not only dependent on 

the atomic structure of the inorganic cores, but also determined by the morphology of 

the superstructure. Thus the tunability of nanocrystal building blocks and assemblies 

creates an unprecedented opportunity to design and achieve novel materials of desired 

properties.  

It’s worth pointing out that a wide variety of natural materials assembled by NCs 
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abundantly exist including biological shells, enamel of animal teeth and calcite-

polymer matrix of ocean sediments. By embedding nanoscale hard inorganic crystals 

into a soft organic matrix and forming optimized hierarchical microscopic structures 

these natural nanomaterials display significantly enhance toughness and 

functionalities.[29-33] Mimicking natural nanomaterials, it was recently found that the 

mechanical strength of PbS NCs could be significantly improved intentionally by 

direct assembly of a bcc superlattice.[34] This improvement is indicated by the fact 

that comparing with an fcc superlattice counterpart, the PbS NCs in the bcc 

superlattice displayed a 1.5 GPa (~15,000 atmospheric pressures) increment in the 

atomic rock salt/orthorhombic phase transition pressure in PbS.[34, 35]    

More importantly, in terms of thin film devices applications of NCs, the collective 

optoelectronic properties of are mainly determined by two factors: 1) the intrinsic  

properties of individual building blocks which are functions of size, shape and surface 

chemistry of the NCs;[36-38] and 2) how these NCs are arranged in their assemblies. 

While the former enables upstream tunability of optoelectronic properties the later 

inevitably influence the physics and performance of NC assemblies allowing 

additional fine control and optimization by intentionally modifying the structures in 
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superstructures.[39]   

As predicted by theories and proven by both experimental and computational works, 

when a pair of NCs approach each other, their envelope wave functions gradually 

overlap and the two dots become quantum mechanically coupled. The strength of 

coupling is a function of their spatial distance and the height of the energy barrier 

between the two NCs.[40] When NCs form superlattices, similar to atomic crystals, 

coupling between NCs in a periodic lattice results in the formation of extended 

electronic states called minibands. The profile of the minibands is determined by not 

only the coupling strength but also the symmetry of the superlattice as well as the 

orientation of NCs.[41-43] 

The electronic state coupling and miniband formation effectively expand the band 

width of individual NCs and therefore narrow the band gap in NC superlattices. It also 

leads to the formation of a coherent exciton state in the NC array.[44] When the 

coupling energy overcome the charging energy, i.e. the energy required to remove a 

charge from a dot, the electrons delocalized and spans the entire superlattice and 

therefore significantly improve the charge mobility. High charge mobility is desired 

by most thin film applications of NCs. For example, sufficient charge mobility is 
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required in photovoltaic devices for the fast extraction of separated electron-hole pairs 

before recombination occurs. Experimentally, the inter-dot coupling is achieved by 

either substitute bulky ligands with short linker molecules or selective ligand removal 

and inter-particle fusion.[45, 46] However, these approaches lose the ordering in the 

superlattice and lack the capability to fabricate assemblies large enough to be 

integrated into practical devices. Alternative processing methods that overcome these 

drawbacks are strongly desired. 

This chapter serves as an overview of structural aspects of nanocrystal superlattices. 

Fabrication and structural characterization methods of nanocrystal superlattices and 

thin films are introduced first. Then the orderings in superlattice and the underlying 

molecular interactions are discussed. Selected studies of self-assembled superlattices 

are detailed in Chapter 3-6. The goal of this chapter is to not only present the 

relationship between processing and structures of superlattice but also guide future 

design and development of advanced NC-based materials by structural manipulation. 

2.2 Structural Characterization Methods of Superlattices 

To evaluate macroscopic quality of NC thin films and obtain insights into the 

microscopic structures in NC superlattices, several characterization methods have 
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been adopted from research of other material including optical and electron 

microscopy, scanning probing and x-ray scatterings. Each method has characteristic 

advantages that are detailed below. Advances in these characterization methods have 

played a vital role in advancing the nanomaterial field to where it is today. 

The macroscopic quality of NC thin films can be evaluated by widely used methods 

such as optical microscopy, scanning electron microscopy (SEM), profilometry and 

atomic force microscopy (AFM). These characterization techniques provide 

information of film integrity, homogeneity, thickness and morphology of defects such 

as cracks. One the other hand, to measure microscopic structures at multiple levels in 

NC assemblies both real-space imaging and reciprocal space (x-ray scattering) 

methods are applied.  

Transmission electron microscopy (TEM) has been proven to be a powerful tool to 

study structures in NCs and their assemblies in real space. High-resolution TEM 

(HRTEM) is capable to capture images that show the atomic lattice and shape of 

individual NCs.[21, 47-49] The atomic lattice constants in NC cores can be directly 

determined from HRTEM images.[50, 51] In addition, it can be used to detect crystal 

defects in NCs. For example, PbS NCs are shown to be defect-free single crystals by 
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HRTEM.[52] As an add-on crystallographic characterization method of TEM, selected 

area electron diffraction (SEAD) is also used on small number of NCs to provide 

information such as lattice parameters and orientation of NC cores.  

To observe the packing of NCs in the superlattices in real-space at a larger scale, both 

low-resolution TEM and SEM are used. While TEM better resolve the local NC 

packing in very thin (1-3) layers of superlattice, SEM, with extended depth of view, is 

more appropriate in measuring the grain morphology and surface NC packing of 

superlattices.[20, 25, 53, 54]   

As a major disadvantage, both SEM and TEM lack the capability to penetrate large 

grains of supercrystals to decode the overall NC packing. Therefore images by 

electron microscopy are barely convincing in unvealing structures in large 3-D 

supercrystals. To overcome these drawbacks and probe orderings in NC assemblies, x-

ray scattering (especially synchrotron-based) techniques are favorable. Statistically 

averaged structural information in superlattices including detailed superlattice 

structure, lattice parameters and grain size[55] at different levels can be readily 

extracted from x-ray scattering patterns collected by an area detector. Depending on 

the length scale of interest, while small angle x-ray scattering (SAXS) measures the 
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translational symmetry in superlattices and inter-particle distance, wide-angle x-ray 

scattering (WAXS) provide information of orientational orderings, atomic lattice 

parameters, size and shape of NCs.[19, 21, 24, 25, 56-60] 

 

Figure 2.2. Schematic demonstrations of (a) transmission simultaneous SAXS/WAXS 

measurements of NC assemblies under high pressure with a diamond anvil cell 

(reproduced from ref. [61]) and (b) in-situ solvent annealing study of NC thin films by 

GISAXS/GIWAXS. Typical scattering patterns of PbS NCs are also shown. 

(Reproduced from ref. [19]) 

Depending on the geometry of x-ray beam with respect to the specimen, transmission 

and grazing-incident modes are often used. The transmission mode is ideal for 
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measurements on large single or poly supercrystal specimen to reveal the detailed 

microscopic structures. This mode can be combined with additional apparatus such as 

a diamond anvil cell (DAC) for in-situ high pressure measurements[34, 61-64] (Fig. 

2.2a) or a heating device for variable temperature experiments.[62] The grazing-

incident mode of SAXS and WAXS (GISAXS/GIWAXS) are powerful tools to 

characterize structures in NC thin films.[65-68] Uniquely, combining with in-situ thin 

film deposition and solvent annealing experiments, grazing-incident x-ray scatterings 

is capable to capture the formation of superlattices in real time (Fig. 2.2b).[19, 24, 60] 

Such information is highly beneficial to the understanding of inter-particle interactions 

involved during self-assembly. 

2.3 Growth of NC Assemblies and Thin Film Deposition 

Various methods have been developed to fabricate NC superlattices and thin films 

from their colloidal suspension. Among these methods, some are preferably used to 

obtain NC assemblies contains highly ordered superlattices while some others are 

efficient in depositing coherent thin films in large area which is desired by device 

fabrication. Nearly all deposition methods involve formation of a wet layer of NC 

suspension followed by removal of solvent(s). The quality of the resultant thin film 
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suspension on a substrate such as a silicon wafer or a TEM grid. Upon evaporation of 

solvent, the inter-particle distance reduces and eventually leads to the formation of NC 

assemblies. Macroscopically, the thickness of the product thin film is determined by 

the total deposited volume and the NC concentration in the initial suspension. Due to 

the tensile stresses built by the film shrinkage during the final stage of evaporation, a 

typical drop-cast NC film displays defects, usually cracks (Fig. 2.3a), which would 

cause unwanted short circuits in devices such as solar cells. Microscopically the 

ordering of NCs in drop-cast thin films can be tuned by the speed of solvent 

evaporation. Intentionally slowing down evaporation, e.g. by using high boiling point 

solvent or letting the film dry in a confined chamber, can facilitate the formation of 

long rang ordering in NC superlattices (Fig. 2.3b).[23, 25, 69] On the other hand, fast 

removal of solvent perturb the self-assembly and results in amorphous or short-ranged 

ordered assemblies.[23]  

Other methods based on solvent evaporation are also often used to deposit NC thin 

films. For example, a vertically or aslant oriented substrate is submerged in NC 

suspension. As the solvent evaporates, the liquid surface moves downward and the 

self-assembly of NCs occurs at the liquid-substrate-air interface. Highly ordered 
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superlattice can be made in this fashion.[71-73]  

To study the packing behavior of NCs and the molecular interactions involved, it is 

convenient to investigate the structures in single supercrystals. Similar to atomic 

crystallization, NC supercrystals can be grown from dilute suspension by diffusion-

limited methods. Two common approaches to obtain large single supercrystals are 

very slow solvent evaporation[25] and inter-diffusion of anti-solvent into NC 

suspension (Fig. 2.3c d).[70]  

These aformentioned deposition methods are ideal when the microscopic ordering of 

the NC assembly is of the priority but not its macroscopic coherency and homogeneity. 

However nearly all thin film applications require defect-free NC films. Two 

techniques for such purpose are discussed in this review as following examples: Dr. 

Blade coating and sequential dip-coating/spin-coating.  

In Dr. Blade coating, the to-be-deposited material is dragged on the target substrate by 

a moving blade. A thin wet layer is first formed from the moving liquid meniscus and 

then dried to produce the final thin film. This method has been widely used in 

industries, especially in roll-to-roll coatings (e.g. production of photographic films). 

When adopted to fabricating NC thin films, Dr. Blade coating is found to be suitable 
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to produce very thin (several layers or even monolayer of NCs) and homogeneous 

films up to square centimeters large on flat substrates (Fig. 2.3e). In addition when the 

deposition conditions are carefully tuned the NC in the resultant film display long-

ranged translational ordering (Fig. 2.3f).[74, 75] The thickness and morphology of the 

deposited NC film is mainly determined by the NC concentration of the suspension, 

solvent type, evaporation rate and glide speed of the blade.[76] A systematic study of 

the conditions for Dr. Blade casting of PbS NCs is presented in Appendix I. 

Sequential dip-coating or spin-coating are often used in fabricating defect-free NC thin 

films of desired thickness which serve as active layers in devices such as solar 

cells[77-79] and light-emitting diodes.[13] In these applications, in order to improve 

charge transport, the inter-particle distance has to be significantly reduced by 

connecting neighboring NCs using short linker molecules, e.g. ethanedithiol (EDT), 

which replace the original bulky ligands. Such ligand replacements inevitably lead to 

formation of cracks. To eliminate cracks the raw thin film is sequentially dipped into 

NC suspension then linker solution. This process is repeated until desired film 

thickness is reached. Fig. 2.3g and h show an EDT treated PbS NC film made by 

sequential dip-coating of 100 cycles. As a compromise reduction of inter-NC 
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separation and enhancement of film homogeneity are accompanied by the loss of any 

long-range NC ordering. 

2.4 Orderings in Nanocrystals Superlattices and the Driving Forces 

In this section, we discuss the microscopic structure of self-assembled NC 

superlattices. The structure of a NC superlattice is determined by the driving forces 

involved in the self-assembly process as well as the shape of the NC cores. While the 

interactions in atomic/molecular (< ~1 nm) and colloidal (> ~ 100 nm) systems have 

been well understood, the interactions between NCs, whose dimension is intermediate, 

is not a simple blend of those in the other two systems and is still being actively 

investigated.  

On one hand, comparing with molecules, a typical NC contains too many atoms to be 

studied ab-initio. For example, for a 5 nm PbS NC, the PbS core consists of ~ 1300 

atoms and is covered by a layer of ~ 150 OA ligand molecules (assuming surface 

density of 2 nm-2) which contain another ~ 8000 atoms. On the other hand, comparing 

with colloidal particles, NCs are too complex to be modeled as hard spheres or 

polyhedrons. The dimension of NC core is comparable to the ligand and solvent 

molecules. Therefore ligand-ligand and ligand-solvent interaction need to be 
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considered in details to understand the self-assembly. Consequently the interactions 

between NCs are usually studied in a coarse grain fashion with the consideration of 

detailed ligand morphologies.  

Self-assembly of NCs can involve and be mediated by various interparticle forces 

including van der Waals, electrostatic and magnetic forces. Electrostatic interaction 

between a pair of charged NCs can be as large as ~ 0.5 eV and can be either attractive 

or repulsive depending on the sign of the charge.[15] It is strong enough to influence 

the symmetry and packing density of NC superlattices.[80, 81] Between NCs of 

magnetic materials such as Co and Fe3O4, the dipolar magnetic energy which is of the 

order of magnitude up to 0.1 eV is responsible to the formation of non-close-packed 

NC superstructures such as rods, chains and rings.[15, 82-84]  

While electrostatic and magnetic forces occur only between charged and magnetic 

NCs respectively, van der Waals (vdW) forces universally exist in all NC systems. 

There are two major types of vdW interactions: core-core and ligand-ligand. The core-

core interaction is of the order of milli-electron volt. For example, the vdW attraction 

energy between two 4 nm PbS NCs separated by 1.4 nm is calculated to be only -1.1 

meV by Hamaker approximation.[85] In contrast, the ligand-ligand interaction 
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between two butanethiol-passivated Au NCs of the same size and separation was 

calculated to be -24 eV by molecular dynamics (MD) simulations.[86] Obviously the 

short-ranged ligand-ligand vdW interactions play a dominating role during NC self-

assembly and thus the core-core interaction can be neglected. As a generic case we 

focus our discussion on the self-assembly of charge-neutral and non-magnetic NCs. 

And it is convenient to consider a nanocrystal as a non-interacting hard core covered 

by a soft and sticky shell. 

Besides energetic aspects, the NC shape also plays an important role in determining 

the morphology of the self-assembled superlattices. In the simple case of hard particles, 

to minimized inter-particle energy and maximize packing density, spheres tend to 

form compact assemblies of either fcc or hexagonal close packed (hcp) lattice with no 

orientational ordering while polyhedrons prefer face-to-face contacts and space-filling 

packing arrangements with orientational orderings.[21, 54, 71, 72, 80, 87-92] On the 

other hand surface ligands whose dimension is comparable to the size of the inorganic 

NC cores can either magnify or weaken shape effect and raises the complexity of the 

self-assembly process. In this section we discuss how NC shape and ligand-ligand 

vdW interactions together determine the microscopic structure of NC superlattices. 
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Based on the relative size of NC core with respect to ligand length, the self-assembly 

process of NCs belongs to one of the three following scenarios.  

Small Nanocrystals: shape doesn’t matter much 

For relatively small NCs the length of the surface ligand molecule is comparable or 

even longer than the radius of the NC core. As a result the shape of NC core is 

sufficiently camouflaged that the particles see each other as soft spheres and interact 

isotropically. Therefore in most cases small NCs show no orientational ordering in 

superlattices. However, unlike the hard sphere case, the symmetry of a superlattice 

formed by small NCs is not limited to simply fcc or hcp. It’s worth pointing out that 

due to the considerable volume taken by the soft ligands fcc and hcp are not 

necessarily always the close-packing configuration. Besides fcc/hcp, other superlattice 

symmetries including bcc and body-centered tetragonal (bct) have been commonly 

observed in experiments as well as computational and theoretical models.  

In a pioneer work[86], a theoretical optimal packing model (OPM) by Landman et al. 

predicted a transition of superlattice from fcc to bcc/bct as the relative ligand length 

L/R increases to ~ 0.7 where L is the length of a free ligand chain and R is the radius of  

the NC core (inset of Fig. 2.4a). For large L/R bcc/bct is preferred while for small L/R 
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fcc is preferred. The origin of such transition is attributed to that when the ligand is 

long enough to allow energetically favorable ligand contacts between second nearest 

neighbor (2nn) NCs in a bcc/bct superlattice but not in fcc. The achievement of 2nn 

ligand contacts lowers the overall free energy of the system and hence favors bcc/bct. 

 

Figure 2.4. Nearest neighbor NC separation δnn and favorable superlattice symmetry 

as functions of the ratio L/R predicted by the optimal packing model (OPM), 

comparing with results of different (a) experimental and (b) molecular dynamics 

simulation results. (Reproduced from ref. [86]) 

The OPM model is based on three assumptions: 1. NC core is spherical; 2. The ligand 

coverage at NC surface is constant and homogeneous; 3. Entire interstitial space in the 

superlattice is filled by ligand chain. Therefore given the symmetry of the superlattice, 
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the separation between nearest neighbor (nn) NC cores δnn is a function of L and R 

only and can be calculated numerically. As shown by the solid lines in Fig. 2.4a and b, 

δnn predicted by OPM shows agreement with the authors’ molecular dynamics (MD) 

simulation results on Au NCs and experimental works by others. 

Recently Wang et al. reported a detailed study of the self-assembly of 3.5 nm PbS NCs 

(Fig. 2.5a) passivated by OA ligands (L = 1.8 nm).[23] In this case, the ratio L/R of the 

NCs is always ~ 1.0 and they are predicted to form bcc superlattices with a constant nn 

separation δnn ≈ 2.4 nm according to the OPM. However, depending on the conditions 

(surface ligand density, air exposure, heating, solvent etc.) under which the self-

assembly occurred, every possible superlattice symmetry along the Bain deformation 

path[93] including fcc, bct and bcc as well as variable δnn ranging from 1.7 to 2.3 nm 

have been experimentally observed by high-resolution synchrotron based SAXS (Fig. 

2.5b,c). And a correlation between the superlattice symmetry and inter-particle 

separation was also confirmed in this work. 

As illustrated by Fig. 2.5d, as the center-to-center inter-particle decreases the 

superlattice symmetry undergoes a first transition at δnn ≈ 2.1 nm from fcc to bct and 

eventually bcc. As δnn further descend to ~ 1.7 nm, a second transition from bcc back 
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to fcc occurs. Meanwhile, the superlattice loses long range ordering and becomes 

amorphous at δnn ≈ 1.9 nm. These transitions were attributed mainly to the balance 

between NC surface energy, entropy and enthalpy of the vdW interactions of ligand 

intercalation to minimize the overall free energy of the super lattice. It was also 

pointed out that the formation of H┄H also plays an important role during the self-

assembly.[23] 

In this work the reduction of δnn was achieved by either air-exposure or thermal 

annealing of the NC superlattice samples. Air-exposure leads to surface oxidation and 

partial ligand loss at NC surface therefore shorter inter-particle distance can be filled 

by the ligands.[24] On the other hand, thermal annealing provides enhanced mobility 

to the ligands and allows them to lower the free energy by achieving more efficient 

intercalation.[19, 23] These results clearly indicate that inter-particle separation is not 

a function of the ratio L/R only as predicted by OPM. And the superlattice symmetry 

depends on at least two independent variables δnn and L/R. In another word, the 

morphology of NC, especially surface density and dimension of the ligands, and the 

growth conditions determine δnn which then together with L/R further determine the 

superlattice symmetry.                 
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Figure 2.5. Characterization of superlattices assembled by 3.5 nm PbS NCs: (a) TEM 

image of the building block NCs; (b) a typical 2D SAXS pattern from a bcc 

superlattice; (c) Azimuthally integrated 1D SAXS pattern revealing different 

superlattice symmetries; (d) Superlattice symmetry correlates to inter-particle distance 

and the volumetric ratio of the NC core to the total volume. Left and right regions 

separated by the dotted red line represent the amorphous/short-range order and 

crystallized/long-range order regions respectively and the corresponding fcc-to-bcc 

phase transformations. (Reproduced from ref. [23]) 

A recent comprehensive computational work by Kaushik also demonstrated that the 

inter-particle separation is not only a function of particle size and ligand length but 
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also surface density.[94] This work studied the self-assembly of PbSe NCs by MD 

simulations in an explicit all-atom modeling fashion. In these simulations, NCs of 

different size and ligand morphology were slowly brought together. The interaction 

between NCs was found to display a Lennard-Jones-like potential which balances the 

long-ranged vdW attraction and the entropic repulsion between ligands. Examination 

of ligand configuration at lowest energy state reveals interdigitation of ligands 

between adjacent NCs (Fig. 2.6a). 

Ligands of different length ranging from C4 to C18 backbone molecules were 

investigated. As intuitively expected and shown by Fig. 2.6b the equilibrium δnn 

increases linearly as the ligand molecule becomes longer. The interdigitation was 

found to be limited to the outermost –CH2 units regardless of ligand length for 

relatively long ligands. However as ligand length decreases below C8, ligands 

interdigitate more completely causing the deviation of L-δnn relationship from linearity. 

Besides ligand length the effect of grafting density of ligands at NC surface were also 

investigated by MD simulations. Fig 2.6c indicates that δnn increases linearly as the 

ligand density increase. This trend is explained by the fact that the denser the ligands 

pack the more difficult it is for them to interdigitate and thus reduce δnn. 
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Figure 2.6. Molecular Dynamic simulation of approaching PbSe quantum dots. (a) 

Snap shot of simulation of two PbSe NCs at equilibrium distance. Zoom-in view 

shows interdigitation of ligands between the adjacent NCs. Effects of ligand length (b) 

and grafting density (c) on inter-particle separation corresponding to the potential 

minimum (Reproduced from ref. [94]).  

In order to systematically model the self-assembly of NCs and predict the preferred 

superlattice structure we evaluate how ligands makes contacts in different superlattice 

symmetries. The spatial relationship between fcc, bcc and bct along the Bain 

deformation path is illustrated by Fig. 2.7a. With the lattice parameters as defined in 

this scheme, when c = a√2 the blue frame corresponds to fcc lattice. As the lattice 

deform in the way that it shrink in the c direction to the point where c = a, the red 

frame becomes a bcc unit cell. Any intermediate configuration in between, i.e. a < c < 

a√2 belongs to bct symmetry.  

Now consider the evolution of a NC superlattice from fcc to bcc via bct along the Bain 

deformation path with a constant nn distance dnn = δnn + 2R. At the starting point of 
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fcc each NC has 12 nn NCs in [110]fcc directions and 6 2nn NCs in [100]fcc directions 

with d2nn = 1.41dnn. As the lattice deforms to bcc while keeping the constant dnn, the 

superlattice shrinks in c direction and expand in both a and b directions. Eventually 8 

out of 12 nn NCs in fcc remain nn NCs in bcc ([111]bcc) while the rest 4 nn gradually 

became 4 out of 6 2nn NCs in the new bcc lattice in the [100]bcc directions with 

distance d2nn = 1.16dnn. This geometric analysis reveals that even bcc provides fewer 

nn, its shorter d2nn makes effective 2nn ligand contacts easier to achieve. Below we 

show that such geometrical difference in the origin of the transitions in superlattice 

symmetry. 

As an effort to better map and understand the relationships between superlattice 

symmetry and the morphology of the constituent NCs, in this chapter, a more 

generalized ligand contact model (LCM) is introduced. In this model, considering the 

important role of ligands, the length of a free ligand molecule L is used as the 

characteristic dimension. And two parameters are defined to plot the “phase diagram” 

of superlattice symmetry into a 2-D map. In addition to the ratio x = R/L which 

describes the hardness of NC, we introduce another parameter y = δnn/L which 

indirectly describes how fluffy a NC is. While x is an intrinsic number for a given 
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combination of NC core size and composition of the ligand, y also relies on the ligand 

density and superlattices growth conditions. Giving x and y values, the symmetry of 

the superlattice can be estimated by evaluating whether 2nn ligand contacts can be 

made. Based on such consideration, the x-y plane is divided into three regimes (Fig. 

2.7b) as described by Table 2.1. 

Table 2.1. Description of the three regimes in the ligand contact model (LCM) 

Regime Criteria 
2nn 

contacts 
in fcc 

2nn 
contacts 
in bcc 

Total 
contacts 

in fcc 

Total 
contacts 
in bcc 

A y > - 0.27x +1.73 0 0 12 8 

B 
y > - 0.59x +1.41 

y <- 0.27x +1.73 
0 6 12 14 

C y < - 0.59x +1.41 6 6 18 14 

In regime A the ligand molecules are so short that NO 2nn-NC ligand contact can be 

made in either fcc or bcc superlattice. Thus fcc superlattice is favored due to the fact 

that it offers the most nn-NC ligand contacts. In regime B the ligands are long enough 

to make 2nn contacts only in bcc but not in fcc lattice and bcc is the preferred 

symmetry due to its higher total number (both nn and 2nn) of ligand contacts. As x and 

y further decrease and fall into regime C, 2nn ligand contacts can be achieved in both 
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fcc and bcc superlattice, and fcc again becomes favorable. 

 

Figure 2.7. (a) Schematic illustration of the relationship between fcc, bcc and bct/fct 

through the Bain deformation path. (Reproduced from ref. [19]) (b) “Phase diagram” 

of NC superlattices by the LMC and (c) comparing with published results. Green and 

red symbols represent fcc and bcc/bct superlattices respectively. 

This LCM “phase diagram” based on ligand contacts in NC superlattice reveals the 

trend that by fixing either x or y and varying the other parameter, the superlattice 

symmetry may experience two transitions from fcc to bcc and then back to fcc. This 

prediction agrees with the results reported by Wang et al.[23] Experimental and 

computational data from multiple publications are compared with the LCM in Fig. 

2.7c.[23, 24, 34, 86, 95, 96] It shows that the superlattice symmetry predicted by the 

LCM correctly reflects the experimental and computational results. It is worth 

pointing out that the LCM lacks high quantitative precession since it oversimplifies 
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the ligand-ligand interaction. In reality, by considering the detailed free energy-

superlattice spacing relationships, the actual boundaries dividing the three regimes 

might be shifted from the current LCM predictions. And in realistic NC systems 

gradual transition between fcc and bcc via bct is expected rather than direct fcc-bcc 

flips.  

Big Nanocrystals: particle shape dominates 

As the relative size of the ligand of a NC decreases by either increasing NC core size 

or shortening the ligand molecule length or decreasing the surface ligand density, the 

NC becomes “harder” and the shape of the NC core starts to influence and eventually 

dominate superlattice structure. This process is demonstrated by the work of self-

assembly of Pd nanocubes (Fig. 2.8a, b) by Zhang et al.[97] As the surface density of 

dodecanethiol (DT) ligands is intentionally increased by solvent evaporation-induced 

elevation of the concentration of free DT, the superlattice symmetry underwent a 

reversible phase transition from simple cubic (sc) to rhombohedral (rh) accompanied 

by an increasing inter-particle separation which was detected by in-situ SAXS. In Fig. 

2.8c, CL1 – CL6 corresponds to 0, 24, 58, 98, 221, and 500 hours of evaporation 

duration at ~ 370 K, with solution fully evaporated at CL6. CL7 corresponds to the 



 

61 

superlattice that returned to sc when solvent was added again to the dried sample. 

The phase transition is attributed to the transition of the effective shape of these 

nanoparticles from cubic to quasi spherical[98, 99] and the sharp boundaries of the 

cubic NC core was gradually hidden by the thickening DT ligand molecules. Such 

cubic-to-spherical evolution can be quantified by a “superball” model[100] with a 

shape deformation factor p. As p increases from 1 to infinity, a particle defined by |x|2p 

+ |y|2p + |z|2p ≤ 1 transform from a perfect sphere into a perfect cube (Fig. 2.8d). 

Similar to bct in the aforementioned Bain deformation, the rh phase can be viewed as 

an intermediate configuration along the transition path form sc to fcc by continuously 

stretching the lattice along the [111]sc direction and varying the angle α form 90° (sc) 

to 60° (fcc) as shown by Fig. 2.8e.  

While fcc is preferred by spheres, sc is favored by cubes based on the consideration of 

minimization of free energy by maximization of face contacts and spatial packing 

density.[101] Consequently the fcc to sc superlattice phase transition is driven by the 

effective NC shape. As the relative ligand volume further decreases, e.g. by increasing 

the core size, eventually the NCs become “hard” enough. And the superlattice 

symmetry is completely determined by the shape of NCs and pronounced orientational 
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ordering of NCs is expected. As an excellent example, in a sc superlattice, all the 

constituent nanocubes align their [111]NC with [111]sc.  

 

Figure 2.8. (a) Low-resolution and (inset) high-resolution TEM images of Pd 

nanocubes. (b) TEM image of Pd nanocubes packing into simple cubic superlattice. (c) 

Evolution of integrated SAXS patterns of assembled nanocubes upon evaporation of 

ligand-rich solution. (d) 3D and 2D illustrations of the superlattice phase 

transformation from sc to fcc via rh phase due to evolution of effective particle shape 

from cube to sphere. (e) Schematics of the superlattice transformation from sc to fcc 

via rh phase. (Reproduced from ref. [97]).  
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On one hand, within the superlattice NCs arrange themselves to maximize face 

contacts and packing density. On the other hand, the shape of NCs can also interplay 

with interfaces and affect the structure of self-assemble superlattices by minimizing 

surface energy. Recently Choi et al. reported nucleation and growth of superlattices of 

PbSe nanocubes at both liquid-air and liquid-substrate interfaces simultaneously.[60] 

By in-situ GISAXS, GIWAXS and post-assembly SEM characterizations, it’s found 

that ~13 nm PbSe nanocubes dispersed in hexane form two types of superlattices of 

distinct translational and orientational ordering at the two different interfaces (Fig. 2.9). 

At the liquid-substrate interface, driven by the strong vdW interaction between the flat 

substrate and the flat NC surface, the nanocubes lie on the Si wafer with one of their 

six {100}NC facets parallel to the substrate (face-up, red arrows in Fig. 2.9c).[102, 103] 

Such interaction is strong enough to anchor the nanocubes and prevent them from 

forming long-range translational 2-D or 3-D ordering. At the other interface above the 

nanocubes first form a hexagonal Gibbs monolayer with their [111]NC direction 

perpendicular to the liquid-air interface (corner-up, blue arrows in Fig. 2.9c) in order 

to minimize the interface energy by avoiding exposure of the hydrophobic oleic acid 

tails to the unfavorable air phase.[59, 104-106] Then this monolayer of corner-up 
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nanocubes servers as a template for further superlattice growth underneath and 

gradually leads to the formation of a rh superlattice (Fig. 2.9a) as the solvent is 

removed. This process is demonstrated by the scheme as Fig. 2.9d. 

 

Figure 2.9. Structure of PbSe cubic NC superlattices. (a) GISAXS pattern of a PbSe 

nanocube superlattice indexed to rh symmetry with {111}rh planes parallel to the 

substrate. (b) GIWAXS pattern reveals the coexistence of two types of NC 

orientations: one orientation where {100}NC planes are parallel to the substrate (face-

up) and the other orientation where {111}NC planes are parallel to the substrate 

(corner-up). (c) Schematic illustration of the relationship between {111}NC and 

{200}NC GIWAXS reflections for face-up (red) and corner-up (blue) oriented NCs. (d) 

Schematic illustration of the proposed mechanism for nanocube superlattice formation. 

(Reproduced from ref. [60]). 
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In addition to this excellent example of nanocubes, self-assembly of non-spherical 

NCs whose shape determines the superlattice morphology has been widely reported. 

In this section, superlattices formed by nanooctahedra, nanorods and nanoplates are 

discussed briefly. A detailed review on superlattices of non-spherical nanocrystals can 

be found in Quan et al.[54] 

 

Figure 2.10. Superlattices of non-spherical NCs. (a) SEM image of superlattice of Au 

nanooctahedra, inset shows scheme of packing morphology. (Reproduced from ref. 

[107]) (b) TEM image of self-assembled CoO nanorods. (Reproduced from ref. [108]) 

(c-d) TEM images of edge-to-edge (c) and face-to-face (d) superlattices of triangular 

LaF3 nanoplates. Upper right insets are corresponding selected-area electron 

diffraction patterns. (Reproduced from ref. [109]) 

An octahedron is enclosed by eight facets. For nanooctahedra with cubic atomic lattice 
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the eight facets are typically {111}NC surfaces and usually accompanied by small 

{110}NC edges to avoid high energy edges.[110-117] Self-assembled superlattices of 

nanooctahedra of various compositions such as In2O3,[72] MnO,[118] and Fe3O4 have 

been investigated.[114] In a representative study,[107] Au nanooctahedra pack into a 

close-packed hexagonal array with maximized {111}NC facet contacts (Fig 2.10a). 

Nanorods are 1-D nanocrystals with an aspect ratio ranging from 3 to 5. Nanorods 

tend to form hexagonal honeycomb superlattices. Two different orientations of the 

superlattice with respect to the supporting substrate are often observed: horizontal and 

perpendicular. Nanorods in the horizontal configuration “lie down” on the substrate 

and hence preferred by systems with strong NC-substrate interaction and low nanorod 

concentration. In contrast the perpendicular configuration consists of “stand-up” 

nanorods and hence favored by systems with strong NC-NC interactions and high NC 

concentration. Fig. 2.10b shows an example of CoO nanorods showing both 

configurations.[108] Similar structures have been reported for various other nanorods 

including Au,[119, 120] Ag,[121] Cu2S[122] and CdS/CdSe.[123-125] 

While nanorods extend in one dimension, nanoplates have high aspect ratio in two 

dimensions. Typical shapes of nanoplates include triangular, square, hexagonal and 
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circular.[109, 126-129] In the example of triangular 46×9 nm LaF3 nanoplates,[109] 

two distinct close-packed superlattices were observed: edge-to-edge (Fig. 2.10c) 

favored by strong NC-substrate attraction and face-to-face (Fig. 2.10d) favored by 

strong NC-NC interactions. These configurations can be switched by manipulating 

solvent/substrate interactions. The face-to-face configuration is also commonly 

observed for other nanoplates, e.g. Ag, Co, Pd, Pt, etc.[126, 128-136] 

Intermediate Nanocrystals: Shape influences via ligand morphology 

As reviewed by the two previous sections, both NC core shape and the molecular 

interactions among ligands and solvents play important roles in the self-assembly of 

NCs. While the former is more pronounced in the “big and hard” NC case, the later 

dominates in “small and soft” NC systems. In the interesting regime of NCs with 

intermediate size these two effects are comparable and hence enable even greater 

tunability of superlattice structure. In this section, we show how superlattices are 

influenced by shape of NC cores via surface ligand morphology and tuned by ligand 

distribution, choice of solvents and drying dynamics. 

An excellent example fall in this intermediate category is the self-assembly of ~ 6 nm 

PbS NCs as reported by Bian and Choi et al.[19, 24] In these studies the PbS NCs 
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have approximately cuboctahedral shape enclosed by six {100}NC and eight {111}NC 

facets (Fig 2.11a, middle). These fourteen facets are passivated by OA ligands (L = 1.8 

nm). When drop-cast on Si wafer, as-synthesized 6.3 nm PbS NCs self-assembled into 

an fcc superlattice with its close-packing (111)fcc plane parallel to the substrate and a 

lattice constant afcc = 13.9 nm as measured by GISAXS (Fig. 2.11a1). This 

corresponds to an inter-particle separation (δnn) of 3.5 nm which is slightly shorter 

than twice of the ligand length indicating intercalation between nn-NC ligands. In this 

case, x = R/L = 1.75 and y = δnn/L = 1.94 belong to Regime A in the aforementioned 

LCM (Fig 2.7b). Therefore the NCs form fcc superlattice by sphere-like isotropic 

inter-particle interactions and no orientational ordering is expected (Fig. 2.11a3, 2.12a 

left). The lack of orientational ordering is confirmed by a powder-type GIWAXS 

pattern (Fig 2.11a2). 

However, if the same NCs had been exposed to air for a long period (approximately 

four month) prior to superlattice growth, instead of fcc, they pack into a bcc 

superlattice this time. (Fig 2.11e) This bcc superlattice aligns its close-packing (110)bcc 

plane with the underlying Si substrate. The lattice constant is abcc =11.0 nm with δnn = 

3.4 nm. In this case, (x, y) are calculated to be (1.70, 1.89) and again belong to LCM 
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Regime A which predicts fcc superlattice symmetry. Therefore the observed bcc 

superlattice is an indication of a non-spherical effective NC shape. In addition to the 

translational order, the NCs in the bcc superlattice also display strong orientational 

order that the [111]NC directions coincide with [111]superlattice as indicated by scattering 

spots instead of powder rings in the GIWAXS pattern (Fig 2.11e2). Such orientational 

ordering further supports the anisotropic nature of the inter-NC interactions. 

The transition of inter-NC interactions from isotropic to anisotropic by air exposure is 

attributed to the fact that OA permanently detach from {100}NC facets selectively 

upon NC surface oxidation. It’s found experimentally that up to 60% of OA ligands 

can be removed from PbS/PbSe NC surface in this way.[24, 137] The binding energy 

of OA on PbS {111} and {100} surface are found to be 0.96 and 0.62 eV respectively. 

Such difference of over 0.3 eV (~ 14kT) is sufficient to make the ligands tend to 

detach from {100}NC facets first.[24, 113] As nearly all {100}NC-bonded ligands were 

lost, the residual ligands attached to the eight {111}NC facets serve as connectors along 

[111]NC directions which attract and connect with those of other approaching NCs. 

Eventually a bcc superlattice as shown by the schematics (Fig. 2.11e3, 2.12a right) is 

formed. 
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Figure 2.11. Superlattices of ~ 6 nm cuboctahedron PbS NCs with different degree of 

{100}NC-ligand loss and formed under different conditions: (a) fully passivated; (b) 

partial ligand loss, octane (blue) as solvent, slow evaporation; (c) partial ligand loss, 

toluene (red) as solvent, slow evaporation; (d) partial ligand loss, octane as solvent, 

rapid evaporation and (e) completely ligand loss, octane as solvent. SAXS (row 1), 

WAXS (row 2) and schematics of the close-packing plane, i.e. {111}fcc or {110}bcc/bct 

(row 3) are given for each case. (Reproduced from ref. [19] and [24]) 

In the two cases above, i.e. NCs with full ligand coverage and complete ligand loss 

from {100}NC facets, the resultant superlattice symmetry are consist regardless of the 

choice of solvents used in the NC suspension. In contrast, as shown by the following 

examples, the superlattice morphology of NCs with ligands partially lost can be also 

tuned by the choice of solvents.  
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Partial removal of OA ligands from {100}NC facets of 6.4 nm PbS NCs were achieved 

by exposing NC octane suspension to air for moderate period (approximately one 

week).[19] When drop-cast on Si substrate, these NCs form an fcc superlattice (afcc = 

13.7 nm, δnn = 3.3 nm) without orientational order (Fig. 2.11b). However when the 

solvent was substituted by toluene, the NCs self-assemble into a bcc superlattice with 

abcc = 11.0 nm (δnn = 3.1 nm) and strong orientational order (Fig. 2.11c). These results 

mean different superlattice structures can be obtained from the same PbS NCs by 

simply swap the solvent (Fig. 2.12a).  

The tunability of superlattice symmetry by the choice of solvent can be explained by 

different affiliations between the ligand and different solvent molecules. Guided by 

Flory-Huggins theory,[138, 139] aliphatic solvents such as octane are expected to 

solvate the OA chains more efficiently than aromatic solvents like toluene. As 

illustrated by Fig. 2.11b3, due to the attraction between the chain-like octane and OA, 

octane molecules can easily insert into the matrix of residual {100}NC-bonded ligands 

and restored a fluffy and spherical NC which then form an fcc superlattice. In contrast, 

as shown by Fig. 2.11c3, OA ligands stick together to avoid the energetically 

unfavorable OA-toluene interaction and form ligand connectors along [111]NC 
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directions. Thus the anisotropy of ligand distribution is reinforced by toluene 

molecules and results in a bcc superlattice with strong orientational order.   

Similar solvent mediation has also been observed in superlattices of other NC species. 

For instance, recently Quan et al. reported 10 nm Pt-OA nanocubes self-assemble into 

sc and bct superlattice when toluene and hexane were used as solvents respectively 

(Fig 2.12b).[140] In another recent study, Boles et al. reported the formation of an 

unexpected non-close-packing superstructure from ~ 10 nm CdSe nanotetrahedrons 

(Fig 2.12c1-4).[141] The lack of face-to-face contacts and abundance of vertex-to-

vertex contacts are explained by a transition of effective NC shape from a “puff” to a 

cantellated tetrahedron upon the evaporation of tetrachloroethylene as a good solvent 

(Fig 2.12c5-6). 
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Figure 2.12. Schematic illustrations of NC superlattice structure mediated by choice 

of solvent. (a) Cuboctahedron PbS NCs self-assemble into fcc and bcc superlattices 

form octane and toluene suspension respectively. (b) Formation of Pt nanocubes sc 

and bct superstructures in the presence of toluene and hexane solvents respectively. 

(Reproduced from ref. [140]) (c) Self-assembled tetrahedal CdSe NCs: (Reproduced 

from ref. [141]) (c1) TEM images of three projections of the superlattice. Scale bars 

measure 10 nm; (c2) Corresponding modeled superlattice; (c3) Unit cell contains two 

tetrahedra in opposite orientations; (c4) Modeled superlattice without ligand shown; 

(c5) Isotropic swelling of surface ligands in good solvent leads to “puffed” tetrahedron 

shape; (c6) Bundling of ligands in bad solvent or vacuum produces cantellated 

tetrahedron shape.  
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Besides solvent mediation, the structure of superlattice of partially ligand-lost PbS 

NCs was also found to be affected by the dynamics of solvent removal. As shown by 

Fig. 2.11d, when the drying period was speeded up from approximately three hours 

(Fig. 2.11b) to less than a minute, the NCs formed a bct superlattice instead of fcc.[19] 

The rapid evaporation reduced the amount of residual solvent molecules in the 

superlattice and hence hindered the complete restoration of the spherical NC shape. 

Therefore the NCs pack into a bct superlattice with intermediate orientational NC 

ordering as a middle configuration between fcc and bcc.  

2.5 Conclusion 

In this introductory chapter, aspects of nanocrystal superlattices and thin films 

including fabrication, characterization, macroscopic morphology and microscopic 

structures are discussed. Especially the roles of molecular level inter-particle and 

particle-environment interactions and particle shape in determining superlattice 

structures are analyzed. Specific examples of self-assembly of NCs are presented in 

details in Chapter 3-6.  
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CHAPTER 3 

SHAPE-ANISOTROPY DRIVEN SYMMETRY TRANSFORMATIONS IN 

NANOCRYSTAL SUPERLATTICE POLYMORPHS 

 

3.1 Introduction  

Interactions between NCs solubilized by surface-bound organic ligands have often 

been, to a first approximation, described by a spherically symmetric interaction 

potential: The softness of the ligand shell can be parameterized by the ratio (χ) of the 

ligand length (l) to the particle radius (r) (i.e., χ = l/r).[1, 2] Colloids and relatively 

large diameter NCs up to χ ~ 0.7 interact as hard spheres and form close-packed 

assemblies with fcc symmetry. In contrast, softer NCs, beyond χ > 0.7, favor more 

open structures in which the flexible ligands occupy interstitial space in the bcc 

superlattice.[1, 2] Based on this model, the oleic acid-passivated PbSe and PbS NCs 

with χ = 0.5-0.6 investigated in this work would be expected to form fcc superlattices.  

However, the basic hard/soft sphere model is inadequate. We will show that identical 
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NCs can be assembled into NCSLs with predefined symmetries by adjusting the 

nature of the ligand-solvent interactions. 

 

Figure 3.1. Tetragonally distorted NCSL (a) GISAXS pattern of a bct superlattice (a = 

b = 9.8 nm, c = 12.4 nm) with (110)SL planes parallel to the substrate and 7%  

shrinkage in the vertical direction. (b) Corresponding GIWAXS patterns illustrating 

coaxial alignment of [110]NC axis of NCs in their superlattice sites. (c) Model of the 

fcc and bcc unit cells related through the Bain deformation. The experimental setup for 

the GISAXS measurements is shown in the supporting information (Appendix A).  
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Instead of the expected fcc ordering, the GISAXS pattern of the PbS NCSL in Figure 

3.1 reveals a non-cubic symmetry that can be uniquely indexed to the reflections of a 

bct NCSL with a = b = 9.8 nm and c = 12.4 nm. The (110)SL plane of this NCSL is 

oriented parallel to the plane of the substrate. The bct symmetry can be viewed as an 

intermediate between the fcc ( ) and bcc ( ) lattice symmetry along 

the Bain deformation path (see Figure 3.1c).[3] 

Bain deformations occur in various atomic crystals and block copolymers and remain 

a subject of ongoing investigation in condensed and soft matter physics.[4-8] It is 

important to note that the tetragonal distortion of the bct NCSL occurs along the 

[001]SL directions, which are neither parallel nor perpendicular to the plane of the 

substrate. Therefore, the deformation is not the result of macroscopic film shrinkage or 

lateral stresses during drying, but instead reflects the intrinsic symmetry of the NCSL. 

Importantly, the grazing incidence wide-angle X-ray scattering (GIWAXS) pattern 

from individual NCs reveals a high degree of orientational coherence of NCs in their 

lattice sites. Specifically, the simultaneous small- and wide- angle X-ray scattering 

data illustrate the coaxial alignment of (110)SL and (110)NC planes of the superlattice 

(SL) and nanocrystal (NC) lattices respectively.   

/ 2c a = / 1c a =
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The hypothesis tested and confirmed in this paper is that the orientational ordering of 

NCs drives the coherent distortion superlattice symmetry. We note that the 

Archimedean cuboctahedron, a special member of this family of shapes which 

produces a perfect space filling, has just the observed structural property. In our NC 

structure the ligand shell between NC cores can accommodate deviations from the 

perfect shape, and thus cuboctahedra close to the Archimedean one show a natural 

tendency to assume such a dense bcc packing of non-spherical particles. Hence despite 

the fact that cuboctahedrons are almost spherical, the proximity of the densely packed 

phase seems to drive the NCSL towards the bcc structure. 

The broken symmetry underlying the formation of a non-close-packed bct NCSL with 

translational and orientational order illustrated in Figure 3.1 is remarkable and leads to 

a number of intriguing questions. In particular, what is the driving force behind this 

symmetry distortion and the NC orientational ordering? And how can we tailor the 

driving force to control the assembly of NCSLs with predefined symmetries? 

3.2 Results and Discussion 

To understand the fundamental origin of the tetragonal NCSL distortion and its 

relation to the symmetry of the interaction potential, we considered two alternative 
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hypotheses: (1) electrostatic interactions resulting from dipole-dipole coupling of 

proximate NCs and (2) forces based on anisotropic interactions between the surface-

bound ligand chains.[9]  

The hypothesis that dipole-dipole interactions form the driving force behind the 

coherent NCSL distortion was inspired by analogies to similar effects in atomic 

crystals. The Jahn-Teller effect and martensitic phase transitions are the prominent 

examples of electronic interactions leading to lattice structure transformations in 

atomic systems.[3, 10-13] Since NCSLs can be regarded as artificial crystals, we 

conjectured that similar symmetry distortions may arise from the dipole-dipole 

interactions of neighboring NCs. The dipoles are believed to arise from an uneven 

distribution of Pb- and Se- terminated {111}NC facets of individual NCs[14] with 

cuboctahedra shapes or charged surface states.[15] Dipole pair interactions, whose 

strength was recently estimated to be in the range of 8-10 kBT,[16] have been 

attributed as the driving force in the formation of highly anisotropic nanostructures, 

via oriented attachment,[14, 17] and the assembly of NC films with non-close-packed, 

simple hexagonal, symmetry.[18] 
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The uniformity of the NC dipoles is a crucial factor in understanding their possible 

role in coherent NCSL distortions. Cho et al. have analyzed possible NC dipoles 

resulting from an even (i.e., 4:4) distribution of Pb- and Se- terminated {111}NC 

facets.[19] Recent theoretical and experimental work by Fang et al. suggested that the 

{111}NC facets are composed of ribbons of alternating polarity that are stabilized in 

the presence of surface bound ligands and in their absence transform to ribbon-like Pb 

or Se nanodomains.[20] Other reports indicated that the composition of lead salt NCs 

varies significantly depending on synthesis parameters and is, in most cases, 

characterized by an excess of lead.[21, 22] We determined the more general 

relationship between Pb- and chalcogen- terminated {111}NC facets and found 163 

non-equivalent configurations resulting in a broad distribution of dipole strength and 

direction (see supporting information Figure A1). The inhomogeneity of the dipole 

distribution is inconsistent with the requirements for a coherent NCSL distortion 

observed in our experiments and provides a strong indication against a major role of 

dipole interactions in the coherent distortion of NCSLs.  

To prove this interpretation and to differentiate between dipolar and ligand-ligand 

interactions, we devised an experiment that exploits differences in the potential-
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distance relationship of the two interactions. The ligand-ligand interactions fall off 

over shorter distances comparable to the length of the ligand molecule; electrostatic 

interactions between NC facets and related permanent dipoles and multipoles are 

significant over much larger ranges.[9] A common approach to tune inter-particle 

spacing in NC assemblies is to tailor the interface chemistry, e.g., through the 

substitution of variable chain length ligands; this approach has provided critical 

insights into the complex relationship of soft ligands/hard core interactions.[1, 9, 23] 

Unfortunately, the ligand exchange inevitably introduces a number of additional 

complications including changes in surface chemistry (i.e., dipole), solubility and NC 

morphology.[21, 22, 24] To avoid these perturbations, we pursued an alternative 

approach that preserves the NC surface chemistry and enables reversible and 

continuous tuning of inter-particle spacing through solvent vapor processing. We have 

previously demonstrated this approach as a powerful technique to improve the long-

range ordering of NCSLs.[25]  Here, we integrate solvent vapor processing with in-

situ GISAXS analysis to study solvent vapor-mediated changes in NCSL structure in 

real time.  
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The starting point for the in-situ measurements was a PbSe NC film, drop-cast under 

ambient conditions from a 0.05 mg/mL colloidal NC suspension in hexane. We 

investigated both PbS and PbSe NCSL and found that the trends in NCSL symmetry 

were independent of chalcogenide composition in the NC core. The corresponding 

GISAXS pattern (Figure 3.2a) of the PbSe NCSL can be indexed to a bct structure 

(space group: I4/mmm, #139) with a =b = 9.7 nm, c = 12.1 nm. The anisotropic 

broadening of the Bragg reflection is due to the fact that the lateral NCSL grain size 

exceeds the film thickness. Using Scherrer’s formula,[26] we determined the vertical 

and horizontal grain size to be 48 and 154 nm, respectively, by analyzing the vertical 

and horizontal width of the (113)SL, (-131)SL and (22-2)SL NCSL reflections. (See 

Appendix A.4). 

 

Figure 3.2. Reversible tetragonal-cubic phase transition. (a) Dry bct PbSe NCSL (a = 

b = 9.7 nm, c = 12.1 nm, s = 2.5%), (b) fcc superlattice in presence of 75% saturated 
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octane vapor (c = √a = 14.5 nm, s = 0%), (c) rapidly dried bct superlattice (a = b = 

10.3nm, c = 12.1 nm, s = 6% )  

Next, we exposed the NCSL to gradually increasing concentrations of octane vapor 

and monitored changes in the NCSL symmetry. We observed a tetragonal-to-cubic 

(bct-to-fcc) symmetry transformation after exposing the NC film to a sub-saturated 

(~0.60 mol/m3) octane vapor atmosphere for approximately 4 min. The corresponding 

GISAXS pattern (Figure 3.2b) reveals a NCSL with fcc symmetry (space group Fm3m, 

#225) (i.e., undistorted). For consistency, we will describe lattice constants of fcc, bct 

and bcc crystals in terms of the general unit cell illustrated in Figure 3.1c. The 34% 

increase in unit cell volume relative to the initial bct NCSL can be attributed to solvent 

swelling and capillary condensation of vapor in the interstitial spaces of the NC 

film;[27] the low-q scattering is due to the NC suspension in a disordered, liquid state 

that eventually crystallizes. 

To quantitatively analyze the NCSL spacing in the context of the spatial arrangement 

of the NC cores and the surface-bound ligands, we define the inter-particle spacing, δ, 

as the distance between NC surfaces along the close-packed direction, i.e. the space 

available to ligands and possibly solvent molecules. We determined the average NC 
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diameter (dNC = 6.1 nm) from a statistical analysis of transmission electron 

microscopy (TEM) images. In the case of the bct NCSL in Figure 3.2a, the spacing 

along the close-packed [111]SL direction of the bct lattice is  

δ = 2a2 + c2 2 − dNC = 3.0nm ; this spacing is less than twice the length of the oleic 

acid ligand (LOA ~1.8 nm) and illustrates that there is partial overlap of the ligands 

bound to the surfaces of adjacent NC cores.[24] 

On the other hand, analysis on the swollen fcc NCSL (Figure 3.2b) shows that the 

inter-particle separation along the close-packed <110>SL direction of δ =4.1 nm, or 

approximately 2.3 LOA; this comparison illustrates that the ligands of proximate NCs 

in the swollen superlattice do not overlap. We can therefore conclude that the 

tetragonal NCSL distortion occurs only in situations where ligands of neighboring 

NCs overlap (i.e., inter-particle separation δ < 2 LOA.) underscores the critical role of 

molecular interactions. Alternatively, if the longer range NC dipole-dipole interactions 

were the cause of the tetragonal NCSL distortion, then even the swollen NCSL should 

exhibit bct symmetry. Instead, the bct-to-fcc transition illustrated in Figure 3.3 

provides direct experimental evidence to eliminate the role of dipole interactions. 
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The cubic-to-tetragonal symmetry transformation is fully reversible. The bct NCSL 

symmetry can be restored by reducing the octane vapor concentration.  Figure 3.2c 

shows the scattering signature of a bct structure with a = b= 10.3 nm, c = 12.1 nm 

which was formed by quickly evaporating the condensed solvent in the presence of a 

He purge flow. We note that the extent of the tetragonal lattice distortion is sensitive 

to the solvent evaporation rate as controlled by the He purge flow. The relationship 

between lattice distortion and solvent evaporation rate controlled by fine-tuning the 

evaporation conditions may shed new light on how kinetic effects of ligand effects 

during the assembly while at the same time introducing refined control over the NCSL 

symmetry. 

We turned to in-situ GISAXS measurements to monitor the assembly dynamics in real 

time to gain deeper insights into the relationship between solvent evaporation rate, 

NCSL growth and symmetry. In the presence of saturated octane vapor, solvent uptake 

in the NCSL first swells the assembly and ultimately results in completely disordered 

thin films of the saturated NC suspension (see Figure 3.3a and integrated intensity 

profiles in Appendix A, Figure A.5). 
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Figure 3.3. In-situ GISAXS patterns of solvent-vapor mediated PbS NCSL symmetry 

transformations. (a) disordered film in a saturated octane vapor environment (~0.8 

mmol/L), (b) initial superlattice nucleation in a sub-saturated vapor environment (~ 40% 

saturation) (c) fcc NCSL formed by drying the film over the course of 3 hours ; (c = 

√a = 13.7 nm) (d) bct NCSL formed by drying the film in presence of He purge  (a = 

b= 9.8 nm, c = 13.0 nm), (e-g) schematic of the disordered, swollen fcc, and dry bct 

nanocrystal film. Note, the deformed hexagon illustrates a minor superlattice 

shrinkage (~4%) in the vertical direction, while more pronounced tetragonal 

distortions occur along the [100]NC direction of the fcc NCSL. (h) MD snapshot of two 

NCs with (i) high resolution snapshot of a MD simulation of ligands between (111)NC 

facets of proximate NCs. 
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We progressively reduced the solvent vapor concentration and monitored the 

concurrent decrease in inter-particle spacing indicated by the scattering profile. This 

approach allowed us to determine the critical inter-particle separation corresponding to 

the order/disorder transition at the NCSL nucleation. We observed the first signs of 

NCSL nucleation at octane vapor concentrations corresponding to ~ 40% saturation (~ 

0.32 mmol/L). The sharp scattering features of the nascent NCSL indicate fcc 

symmetry with a lattice constant of c = 2a =15.2 nmand a grain size on the order of 

800 to 1200 nm. The detailed grain size analysis provided in the supporting 

information shows that NCSL grain size of the nascent NCSL is substantially larger 

than the ~ 140 nm grains calculated from the GISAXS peak with of the final (dry) 

supercrystal. We attribute this grain size reduction to cracking inherent to drying wet 

films.[25]  The interparticle separation between the 6.4 nm core PbS NCs along the 

close-packed [110]SL direction of the nascent fcc lattice was δ = 4.3 nm = 2.4 LOA, 

which significantly exceeds the reach of the ligands; this confirms the lack of ligand 

overlap, similar to the case of the swollen PbSe NCSL in Figure 3.2b, and shows that 

solvent molecules take up a significant volume in the initial NCSL. If the NCs are 
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modeled as spheres, the volume packing fraction in the initial NCSL corresponds to 

approximately 0.6. 

We investigated the solvent evaporation rate as an independently adjustable parameter 

to control the extent of tetragonal distortion in the resulting NCSL. By tuning the He 

purge flow rate in the in-situ cell, we systematically scanned solvent evaporation times 

ranging from several hours to less than one minute and returned the NC film to the 

disordered state (Figure 3.3a and e) in between each run. Slow growth of NCSL, in 

which the solvent evaporation was controlled over a period of over 3 hours, exhibited 

fcc symmetry with a lattice constant of c = 2a = 13.7nm  (Figure 3.3c). When we 

accelerated the growth rate by reducing the solvent evaporation time to approx 30 sec, 

we formed a NCSL with bct symmetry and a = b = 9.8 nm and c = 13.0 nm (Figure 

3.3d). The extent of ligand overlap along the close-packed superlattice direction in 

both cases is approximately the same, and comparable to the case of PbSe NCSL 

shown above. At even faster evaporation rates, the resulting NC film exhibited ring-

like scattering signatures (similar to the pattern shown in the supporting information 

Figure A.7), indicating that the planes of the formed NCSL were not aligned parallel 

to the underlying substrate.[25] Notably, these kinetic effects are distinct from the 
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crystallization of metastable bcc crystals in atomic systems in which bcc crystals often 

nucleate first even if fcc phase is more thermodynamically stable.[28]  

We further confirmed the relationship between NCSL-symmetry and -growth rate in a 

series of control experiments in which we tuned the growth rate by adjusting the 

concentration of NCs in the initial suspension. NCSLs formed from dilute NC 

suspensions (0.05 mg/ml) in 9:1 v/v hexane/octane, corresponding to slow growth rate 

formed fcc NCSLs; higher colloidal NC concentrations, in the range of 0.5 to 5.0 

mg/ml yielded NCSL with bct symmetry (see Figure A.7).   

Taken together, two important concepts emerge from the results of these experiments.  

First, systematic adjustment of the solvent evaporation rate enables control over the 

symmetry and spatial coherence of the resulting NCSL. Secondly, the symmetry of the 

self-assembled NCSL is governed by ligand interactions that are not captured in 

previous hard sphere/soft shell models. We illustrate how anisotropic ligand coverage 

on specific NC facets influences NCSL symmetry in a separate publication.[29] 

Insights into the detailed molecular-level interactions between surface bound ligand 

are beyond the capabilities of current experimental approaches and instead rely on 

computational simulations. Luedtke and Landman have previously demonstrated the 
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advantages of molecular dynamics (MD) simulations of alkyl thiol-passivated gold 

NCs to show that surface-bound ligands organize into orientationally distinct ligand 

‘bundles’ between proximate NCs leading to tetragonal NCSL distortions similar to 

those observed in our work.[30, 31] We performed MD simulations of oleic acid-

passivated lead salt NCs to test whether similar ligand bundling is responsible for the 

aspherical interactions observed in our experiments. Our simulations suggest that oleic 

acid ligands do not invariably form bundles as in the case of alkyl thiol-passivated Au 

NCs; instead, they exhibit a complex array of ligand-ligand response to assembly that 

varies from interpenetration to ligand avoidance. This response depends on factors 

such as ligand surface coverage density, NC diameter, NC core shape, the rate at 

which NCs approach during self assembly, etc. in ways consistent with the dendrimer 

packing computational studies of Li et al.[32] Detailed results from these simulations 

and corresponding GISAXS measurements will be reported in an upcoming 

publication. 

Experimental efforts confirm the MD-derived prediction that bundling is not a 

prevalent motif; probing the presence of quasi-crystalline ligand bundles using 

polarized infrared spectroscopy showed no discernible spectroscopic signatures that 
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could be ascribed to bundles (see supporting information Figure A.9).[33] Moreover, 

ligand bundles should lead to temperature-dependent interaction potentials governing 

the self-assembly. While trends between assembly temperature and NCSL symmetry 

have recently been reported in the case of Ag NCs,[34] our GISAXS experiments at 

variable temperatures have, to date, not shown such correlations in oleic acid-

terminated lead salt NCs.  

Although not in the form of ordered bundles, our simulations do show that ligands 

experience a net attraction along the close-packed direction within the NCSL (see 

Figure 3.3h,i), consistent with previous experimental reports of ligand distributions in 

metal NC monolayer assemblies.[35] Our model shows that the outcome of van der 

Waals interactions between ligands on neighboring NCs depends on the rate at which 

the inter-particle separation is reduced. Under molecular simulation conditions 

commensurate with slow solvent evaporation (Figure 3.3c), achieved by bringing the 

ligands on approaching NCs together ‘slowly’ (at rates of ~ 0.2Å/ps or 0.02Å/ps) the 

ligands are able to relax and interdigitate (see Appendix A.8). The interaction potential 

in this scenario remains essentially spherically symmetric throughout. At faster 

approach (~ 2.5Å/ps), commensurate with the experimental case of accelerated solvent 
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evaporation (Figure 3.3d) or higher colloidal NC concentration (see Figure A.7), 

repulsive interactions between the ligands dominate. Unable to interdigitate during 

their rapid approach, the ligand-ligand repulsions perturb the spherically symmetric 

interaction potential. This perturbation, together with the limited relaxation time 

during fast drying process, pushed and trapped the NCSL system into tetragonally 

distorted state which is a meta-stable configuration. (see Appendix A.8).  

These molecular-level insights into the early stages of NCSL assembly suggest that 

rational modifications of the relative strength of ligand-ligand and ligand-solvent 

interactions present an additional degree of freedom to control the structure of the 

NCSL assembly. To demonstrate this concept, we compared ligand-solvent 

interactions in the case of the aliphatic chain of the fatty acid ligand solvated by 

various solvents. Guided by considerations of Flory-Huggins interaction parameters 

and molecular shapes, we expected aliphatic solvents (e.g., hexane, octane) to 

solubilize the ligand chain more effectively than the aromatic solvents (e.g., toluene).  

In other words, in an aromatic solvent, proximate NCs will arrange themselves to 

maximize ligand-ligand interactions and to avoid the energetically less favorable 

ligand-solvent interactions. 
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Figure 3.4. NCSL with bcc symmetry. (a) GISAXS pattern of a (110)SL oriented bcc 

superlattice (a = b = c =11.0 nm). (b) Corresponding wide-angle scattering pattern 

illustrating the coaxial [110]NC alignment with the substrate-induced [110]SL normal 

orientation of the superlattice. (c) Orientation distribution function of the (100)NC 

Bragg planes in NCSLs with bcc, bct and fcc NCSL symmetry. The plots were 
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obtained by radially integrating the intensity of the (111)NC reflections as a function of 

detector azimuthal angle (ϕ). 

We tested this conjecture by repeating the in-situ GISAXS measurements in the 

presence of toluene vapor and found that toluene mediates the assembly of NCSLs 

with undistorted bcc symmetry (space group: Im3m, #229). A NCSL with an initial bct 

symmetry (a = b = 10.3, c = 12.3) assembled from hexane suspension was exposed to 

toluene vapor resulting in a disordered (molten) intermediate state which upon drying 

recrystallized as an undistorted bcc NCSLs (a = 11.0 nm) (Figure 3.4a). We note that 

the inter-particle spacing along the close-packed [111]SL direction of the initial bct and 

final bcc NCSL is approximately the same. Moreover, it is important to point out that 

NCSLs formed in the presence of toluene vapor exhibit bcc symmetry for a wide 

range of drying rates. The lack of a relationship between drying rate and superlattice 

distortion, as was observed in the case of hexane and octane vapor (see Figure 3.2), 

suggests that NCSL self-assembly in toluene is dominated by energetic aspects of 

ligand-ligand interactions. 

The failure of the soft sphere model in the case of lead salt NCs with χ<0.7 suggests 

that other aspects of the NC interaction need to be considered. An earlier 
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investigations of binary NCSLs by O’Brien and co-workers introduced the idea ‘hard 

spheres with sticky soft shells’.[36] Building on their model, we hypothesized that the 

‘stickiness’ of the ligand shell is related to the symmetry of the NC core. The relative 

ligand density on the NCs {111}NC and {100}NC facets is not known and is subject to 

current computational and experimental investigation in our laboratory. Parallels 

between the eightfold coordination of the single-component bcc NCSL and the 

eightfold symmetry of {111}NC facets on individual cuboctahedral NCs, which was 

reported by Fang et al. to be an energetically preferred Wulff construction,[20]  

provides an important clue: In the case of toluene vapor, neighboring ligands bound to 

{111}NC facets experience an effective attraction resulting in the formation of ligand 

bridges along the eightfold <111>NC directions. This model implies that individual 

NCs within the bcc NCSL should show both translational and orientational ordering as 

demonstrated in Figure 3.5c. 

The complementary GIWAXS pattern of the bcc NCSL in Figure 3.4b shows that this 

is indeed the case. The wide-angle scattering pattern confirms that the (110)NC 

orientation of individual NCs is coaxially aligned with the (110)SL orientation of the 

bcc NCSL. The remarkable degree of orientational and translational ordering is 
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consistent with the NCSL model shown in Figure 3.5c. Furthermore, the model 

illustrates how Archimedean cubotahedra, the Wiegner-Seitz cell of the bcc crystal, 

can pack with complete space filling. The more general relationship between NCSL 

symmetry and the orientation distribution function of NCs within their lattice sites is 

summarized in Figure 3.4c. Comparison of the azimuthal width of the (111)NC 

reflection in the integrated WAXS intensity points to a general trend of decreasing 

orientational coherence of NCs with increasing the c/a ratio of the superlattice 

constants. The bcc NCSL (c/a = 1) exhibits a relatively narrow angular distribution of 

the (111)NC reflection (FWHM = 15˚). This scattering pattern is consistent with that of 

a PbS crystal whose (110)NC direction is parallel to the substrate. The angular breadth 

of the (111)NC reflection increases along the Bain path as shown in the case of the 

intermediate bct NCSLs with c/a= 1.16 (FWHM = 17˚) and 1.31 (FWHM = 24˚).  

Finally, fcc NCSLs showed ring-like WAXS patterns indicative of isotropic 

distribution of NC orientations within the superlattice sites. These results confirm that 

the orientational alignment of NCs within their superlattice site provides the impetus 

for the Bain distortion of the NCSL symmetry. 
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Figure 3.5. NCSLs with predefined symmetry. Depending on ligand state and solvent 

content the SL can continuously change from fcc to bcc, with quasi-spherical NCs 

with extended ligands (fcc), or oriented cuboctahdra (bcc). (a-b) Model of fcc 

superlattice unit cell assembled from quasi-spherical particles. The inset shows a snap 

shot from a MD simulation of the NC-ligand shell complex. The top, right particle is 

omitted to illustrated the close packing in fcc (111)SL planes. The lower image shows a 

model of seven PbS NCs in the (111)SL plane of the fcc NCSL. (c-d) Model of a bcc 

assembly of cuboctahedral NCs. The green plane indicates the close-packed (110)SL 

plane of the bcc superlattice. The inset shows a model of a 7 nm PbS nanocrystal with 

characteristic (111)NC and (100)NC facets of the rock-salt crystal structure. The lower 

model shows the orientational and translational coherence of NCs in the bcc NCSL. 

Attractive interactions (in red) between ligands bound to the {111}NC facets drive the 

orientational coherence of neighboring NCs which in turn drive the change in the 

NCSL symmetry from fcc to bcc. 
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3.3 Conclusion 

The results presented in this paper demonstrate that solvent vapor processing provides 

an unprecedented level of control over the assembly of identical NCs into either fcc, 

bct or bcc NCSL symmetry (see Figure 3.5). The NCSL polymorph formation is a 

well-defined function of deposition kinetics and solvent vapor processing. NCs 

surrounded by a well-solvated oleic acid ligand shell dispersed in alkane solvent (see 

MD snapshot in Figure 3.5a) behave as hard-spheres with short-range attraction and 

assemble into fcc NCSLs. In the presence of toluene vapor, ligand-ligand interactions 

are favored over ligand-solvent interactions; the resulting anisotropic interaction 

potential reflects the octahedral shape of the NC core leading to the formation of a bcc 

NCSL with a high degree of orientational and translational order (Figure 3.5c). NCSLs 

with bct symmetry and controlled extent of tetragonal distortion can be formed by 

systematic tuning of the solvent evaporation rate. This high degree of structural 

control over fcc, bcc, and intermediate bct symmetries along the Bain path opens the 

door to a rich space of opportunities for the engineering of NCs with desired coherent 

electrical, magnetic, and optical properties. The formation of such artificial solids 

from lead salt NCs is particularly intriguing for the investigation of the relationship 
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between the superstructure and coherent properties since the strong quantum and 

dielectric confinement leads to weak exciton binding and high electronic coupling. 

3.4 Experimental Methods 

Nanocrystal Synthesis 

PbSe NCs were prepared following the method reported by Yu et al.[37] The synthesis 

was carried out in a three-necked flask under an inert nitrogen atmosphere. In a typical 

synthesis, PbO (4 mmol) and oleic acid (10 mmol) were dissolved in 1-octadecene 

(ODE) to yield a precursor solution with [Pb] = 0.3 M and a molar Pb:oleic acid ratio 

of 1:2.5. The solution was then degassed by heating to 160oC for 1 hour under flowing 

nitrogen. In a glovebox, Se was dissolved in trioctylphosphine (TOP) to yield a 1 M 

stock solution. Small amount of diphenylphospine (DPP) (4.5 mM) was added to the 

TOPSe solution. 12 mL of the 1 M TOP-Se solution was rapidly injected into the 

vigorously stirred, hot lead oleate solution. PbSe NCs formed immediately and their 

size was tuned through adjustments in temperature (120-180oC), reaction time (0.5-5 

min), and molar Pb:oleic acid ratio (1:6 to 1:2). After the reaction time, the solution 

was quenched by transferring the flask to a cold water bath. Following synthesis, the 

NCs were washed several times by sequential precipitation with ethanol and re-
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dispersion in anhydrous hexane. Statistical analysis of TEM images shows that the 

PbSe NCs had an average diameter of 6.1 nm with an 11% relative size distribution. 

The PbS synthesis was adopted from the work by Hines and Scholes.[38]  PbO (1 

mmol) and oleic acid (25 mmol) were dissolved in approximately 2 mL ODE to yield 

a solution with a total volume of 10 mL. The solution was then degassed by heating to 

150oC for 1 hour under flowing nitrogen. In a glovebox, 0.6 mol of 

bis(trimethylsilyl)sulfide (TMS) was dissolved in 6 mL of ODE and stirred thoroughly. 

A 5 mL portion of the TMS solution was rapidly injected into the vigorously stirred, 

hot lead oleate solution. PbS NCs formed immediately after injection and they were 

collected after 1 minute of reaction at 150oC. Following synthesis the NCs were 

washed several times by sequential precipitation with ethanol and redisperson in 

anhydrous hexane. Based on statistical analysis of TEM images, the PbS NCs had an 

average diameter of 6.4 nm with a 9% relative size distribution.  

NC film deposition and GISAXS measurements 

NC films were prepared by drop-casting a NC suspension onto a cleaned substrate and 

drying the film in a controlled vapor environment.  Details of the drop-casting 

deposition are given elsewhere.[39] 
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Grazing incidence small-angle X-ray scattering (GISAXS) measurements were 

performed on beam line D1 of the Cornell High Energy Synchrotron Source (CHESS) 

using monochromatic radiation of wavelength λ = 1.284 Å with a bandwidth Δλ/λ of 

1.5%.[40] The X-ray beam was produced by a hardbent dipole magnet of the Cornell 

storage ring and monochromatized with Mo:B4C synthetic multilayers with a period of 

30 Å. The area detector (MedOptics) is a fiber-coupled CCD camera with a pixel size 

of 46.9 μm by 46.9 μm and a total of 1024 × 1024 pixels with a 14-bit dynamical 

range per pixel. Typical read-out time per image was below 5 s. The images were dark 

current corrected, distortion-corrected, and flat-field corrected by the acquisition 

software.[41] The sample to detector distance was 938 mm, as determined using a 

silver behenate powder standard. The incident angle of the X-ray beam was varied 

between 0.02° to 0.45°; most data presented here were taken at 0.25°, i.e., slightly 

above the silicon critical angle (0.18°). Typical exposure times ranged from 0.1 to 1.0 

s. Scattering images were calibrated and integrated using the Fit2D software.[42] 

GISAXS diffraction peaks were indexed and fitted using our in-house software.[43] 

WAXS patterns were recorded on an imaging plate and scanned for digital processing. 
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Details of solvent vapor chamber used for in-situ GISAXS measurement setup are 

provided in the supporting information. 

Molecular Dynamics Simulations 

Models for the “capping” ligands, oleic acid and C11H23COOH (the so-called “C12” 

ligand), were created using the Molden software package[44] and an energy 

minimization of the initial guessed structures was performed using a standard 

minimization algorithm, here the limited memory L-BFGS minimization using a 

modified version of the Nocedal algorithm, which is a part of the TINKER software 

package.[45] The length of the oleic acid ligand was measured to be 1.8 nm and the 

“C12” ligand was measured to be 1.4 nm; knowledge of these lengths are needed in 

order to estimate the extent of interpenetration of the ligands on adjacent nanocrystals. 

The only input, beyond processing conditions, to the deterministic MD technique is 

the intermolecular potential model. We chose to use the non-reactive semi-empirical 

MM3 potential to model all the ligand interactions. There are no crystal core-core 

interactions to consider here because we assumed, based on the prior work of Luedtke 

and Landman,[31] that the ligand-ligand interactions dominate over the NC-NC ones 

in the absence of long-range dipole-dipole interactions, which is the case here. The 
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MM3 potential has been shown, by us and others, to accurately describe aliphatic 

hydrocarbons and three-, four-, five- and six-ringed organic structures. MM3 

incorporates stretching, bending, and torsional energies, as well as the van der Waals 

interaction energies based on phenomenologically determined parameters. We have 

used this model extensively and successfully to study the energetics and structural 

characteristics of an array of small organic molecules including the acenes, rubrene, 

DIP, sexiphenyl and C60. Our most recent study involved an extensive survey of 

twelve Density Functional Theory models, as well as the MM3 and MM3-π models 

for the sexiphenyl molecule, in which we found all fourteen models to give consistent 

energetically preferred structures. More detailed aspects of the MD simulations are 

provided in Appendix A.8.  
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CHAPTER 4 

CONTROLLING NANOCRYSTAL SUPERLATTICE SYMMETRY AND 

SHAPE-ANISOTROPIC INTERACTIONS THROUGH VARIABLE LIGAND 

SURFACE COVERAGE 

 

4.1 Introduction 

The assembly of nanocrystals (NCs) into ordered superstructures is forecast to yield a 

new class of materials, also referred to as artificial solids, with tunable optical, 

electrical, and magnetic properties.[1, 2] Most proposed NC-based technologies 

depend on functional assemblies in which the constituent NCs interact with each other 

and macroscopic external contacts. Therefore, controlling the structure of the NC 

assembly is both a valuable degree of freedom to gain fundamental insights into 

tunable collective properties of the NC ensemble as well as a critical requirement for 

the development of NC based technologies.[1, 3, 4] Compared to the growing body of 

knowledge on properties of individual NCs, progress in understanding the mechanisms 

underlying the formation of various NC assemblies and the relationship between 

superlattice structure and its collective properties has lagged behind. 
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Challenges to building the foundational understanding of mechanisms governing NC 

assembly formation arise primarily from the inherent complexity of the self-assembly 

process. NC superlattice self-assembly resides naturally at the intersection of 

molecular crystal growth and the assembly of micrometer-sized colloids. A number of 

interactions between the NCs, the surface-bound ligands and the surrounding solvent 

need to be considered.[5-8] To a first approximation, the interaction between colloidal 

NCs can be described by a soft sphere model which assumes isotropic NC interaction 

potentials and thus predicts the formation of close-packed (i.e. face-centered cubic, fcc 

or hexagonal close-packed, hcp) assemblies. The effective ‘softness’ of the NC/ligand 

complex and the shape of the NC core introduce important perturbations that can lead 

to the formation of superlattices with non-close-packed (e.g., body-centered cubic, bcc) 

symmetry.[9-12] Electrostatic interactions must also be considered; for example, 

Talapin et al.[13] recently attributed the formation of NC assemblies with non-close 

packed simple hexagonal (sh), symmetry to perturbations introduced by the 

electrostatic interactions between permanent NC dipoles. In a separate report, we show 

that NCs with identical core and ligand can be assembled into predefined superlattices 

with either fcc, body centered-tetragonal (bct), or bcc symmetry with orientational 
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order of NCs in their lattice site.[14]  This work underscored the significance of a 

molecular-level understanding of the role of ligand-ligand and ligand-solvent 

interactions in the self-assembly process. 

Here, we show that the ligand coverage on the NC surface presents another important 

parameter in understanding and directing NC superlattice assembly. We discovered a 

relationship between ligand coverage density and superlattice symmetry and interpret 

the trend in context of anisotropic changes in the ligand coverage on specific NC 

facets. In this model, changes in surface chemistry amplify the effect of aspherical 

shape of NC on the interaction potential and lead to superlattices with long-range 

translational and orientational order. The interpretation of our experimental 

observations is corroborated by density functional theory (DFT) calculations of the 

ligand binding strength on specific NC facets. Taken together, our experimental and 

computational results illustrate that facet-specific ligand surface coverage can change 

the asphericity of the NC-ligand complex and thereby control the symmetry of the 

resulting NC superlattice.  

4.2 Experimental Section 

NC Synthesis  
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The PbS synthesis was adopted from the work by Hines and Scholes.[15] PbO (1 

mmol) and oleic acid (25 mmol) were dissolved in approximately 2 mL ODE to yield 

a solution with a total volume of 10 mL. The solution was then degassed by heating to 

150oC for 1 hour under flowing nitrogen. In a glovebox, 0.6 mol of 

bis(trimethylsilyl)sulfide (TMS) was dissolved in 6 mL of ODE and stirred thoroughly. 

5 mL of the TMS solution was rapidly injected into the vigorously stirred, hot lead 

oleate solution. PbS NCs formed immediately after injection and, after 1 minute of 

reaction at 150oC, the reaction solution was cooled to room temperature and collected. 

Following the synthesis the NCs were washed several times by sequential precipitation 

with ethanol and redisperson in anhydrous hexane.  

NC Superlattice Formation 

Silicon substrates were cleaned by sequential sonication in deionized water and 

acetone followed by ozone plasma treatment for 10 minutes. NC films were prepared 

by drop-casting 50 µL of 5 mg/mL NC suspension in hexane onto a cleaned 10 x 10 

mm silicon substrate and drying the film in a controlled vapor environment.  Details 

of the drop-casting deposition set-up are given elsewhere.[16] 

X-ray Scattering Characterization 
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Grazing incidence small angle X-ray scattering (GISAXS) measurements were 

performed on beam line D1 of the Cornell High Energy Synchrotron Source (CHESS) 

using monochromatic radiation of wavelength λ = 1.211 Å with a bandwidth Δλ/λ of 

1.5%. The X-ray beam was produced by a hardbent dipole magnet of the Cornell 

storage ring and monochromatized with Mo:B4C synthetic multilayers with a period of 

30 Å. The D1 area detector (MedOptics) is a fiber-coupled CCD camera with a pixel 

size of 46.9 μm by 46.9 μm and a total of 1024 × 1024 pixels with a 14-bit dynamical 

range per pixel. Typical read-out time per image was below 5 s. The images were dark 

current corrected, distortion-corrected, and flat-field corrected by the acquisition 

software. The sample to detector distance was 1015 mm, as determined using a silver 

behenate powder standard. The incident angle of the X-ray beam was 0.25° i.e., 

slightly above the silicon critical angle.  Typical exposure times ranged from 0.1 to 

1.0 s. Scattering images were calibrated and integrated using the Fit2D software. 

GISAXS diffraction peaks were indexed and fitted using in-house software.[17]  

TEM Characterization 

TEM samples were prepared by drop casting diluted NC solutions onto carbon coated 

300 mesh Cu TEM grids. TEM images were taken on either an FEI Tecnai 20 (type 
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Sphera) operated with a 200 kV LaB6 filament or an FEI Titan equipped with a 300 

kV field emission gun.   

Surface Chemistry Characterization 

Fourier transform infrared (FTIR) spectra were measured to probe the density of 

organic ligand bound to the NC surface. NC dispersions in tetrachloroethylene were 

put in a 3 mm path length quartz cuvette and FTIR spectra were taken with Bruker 

Optics - Vertex80v in vacuum mode. X-ray photoelectron spectroscopy was applied to 

probe the nature of the inorganic NC surface. XPS data was collected using an 

Omicron Sphera U5 concentric hemispherical electron energy analyzer (Omicron 

Nanotechnology USA, Eden Prairie, MN), operated at a constant pass energy of 50 eV.  

Non-monochromated Mg Kα x-rays (1253.6 eV excitation energy) were produced 

using an Omicron DAR 400 twin anode source operated at 300 W (15 kV anode 

potential x 20 mA emission current). Pb(4f) spectra were fit assuming a spin-orbit 

doublet separation of 4.9 eV[18-20] with a fixed ratio of 3:4 for the 4f5/2 to 4f7/2 peak 

area. The fwhm of all peaks was set to 1.58 eV, based on earlier measurements of a 

pure PbSe substrate (unpublished result). Error values given in the text refer to error 

originating from the fitting of XPS data only. Additional sources of error include 
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uncertainty in the atomic sensitivity as well as photoelectron attenuation effects, which 

are complicated in the case of a highly 3-D film structure. These effects are expected 

to be similar for both films, so while although the absolute uncertainty of the atomic 

ratios may be high, the relative uncertainty is low, and is reflected in the error values 

given in the text. Atomic ratios were calculated using atomic sensitivity values 

published previously.[21] 

Computational model of ligand bound to NC surface. Density functional theory 

(DFT) was applied to calculate the binding strength of lead acetate to specific {100}NC  

and reconstructed {111}NC facets of the NC. Details on the DFT method are provided 

in the supporting information (Appendix B). 

4.3 Results and Discussion 

The X-ray scattering results summarized in Figure 4.1 show that colloidal NC 

suspensions from the same synthesis batch can self-assemble to form superlattices 

with either fcc or bcc symmetry depending on the extent of air exposure of the 

colloidal suspension.  We aged a 5 mg/ml hexane suspension of oleic acid (OA) 

passivated PbS NC inside a capped glass vial under ambient air and ambient light.  

The suspension was returned to the glove box, NCs were precipitated with ethanol, 
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centrifuged to remove unbound ligand and finally redispersed in hexane. A control 

sample suspension from the same synthesis batch was aged inside a nitrogen glove 

box (oxygen concentration < 1 ppm) for the same period (four months) and washed 

with the same protocol.  

 

Figure 4.1. (a) N2-aged PbS NCs formed an fcc superlattice with (111)SL planes 

parallel to the substrate, as shown by GISAXS. The associated GIWAXS pattern (c) 

shows at best weak orientational ordering of individual NCs. (b) Air-aged PbS NCs 

form bcc superlattice with (110)SL planes parallel to the substrate and with strong 

alignment of individual NCs (d). Schematic model of (e) fcc and (f) bcc superlattice 
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with orientational coherence of individual NCs. The red shaded {100}NC are 

characterized by reduced ligand coverage as discussed in the text. 

Using a previously reported method,[16] NC assemblies were formed via drop-casting 

in solvent saturated environment on top of cleaned silicon substrates. Similar 

experiments with shorter air exposure periods showed that suspensions exposed to air 

for only 2 days assembled into bct superlattice symmetry while bcc NC superlattice 

were formed from colloidal suspensions exposed to 6 days of ambient air (see 

Appendix B). We note that the fcc-bct-bcc superlattice symmetry transformation is 

related through a Bain distortion as discussed in a separate report by our group.[22] 

The grazing-incidence small-angle X-ray scattering (GISAXS) pattern of the control 

PbS NC film (i.e. aged in nitrogen) shown in Figure 4.1a can be uniquely indexed to a 

highly-ordered superlattice with fcc symmetry with {111}SL planes oriented parallel to 

the substrate. The subscripts ‘SL’ and ‘NC’ refer to the crystallographic planes and 

direction of the superlattice and individual nanocrystals respectively. The superlattice 

constant, afcc, of this assembly is measured to be 13.9 nm, and the lattice exhibits 

approximately 8% shrinkage in the vertical direction (normal to the substrate).  

Remarkably, air-aged NCs assembled to form different superlattice symmetry than the 
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fcc assembly observed in the nitrogen-aged control sample. The GISAXS pattern of 

NC assemblies formed from air-aged NCs reveals the scattering signature of crystal 

symmetry indexed to a bcc symmetry with {110}SL planes parallel to the substrate 

(Figure 4.1b). The bcc superlattice constant, abcc, is 11.0 nm and the structure exhibits 

approximately 3% shrinkage in the vertical direction. 

To compare the different superlattice symmetries revealed by the GISAXS patterns, 

we analyzed the nearest-neighbor separation and the packing density (NC per unit 

volume). We determined the nearest neighbor separation by analyzing the spacing 

between NC surfaces, δhkl , along the [hkl] close-packed direction of the superlattice. 

In fcc crystals the close-packed directions are the face diagonals <110>, hence the 

shortest separation between the surfaces of neighboring NCs is given by 

( )110 2 2 fcc NCa dδ = − , where dNC  is the average NC diameter determined from 

statistical analysis of TEM images (vide infra). In the case of the fcc superlattice 

formed from N2-aged NCs, this spacing is 3.5±0.6 nm, which corresponds to 

approximately twice the length of OA molecules (~1.8 nm). We find a similar nearest-

neighbor separation in the bcc superlattice (3.4±0.7 nm); in this case the close-packed 

directions are along the body diagonals <111> and the corresponding inter-NC 
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separation is given by ( )111 3 2 bcc NCa dδ = − . Both fcc and bcc NC superlattices are 

characterized by a packing density of approximately (ρ ~ 1.49(1018) cm-3). The 

similarities in packing density suggest that the approximation of the NC as a spherical 

particle is invalid since the theoretical volume packing fraction of spheres in a fcc 

crystal (0.74) is significantly larger than for a bcc crystal (0.68). This comparison 

suggests that the approximation of the NCs as spheres is invalid and shape effects 

need to be considered more closely. 

To better understand how superlattice symmetry is related to the shape and orientation 

of individual NC within the lattice, we simultaneously measured grazing-incidence 

wide-angle X-ray scattering (GIWAXS). The GIWAXS pattern of the fcc superlattice 

formed from N2-aged NCs shows ring-like scattering patterns which indicates that 

individual NCs are randomly oriented within their superlattice sites (Figure 4.1c). In 

contrast, bcc superlattices formed from air-aged NCs showed (111)NC and (200)NC 

reflections with narrow azimuthal widths in the GIWAXS pattern. This scattering 

indicates long range orientational ordering of individual NCs in their lattice sites 

(Figure 4.1d). Specifically, we find that the [110]NC axis of PbS NCs within the 

superlattice is oriented coaxially with the [110]SL direction of the bcc superlattice. 
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Figure 4.1e and f schematically illustrate the translational and orientational order in 

the NC fcc and bcc superlattices.  

Taken together, the small-angle and wide-angle X-ray scattering data provide 

important insights on the effective shape of the interaction volume of the NC 

core/surface ligand complex. The combination of long-range translational and 

orientational ordering in the bcc superlattices cannot be explained with the NCs 

modeled as soft spheres. Instead, orientational coherence of NCs within the 

superlattice indicates an aspherical interaction potential. More precisely, the NCs in 

the air-aged suspension interact as truncated octahedrons. Note that the special case of 

a truncated octahedron is the Wigner-Seitz cell of the bcc superlattice which can be 

packed with 100% space filling density in a bcc crystal. NCs in the N2-aged 

suspensions on the other hand assemble into an fcc superlattice without orientational 

coherence; in this case quasi-spherical NC approximation adequately describes the 

symmetry of the interaction potential. 

The observation of different superlattice symmetries leads to the intriguing question: 

why do colloidal NCs aged under different conditions self assemble into different 

superlattice symmetries? To answer this question we formulated the following three 
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alternative hypotheses:   

 

Figure 4.2. TEM images and histogram of NC size analysis of suspensions aged in 

nitrogen (a) and in air (b). (c) FTIR spectrum of colloidal PbS NC suspensions. 

Suspensions aged in air show a decreased intensity of C-H vibrations due to reduced 

ligand coverage and a blue shift in the exciton peak of the NC core. 

(i) NC Size, Shape and Charged Facets 

Figure 4.2a and b show transmission electron microscopy (TEM) images and 

statistical image analysis of NC monolayers prepared from the colloidal suspensions 
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aged in nitrogen and air, respectively. Air-aged NCs exhibited a slightly smaller NC 

diameter (6.1±0.7 nm) compared to the N2-aged NCs (6.3±0.6 nm). We note that the 

extent of reduction of the average PbS NC diameter is less pronounced than that of a 

recent report by Sykora et al. in the case of PbSe NCs.[23] Moreover, our PbS NC 

suspension remained stable for the four-month time-frame considered in our aging 

experiments and excessive aggregation was not observed. We tentatively attribute the 

difference to various factors including differences between PbS and PbSe NCs 

oxidation, slight differences in NC synthesis and cleaning procedures, NC size, 

solution concentration and light exposure.[24] The TEM analysis summarized in 

Figure 4.2 allows us to eliminate changes in the NC core size and shape as the driving 

force behind the superlattice symmetries.   

(ii) NC Dipoles And Electrostatic Charging Due To Ligand Loss 

As an alternative hypothesis, we also considered the possibility of an aspherical 

interaction potential arising from NC dipoles or more generally Coulombic 

interactions of charged NCs. We tested the electrophoretic mobility of NCs with 

different ligand coverage and observed no significant correlation between the 

electrophoretic mobility and the NC ligand coverage (See Appendix B). This suggests 
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that possible differences in the nature of charged surface states are either absent or 

below the measurement sensitivity.  

(iii) NC Surface Chemistry and Molecular Interactions of Surface Bound Ligands  

NC surface ligand coverage can be determined using infrared spectroscopy. Fourier 

transform infrared (FTIR) spectra of colloidal PbS NCs dispersed in 

tetrachloroethylene show two distinct features: (1) the C-H vibrational signatures 

(υCH; near 2900 cm-1) of the OA ligand and (2) the exciton peak (EG; ~6000-7000 cm-1) 

of the quantum confined NC core (Figure 4.2c). Consistent with other reports[23-25], 

we observe a blue-shift of the NC exciton peak in response to air exposure, which 

suggests that air-aged NCs are characterized by stronger quantum confinement, i.e. a 

decrease in the volume of the PbS NC to which the wave functions are confined.[26] 

Based on the well-established relationship between NC size and energy gap (EG),[27-

29] we can correlate the 0.05 eV blue shift of the exciton peak with reduction in NC 

core size by approximately 0.4 nm which is in good agreement with the TEM analysis. 

We can use the relative intensity of the ligand stretching (υCH) and NC core excitation 

(EG) spectral signatures to directly assess the ratio (φ) of OA ligands per NC. We 

calibrated peak height of υCH from the NC suspension relative to standardized 
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solutions with known OA concentration and determined the NC concentration from 

size-dependent extinction coefficient of PbS NCs[30] (detailed calculations are 

provided in Appendix B). Using this approach we found that the N2-aged NCs had a 

ligand coverage of approximately 4.5±0.7 nm-2 whereas the air-aged NCs had a 60% 

lower coverage (~1.8±0.3 nm-2 ). We emphasize that the calculated ligand density 

should be taken as an upper bound estimate since the actual surface area of the NC 

depends on the specific shape and surface faceting. Similar calculations for truncated 

octahedron shaped NCs result in approximately 10% lower coverage density due to 

larger overall surface compared to spheres of equal volume (see Supporting 

Information). Our calculated ligand coverage agrees well with a previous report by 

Moreels et al. in which they presented extensive studies on surface chemistry of PbSe 

NCs and observed a similar surface ligand density of 4.2 nm-2 and 40% ligand loss due 

to 2 months of air exposure. [25] 

We conjectured that the reduced surface coverage in air-aged NC suspensions results 

from changes in the composition of the NC surface (e.g. partial oxidation) that may 

reduce the affinity of the ligand to the oxidized NC surface. The oxidized species 

formed on different NC facets are likely to be dissimilar vis-à-vis the differences in 
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surface termination and reconstruction - the precise reconstruction and faceting is not 

yet fully understood and remains a subject of intensive investigation.[31, 32] We 

turned to X-ray photoelectron spectroscopy (XPS) to investigate changes in the 

chemical composition of the PbS NCs. XP spectra were collected from thin films of 

NCs drop-cast onto cleaned silicon substrates (exposure to ambient air was limited to 

less than 5 min during loading into the XPS chamber). We note that, considering the 

inelastic mean free path of the O(1s), Pb(4f), and S(2s) photoelectrons in PbS (1.8 - 

2.6 nm),[33] XPS analysis gives disproportionate weight to the atoms on the outer 

surface of the particles, and that the majority of signal will be from the top few NC 

layers. 

 

Figure 4.3. X-ray photoelectron spectra of films of air-aged (a) and N2-aged (b) PbS 

NCs. Spectra were fit assuming contributions from two chemical binding 
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environments, one corresponding to PbS, the other to a more highly oxidized form of 

Pb. In the air-aged case, the more highly oxidized form accounts for 42% of the total 

area of the feature, while for the N2 aged case the more highly oxidized form accounts 

for 8% of the total. The spectrum for air-aged NCs has been shifted higher on the 

ordinate to facilitate presentation. 

XP spectra from the Pb(4f) region for the air-aged and N2-aged PbS NC films are 

displayed in Figure 4.3. Here the data is fit to two peak doublets; one attributed to Pb 

atoms in a sulfide binding environment (PbS), the other to Pb in a more highly 

oxidized state [Pb(ox)]. The difference in binding energies of the PbS and Pb(ox) 

peaks was 1.1 eV and 1.3 eV for the air-aged and N2-aged samples, respectively. A 

number of oxidation products resulting in shifts in the Pb(4f) binding energy in the 

range of +0.9 to +1.5 eV are possible, depending on the conditions and the extent of 

surface exposure to the oxidizing agents.[34-36] Therefore, we will not assign a 

specific chemical structure to the high binding energy peak, though the most likely 

components are PbO, Pb(OH)2, and PbCO3.[34-36] In the air-aged NCs, the oxidized 

species accounts for 42% of the total area of the Pb(4f) feature, whereas for the N2-

aged film the oxidized species account for only 8%. In addition, the O/Pb atomic ratio 

was calculated to be 1.27 for the air-aged particles, and 0.91 for the N2-aged particles 
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(see Appendix B for details of XPS peak fitting and atomic ratio calculation). Taken 

together, the Pb(4f) peak fitting and the O/Pb ratio indicate that a higher proportion of 

lead atoms are oxidized in the air-aged NC film. 

Inspection of the S(2s) feature for the air-aged particles indicates that no significant S-

containing oxidation products are present (Appendix B). For extensive air exposures, 

planar PbS is known to form sulfate species, which would be observed at ~ 7 eV 

above the sulfide component.[37] However, this was not observed in our NC films. 

Notably, the S/Pb ratio was found to be 0.35 for the air-aged and 0.52 for the N2-aged 

NCs. Simultaneous increase in the oxygen content, the appearance of a high-binding 

energy component in the Pb(4f) feature, as well as a decrease in the S/Pb atomic ratio 

have been observed previously during the early stages of planar PbS oxidation.[34]  

The decrease in the S/Pb ratio upon oxidation likely indicates that the sulfur-

containing oxidation products of PbS have sufficiently high vapor pressure to leave 

the surface under ultrahigh vacuum, or react with air prior to introduction into the 

vacuum chamber. Previous XPS studies have shown that elemental sulfur, for example, 

is only detected on the oxidized PbS surface if the sample is cooled to <150 K while 

under vacuum.[34] The ~33% decrease in relative S concentration, along with the 
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increase of ~34% in the relative contribution of Pb(ox) to the Pb(4f) feature suggests 

that the near-surface sulfur atoms are being replaced by atmospheric O from O2, H2O, 

or CO2. 

The partial oxidation of PbS NC surfaces indicated by the XPS study is qualitatively 

consistent with the reduced OA ligand coverage evidenced by the FTIR spectra. The 

oxidation of surface lead atoms would be accompanied by loss of oleate ligands based 

on a previous XPS analysis of PbS NC by Weller that showed oleate binding to 

surface lead atoms.[38] Since the species and extent of oxidation across different NC 

facets may be different it is likely that the detachment of ligand may also be more 

pronounced on specific NC facets. At present, the precise determination of ligand 

coverage on specific NC facets is beyond the capabilities of state-of-the-art 

characterization tools.  

To get a better understanding of the physical and chemical nature of the NC surface at 

atomic length scales, we turned to computational model and DFT analysis of ligand 

binding energies on different facets (Figure 4.4). We modeled {100}NC and {111}NC 

surfaces with atomic details and calculated binding energies of Pb acetate 

(Pb(CH3COO)2) on each facet (see Experimental section and Appendix B for detailed 
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DFT methods). Pb(CH3COO)2
 was chosen instead of Pb oleate[25, 38] for increased 

computational efficiency. The functional group, rather than the carbon chain length, is 

expected to dominate the binding.  

 

Figure 4.4. Density functional theory calculations of Pb-acetate molecule binding 

energies to the PbS {111} (blue), and {100} (green) surfaces. {111} surface was 

modeled after accounting for surface reconstructed (see the main text for details). This 

result indicates that the Pb-oleate ligands bind stronger to {111}NC facets than 

{100}NC facets and provide important insights on facet specific ligand 

adsorption/detachment equilibrium. 

PbS NC surfaces were modeled with slabs consisting of four layers; only the atoms in 
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the top layer were allowed to move during relaxation. For the {001}NC surface, the 

cations and anions in the surface layer relaxed slightly inwards, reducing the layer 

spacing from the bulk value of 3.00 Å to about 2.82 Å. For the {111}NC surface, the 

occurrence of a surface reconstruction was taken into account. Unreconstructed 

{111}NC surfaces exhibit a very high surface energy.[31] The {111}NC layers are 

comprised of oppositely charged layers of cations and anions resulting in a dipole 

moment perpendicular to the plane. Recently, Fang et al. showed that the surface 

energy of {111}NC-terminated PbSe surfaces is reduced by more than an order of 

magnitude if alternating rows of cations in the topmost layer are removed. [31] As 

such, each surface terminates in half a monolayer of cations above a full layer of 

anions; this approach to the reconstruction (referred from here on as the {111}NC-1/2-

Pb reconstruction) has long been known to drastically reduce the surface energy of 

other polar ionic crystal surfaces.[39] Rutherford backscattering experiments suggest 

that real PbSe {111}NC surfaces may be reconstructed along these lines; epitaxially 

grown PbSe was seen to terminate in a Pb layer which had an atomic density of about 

40%.[40] After relaxation of the {111}NC-1/2-Pb reconstructed surface, the Pb atoms 

in the terminating layer shift slightly closer to the remainder of the slab, such that the 
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separation between the surface Pb atoms and the neighboring S atoms is 2.6-2.8 Å. 

The binding energy of Pb(CH3COO)2 on the reconstructed {111}NC surface is 

calculated by placing the Pb atom of Pb(CH3COO)2 inside the “trench” resulting from 

the surface reconstruction, while for the {001}NC slab, the Pb atom was placed above a 

surface S atom. In both cases a number of initial geometries for the acetate molecules 

were attempted, in order to find the geometry with the strongest binding energy in 

each case. The modeled Pb(CH3COO)2 molecules absorbed on {001}NC and {111}NC 

surfaces, after the system has been relaxed using DFT, are shown in the Supporting 

Information.The binding energies for Pb(CH3COO)2 on the {001}NC and the 

reconstructed {111}NC surfaces were calculated to be 0.616±0.017 eV and 

0.962±0.012 eV, respectively. 

Importantly, our DFT results indicate that the Pb-oleate ligands bind stronger to the 

{111}NC facets than to the {100}NC facets and provide important insights on facet 

specific ligand adsorption/detachment equilibrium. We emphasize here that organic 

ligands bound to the surface of an inorganic NC core constitute a dynamic system.  

These dynamics are a well-established concept underlying the controlled nucleation 

and growth processes during NC synthesis. Aside from stabilizing the growing NC, 
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the ligand attachment to specific NC facets can be tailored to modify the relative 

growth rate of those facets and thereby enable the growth of nanostructures with 

complex 3-dimensional shapes.[41] At room temperature, the ligand dynamics in 

colloidal NC suspensions are slowed down considerably, but the dynamics between 

bound and unbound ligands still play an important role.[42] Indeed, Moreels et al. has 

observed this dynamic between bound and unbound lead oleate ligands on PbSe 

NCs.[25] Our DFT results therefore provide insights on facet specific ligand loss 

equilibrium dynamics and indicate anisotropic ligand loss across different NC facets – 

{100}NC facets will end up with reduced ligand coverage compared to the {111}NC 

facets. 

In conjunction with the XPS data, the DFT results suggest another possible 

mechanism of facet specific ligand loss – anisotropic ligand loss due to facet specific 

oxidation.  Lead salt NCs have been found to have a significant amount (~ 40 %) of 

excess lead atoms.[43] Comparing calculated energies required to put excess lead 

atoms on {111}NC and {100}NC facets, we reason that the excess lead atoms are more 

likely to be distributed on {111}NC facets rather than {100}NC facets.  The dense 

distribution of excess Pb atoms on {111}NC facets would bury the S atom layers 
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underneath and thus block them from oxidation.  This reasoning, along with our XPS 

data that show replacement of surface S atoms with O atoms, suggests that it is 

{100}NC facets that are more readily being oxidized and thus losing ligands.   

Given the experimental and computational results discussed so far, we now discuss 

how the detailed spatial arrangement of OA ligands on specific NC facets influences 

interactions between NCs during self-assembly of the superlattice. If we consider a 

fully passivated NC with high ligand coverage, the dense ligand shell effectively 

masks the faceted shape of the NC core and neighboring NCs interact as soft spheres.  

On the other hand, lower surface coverage, especially due to anisotropic ligand loss 

across different facets, will enhance the NC shape effect and the anisotropy of the NC 

interaction volume.  Variations in ligand coverage density resulting in ‘patchy’ 

particles has previously been recognized as an important parameter in the directed 

self-assembly of colloids,[8] e.g. Janus particles,[44] or isolated DNA-functionalized 

metal nanoparticle homodimers.[45, 46] Here, we illustrate that the anisotropic ligand 

coverage can also be exploited to control the translational and orientational order of 

NC superlattices.  
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The eightfold coordination of NCs in the bcc superlattice and the eightfold degeneracy 

of {111}NC facets of individual PbS NCs provides an important clue for understanding 

the relationship between facet specific ligand coverage and the assembly of the non-

close packed bcc structure. The relationship between NC faceting and orientational 

alignment is consistent with a recent molecular dynamics simulation by Fichthorn and 

Qin which illustrated that oscillatory solvation forces induce neighboring particles to 

rotate to approach each other via paths of minimum free energy.[47]  

Considering the detailed molecular interactions between surface bound ligands, 

another possible mechanism is that ligands on {111}NC facets of neighboring NCs will, 

through van der Waals interaction, be interdigitated or aligned with each other to form 

‘artificial bonds’ to connect NCs along specific crystallographic directions. In case of 

the truncated octahedral NCs studied in this work, such ‘bonds’ between ligands 

bound to {111}NC facets strengthen interactions along the eightfold <111>SL directions. 

We note that this interpretation is similar to earlier molecular dynamics simulations by 

Landman and Luedtke who predicted that ligands bound to the surface of Au NCs 

arrange to form bundles.[48] The proposed formation of ‘ligand-bridges’ connecting 

neighboring NCs, as previously reported by Wang for metal NC assemblies, is 
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consistent with this picture.[49] Whether oleic acid ligands bound to the surface of 

PbS NCs form bundles is a subject of ongoing experimental and theoretical 

investigation in our laboratory.[22]   

4.4 Conclusions 

In summary, we show how variations in ligand coverage on specific NC facets may 

influence the interactions between NCs during assembly into ordered superstructures.  

PbS NCs with dense ligand coverage assemble into fcc superlattices. Reduced ligand 

coverage on aged and partially oxidized NCs assemble into bcc superlattices with long 

range orientational order. Our experimental and computational results indicate that the 

assembly of the aged NCs is influenced by anisotropic ligand coverage on {111}NC 

and {100}NC facets of truncated octahedral NCs. The anisotropic ligand coverage 

amplifies the significance of the NC core shape during assembly. Beyond the 

implications on NC superlattice with controlled symmetries illustrated in this paper, 

improved understanding of ligand coverage and surface chemistry on specific NC 

facets also provides important insights into the interactions responsible for the fusion 

of lead salt NCs into 1D wires[50, 51] or 2D sheets.[52] 
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 CHAPTER 5 

INTERFACE-INDUCED NUCLEATION, ORIENTATIONAL ALIGNMENT 

AND SYMMETRY TRANSFORMATIONS IN NANOCUBE 

SUPERLATTICES 

 

5.1 Introduction 

Access to colloidal nanocrystals (NCs) with well-defined size and shape has created 

intriguing opportunities for scientists and engineers to assemble ordered 

superstructures with properties by design. As a result of intensive research efforts, the 

concept of NC assemblies as an artificial solid comprised of NCs as artificial atoms 

has rapidly evolved from an academic curiosity towards a versatile test ground to 

experimentally probe emerging properties in coupled quantum confined systems and 

development of related technologies.[1, 2] The novel structural, optical, electronic, 

and magnetic properties[2-5] that are predicted to emerge as a result of collective 

interactions between NCs in the assembly have inspired the quest for better 

understanding and controlling the self-assembly of superstructures from colloidal 

suspensions.  



 

145 

Cubic nanocrystals (cNCs) in particular have been subject of increasing research 

efforts for several reasons. From an electronic perspective, cNCs provide a convenient 

basis for theoretical studies of the emerging electronic structure in coupled 

semiconductor quantum dot arrays.[4] The shape of the building block significantly 

influences interparticle coupling.[6-9] For example, effective mass quantum 

mechanical calculations of 2-dimensional NC assemblies have shown that the 

coupling energy between face-to-face oriented cubes is three times larger than 

between spheres.[10] These electronic effects are particularly pronounced in strongly 

quantum confined systems, the most prominent example of which are lead salt (PbX; 

X=S,Se, and Te) NCs. The unique electronic properties of PbX NCs have been 

underscored by recent reports of successful prototype photovoltaics,[11, 12] including 

harvesting of multi-excitons,[13, 14] light-emitting diodes,[15] electronics[16, 17] and 

thermoelectrics.[18, 19] Koh et al. recently demonstrated the strong coupling between 

the cNCs to create high mobility and high gain CMOS-like inverters.[17] Most of the 

prototype devices reported to date involve disordered NC thin films. Yet, to fully 

harness the scientific and technological opportunities of NC assemblies as tunable 
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artificial solids with electronic structure by design, detailed control and understanding 

of the self-assembly into ordered and functional superstructures are desirable.   

Compared to spherical particles, which generally assemble in close-packed structures, 

non-spherical particles exhibit a much larger diversity of superstructures.[6, 20-26]  

Moreover, the anisotropic interactions governing the self-assembly also lead to 

orientational ordering of neighboring particles in the assembly and in some cases a 

direct connection between orientational alignment and superlattice symmetry has been 

found.[22] However, the self-assembly of the superstructure is not solely governed by 

geometric considerations of the shape of the building blocks; a complex interplay of 

van der Waals, electrostatic, magnetic, molecular, and entropic effects needs to be 

considered.[20] Monte Carlo simulations have predicted cubic particles to exhibit a 

rich phase diagram of superstructures ranging from isotropic structures (at low 

packing fraction) to cubatic mesophases to close packed structures with unity packing 

fraction.[27] Experimental studies of colloidal cNCs, by Gang and co-workers 

revealed the phase transition behavior of the superlattice structure between simple 

cubic and rhombohedral phases depending on the ligand shell thickness.[25] More 
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recently, Petit and co-workers reported the relationship between the detailed shape of 

the cNC (i.e.; truncated and regular cubes) and the structure of the superlattice.[28]  

Apart from the interactions between particles, it is also critical to understand the 

interaction between the particles and macroscopic interfaces, between the suspension 

and both the vapor phase above as well as the solid substrate below;[29-31] these 

effects are particularly pronounced in the self-assembly of thin films from colloidal 

cNC suspensions.[32, 33] The nature of the interactions between the particles and the 

interface is fundamentally different from the interactions among particles in the bulk.  

The role of these interface effects in the self-assembly of superstructures from 

anisotropic particles is not well understood and is the focus of this letter. We report in-

situ X-ray scattering measurements to probe the emergence of translational and 

orientational order during the self-assembly of the superlattice from suspended cNCs.  

Remarkably, we discovered that cNC assemble in two different configurations, 

namely ‘face-up’ (i.e. <100> normal to the interface) at the liquid/substrate interface 

and ‘corner-up’ (i.e. <111> normal to the interface) at the gas/liquid interface. These 

results provide important new insights into the fundamental interactions governing 

self-assembly of superlattices from colloidal suspensions and underscore the vital role 
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of interface effects. 

5.2 Results and Discussion 

PbSe cNCs can serve as a model system for a variety of reasons. First of all, cNC with 

uniform size and shape can be reliably prepared by established hot-injection synthesis 

methods.[34] Secondly, lead salt NCs present one of the most strongly quantum 

confined systems, with the effect that the electronic structure of lead salt NCs with 

dimensions in the range of 10-15 nm are still considerably impacted by quantum 

confinement[35] and thus provide intriguing opportunities for scientific studies for 

artificial solids as well as novel device applications. Figure 5.1 shows low- and high-

resolution transmission electron microscopy (TEM) images of the PbSe cNC building 

blocks used in this study. Statistical analysis of TEM images reveals an average edge 

length of 13.3 nm with a relative polydispersity of 8.2% (Figure 5.1b). The narrow 

size distribution in the cNC synthesis was enabled by advances in the colloidal 

synthesis of cubes;[36] in our case the refined size control was achieved through a 

better understanding of the relationship between the time-temperature profile of the 

synthesis and the particle shape.[37] High-resolution TEM images reveal deviations in 

the particle shape between the colloidal cNC (Figure 5.1d) and the idealized model 
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(Figure 5.1c), notably, the atomically resolved TEM image shows that the edges of the 

cNC are not sharp, but instead appear to be rounded by {110} facets.  

 

Figure 5.1. cNC building blocks. (a) Low-resolution TEM image of the PbSe cNCs. 

(b) Histogram of cNCs edge length. (c) Model structure of an ideal PbSe cNC showing 

six {100} facets and small area {110} facets along the edge of the cube. (d) High-

resolution TEM image showing detailed atomic structure of PbSe cNC. 

To form a self-assembled thin film of the cNCs, we drop-cast a suspension of the 

particles in hexane (5 mg mL-1) onto a cleaned silicon wafer and allowed the solvent 

to slowly evaporate (over 8 hours) in a nearly saturated solvent vapor environment 

(see Appendix C for detailed supporting information). We analyzed the structure of 

the self-assembled cNC thin films using grazing-incidence small-angle X-ray 

scattering (GISAXS) and grazing-incidence wide-angle X-ray scattering (GIWAXS) 
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on the same sample position. The combination of wide- and small-angle X-ray 

scattering is particularly powerful for the structural characterization of NC 

superlattices:  GISAXS reveals the translational ordering of the particles, whereas 

GIWAXS provides information about the orientational ordering of NCs in their 

superlattice sites.[22, 33, 38] Analysis and indexing of the information-rich scattering 

patterns provides detailed insights into the superlattice structure including the 

interparticle spacing, possible lattice distortions, and average grain size. To delineate 

between the crystallographic planes of the nanocrystal and the superlattice we will 

denote scattering planes and directions with subscripts ‘NC’ and ‘SL’, respectively. 

Figure 5.2 shows the GISAXS pattern of a PbSe cNC superlattice which can be 

uniquely indexed as rhombohedral (rh) structure with {111}SL planes parallel to the 

substrate, lattice constant, a = 16.2 nm and angle, α= 68.8˚. The nearest-neighbor 

separation in the rh structure is between {100}NC facets of proximate cNC. We 

determine the surface-to-surface distance as δ = ξ(α)a-dNC where a is the superlattice 

constant (a = 16.2 nm, measured by GISAXS), ξ(α)  is a geometric factor accounting 

for the lattice angle α (see supporting information Figure C.6 for details) and dNC is the 

average cNC edge length (dNC = 13.3 nm, determined from TEM image analysis).  
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For the lattice parameters given above, we determine δ = 2.1 nm, which is smaller 

than twice the length of oleic acid molecules (1.8 nm).  This suggests that the ligands 

bound to adjacent parallel {100}NC  facets are either interdigitated or are tilted on the 

faces of the cNCs, which is consistent with our earlier studies of assemblies of 

cuboctahedra shaped PbSe NCs.[22, 38]  The volume fraction of the inorganic cNC 

in the superlattice is 0.66, which compares well with the packing fraction (0.6) 

observed in our earlier measurements with cuboctahedra PbS NC. [22] 

 

Figure 5.2. Structure of PbSe cNC superlattices. (a) GISAXS pattern of a PbSe cNC 

superlattice indexed to rh structure with (111)SL planes parallel to the substrate. (b) 
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model of rh superlattice structure with lattice constant, a, and lattice angle, α. (c) 

GIWAXS pattern shows co-existence of two types of NC orientations – one 

orientation where (100)NC planes are parallel to the substrate (lying face-down on the 

substrate) and the other orientation where (111)NC planes are parallel to the substrate 

(NCs are pointing the corner toward the substrate). (d) Schematic illustration of the 

relationship between {111}NC and {200}NC reflections for face-up (red) and corner-up 

(blue) oriented cNC.  

The rh structure shown in Figure 5.2b is equivalent to a face-centered cubic (FCC) 

structure with an 18% lattice contraction in the <111>SL direction, i.e.: perpendicular 

to the substrate plane. rh, fcc, and simple cubic (sc) structures can be related through a 

continuous phase transformation path from fcc (αfcc=60˚) to sc (αsc=90˚)[25, 39, 40] 

via rh structures with intermediate angles (60˚<αrh<90˚). The fcc-to-sc transformation 

has been observed in a variety of atomic lattices and recently also in NC 

superlattices.[25, 39, 40] We note that the lattice shrinkage along <111>SL can also 

arise from drying stresses imposed by capillary forces similar to prior observations in 

nanoparticle and polymer thin films.[33, 41-43] We have previously shown that 

superlattices formed from lead salt cuboctahedra NCs also exhibit superlattice 

constant shrinkage in the plane of the substrate, although the lattice distortion (~5%) 

in fcc superlattices of cuboctahedra NC is significantly smaller than the 18% observed 



 

153 

for the rh assembly of cNC.[33] Gang et al. have recently attributed the rh lattice 

distortion to the shape of the nanocube, i.e. rounding of the corners of the cube.[25]   

To understand the role of the cNC shape in the assembly of the rh superlattice, we 

probed the orientational ordering of cNCs in their superlattice sites using GIWAXS.  

The wide-angle scattering pattern in Figure 5.2c is intriguing because the {111}NC and 

{200}NC peaks both reflect normal to the plane of the substrate (at a detector azimuth 

of 0˚) which suggests that there are two mutually exclusive orientations of cNCs 

within the film. This scattering pattern indicates that a fraction of cNCs show an 

orientation of <111>NC normal to the substrate (i.e. a ‘corner-up’ configuration), while 

other cNCs exhibit <100>NC normal to the substrate (i.e., a ‘face-up’ configuration).  

Figure 5.2d schematically illustrates the relationship between reflections from 

{111}NC and {200}NC  as a function of azimuthal angle for both face-up (red) and 

corner-up (blue) oriented cNC. 

The peculiar superlattice structure and orientation revealed by the small-angle and 

wide-angle scattering patterns raise several questions: (i) How can cNCs assemble into 

an ordered superlattice structure in which the cubes have two orientations: ‘face-up’ 

and ‘corner-up’? Do these orientations reflect homogeneously and heterogeneously 
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nucleated structures or do they arise from interactions with the macroscopic interfaces?  

(ii) Do the observed superlattice symmetries represent equilibrium structures or do 

they reflect liquid-crystal like mesophase structures that are kinetically trapped during 

the solvent evaporation? (iii) Does the distorted superlattice structure reflect the 

inherent symmetry of the cNC assembly or does this structure arise due to shrinkage 

during solvent evaporation? To answer these questions and to differentiate between 

alternate hypotheses we studied the superlattice formation under carefully selected 

experimental conditions.  

Superlattices formed by homogeneous nucleation can be easily differentiated from 

structures heterogeneously nucleated at thin film interfaces on the basis of the 

superlattice orientation relative to the substrate. We previously showed that rapid 

supersaturation leads to homogeneous nucleation of superlattice grains that precipitate 

in random orientation relative to the substrate.[33] Such a scenario would have 

resulted in Debye-Scherrer rings in the GISAXS pattern[33] and powder-like rings in 

GIWAXS. In light of the observed preferential ordering relative to the substrate for 

both SL and NC orientation evidenced by the small- and wide-angle scattering, we 
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conclude that the self-assembled structures were nucleated heterogeneously at 

interfaces and not homogeneously within the bulk suspension. 

 

Figure 5.3. cNC monolayers formed from dilute colloidal suspensions (a) The 

GISAXS pattern is consistent with a square  monolayer of cubes. . (b) GIWAXS 

illustrates the preferred face-up (<100>NC) orientation of cNC in the monolayer. (c) 

SEM image illustrates the structure of the monolayer. 
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Next, we discuss a series of experiments devised to better understand the role of the 

gas/liquid and liquid/solid interface in the heterogeneous superlattice nucleation.   

Monolayer cNC films present an advantageous experimental system to investigate the 

interface effects. We formed monolayer superlattices from dilute suspensions (0.5 mg 

mL-1) under controlled evaporation conditions. The GISAXS pattern (Figure 5.3a) of 

the superlattice formed from the dilute suspension is consistent with the scattering 

signature of a cNC monolayer of ‘face-up’ oriented cubes.[44] The orientational 

ordering revealed by GIWAXS (Figure 5.3b) shows almost exclusively <100>NC face-

up orientation normal to the substrate, consistent with GISAXS. Assemblies of cNC 

oriented with their {100}NC facets facing the substrate have been reported in several 

previous cases and have been attributed to strong van der Waals interaction between 

the flat cube facet and the substrate.[29, 30]  

The translational order in the monolayer can be indexed as a 2D cubic lattice; the 

oscillation of the intensity along the scattering rods can be attributed to the cNC form 

factor.[44] Contrary to the scattering from a monolayer of spherical particles,[44] we 

found that the in-plane spots broadened at higher scattering vectors. This effect can by 

ascribed to disorder of the second type, as described within the paracrystal model.[45]  
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In either case the intensity of higher-order reflections is suppressed, however, in 

disorder of the first type the peak width is not affected.[44] Interestingly, a similar 

finding has previously been reported in colloidal crystals studied by Dullens and 

Petukhov[46] who found that spherical and non-spherical colloids featured similar 

differences in behavior. SEM images (Figure 5.3c) confirm the complex structure of 

the cNC monolayer; however, Fourier transform image analysis was inconclusive and 

suggests both hexagonal and square translational ordering. We note that the structure 

of cNC monolayers did not depend on solvent evaporation rate, since similar 

structures were obtained in slow (8 hours) and fast (~ 1 minute) dried films.  

To differentiate between kinetically trapped mesophases and equilibrium structures, 

we investigated the dynamics and intermediate states during the superlattice self-

assembly using an in-situ X-ray scattering chamber.[22] Importantly, this chamber 

enables X-ray structure characterization of self-assembled superlattices in real time 

and in dynamically controlled solvent vapor environments. To study the self-assembly 

of the cNCs in-situ, a suspension of the particles in hexane (5 mg mL-1) was drop-cast 

on a cleaned silicon wafer and the suspension drop was allowed to equilibrate with 
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controlled hexane vapor concentration environment. After the equilibrium had been 

reached, GISAXS and GIWAXS patterns from the same sample spot were obtained.  

The evolution of the translational order in the drying superlattice is summarized in 

Figure 4a (corresponding GISAXS patterns are provided in the supporting 

information). The scattering of the superlattice nucleated in the nearly saturated 

solvent environment can be uniquely indexed to a rh structure with a lattice constant, 

a=18.8 nm and angle, α=62.5˚. Considering the 13.3nm edge length of the cNC, the 

freshly nucleated superlattice is characterized by a surface-to-surface spacing of 4.6 

nm, which is substantially larger than the twice the length of the oleic acid ligand.  

The structure analysis suggests that surface bound oleic acid ligands do not directly 

interact in the initial superlattice nucleus and that the interstitial volume of the 

nucleated structure contains a significant fraction of solvent (hexane). Analysis of the 

early stage superlattice structure provides important clues to understand the 

mechanism and the preferred <111>NC orientation. Since the spacing between cNC 

surfaces in the nascent superlattice (δ = 4.6 nm) exceeds the reach of the ligands 

(length of oleic acid ~1.8 nm), interactions between the particles appear to be 

modulated through a diffuse ligand and solvent shell surrounding the particles.   
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The packing fraction of the inorganic cNC core in the nascent superlattice is 

approximately 0.47. Interestingly, this packing fraction is within experimental error of 

the theoretically predicted onset of the cubatic phases (0.52)[27], however, in contrast 

to theoretical prediction, our experiments suggest that the nascent superstructure 

exhibits both orientational and translational order. We note that with our current 

experimental setup the transition from between small and wide angle scattering 

measurements takes approximately one minute; further experiments are required to 

probe the existence of transient liquid-crystal like cubatic phases.  

 

Figure 5.4. in-situ X-ray scattering signatures superlattice formation. (a) Small-angle 

scattering reveals the evolution of the rh superlattice constant, a, and angle, as a 

function of hexane vapor concentration from wet (nearly saturated) to dry (pure He 
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gas environment). Wide-angle scattering patterns (b-d) show the evolution of the 

orientational ordering from the wet film to the dry superlattice. (e) Radially integrated 

intensity of the {111}NC reflection illustrates the preferential cNC orientation in the 

wet and dry films (a-c) as well as assemblies formed by slow (i) and fast (ii) 

evaporation. The monolayer film (iii) also illustrates preferential ‘face-up’ alignment 

of the cNC. 

Dynamic control over the hexane vapor concentration in the sample chamber allowed 

us to directly monitor the evolution of the superlattice structure in the drying film.  

We gradually reduced the hexane vapor concentration in the in-situ chamber from 

saturated hexane (~ 8 mmol/L) to an almost dry helium environment over the course 

of two hours. For each scattering measurement, the cNC suspension was allowed to 

reach equilibrium with the adjusted hexane vapor concentration. Figure 5.4a shows 

that the superlattice constant, a, shrinks from 18.8 to 16.5 nm while the lattice angle, α, 

increases from 62.5˚ to 68˚ as the film dries. The fact that the lattice distortion was 

observed in a wet film in equilibrium with the saturated vapor environment suggests 

that the distortion is not due to the drying stress[33, 41-43] but instead appears to arise 

from a change in the nature of the interaction between cNC as they come closer 

together in the drying film (vide infra).  
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The in-situ GIWAXS patterns in Figure 5.4b-d illustrate how cNC orientation evolves 

from the ‘wet’ to the ‘dry’ film. We probed the nucleation of the superlattice by 

carefully monitoring the first distinct scattering features from 'wet' film at equilibrium 

with nearly saturated hexane vapor concentration. Strikingly, the scattering patterns 

show exclusively preferential <111>NC orientation normal to the plane of the film.  

Specifically, the {111}NC reflections in Figure 4b are only observed at azimuth angles 

of 0˚ and 70.4˚; whereas {200}NC reflections only occur at 54.7˚. This scattering 

signature is consistent with a pure corner-up (i.e. <111>NC) orientation of the cNC (see 

Figure 5.2d). As the hexane vapor concentration is reduced, {200}NC reflections 

started to appear at 0˚, suggesting that a fraction of the cNC have oriented in the ‘face-

up’ (i.e. <100>NC) configuration (Figure 5.4c-d). To more clearly illustrate the 

evolution of the orientational ordering we show the integrated intensity of the {111}NC 

reflection rings as a function of azimuthal angle (Figure 5.4e).The integrated {111}NC 

ring shows the emergence of increased scattering at an azimuth of 54.7˚ as the film 

evolves from wet to dry, indicating that more cNCs form the face-up orientation.  

As a way to investigate how the orientational alignment relates to the dynamics of the 

self-assembly from the colloidal suspension, we formed cNC superlattice at various 
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drying rates. We observed the most pronounced signature of ‘corner-up’ oriented cNC 

from assemblies formed with a two-hour drying time (Figure 5.4c). Films formed with 

slower drying times (eight hours), showed weaker contribution from ‘corner-up’ 

particles (Figure 5.2b and (i) in Figure 5.4e). Superlattice films formed by rapid 

solvent evaporation in ambient environment show exclusively ‘face-up’ orientation ((ii) 

in Figure 5.4d) (scattering patterns and structural analysis of the rapidly dried cNC 

films are provided in the supporting information, Figure C.5). This trend illustrates the 

complex relationship between the dynamics and the structure of the self-assembled 

film, which we explain in the model introduced below. For reference, Figure 5.4e also 

includes the integrated intensities of the GIWAXS pattern of the cNC monolayer 

(Figure 5.3) to show the dominant peak {111}NC reflection at an azimuth of 54.7˚, 

consistent with the preferential ‘face-up’ ordering in the cNC monolayer. 

Insights from the scattering data detailed above allow us to propose the following 

mechanism to describe the superlattice nucleation, the coexistence of two distinct cNC 

orientations, and the relationship between the dynamics of the self-assembly and the 

resulting structure. Figure 5.5 schematically illustrates the temporal and spatial (i.e., 

vertical) variation in cNC orientation and structure of the emerging superlattice. We 
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first consider the spatial variations illustrated by the cross-sectional slice taken at an 

intermediate drying time (Figure 5.5b). Three regions in the film are delineated by 

their vertical position and their proximity to macroscopic interfaces, namely: (i) the 

interface between the colloidal suspension and the gas above, (ii) the bulk liquid 

suspension, and (iii) the interface between the suspension and the solid substrate. It is 

important to recognize that the particle concentration varies as a function of height; 

this is not a gravitational effect, but rather a consequence of the interfacial interactions 

between the colloidal suspension and both gas and solid interface (region i and iii in 

Figure 5.5b respectively). The magnitude of the vertical cNC concentration gradient 

depends on the overall concentration and the relative surface energies at both 

interfaces.   

Molecular surfactants and colloidal particles alike tend to adsorb at interfaces since the 

adsorption lowers the free energy of the system.[47]  The formation of a Gibbs 

monolayer near the gas/liquid interface is one manifestation of this effect, which can 

be directly measured by the reduction of the surface tension of the solution.[48, 49]  

Campolongo et al. have recently explored Gibbs monolayer formation with DNA-

capped nanoparticles at the interface.[50] At particle concentrations below the 
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supersaturation limit, NCs in the bulk liquid sufficiently far from the interface (i.e.: 

region ii in Figure 5.5) are homogenously distributed in the suspension.   

 

Figure 5.5. Schematic illustration of the proposed mechanism for cNC superlattice 

formation. (a) Schematic of the temporal and spatial evolution of self-assembled cNC 

superstructures. (b) Slice at intermediate drying times illustrating three key regions: (i) 

gas/liquid interface, (ii) the bulk liquid suspension, and (iii) the liquid/solid interface. 

The thickness of the liquid suspension decreases from left to right as the solvent 

evaporates. (c) Magnified view of the cNC near the gas/liquid interface and (d) the 

structure of the ligand near the interface. The insets (e,f) illustrate the formation of the 

hexagonal two-dimensional seed layer and the resulting orientational alignment of 

cNC. 
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We note that cNC in the subsaturated suspension can occur as a mixture of monomers 

(i.e. isolated particles) and short oligomers (i.e. chains of up to approximately 5-6 

particles), as illustrated in a recent study by Rijssel et al. [51] In analogy to the 

formation of atomic and molecular crystals, the supersaturation provides the driving 

force for the superlattice formation, whereas the creation of the interface between the 

superlattice and the surrounding environment presents an energetic penalty. 

Superlattice nucleation at the interface is thus favored over nucleation in the bulk due 

to two factors: first, the concentration near the interface is larger as discussed above 

and secondly the free energy change for heterogeneous nucleation is less than for 

homogeneous nucleation. 

The cross-sectional slice in Figure 5.5b illustrates that the preferred orientation of cNC 

at the gas/liquid interface (region i) is corner up or <111>NC whereas particles at 

liquid/solid interface (region iii) assume the face-up <100>NC orientation.  

Thermodynamic considerations of particle orientations and the molecular 

configuration of the ligand near the interface can explain the difference in preferred 

orientation. By itself, free oleic acid surfactants and unbound lead oleate will form a 

Gibbs monolayer near the gas/liquid interface. In the energetically preferred 
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configuration, the polar carboxylic acid group points towards the interface allowing 

the aliphatic tail to be well solvated in the bulk liquid phase. This molecular 

configuration is illustrated in Figure 5.5d. As ligands, oleic acid is chemically attached 

to the NC surface via the carboxylic acid group; this constrains the molecular 

configurations of the ligand. Ligands near the interface, and the cNC as a whole, will 

thus orient in a way to provide the most solvation for the aliphatic ligand chain. The 

<100>NC configuration is unfavorable at the gas/liquid interface since it maximizes the 

number of ligands exposed to the vapor interface. On the other hand, the <111>NC 

orientation (Figure 5.5c) provides the best solvation for the aliphatic ligand chain and 

thus presents the thermodynamically preferred configuration. The detailed structure of 

cNCs near the interface (i.e.: whether the particle is fully submerged or partially 

protrudes from the gas/liquid interface) is governed by a complex interplay of the 

particle concentration, the wettability of the cNC surface in the solvent and the 

presence of desorbed ligands, etc. Law and co-workers have recently reported a model 

of NC adsorption at the gas/liquid interface to account for line tension effects and 

wettability.[49] Based on their model and the surface energies of the hexane 

(solvent)/oleic acid (ligand) system at the focus of our work, we can conclude that the 
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solvent completely wets the ligand shell and that the particle is fully submerged below 

the gas/liquid interface.  

A closer look at interactions between cNCs in the plane of the monolayer seeding the 

superlattice growth at the gas/liquid interface further clarifies the preferred <111>NC 

orientation. The hexagonal translational order in the nascent seed layer (Figure 5.5e) 

naturally favors the <111>NC orientation since this configuration balances the in-plane 

interactions among cNCs; other cNC orientations within the seed layer would face 

imbalanced interactions (see Appendix Figure A.7). Figure 5.5f illustrates how the 

hexagonal translational structure in the monolayer induces the ‘corner-up’ 

orientational ordering of the cNC in their lattice sites.  

Although the thermodynamic considerations discussed above successfully capture the 

preferred cNC orientation near the interfaces, the observed relationship between 

drying rates and cNC orientation suggests that kinetic aspects also influence the self-

assembly of the superstructure. To describe the kinetic aspects, we first explain the 

absence of <111>NC in cNC films formed by rapid solvent evaporation. In that case, 

the rapid solvent evaporation prevents the formation of a Gibbs monolayer at the 

interface. Without the hexagonal seed layer at the gas/liquid interface the emerging 
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structure is dominated by <100>NC alignment induced by interactions with the 

substrate. We note that the kinetic trends described here differ from the kinetically 

driven nanoparticle monolayer formation described in case of thiol-passivated, 

spherical gold nanoparticle superlattices reported in the literature.[31, 52]   

Interface-induced orientational (re)ordering can also explain the trend of preferred 

‘corner-up’ orientation at intermediate drying times compared to the coexistence of 

‘corner-up’ and ‘face-up’ orientations in the slowly dried film. The interface between 

the {111}SL superlattice planes with <111>NC orientation nucleated at the gas/liquid 

interface and cubic superlattice with <100>NC orientation formed at the solid substrate 

represents a frustrated system. We can therefore understand the enhanced <100>NC 

orientation in the slowly dried film as a result of reordering of cNC at the interface 

between region i and iii. In other words, slow drying times appear to facilitate a 

substrate-induced ‘corner-up’-to-‘face-up’ transformation.   

The dynamics of monolayer formation at the gas/liquid interface and orientational 

reordering at the solid/solid interface (between region i and iii) are remarkable,and 

highlight the importance of interfacial effects in superlattice formation. Specifically, 

competing superlattice structures nucleating at the substrate-solution and solution-air 
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interfaces can prevent the formation of a homogeneous superlattice film.  

Fortuitously, our results indicate that there seem to be kinetic pathways to favor one 

orientation over the other and thus achieve homogeneous superlattice structures.  

5.3 Conclusion 

We studied the self-assembly of colloidal cNC into ordered superstructures in real 

time using in-situ X–ray scattering. Dynamic control over the solvent vapor 

environment allowed us to directly monitor the evolution of the superlattice structure 

from the nascent fcc to the dried rh superlattice symmetry. We discovered that the 

cNC exhibit two distinct orientations, namely ‘face-up’ and ‘corner-up’. To the best of 

our knowledge, this is the first observation of self-assembled cNC with their corner-

oriented normal to the plane of the substrate. The coexistence of two particle 

orientations can be explained in terms of underlying thermodynamic and kinetic 

effects. The thermodynamic effect illustrates that ‘corner-up’ oriented cNC can 

minimize their free energy by orienting themselves to maximize the contact of the 

ligand shell with the surrounding solvent. The kinetic effect relates the particle 

orientation to the formation of a hexagonally ordered Gibbs monolayer, which then 

locks in the orientation of the cNC in the three-dimensional superlattice. 
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Understanding and directing the self-assembly of anisotropic NCs into ordered and 

functional superstructures is vital for the future scientific and technological progress of 

nanomaterials. The insights gained from this study provide important guidance for the 

role of interfaces and fundamental kinetic and thermodynamic factors governing the 

self-assembly of superstructures based on cNC building blocks. 
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CHAPTER 6 

DECODING THE SUPERLATTICE AND INTERFACE STRUCTURE OF 

TRUNCATE PBS NANOCRYSTAL-ASSEMBLED SUPERCRYSTAL AND 

ASSOCIATED INTERACTION FORCES 

 

6.1 Introduction 

Nanocrystals (NCs) behave like atoms, functionalize with surface-coating organic 

molecules, interact with judicious solvents, and self-assemble into periodically ordered 

superlattices.[1-4] These highly ordered NC-based solids, called supercrystal, not only 

possess or enhance the size- and shape-dependent properties of individual NCs, but 

also yield the novel collective properties from near-field coupling of NC arrays.[5-9] 

As a consequence, ample opportunities and immense potentials are envisaged towards 

development of NC-assembled supercrystals as a new type of prototype materials for a 

broad variety of applications. Recent advance on synthesis and controlled assembly of 

NCs have been witnessed by fast growth of NC-assembled superlattices, made up of 

single, binary and ternary components over control of NC size, shape and 

composition.[1-4, 6-8, 10-22] In parallel, a series of emergent physical properties from 
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assembled superlattices have been found applications in optics, electronics, magnetic 

storage, catalysis, biosensor and imaging.[6-11] However, programmable design and 

directed fabrication of supercrystals with manipulation of various superlattices for 

desirable applications are still not enabled because of limited understanding of 

intricate NC-ligand interactions and complex interplays of multiple driving forces in 

solvent-mediated NC assembly processes. 

NC assemblies involve a variety of interaction forces between inorganic hard NC 

cores, soft surface-coating molecules and surrounding solvents.[23-26] These 

interaction forces consist of inter-NC van der Waals attractions, steric repulsions of 

surface-coating molecules, evaporation-induced capillary forces, attractive depletion 

forces, surface charge or electric dipole induced Coulomb forces, and entropic forces. 

Once while NCs change shape from spherical to non-spherical, anisotropic 

interactions emerge from shaped NCs, not only giving rise to directional forces but 

also enabling novel face-selective functionalization through NC assemblies.[18-21, 27] 

Intricate interactions of various driving forces coupled with environmental 

perturbations drive NC assembly into complex superlattice polymorphs.[10, 19, 27, 29, 

30] In case of non-spherical NC assembled supercrystals, one superlattice with a 
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typical translation symmetry, which is frequently defined without consideration of 

shape aspect, could also consist of distinctly oriented NCs at two or more 

crystallographic sites. If the shaped NCs exchange their positions between various 

crystallographic sites in one given superlattice, the shape-related superlattice 

polymorphs, defined as “pseudo-polymorph”, are expected to appear accordingly. The 

superlattice polymorphs differ either in translational symmetry [i.e. traditionally 

defined superlattice polymorphs, such as the body-centered-cubic (bcc), face-centered 

cubic (fcc), and hexagonal-close-packed (hcp) assemblies][4] or in shape orientation 

(i.e. newly defined pseudo-polymorphs with site-dependent variation of shape 

orientation).[31] These superlattice polymorphs or pseudo-polymorphs could 

functionalize very much like the structural polymorphs of minerals with various ratios 

of compositional (or elemental) order/disorder at two crystallographic sites, in which 

the storage of significant information can be explored and thus used to reconstruct the 

geological thermal history and structural formation and evolution processes.[32-34] 

Similarly, information derived from the typical superlattice (or pseudo-) polymorphs 

could also be used to trace back how NCs interact with surface-coating molecules, 

develop gradually from random (or amorphous) into either translational or 
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orientational order or both, and ultimately balance multiple interaction forces to form 

large scale three dimensional (3D) supercrystal with thermodynamically favorable 

superlattice. To accelerate understanding the crystallizing processes of NC 

supercrystals with a complex diversity of superlattices and thus decoding hidden 

structural details towards tracing back the NC-assembly processes, it is required to 

find ways of not only fabricating large scale 3D single supercrystal but developing 

unique and efficient techniques as well. They can be both combined to exploit the 

supercrystal structure and thus to discover close relations between inorganic NCs and 

surface-coating ligand molecules at length scales of atom, molecule (or cluster) and 

nanometer.  

PbS NC has been emerging as one significant topic in current researches from the 

perspectives of scientific curiosity and technological development. The Bohr exciton 

radius in PbS is 20 nm, which renders PbS NCs as one of several most strongly 

quantum confined systems. The energy gap of PbS NCs can be tuned from 0.4 to 2 eV 

by changing the NC size from 2 to 10 nm.[35-37] Accordingly, their unique tunable 

properties have been exploited in a broad range of technological applications including 

transistors, photovoltaics, photo-detectors, light emitting diodes, and thermoelectrics. 
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[38-48] Recent works reported dramatic enhancement of direct facet-to-facet coupling 

in nanocube arrays and low electron mobility in disordered spherical NC 

devices.[19,49-52] These concurrent advances create a compelling motivation to 

exploit their internal correlations that can be used to improve the materials properties 

and device efficiencies. The simple case should be started with understanding how the 

shaped NCs interact with surface-coating molecules in solvents to form highly ordered 

structures that hold great coherence of both NC translational and atomic orientational 

order with imparting to electronic structures and physical properties of NC assemblies.  

Previous studies well documented the size-dependent morphological development of 

PbS NCs with surface coating of oleic acid (OA) molecules using the hot-injection 

synthesis approach.[36, 37, 43, 54-59] Upon growth of PbS NCs with particle size 

from 3 to 15 nm, the shape of NCs develop gradually with a consequence of sphere, 

truncate morphology with progressively increased surface facet ratio of {100}/{111} 

to cube. In his study, we employed the truncate PbS NCs with an average size of 11.3 

nm, and grew large scale 3D single supercrystal that has a face-centered-cubic (fcc) 

superlattice and holds full coherence of NC translation and atomic orientation in 

individual supercrystal grains. Taking advantage of the newly developed unique 
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synchrotron small/wide angle x-ray scattering (SAXS/WAXS) techniques [60-61], the 

single supercrystal SAXS and WAXS images along several typical crystallographic 

projections were simultaneously collected from the same volume of the samples. 

These scattering features enabled us to precisely reconstruct the detailed structure of 

assembled supercrystal at length scale from atomic to nanoscale. We correlated, for 

the first time, the position exchange of shaped NCs with distinct orientations between 

various crystallographic sites, and derived two non-degeneration shape-related 

“pseudo-polymorphs” of superlattice with reduced symmetries. Combined with high 

pressure SAXS measurements of NC supercrystals and surface-coating molecules [OA 

and Pb(OA)2], we not only provided a primary picture of the NC-ligand interface 

structure, the packing geometry and the density of surface ligands embedded inside 

assembled supercrystals, but also defined roles of the NC-ligand interaction forces that 

govern NC assemblies and control structural stabilities of assembled supercrystals. 

The analyses and insights inform how the complex diversity of driving forces and 

interactions between NCs and surface ligands guide NC assembly into various 

superlattices or polymorphs, and underscore the critical roles of anisotropic shape and 

orientation dominated NC-ligand interface structure as well as associated effects. 
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6.2 Results and Discussions 

PbS NCs with surface coating of OA molecules were synthesized by the previously 

developed approach.[37] A typical transmission electron microscopy (TEM) image 

(Figure 6.1a) shows that the as-synthesized PbS NCs have an average particle size of 

11.3 nm (Figure D.1), and display a truncated morphology (inset Figure 6.1a) with 

surface termination of six {100} and eight {111} facets (Figure 6.1b). Controlled 

evaporation of a colloidal NC suspension of hexane leads NC assembly into 

periodically ordered superlattice.  

 

Figure 6.1. (a) Low and high resolution TEM images of PbS nanocrystals (NCs); (b) 

Schematics of truncate PbS NC with surface termination of {111} and {100} facets; (c) 

Powder SAXS pattern with inset of two-dimensional (2D) image, and diamonds at 

bottom showing indexed fcc peak positions; d) Powder WAXS pattern with inset of 
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2D image. Note: the bright spot on the first ring of inset Figure (d) is the damage area 

of detector. 

Powder SAXS pattern indicates that assembled supercrystals have a fcc superlattice 

with an unit cell parameter of 20.2 nm (Figure 6.1c); powder WAXS pattern reveals 

that individual NCs crystallize in a rock salt-type cubic structure (Fm3m) with an 

atomic lattice constant of 5.942 Å (Figure 6.1d). However, both the powder SAXS and 

WAXS patterns do not offer sufficient details to distinguish truncate NCs packing in 

either a random or an orientational fashion at two crystallographic sites of (0, 0, 0) 

(corner) and (0.5, 0, 0.5) (face-center) of assembled fcc superlattice. 

To explore how truncate PbS NCs align and orient in fcc superlattice (i.e. either 

random or ordered) with subsequent construction of structural connections from atoms 

to NCs in mesocrystals in terms of soft ligand bridged interfaces, we gently controlled 

the evaporation of hexane solvents and grew NCs from hexane solutions into large 

scale 3D single supercrystals. A typical scanning electron microscopy (SEM) image 

reveals that assembled supercrystals have grain size over several hundred microns 

(Figures 6.2a and D.2). Additional SEM images with higher resolution demonstrate 

the single-crystal nature of individual supercrystal grains. However, stacking faults 
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were accidently observed in some supercrystal grains (Figure D.3). Fast Flourier 

Transform (FFT) analysis of SEM images (Figure 6.2b-d) confirms the three typical 

crystallographic orientations of the fcc superlattice including [100], [111] and [110]. 

SEM and TEM imaging techniques provide convenient and direct images of the 

superlattice, but they lack enough resolution and in-depth penetration for detailed 

analysis of the orientational features of truncate NCs in mesoscale supercrystal. 

 

Figure 6.2. SEM images of PbS NC-assembled single supercrystals at large scale (a) 

and along projections of [111] (b), [100] (c) and [110] (d). Insets represent their 

corresponding Fast Fourier Transform (FFT) patterns. The scale bars are 100 nm.  
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To decode the NC translational and atomic orientational details of large scale NC-

assembled fcc supercrystal, high-quality single crystal synchrotron-based SAXS and 

WAXS images were simultaneously collected from selected single supercrystal grains 

that display various crystallographic orientations. Figure 6.3 shows the three typical 

single crystal SAXS and WAXS images with projection of x-rays along [111], [110] 

and [100] direction of the fcc supercrystal, respectively (Figure D.4). Handle and 

transfer of the samples for x-ray illuminations involve damage of fragile supercrystals 

and attachment of small crystal pieces or powders, accordingly producing additional 

scattering spots and powder-like arc-shaped SAXS features. These SAXS features can 

be further enhanced by the surface strain of supercrystal grains. To avoid possible 

confusion of scattering planes between atomic PbS structure and NC-assembled 

superlattice, PbS(hkl) and SL[hkl] are used to describe the atomic (hkl) plane and 

superlattice [hkl] projection, respectively. The supercrystal diffracts their atomic 

planes with x-rays with strict obey of Bragg’s law in wide angle region. Therefore, the 

observed WAXS spots are the diffracting x-ray signals from the typical crystalline 

planes with direct projection on 2D flat detector plane. By correlating the symmetrical 

features of observed WAXS spots to x-ray projected planes, we can accurately 
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determine how truncate NCs self-arrange anisotropically and distinguish in shape 

orientation from one to another at various fcc crystallographic sites.  

Single crystal SAXS image in Figure 6.3a reveals typical 4-fold symmetrical spots in 

both SL(200) and SL(220) (marked by dashed circle), confirming the SL[100] 

orientation along the x-rays. However, WAXS image along the SL[100] orientation 

consists of a series of scattering spots that cannot be exclusively assigned to only one 

single group of oriented NCs (i.e. if all NCs display identical orientation, the 

supercrystal should act as single atom-packed crystal and does not scattering the 

orientation-forbidden spots). The observed PbS(200) spots display an 8-fold symmetry, 

indicative of the overlapping of two groups of 4-fold symmetrical spots with an in-

plane mismatch angle of 45° (see the details in Figure 6.3 and Table D.1). Correlating 

the typical inter-planar angle of 54.7° between PbS(200) and PbS(111), one group of 

oriented NCs accordingly produce the PbS(200) and PbS(111) spots (marked in 

orange), indicating that the oriented NCs have their PbS(110) planes perpendicular to 

x-rays and SL[110] as well. Upon rotation of NCs with an in-plane angle of 90°, these 

NCs (orange) further produce 4-fold symmetrical Pb(220) spots (red) and the PbS(311) 

and PbS(222) spots. Another group of oriented NCs with PbS[100]//SL[100] produce 
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the 4-fold symmetrical Pb(200) spots (green) that display an in-plane mismatch angle 

of 45°. It can be thus concluded that the SL[100] projected planes consist of two 

groups of oriented NCs in which PbS[100] and PbS[110] are parallel to SL[100], 

respectively. Figure D.5b presents the angular plot of PbS(200) ring, revealing that 

both the orange and red spots have approximately equivalent intensity, but are much 

weaker than the green ones. One fcc superlattice unit cell consists of four NCs: 1) 

three NCs at face-centers; and 2) one NC at corner. Two face-center NCs (red and 

orange) produce the 4-fold symmetrical PbS(200) spots, but the third one remains 

uncertain. If the third NC orients the same as the corner NCs (marked as “peak2” in 

PbS[100] orientation in Figure D.5), PbS[100]-oriented NCs should scatter x-rays with 

intensity twice of that from PbS[110]-oriented NCs. As shown in Table D.1, the green 

one was calculated with intensity as large as twice in height and 1.43 times in area to 

that of the red and orange one, in fair agreement with the scattering intensity of 

double-numbered NCs (See Figure D.5b and D.5c). Therefore, it can be concluded 

that the third NC at face-center hold the same orientation as the NC at corner. 

Figure 6.3b shows the SAXS and WAXS images of single supercrystal with projection 

of x-rays along the SL[111] direction. Both SL(111) and SL(220) in SAXS image 
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(Figure 6.3b, Left) display a typical 6-fold symmetrical spotty feature, but no SL(200) 

appears. These scattering signatures indicate the orientation of SL[111] parallel to x-

rays. In principle, x-ray scatterings from SL(111) planes are forbidden upon preferred 

alignment of SL[111] in parallel to x-rays. Compared to atomic crystal that interacts x-

rays with straightforward obey of Bragg’s law in wide angle region, the supercrystal 

comprised of much enlarged NC building blocks diffracts x-rays only at much smaller 

angles (i.e. 2θ < 5°). Small deviation of NCs from ideal crystallographic sites can thus 

give rise to the orientation-forbidden spots. Therefore, it is understandable to observe 

one set of weak SL(111) spots. If we look at the powder supercrystal sample lack of 

orientation, the SL(111) peak is at least ten times more intense than the SL(220) peak 

(Figures 6.1c and D.4). In order to compare the observed symmetrical features easier 

(Figure D.6a), a dashed line was added as a reference to present the horizon of the 

superlattice in SAXS/WAXS images and insets. While the PbS(200) and PbS(220) 

spots reach a mismatch angle of 30° (Figure D.6b), they both consist of the typical 6-

fold symmetrical spots. Therefore, the shape orientations of NCs along the SL[111] 

direction can be reconstructed (Figure D.6c) that three NCs at face centers form a 3-

fold symmetry and their PbS[110] planes are parallel to SL[111], in agreement with 
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the 6-fold symmetrical spots of observed PbS(220) and PbS(111). If NC shape is 

considered as one additional constraint, the 3-fold axis vanishes and instead a new 21 

symmetry arises. The above analyses also explain well the symmetrical features 

observed in PbS(111), PbS(311) and PbS(222) scatterings. 

 

Figure 6.3. Reconstruction of PbS NC assembled supercrystal with projection of x-

rays along SL[100] (a), SL[111] (b) and SL[110] (c). Three panels represent: Left) 

SAXS images with inset showing the superlattice projection; Middle) Structure and 

orientation of truncate NCs along the typical crystallographic direction; and Right) 

WAXS images with Miller indices. Note: Dashed lines and circles are for visual 

guides; various colors represent the differently oriented NCs in SL that produce the 

scattering spots marked in the same colors. 
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Upon reconstruction of shape orientations of NCs at face-center sites, yet no evidence 

supports the shape orientation of NCs at corner sites. If NCs at corners orient 

identically to NCs at face centers, the lattice reduces from 4-fold symmetry (C4h) to 2-

fold symmetry (C2h). Once while the SL[110] projection was confirmed by SAXS at 

Figure 6.3c (Left), the corresponding WAXS image at Figure 6.3c (Right) offers 

information to reconstruct the shape orientations of NCs at corner sites. Based on the 

previous SL structure, SL[110] projected plane consists of two groups of oriented NCs 

with PbS[100] and PbS[11√2] parallel to SL[110]. Note: PbS[11√2] is defined and 

shown in Appendix D (Figure D.7). The first group of NCs with PbS[100]//SL[110] 

(orange in Figure 3c, middle Panel) produce the 4-fold symmetrical PbS(200) spots. 

The second group of oriented NCs with PbS[11√2]//SL[110] produce only the 

PbS(220) spots along the horizon line in Figure 6.3a (Left). As shown in Figure D.7, 

the orange spots sited at a rotation angle of 45° from the dash line are produced from 

the first group of NCs, and the green spots with 6-fold symmetrical feature from the 

second group of NCs. Simulations of single supercrystal WAXS images (Figure D.7d-

f) confirmed the reliability of the above structure reconstruction, and also explained 

well the appearance of orientation-forbidden WAXS peaks. In principle, the second 



 

189 

group of NCs with PbS[11√2]//SL[110] (green) should have no contribution to either 

one of observed PbS(111), PbS(311) and PbS(220) spots. However, the azimuthal 

integrations of SL[110] orientation-related peaks revealed a powder-like scattering 

feature in which the angular width of scattering spots are as large as 30°, indicative of 

significant lattice distortion of NCs along the SL[110] direction. The lattice distortion 

breaks down the lattice symmetry, accordingly giving rise to the PbS[111]- and/or 

PbS[112]-related spots. Theoretical simulations further reveal the births of both the 6-

fold symmetrical PbS (220) spots from PbS[111]-oriented NCs (Figure D.7d) and the 

rectangular spots of PbS(311) and PbS(111) spots from PbS[112]-oriented NCs 

(Figure D.7f). The observed lattice distortion of NCs with 9.7o misorientation of 

PbS[11√2] to both PbS[111] and PbS[112] provides a reasonable interpretation for the 

appearance of orientation-forbidden spots of PbS(111) and PbS(311) scatterings. 
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Figure 6.4. Two shape-related pseudo-polymorphs derived from the basic face-

centred-cubic (fcc) superlattice of truncate NC assembled supercrystals that produce 

identical sets of single crystal SAXS and WAXS images given in Figure 6.3. 

Projections along SL [100] and SL [111] show the various orientations of truncated 

NCs between four pseudo-polymorphs. Configuration shown by (a) include a C4h 

symmetry, whereas that in (b) include a C2h symmetry. 

Careful analyses of single crystal SAXS and WAXS and HRSEM images allowed us 

to create a detailed reconstruction of NC translation and atomic orientation of 

assembled supercrystal from atomic to nanometric level, but very little is known about 

how NCs interact with surface-coating molecules and orient together in a rational way 

to form highly ordered supercrystal. In one fcc superlattice unit cell, truncate NCs with 

distinct orientations could exchange position between three equivalent face-center 

sites, and accordingly give rise to the shape-related pseudo-polymorphs of 

superlattice.[31] As a consequence, six shape-related superlattice pseudo-polymorphs 

were derived and then merged into two non-degeneration superlattice polymorphs 

according to the superlattice transformation, which are shown in Figure 6.4. More 

details about the polymorphic degeneration and superlattice correlations are given in 

Figure D.8. These superlattice pseudo-polymorphs produce identical sets of single 

crystal SAXS and WAXS patterns as shown in Figure 6.3. Adding NC shape as one 
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constraint in lattice determination, NCs at corners include only one mirror symmetry 

along the SL[111] projection. Applying the same analyses to the NCs at face-center 

sites, the higher symmetry superlattice (Oh) breaks down and transforms into two 

lower symmetry superlattice pseudo-polymorphs (Figure 6.4): 1) the top one includes 

a C4h symmetry; 2) the bottom one includes a C2h symmetry. The two pseudo-

polymorphs are also different in both number of facet-to-facet arrangements and NC 

orientation between the corner and face-center sites.  

Truncate PbS NC can be reconstructed at surfaces with 8 triangle PbS{111} and 6 

square PbS{100} facets (Figure 1b). Each NC in fcc superlattice is surrounded by 12 

nearest neighbors to achieve the highest packing density. For each NC, to achieve   

12 contacts tof nearest-neighboring NCs, only three types of direct facet-to-facet 

contacts are allowed. These facet-facet interactions are {100}-to-{100}, {100}-to-

{111} and {111}-to-{111} configurations. One fcc superlattice unit cell consists of 4 

shaped NCs and involves 24 direct facet-to-facet contacts. Details of these direct facet-

to-facet contacts in two shape-related superlattice pseudo-polymorphs are estimated 

and summarized in Tables D.2 and D.3. PbS{111} displays higher surface atomic area 

density than PbS{100}, so increase of the {111}-to-{111} contact number in one unit 
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cell are highly preferred towards enhancing the NC-NC interactions. The first 

superlattice pseudo-polymorph (Figure 6.4a, Tables D.2 and D.3) consists of higher 

number of {111}-to-{111} contacts. This arrangement not only enlarges the surface 

ligand area packing density to effectively enhance the steric force interactions, but also 

maximizes the molecular configurational entropy to improve the structural stability. If 

taking into count the packing structure of surface molecules, PbS{111} triangles from 

two neighboring NCs can be arranged in either a trans- or a cis-geometry. Two 

distinct geometries are both capable of increasing the ordering ratio and packing 

density of surface ligands, and accordingly strengthen the ligand-ligand interactions. 

As shown in Figure 6.5, the trans-geometrical packing of NCs could make easy of 

intercalation of ligand chains from two neighboring NCs, but the cis-geometrical 

packing could increase ligand conformational entropy. Apparently, the first 

superlattice pseudo-polymorph (Figure 6.4a, Tables D.2 and D.3) holds not only the 

higher lattice symmetry for enhancing structural stability, but also the ligand-favorable 

cis-geometry for maximizing the ligand conformational entropy. While the trans-

geometry-enabled increases of both the ordering ratio and the intercalation of ligand 

molecules are able to stabilize the structure of assembled supercrystals, the cis-
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geometry-induced increase in conformational entropy plays a more critical role in 

solvent-mediated NC assembly process. If NC assembly process maintains a 

thermodynamic equilibrium state, the first shape-related pseudo-polymorph of 

superlattice (Figure 6.4a) is expected to dominate in the assembled superstructures. 

 

Figure 6.5. Schematics of inter-NC packing geometries: (a) cis- (top) and trans-

geometry (bottom) between two interacting PbS{111} surface facets. Demonstrations 

of OA interactions in (b) pure OA crystal, (c) Pb(OA)2 crystal and (d-f) OAs inside 

NC supercrystal with various local structures in (d) cis-, (e and f) trans-geometry. 

The structures of OA and Pb(OA)2 molecules can be explored to help understand more 

about the ligand-ligand interactions and the interface structure between neighboring 

NCs in assembled supercrystals. At ambient conditions, OA molecules appear as 
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amorphous liquid without long-range order. Cooling or pressurizing of OAs 

transforms the liquid to a lamellar crystalline phase with structure in either one of α, β 

and γ polymorphs.[62-64] OA molecules are arranged in α and γ polymorphs with a 

trans-geometry. These two structure polymorphs are similar, but only slightly 

different in tilt angle along the c-axis. A relatively larger OA tilt angle in α phase leads 

to a smaller lamellar distance of 4.0 nm than the lamellar distance of 4.3 nm in γ phase. 

However, a dramatic change appears in β phase in which neighboring OAs aligned in 

parallel within monolayer are packed in an alternating way, accordingly reducing the 

lamellar distance to ~3.5 nm. Bonding one Pb atom with two OA molecules forms one 

long Pb(OA)2 chain, and similarly, these long chain molecules also crystallize in a 

lamellar structure that has an enlarged lamellar distance of 4.65 nm.[4] Previous 

studies demonstrated that OA molecules are bound to Pb sites at NC surfaces, so the 

structural similarity between surface-coating OAs and single β phase can be 

excluded.[4, 62] Figures 6.5b, c show the cartoon schematics of crystalline OA (in α 

form) and Pb(OA)2 phase, respectively. SAXS measurements of PbS NC supercrystal 

indicate that the inter-NC distance falls into a narrow range of 3.0 ~ 3.4 nm, smaller 

than the lamellar distances of 4.0 and 4.65 nm observed in pure OA (α phase) and 
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Pb(OA)2 crystalline phase, respectively. Therefore, OAs could be packed at NC-NC 

interfaces inside supercrystal in several possible ways (Figure 6.5): 1) amorphous 

jamming; 2) cis-geometry; and 3) trans-geometry. Correlating the OA molecule length 

of ~2 nm, if OAs are packed in cis-geometry (Figure 6.5d), the inter-NC distance 

should be more or less about 4 nm, equivalent to the double OA length. Based on the 

measured inter-NC distance of 3.0 ~ 3.4 nm from assembled supercrystals, it is 

expected that OAs from neighboring NCs intercalate and develop an ordered local 

structure to enhance the ligand-ligand interactions (Figure 6.5f).  

 

Figure 6.6. Inter-NC distance of PbS NC assembled supercrystal and the observed 

lamellar distances of OA and Pb(OA)2 solids as a function of pressure. 

To understand how the surface ligand intercalations and the packing structure of OAs 

proceed inside NC supercrystal, in-situ SAXS measurements were performed on NC 
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supercrystal and pure Pb(OA)2 and OAs under pressure. Figure 6.6 shows the 

pressure-dependent changes of both the inter-NC distance of assembled supercrystal 

and the lamellar distances of Pb(OA)2 and OA solids. Upon compression of three 

samples from 0 to ~6 GPa, both Pb(OA)2 and OA phase display a similar reducing 

magnitude of lamellar spacing on the order of ~1 Å, but NC supercrystals reduce inter-

NC distance on a much greater order of 1.22 nm. The pronounced difference in 

compression behaviors between three samples suggest significantly a lower packing 

density of OAs in assembled supercrystal than these in ordered pure Pb(OA)2 and OA 

crystal phase (Figure 6.6). Since OA molecules are preferred being bound at Pb sites 

at NC surfaces [65, 66], if all Pb sites at NC surfaces are bound by OA molecules, the 

packing densities of OAs at {111} and {100} surface facets are estimated about 6.55 

and 5.68 OA/nm2, respectively. They are apparently greater than the packing density 

of 4.4 OA/nm2 calculated from the pure crystalline OA and Pb(OA)2 phase. If NC 

surface facets have such a unfavorable higher OA packing density (or an reasonable 

equivalent density to the pure OA and Pb(OA)2 phase), NC supercrystal should behave 

like the lamellar OA and Pb(OA)2 phase, and display a higher (or at least close) 

pressure-dependent incompressibility, rather than a fast reduction of inter-NC distance 
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observed in supercrystal. To allow such a quick pressure-dependent reduction of inter-

NC distance, at least half of Pb sites at NC surfaces are not bound by OA molecule so 

that enough room leaves for OA intercalation. Figure 6.7 shows the binding models of 

OAs at the two surface facets of PbS{100} and PbS{111}: 1) two head oxygen atoms 

of one OA chain are linked to two Pb sites (Figure 6.7, top) and no Pb site is barely 

exposed at NC surfaces; 2) each OA chain has only one head oxygen atom being 

linked with Pb site, and half Pb sites are barely exposed at NC surfaces (Figure 6.7, 

bottom). Similar to the bonding of one Pb atom to two oxygen atoms in Pb(OA)2, the 

double-binding model makes the OA-binding at NC surface more stable than the 

single-binding model does. Previous studies reveal that the air-induced loss of surface-

coating OAs most likely appears at PbS{100} surfaces,[67] and instead the PbS{111}-

terminated NCs appear to be air-stable, so the PbS{111} surfaces favor a double-site 

OA binding, and PbS{100} surfaces favor a single-site OA binding. Both the 

PbS{111}- and {100}-terminated surfaces have an area density of Pb site greater than 

the theoretical density of 4.4 OA/nm2, so the average OA density at NC surfaces can 

be reasonably estimated based on the assumption that 1/3 ~1/2 Pb sites at surfaces are 

bound by OAs (see more details in Appendix D). Therefore, the OA packing density 
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are estimated in the range of 2.04 ~ 3.06 OA/nm2 (Table D.4), in fair agreement with 

theoretical and experimental packing density of OAs coated at surfaces of PbS and 

PbSe NCs.[65-69] The above reconstructed superlattice polymorphs and estimated 

packing density suggest that OAs at NC interface can pack in either a trans- or a cis-

geometry to effectively increase the magnitude of OA intercalations which 

accordingly strengthens the ligand-ligand interactions and maximizes the structural 

stability. 

 

Figure 6.7. Demonstration of the OA binding models at two surface facets of 

PbS{100} and PbS{111} that allow intercalation of OA molecules. Two types of OA 

binding models: 1) two head oxygen atoms bound to two Pb sites, and no Pb barely 

exposed at surfaces; 2) one head oxygen atom bound to one Pb site, and half Pb sites 

are required to remain barely exposed at surfaces.   
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Decompression of supercrystals from high pressure to ambient conditions does not 

return inter-NC distance to the initial value of 3.4 nm. Instead the spacing expands to a 

slightly larger distance of 3.8 nm which is still shorter than the double OA length of 

4.0 nm (Figure 6.6). In NC assemblies, multiple interactions between NCs and ligands 

and solvents cause formation of a stable fcc superlattice in which the interaction forces 

between NCs and ligands can be considered to eventually achieve an equilibrium state 

at a critical NC separation distance. The ligand-ligand interactions are purely repulsive 

in the presence of good solvents,[70] so it is reasonable to assume that the van der 

Waals attraction forces between NCs balance the ligand-ligand repulsive forces in 

finally assembled supercrystal. With this assumption, the inter-NC distance after 

complete release of pressure should return to the original equilibrium distance, rather 

than an observed enlargement of inter-NC distance. Explaining this unexpected 

observation requires consideration of the drying-induced effect during the self-

assembly process of the supercrystal. The drying-induced contraction of supercrystal 

grains slightly shortens the inter-NC distance, and simultaneously the ligand bundles 

give rise to strong ligand-ligand attractive forces in completely dried supercrystals. 

Upon compression of supercrystals in DAC and associated reduction of inter-NC 
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distance, an elastic contribution arises and quickly exceeds thermal energy and thus 

dominates the ligand-ligand interactions. Importantly, application of external forces 

can also break the weak side-to-side bonding of ligand bundles, and accordingly free 

up the ligand molecules and increase molecular conformational entropy. After entire 

release of pressure, elastic forces stored in ligand bundles drive the squeezed molecule 

chains bouncing back to the starting equilibrium inter-NC distance. Because of the 

pressure-induced debonding and weakening of ligand-ligand interactions, it is 

expected to yield a slight larger inter-NC distance. The above analysis reasonably 

explains the enlarged inter-NC distance of 3.8 nm of recovered samples, rather than a 

return to the starting spacing of 3.3 nm. 

Detailed reconstruction of truncate PbS NC assembled supercrystal with shape-related 

superlattice pseudo-polymorphs and thorough structural analyses of surface-coating 

molecules allows us to draw a primary picture of how NC assemblies take advantage 

of NC shape anisotropy and molecular conformation at NC surfaces to expand the 

superlattice phase diagram and increase the structural complexity and functionality of 

NC-ligand interacted assembles (Scheme 6.1). Beginning with the simplest case, 

spherical NCs act as atoms and favor primary packing into a fcc superlattice that has 
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the highest packing density of 74% (Left, Scheme 6.1).[1, 2] This can be well 

interpreted by the hard sphere model. Under environmental perturbation of either 

temperature or pressure or both, the fcc-packed supercrystal transforms to various 

superlattice polymorphs, referred as to the traditionally defined translation-related 

“structure polymorph”, such as hcp and bcc superlattice with a packing density close 

to and smaller than fcc, respectively.[4] When NCs turn from spherical to non-

spherical (shaped), strong anisotropic effect appears, and drives NC assembly into 

much complex diversity of superlattices.[10-22] For example, NC assemblies have 

identical translation symmetry of fcc, but NCs could orient differently at two 

crystallographic sites of (0,0,0) and (0.5, 0, 0.5) (Middle, Scheme 6.1), accordingly 

giving rise to a series of shape-related pseudo-polymorphs of superlattice,[31] such as 

the two shape-related superlattice pseudo-polymorphs derived in this work. As we 

learnt, NC surfaces are not naked and are always passivated by organic molecules. 

These molecules prevent NCs from aggregation, and enable dissolving NCs in 

solvents for additional physical processing. Once while NCs interact with surface 

ligand molecules and surrounding solvents to form NC supercrystal, surface molecules 

could also develop local structures with distinct conformations to bridge NCs 
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together.[71-77] The conformational arrangements of molecules could appear in 

various forms, such as random (disordered), cis- and trans-configuration (right, 

Scheme 1). Given one shape-related superlattice pseudo-polymorph, the 

conformational variation of surface molecules can further generate a series of 

conformation-related superlattice pseudo-polymorphs. This simple structural 

progression of both NCs and ligand molecules from translation to anisotropic shape 

and ultimately to molecular conformation allows the formation of large number of 

superlattice polymorphs. The developments of these superlattice polymorphs are 

accompanied by significant symmetry reduction, structural enhancement and increased 

functional complexity. In this study, combination of large single supercrystal and 

synchrotron single crystal SAXS and WAXS technique has allowed us to walk one 

significant step towards uncovering the mysteries of assembled superlattices and 

complex pseudo-polymorphs. Upon development of powerful approaches, such as 

synchrotron-based scattering and spectroscopic techniques, we will be able to provide 

a much clearer image about the superlattice phase diagrams and functionalities of NC 

assemblies upon change of the size, shape, composition, and surface molecular 

decoration of NC building block.[78-81] 
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Scheme 6.1. Development of NC-assembled superlattice complexities upon coordination of 

NC shape anisotropy and conformational freedom of surface-coating molecules. 

6.3 Conclusions 

Controlled evaporation of truncate PbS NC-dispersed solutions allows successful 

growth of large scale 3D single crystal supercrystals that have a face-centered-cubic 

(fcc) superlattice. Electron microscopy imaging characterizes the full coherence of NC 

translation and atomic orientation of individual supercrystal grains. Single crystal 

SAXS and WAXS patterns collected from projection of x-rays along SL[111], SL[110] 

and SL[100] direction allowed us to precisely reconstruct how truncated PbS NCs 

orient anisotropically and occupy crystallographic sites to form highly ordered fcc 

supercrystal. Coordination of NC shape orientation in lattice analysis of the same sets 

of SAXS and WAXS images gives rise to two non-degeneration shape-related 
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superlattice pseudo-polymorphs in which the lattice reduces symmetry from Oh to 

either C4h or C2h. The superlattice pseudo-polymorph, which holds a C4h symmetry 

and maximizes the {111}-to-{111} contacts, represent the most favorable low energy 

superlattice of assembled supercrystals if the assembly process maintains a 

thermodynamic equilibrium. The OA density at NC surfaces was estimated in the 

range of 2.04 ~ 3.06 OA/nm2. Combined with translation and anisotropic shape 

orientation as well as ligand conformation, our detailed structural reconstruction and 

analyses provide significant advance in our understanding of the superlattice phase 

diagram with extended diversity of superlattice polymorphs and complicated 

functionalities. 
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CHAPTER 7 

COMPARING THE STRUCTURAL STABILITY OF PBS NANOCRYSTALS 

ASSEMBLED IN FCC AND BCC SUPERLATTICE ALLOTROPES 

 

7.1 Introduction 

Nature produces a wide variety of materials in which hard crystals are embedded in 

soft matrices to form complex composites.[1-3] From skeletal lattices of biological 

shells to enamel of human teeth and calcite-polymer matrix of ocean sediments, self-

assembled soft/mineral composites overcome the fragile weakness of embedded single 

minerals and strengthen toughness without compromising the materials hardness.[2-5] 

Dramatic enhancement of materials strength enables effective protection from 

mechanical damage, allowing them to survive harsh natural environments.  Earlier 

studies revealed that the majority of naturally developed biomaterials consist of rich 

nanoscaled minerals and soft materials that prefer a favorable ratio and self-assemble 

into order.[1-5] Significant research efforts have been directed at understanding how 

hierarchical composites with different nanoscopic building blocks lead to enhanced 
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mechanical properties and how these insights can be applied to bio-inspired 

approaches to the design of novel materials.  

Assemblies of colloidal nanocrystals (NCs) provide an analogous complex composite 

characterized by the hard inorganic crystalline core surrounded by a soft ligand shell.  

Recent studies by Shevchenko and co-workers showed that the elasticity and hardness 

of the PbS NC superlattice (SL) resemble the mechanical properties of a polymer 

whereas the low fracture toughness reflected the brittle nature of inorganic 

materials.[6, 7] These studies also pointed out important remaining unknowns 

concerning the role and structural organization of the soft organic ligand.  

Specifically, fundamental structure-property relationships of SL with different 

symmetries remain largely unexplored. Inspired by analogous relationships in atomic 

crystals and natural composites, we set out to determine how and why SL symmetry 

influences the mechanical stability of the SL and the constituent NCs. In this work, we 

compare the structural stability of PbS NCs assembled into either fcc or bcc SL. We 

discovered that PbS NCs assembled into bcc SL exhibit higher structural stability 

indicated by the higher phase transition pressure. To explain this observation, we 

investigate several alternative hypotheses and illustrate the how optimized structural 
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arrangement of NCs in the assembly facilitates enhanced structural stability in analogy 

to complex natural composites. 

We recently demonstrated how improved understanding of the NC surface chemistry 

can be applied to direct the self-assembly of SL allotropes with fcc, bcc, or body-

centered tetragonal (bct) symmetry.[8, 9] Briefly, up to 60% of ligands on the surface 

of a PbS NC can be partially removed by exposing the colloidal PbS NC suspension to 

ambient atmosphere.[10] Based on experimental analysis of the NC surface chemistry 

and theoretical calculation of the ligand binding energy, we have previously argued 

that the ligand loss is anisotropic; oleate ligands appear to detach preferentially from 

{100} facets than from neighboring {111} facets. The anisotropic ligand coverage 

significantly impacts the interaction potential governing the self-assembly of the 

ordered SLs. NCs with saturated ligand coverage and spherical ligand shell interact 

isotropically to assemble into an fcc SL. In NCs with reduced ligand coverage, the 

anisotropic coverage on {111} and {100} facets introduces directionality to the 

interaction potential which more closely reflects the cuboctahedra shape of the 

crystalline core and results in a bcc SL. A similar recent study by Zhang et al. 

correlated the evolution of PbS NC shape from cubic to quasi-spherical to a 
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continuous transformation of the SL symmetry from simple cubic to rhombohedral 

phases.[11] An important difference between the fcc and bcc SL is the orientational 

order of NCs in their SL sites. NCs in the fcc SL are isotropically distributed; 

conversely in the bcc SL, the atomic lattice of PbS NCs is coaxially aligned with the 

[110] growth axis of the bcc SL normal to the substrate.[8, 9] 

7.2 Results and Discussions 

 

Figure 7.1. TEM images of PbS NCs that (a) aged in nitrogen environment which 

forms fcc NC SL; (b) aged in air which forms bcc NC SL; insets show histogram of 

NC diameter distribution. (c) fcc NC SL sample after compression up to 15.5 GPa; (d) 

bcc NC SL sample after compression up to 16.5 GPa. 
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Figure 7.1 shows transmission electron microscope (TEM) images of the colloidal PbS 

NCs used to assemble the fcc and bcc SLs in this study. Experimental details including 

PbS NC synthesis, aging, SL formation and characterization are provided in the 

supporting information (Appendix E). Statistical analysis of the TEM images confirms 

that the NCs aged in nitrogen and in air have nearly identical particle diameter and 

polydispersity with an average particle diameter of 6.6 nm (±11%) and 6.6 nm (±10%), 

respectively. TEM images of the PbS NCs recovered and re-dispersed after the high-

pressure experiment indicated that the single particle character of the NCs was 

preserved. SLs of smaller PbS NCs (d=3.5nm) were recently reported to transform 

into two-dimensional nanosheets at pressures above 11 GPa.[12] Pressure-induced 

morphology transformations do not appear to occur in the 6.6 nm PbS NCs in this 

work; this is consistent with the absence of pressure-induced NC fusion reported in the 

high pressure experiment by Podsadillo et al.[6] We note however that TEM analysis 

is restricted to probe a limited fraction of the samples so that we cannot definitively 

eliminate the possibility of a pressure-induced fusion of part of the NC sample.  

Small angle-X-ray scattering (SAXS) patterns at ambient pressure (Figure 7.2) show 

that, as expected, PbS NCs aged in nitrogen and air assembled into fcc and bcc SL 
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of the SL. 

To investigate the structural stability of NCs assembled into different SL allotropes, 

we turned to pressure-induced transformation of the atomic crystal structure of the 

PbS NCs. PbS undergoes a pressure-induced phase transformation from the rock-salt 

(Fm3m) symmetry at ambient pressure to orthorhombic (Cmcm) symmetry at elevated 

pressure.[17-19] The theoretical transition pressure is 9.6 GPa; experimentally 

determined values range from 2.2 GPa to 2.6 GPa in bulk PbS[17] and 8.1 to 9.2 GPa 

in 7 nm PbS NCs.[6, 12] The phase transition pressure thus provides a convenient 

experimental marker for the structural stability of NCs. To probe the structural 

stability of PbS NCs in fcc and bcc SLs we monitored changes in the X-ray scattering 

patterns in response to gradually increased pressure in a diamond anvil cell (DAC);[20] 

a detailed description of the DAC setup and the synchrotron-based X-ray scattering 

measurements is provided in the Appendix E. 

Figure 7.3 compares the evolution of the wide angle-X-ray scattering (WAXS) 

patterns of NC in fcc and bcc SL up to pressures of 15.5 and 16.5 GPa, respectively. 

Under ambient conditions the PbS NCs exhibit a cubic rock salt (RS) crystal structure 

with a unit cell parameter, ao, of 0.5941 nm, which is slightly larger than the reported 
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spacing in bulk crystals of 0.5924 nm.[21]. We indexed the high pressure phase to the 

orthorhombic structure (OR) [4, 15, 20, 21] with lattice parameters a = c = 0.3887 nm 

and b = 1.0993 nm. The RS/OR transformation is reversible; reducing the pressure to 

ambient conditions recovers the RS phase. In the bcc SL part of the OR phase is 

preserved at ambient conditions (details in Appendix E). Notably, this discovery 

points to a possible way to retain high pressure metastable phase under ambient 

pressure by tuning the ordering of the superstructure. We tentatively attribute this 

hysteresis to residual shear stresses stored in the ligand matrix; experiments to test this 

hypothesis are currently under way. 

 

Figure 7.3. In-situ high-pressure WAXS patterns of PbS NC SL under compression:  
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(a) fcc and (b) bcc SLs. Peaks marked in arrows represent the Miller indices. 

Importantly, the phase transition occurs near 7.0 GPa in the fcc SL whereas NCs in the 

bcc SL the phase transition occurs at higher pressures (8.5 GPa) (c) Schematic of the 

two PbS crystal structures: left) low-pressure rocksalt (RS) phase; and right) high-

pressure orthorhombic (OR) phase. 

Remarkably, PbS NCs assembled into a bcc SL appear to exhibit higher structural 

stability than similar particles assembled in an fcc allotrope. The pressure-induced 

RS/OR transformation is observed at 7.0 GPa in the fcc allotrope; similar NCs 

assembled in a bcc SL however are stable at that pressure and only transform to the 

RS phase at pressures above 8.5 GPa. We have observed this at least 1.5 GPa 

difference in several sets of high-pressure experiments on PbS NC of similar sizes.  

Our measurements stand in good agreement with the 8.1-9.2 GPa phase transition 

pressure of 7 nm PbS NCs reported by Podsadilo et al.[6] Moreover, we note that he 

observed difference in transition pressures is significantly larger than the maximum 

pressure gradient in out DAC, which through careful calibration we have determined 

to be less than 0.2 GPa (details in Appendix E). This small gradient does not affect the 

reliability of the observed 1.5 GPa variation in phase transition pressure in different 

SL allotropes. This observation leads to the important question: Why are PbS NCs in a 
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bcc SL more stable than similar particles in a fcc SL? To answer this question, we 

have considered several alternative hypotheses including effect of NC size and surface 

energy and SL packing density and symmetry. 

Earlier work on pressure-induced phase transitions in CdSe NCs by Tolbert and 

Alivisatos showed that the transition pressure increases with decreasing NC 

diameter.[18, 19] Since the NCs in bcc and fcc SL are statistically indistinguishable in 

size, we can eliminate size-dependent transitions pressures as an explanation. Given 

that the NC in bcc and fcc SL have different ligand coverage, we considered whether 

the different transition pressures might be due to different surface energies of the NCs 

in the bcc and fcc SL. Unfortunately, quantitative analysis of the surface energies of 

colloidal NC facets is beyond the capabilities of currently available techniques.  

However, high-resolution X-ray scattering can provide insights into small changes in 

the atomic lattice constant and these changes can be qualitatively related to the surface 

energy of specific NC facets. As discussed above, we can infer the cuboctahedra shape 

of the NC from the Wigner-Seitz construction of the bcc SL. Cuboctahedra NCs are 

characterized by eight {111} and six {100} facets, as illustrated in the inset of Figure 

7.2b. 
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Table 7.1 summarizes the {111} and {200} lattice spacing observed for PbS NC 

assembled in bcc and fcc SL compared to the corresponding spacing in bulk PbS.[17]  

The measured d-spacing of the PbS NC {111} planes in stands in good agreement 

with bulk reported values, and shows no significant difference for the bcc and fcc SLs.  

The d-spacing of the {200} planes however show important differences. PbS NC in 

both bcc and fcc SLs both exhibit a expansion of the {200} lattice spacing compared 

to the bulk; notably, this effect is significantly more pronounced in the former than in 

the latter.   

Table 7.1. d-spacing of {111} and {100} atomic planes in PbS NC cores embedded in 

fcc and bcc NCSL under ambient pressure. 

d-spacing by 
WAXS 

PbS NCs in 
fcc NCSL 

PbS NCs in 
bcc NCSL 

PbS Bulk 
Crystal 

d{111} (Å) 3.427 3.428 3.420 
d{100} (Å) 5.948 5.960 5.924 

d{100}/ d{111} 1.736 1.739 1.732 

A lattice expansion relative to the bulk is attributed to a negative surface energy, so 

the surface energy of the {100} facets of the air-exposed PbS NCs is reduced 

compared to those aged in nitrogen.  Side-by-side comparison of the surface energy 

of air-aged PbS NC in bcc SL and nitrogen-aged PbS NC in a fcc SL thus suggests 

that the NC with the lower surface energy should be more stable and should exhibit a 
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lower transition pressure, which is opposite to the experimentally observed trend. 

We calculated the impact of lattice expansion and surface energy on the transition 

pressure and found that the different surface energies of NC in fcc and bcc SL only 

account for approximately 1.5 MPa (details in Appendix E); since the pressure 

difference is more than three orders of magnitude less than the experimentally 

observed difference in transition pressure (1.5 GPa), we conclude that surface energy 

considerations are not the dominant factor for the different stabilities observed in fcc 

and bcc SLs. 

 

Figure 7.4. Effect of applied pressure on unit cell volume for fcc and bcc NS SL.  

Unit cell volume was normalized with respect to ambient pressure.  Red curves are 

by fitted Vinet equation of state for visual aid (details in Appendix E) 

To investigate the possible role of pressure gradients and deviatoric stresses in the bcc 

and fcc SL we considered the differences in packing density and ligand/core ratio.  
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Due to the lower ligand/core ratio and the shape of the core, NCs in the bcc SL are 

packed more densely than in the corresponding fcc SL. If higher transition pressures 

observed for bcc than fcc were due to deviatoric stresses within the SL, then the lower 

transition pressure would be expected in the more densely packed (bcc) structure, 

which is also opposite to the experimentally observed trend. 

Finally, we considered whether the bcc SL with reduced ratio of ligands represent an 

optimized superstructure and thus enables a preferred absorption of external loading 

force (i.e. shear stress) by soft ligands to enhance structural stability. To test this 

conjecture, we calculated the compressibility of SL volume of bcc and fcc SLs (Figure 

7.4). The results indicate that applied pressure reduces SL volume in bcc two times 

faster than in fcc. We note that, in-situ high-pressure SAXS data confirmed that the 

symmetry of both fcc and bcc NCSLs did not change under pressure (Figure E.4). This 

clearly indicates that the loading force goes to soft ligands much easier in bcc than in 

fcc. To understand the relationship between the structural integrity of the NC and the 

symmetry of the SL we point a key distinguishing aspect of the fcc and bcc SLs – the 

orientational ordering. As discussed above, NCs in the fcc SL are isotropically 

oriented whereas NC in the bcc SL exhibit a high degree of orientational ordering. We 
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therefore conclude that the enhanced structural stability of NC in the bcc compared to 

the fcc SL is a direct consequence of the orientational ordering in the former which is 

more optimized. Additional experiments reinforced this conclusion: high-pressure X-

ray scatterings (Figure E.5) of a disordered assembly of the same PbS NCs displayed a 

phase transition pressure close to that in the fcc SL. These results provide important 

new insights into the role of translational and orientational order on the mechanical 

properties of the SL and the structural stability of the constituent NCs. 

7.3 Conclusions 

In summary, we investigated the structural stability of colloidal PbS NCs assembled 

into predefined SLs with bcc and fcc symmetry. Using the pressure induced rock 

salt/orthorhombic crystallographic transition as a metric we found that PbS NCs 

assembled into a bcc SL exhibit additional stability compared to the same NCs 

assembled in fcc symmetry. A self-optimized process of surface morphology, energy, 

crystallographic orientation of NCs with ligand rearrangement lowers the total free 

energy of entire ordered nanostructure, resulting in an enhancement of structural 

stability and mechanical strength. The discovery sheds new light into the formation of 

nature-tuned hierarchical composites with enhanced and newly manifested properties, 
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thus providing information for design and fabrication of a series of functional 

materials for technological applications. 
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CHAPTER 8 

THE STRONGEST PARTICLE: SIZE-DEPENDENT ELASTIC STRENGTH 

AND DEBYE TEMPERATURE OF PbS NANOCRYSTALS 

 

8.1 Introduction 

Size-dependent properties of materials at the nanoscale present intriguing scientific 

challenges. The ability to tune optical and electronic properties of nanomaterials by 

engineering the size, shape and composition provides a versatile experimental testbed 

to probe our fundamental understanding of structure-property relationships in 

nanomaterials. In contrast to optical and electronic properties,[1, 2] size-dependent 

mechanical properties remain less well understood and many unexpected trends 

remain to be resolved.[3] For example, nanocrystalline metals and metal oxides are 

significantly stiffer than their bulk counterparts. The physical origin of the 

grain/particle size-dependent stiffness have been attributed to dislocations,[4, 5] 

diffusion,[6, 7] core-shell structures,[8, 9] grain boundary shearing[10] and 

competition between energy-density gain and cohesive-energy remnant.[11] Isolated 

NCs, are not only stiffer than their corresponding bulk material, but their mechanical 
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properties also exhibit unexpected size-dependent trends. For example, in TiO2 NCs, 

the bimodal size-dependent elasticity has been attributed to the behavior of 

dislocations within the particles.[12] More recently, CeO2 NCs were discovered to 

exhibit a negative cell volume compressibility.[13] In colloidal semiconductor NCs, 

interesting trends of the size-dependent mechanical properties have been reported. 

Experimental studies reported a significant decrease in the elastic modulus in CdSe 

NCs.[14-16] In contrast, Quantum Monte Carlo calculations on Si, Ge, GaAs and 

CdSe NCs predict a significant enhancement of the elastic modulus for particles 

smaller than 10nm in diameter.[17] We sought to directly probe the size-dependent 

elasticity of colloidal semiconductor NCs by analyzing detailed structural changes in 

the crystal lattice under applied pressure. Lead salt NCs present a particularly 

advantageous experimental platform since defect-free colloidal particles can be 

synthesized with precisely defined size and controlled shapes.[18-21] 

In this Letter, we report on a study of the size-dependent elastic modulus (inverse 

volume compressibility) of colloidal PbS NCs. This study was motivated by our recent 

work on the pressure-coefficient of the quantum-confined excitonic peak of PbS 

NCs;[22] that analysis revealed the unexpected size-dependence of the elastic stiffness. 
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Other previous high-pressure studies of PbS nanostructures have provided important 

insights into pressure-induced structure and shape transformation.[23-27] We 

systematically probed compressibility and atomic structure of the NCs using high-

resolution, synchrotron-based wide-angle X-ray scattering (WAXS). We found that 

the elastic strength increases with decreasing NC diameter down to ~ 7 nm, but 

decreases for smaller particles. We describe the bimodal relationship between 

compressibility and particle size in terms of a core-shell model with distinct elasticity 

of the crystal at the center and near the surface of the particle. Beyond new insights 

into the atomic structure of PbS NCs the model illustrates, for the first time, the size-

dependence of the Debye temperature of PbS NCs. 

8.2 Results and Discussions 

We synthesized oleic acid-capped PbS NCs with tuned diameters of 3.0±0.3, 3.7±0.3, 

6.7±0.6, 8.5±0.8, 11.3±0.9 and 16.1±1.9 nm. Details of the colloidal NC synthesis are 

provided in the supporting information (Appendix F). NCs were loaded into a high-

pressure diamond anvil cell (DAC) (see Figure 8.1) to probe the pressure-dependent 

crystal structure of the particles using WAXS. We focused on the pressure range from 

ambient up to 6 GPa to avoid the high-pressure rock salt/orthorhombic phase 
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transition in PbS.[25, 28] 

 

Figure. 8.1. (a) Schematic of the experiment set up showing diamond anvil cell for 

high-pressure x-ray scattering measurements, (b) a typical 2-D scattering pattern, and 

(c) high-resolution dark field transmission electron micrograph and corresponding fast 

Fourier transform illustrating defect-free colloidal PbS NCs. 

In contrast to bulk materials, the lattice parameter in NCs is not constant. Detailed 

structural analysis of NCs must consider the difference in crystal structure at the core 

and near the surface of the particle. Surface relaxation of the crystal lattice is limited 

to the first 2-3 planes near the surface. The X-ray scattering signature of the NC is 

therefore a convolution of diffraction from the core and near-surface lattice. Although 

ca. 60% of the atoms in a 3 nm diameter NC are within one unit cell of the surface, 

experimental analysis of this effect by conventional X-ray diffraction is complicated 

by the fact that the overall change relative to the bulk lattice parameter is less than 1%. 
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Synchrotron-based WAXS provide the necessary resolution to enable the detailed 

structural analysis and the study of the underlying relationship between lattice spacing 

and NC diameter. 

Analysis of WAXS patterns (Figure 8.1b and F.2) confirmed the rock salt crystal 

symmetry of the PbS NCs. The measured lattice parameter increases with decreasing 

diameter. As summarized in Table 8.1, the overall lattice parameter of PbS NCs is 

expanded by almost 1% relative to the bulk lattice value.[29] Similar NC lattice 

expansion/contraction has been observed in various materials including metals and 

metal oxides and it is believed to be a result of negative/positive surface stress.[30-32]  

Table 8.1. Size-dependent atomic lattice expansion and elastic modulus of PbS NCs. 

  D0 
(nm) 

a0 (Å) Expansion (%) K (GPa) 

3.0 5.992 0.94 54.7 

3.7 5.985 0.83 58.5 

6.7 5.974 0.64 66.4 

8.5 5.942 0.10 61.4 

11.3 5.941 0.08 57.8 

16.1 5.939 0.05 54.2 

bulk 5.936 0 52.9 
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Figure 8.2. (a) High-Pressure WAXS patterns of 6.7 nm PbS NCs; red dots illustrate 

the pressure-dependent shift in peak position of the {111} and {200} Bragg diffraction 

peak. (b) Comparing compressibility of 3.0, 6.7 and 16.1 nm PbS NCs. Solid lines 

present fits to the Vinet equation of state. 

Under applied pressure, the Bragg diffractions shift to higher q values indicating the 

compression of the NC lattice. Figure 8.2b compares the size-dependence of the 

compressibility of 3.0, 6.7 and 16.1 nm PbS NCs and reveals that the compressibility 

of 6.7 nm NCs is less pronounced compared to bigger and smaller particles. 

Additional data for the complete range of particle sizes investigated in this study are 
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provided in the supporting information. We analyzed the elastic modulus, K, of each 

sample by fitting the pressure-dependent lattice constant to the Vinet equation of state 

(Figure F.3).  

Table 8.1 summarizes the size-dependence of the elastic modulus. With decreasing 

crystal size, the elastic modulus first increases to a maximum stiffness for particles 

with a diameter near 7 nm and then rapidly .reduces for smaller NC diameters.  

Figure 8.3a illustrates the size-dependent elasticity of PbS NCs by plotting the 

modulus, K, as a function of NC diameter D0. The bimodal relationship between 

elastic modulus and NC size is, to some extent, analogous to the grain-size 

dependence of the plastic hardness in polycrystalline materials (i.e. Hall-Petch 

relationship). However, the Hall-Petch relation describes plastic deformation in 

polycrystalline materials, which is fundamentally different from the elastic 

deformation of isolated colloidal NCs reported in this Letter.  

To better understand the fundamental origin of the size-dependent elasticity in 

colloidal PbS NCs we considered three alternative hypotheses. In the case of TiO2 

NCs, size-dependent elasticity of has been attributed to interactions between crystal 

dislocations within the particle.[33] In contrast, the colloidal PbS NCs studied in this 
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work are defect-free single crystals as evidenced by our high-resolution TEM analysis 

(see Figure 8.1c) and elsewhere.[18] Therefore we can confidently dismiss the role of 

crystal dislocations in the size-dependent elasticity of PbS NCs.  

As an alternative explanation, we considered the role of the diameter-dependent lattice 

expansion of NCs to explain the observed trends in compressibility. We hypothesized 

that smaller particles with more pronounced lattice expansion are easier to compress 

and are consequently more elastic. However, quantitative analysis of this relationship 

shows that lattice expansion effect alone is insufficient to explain the observed 

magnitude of the size-dependence of elastic modulus in PbS NCs (see Figure F.4 in 

Appendix F). Moreover, the lattice expansion follows a monotonic 1/dn relation to 

particle diameter; in contrast to the bimodal size-dependence of the elastic modulus. In 

summary, the lattice expansion model fails to explain the size-dependent elastic 

modulus.  

As a third alternative hypothesis, we considered the size-dependent elasticity in 

context of intrinsic structural differences between the mechanical properties of the 

crystal lattice near the surface and within the core of the particle. To test this 

hypothesis, we analyzed a core-shell model with distinct compressibility of the core 
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and surface region of the PbS NCs. Due to surface reconstruction, the structure and 

mechanical properties of the surface atomic layers of NCs are expected to differ 

significantly from those making up the inner core.[33-36] Accordingly, the core-shell 

model is based on a core with a radius of R and a constant elastic modulus Kc., which 

we take to be the value of bulk PbS.[26] The surrounding shell of thickness, b, has a 

size-dependent elastic modulus Ks (eqn. 8.1). Ks is expected to be larger than Kc since 

bond strength gain enhances the energy density and mechanical strength of the surface 

relative to the core.[37] Moreover, Ks is expected to be enhanced further by the 

pressure shielding effect of the soft organic ligand bound to the NC surface.  

To describe the effective elasticity of the surface layer in as a function of the curvature 

of the particle, we expressed the size dependence of Ks as:  

 (8.1) 

Where Ks,0 is the modulus of the surface layer of a flat slab of PbS. Note that Ks,0 ≠ Kc 

since the surface atoms packed differently than in the bulk. ks and n are fitted 

parameters. According to the composite sphere model,[38, 39] the effective elastic 

modulus Keff which is measured experimentally can be calculated from Ks and Kc:[40] 

,0
s

s s n

kK K
R

= −
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  (8.2) 

Where c is the volume fraction of the core, Gs is the shear modulus of the surface layer 

as detailed in the supporting information. The resulting expression for the size-

dependent Keff contains four parameters Ks,0, ks, n, and b, which were fitted to 

experimental data and determined to be Ks,0 = 97 GPa ks = 52 GPa•nm2 n = 2.0 and b = 

0.4nm. The core-shell model is robust with respect to the choice of the effective elastic 

stiffness model. Comparison to an alternative effective elastic stiffness model[41] 

yielded similar results as detailed in the supporting information. 

Figure 8.3a compares the effective elastic modulus predicted by the core-shell model 

with experimental results. The basic model agrees reasonably well with experimental 

trends and captures the bimodal size dependence and strongest particle size. The 

agreement between experiment and model supports the functional form of the 

elasticity of the surface layer, Ks, (eqn. 8.1). Specifically, the fist to the index, n=2, 

illustrates the proportionality of the surface elasticity to the surface area A (scaled as 

R2) of the NC. Eqn. 8.1 can hence be rewritten as , where  

The relationship between surface elasticity and particle area further illustrates the role 

of the surface bound organic ligands. The soft organic ligand shell shields the 

( ) / [1 (1 )( ) / ( 4 / 3)]eff s c s c s s sK K c K K c K K K G= + − + − − +

,
s

s s bulk
cK K
A

= − 4s sc kπ=
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inorganic particle and reduces deviatoric stress.[28, 42]  

Figure 8.3b compares Ks with the bulk value Kc and show that Ks monotonically 

increases as NC size and approach Ks,bulk asymptotically. Interestingly, for very small 

particles (< 3nm in diameter), Ks is predicted to be below Kc , which lowers Keff below 

Kc by our core-shell model. This prediction is consistent with previous experimental 

results on small CdSe NCs which have been reported to be significantly more elastic 

than the bulk.[14] Experimental fits to the basic core-shell model yields a shell 

thickness b of 0.4 nm, which is comparable to unit cell width of rock salt PbS (0.59 

nm). The shell thickness of the basic core-shell model compares well with similar 

shell thickness previously reported from NMR studies of CdSe and ZnSe NCs.[36, 43]  

The comparison of model and experiment also reveals some shortcomings of the basic 

core-shell model; in particular, the model underestimates the peak stiffness and 

overestimates the modulus for NCs larger than 15 nm in diameter. We speculate that 

the discrepancy between the basic core-shell model and the experimental trends may 

result from the simplifying assumption of the NC as a spherical core-shell particle. 

The detailed polyhedral shape of lead salt NCs are known to depend on particle size 

ranging from quasi-spherical to truncated octahedral to cubic with increasing particle 
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size.[44, 45] Moreover, Reducing NC diameter increases the relative amount of 

ligands and results in stronger shielding effect and less deviatoric stress.[28, 42] The 

overall stiffness of NCs is expected to be partially contributed from the size-dependent 

ligand shielding effect. Advanced models that account for the detailed polyhedral 

shape of the NC as well as differences in elastic properties of specific crystal facets 

and edges may provide a better fit to the observed trends. 
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Figure 8.3. (a) Size-dependent elastic modulus of PbS NCs. The horizontal and 

vertical error bars correspond to the ensemble size distribution of NCs and 95% 

confidence interval of the equation of state fittings. (b) Elastic modulus of the shell Ks. 

Inset shows scheme of the core-shell model. (c) Size-dependent Debye temperature of 

PbS calculated from elastic strength. Black dots and the red line were calculated from 

the measured data and core-shell model fit respectively. 

We now turn to discuss the implications of the bimodal size-dependence of the PbS 

NC elasticity on the dynamics properties, in particular the Debye temperature. The 

physical background between the elastic modulus and the Debye temperature goes 

back to earlier relations established by Einstein[46] and Madelung.[47] The 

fundamental relation between size-dependent Debye temperature, ΘD, lattice constant 

and elastic modulus can be described in the basic form of ratios: [46-49] 

  (8.3) 

Based on the size-dependent elastic modulus, K(R) and lattice parameter, a(R), 

detailed above, we calculate the size-dependent Debye temperature ΘD(R) of PbS NCs 

(Figure 8.3c). Similar to the elastic modulus, the calculated Debye temperature also 

displays bimodal size dependence. Relative to the Debye temperature of elastic PbS 

( )[50], the NCs exhibit an enhanced ΘD up to particle size near a 

( )
( ) ( )bulkD

bulk
D bulk

aR K R
a R K

⎛ ⎞⎛ ⎞Θ = ⎜ ⎟⎜ ⎟⎜ ⎟Θ ⎝ ⎠⎝ ⎠

θD
bulk = 220K
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diameter of 7 nm and a monotonic decrease in ΘD for smaller particles. Similar 

bimodal size-dependence of the Debye temperature has been previously reported in 

extended X-ray absorption fine-structure spectroscopy (EXAFS) studies of Pt NCs 

bound to an alumina matrix.[51] On the other hand, EXAFS studies of colloidal CdTe 

and CdS NCs revealed a monotonic increase of the Cd-Te and Cd-S bond as a function 

of particle size.[52, 53] We attribute the bimodal size-dependence of the Debye 

temperature to the same physical core-shell model used to explain the bimodal 

elasticity above. Given the strong scientific and technological interest in lead salt NCs 

and the ability to create NCs with precisely defined size and structure we hope that the 

intriguing size-dependent mechanical properties described above will inspire future 

research in this direction. 

8.3 Conclusions 

In summary, we report the size-dependent compressibility of PbS NCs. We found that 

PbS NCs are not only much stiffer than the corresponding bulk galena, but also exhibit 

a strongest size. The elastic modulus increases as the NC diameter increases up to ~7 

nm and then decreases and decays to bulk value in larger particles. We explain the 

bimodal size-dependence of the elasticity in terms of a core-shell model. Comparison 
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of model and experiment suggests that the effective elasticity of the shell decreases 

with decreasing diameter. Based on the size-dependent compressibility and lattice 

parameter, we demonstrated the bimodal relationship of Debye temperature as a 

function of NC size. Collectively, the detailed high-pressure WAXS analysis presents 

new insights into the structural deviations in NCs relative to the bulk material. Lastly, 

we point to the detailed insights into crystallographic structure from WAXS analysis 

as a powerful analytical tool to study the crystal structure near the surface as a probe 

of the physiochemical nature of the NC surface (e.g. ligand density and surface 

energy). 
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CHAPTER 9 

OPTICAL PROPERTIES OF PbS NANOCRYSTAL QUANTUM DOTS AT 

AMBIENT AND ELEVATED PRESSURE 

 

9.1 Introduction 

Recent advances in the synthesis, characterization and emerging understanding of 

size-dependent properties of semiconductor nanomaterials have created many 

opportunities for potentially transformative advances in the field of electronic and 

optical materials. Semiconductor nanocrystal (NCs) quantum dots, in particular, have 

captivated the field as a material with potential major impact for a broad range of 

technologies.[1-6] Among the growing library of semiconductor nanomaterials that 

has emerged from the recent surge of interest in the field, lead salt (PbX; X=S,Se,Te) 

NCs stand out as a fundamentally intriguing and experimentally advantageous system 

for several reasons. PbX NCs are among the most strongly quantum confined systems 

by virtue of the large Bohr radius of the exciton (~20 nm in PbS). Adjusting the NC 

diameter between 2 and 10 nm provides an experimentally tunable energy gap ranging 

from 0.4 to nearly 2 eV. Colloidal PbX NCs can be readily prepared with ~5-10% 

relative size distribution, which has enabled rigorous experimental studies of size-
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dependent optical and electronic properties. Beyond the basic scientific interest, PbX 

NCs have already been successfully implemented in a range of prototype technologies 

including transistors,[1-6] photovoltaics,[7-11] photodetectors, [12-14] light emitting 

diodes,[15,16] and thermoelectrics.[17,18] Despite these scientific and technological 

advances, significant questions concerning the electronic structure of PbX NC persist. 

The temperature coefficient and pressure coefficient of the energy gap of a 

semiconductor provides important experimental insights into the electronic structure 

of the material. In the case of CdSe NCs, high-pressure optical studies in diamond 

anvil cells have provided important understanding of the influence of quantum 

confinement on optical transitions.[19, 20] In contrast to most semiconductors from 

groups IV, II-VI, III-VI, and III-V, the energy gap of bulk PbX is known to exhibit a 

positive temperature coefficient (i.e. blue shift with increasing temperature) and a 

negative pressure coefficient (i.e. red-shift with increasing pressure).[21] There have 

only been isolated reports of the pressure coefficients of PbSe NC. Zhuravlev et al. 

reported pressure coefficients in the range of -47 to -56 meV/GPa for PbSe NC with 

diameters tuned between 3 and 7 nm; the pressure coefficients were attributed 

predominantly to the bulk deformation potential.[22] A more recent study by Pedrueza 
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et al. interpreted the size-dependent pressure coefficient of the energy gap in PbSe NC 

in context of pressure-dependent variation of the carrier effective mass.[23] 

Outstanding questions concerning the impact of quantum confinement effects on the 

pressure coefficient of PbX NC motivate a closer look at the underlying structure-

property relationships. Pressure coefficients of PbS NC have, to the best of our 

knowledge, not been investigated. Moreover, changes in the electronic structure of 

PbS NC accompanying the high-pressure B1-to-B16 (i.e., rock-salt to orthorhombic) 

phase transition [24-26] have not been reported. 

We combined optical spectroscopy and synchrotron-based X-ray scattering of NC 

colloidal suspensions in a diamond anvil cell (DAC) to simultaneously study 

isothermal pressure coefficients of the electronic structure and crystal structure, 

respectively. We define the energy gap, Eg, as the energy of the lowest electron-hole 

pair transition. Our experimental approach allowed us to establish precise structure-

property relationships including the pressure coefficient of the excitonic peak 

 and the disappearance of the excitonic peak accompanying the phase 

transition from B1 to B16. 
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Figure 9.1. (a) Experimental setup for the combined characterization of crystal 

structure (X-ray scattering) and optical properties (optical absorbance). (b) Typical 

absorption spectrum illustrating the excitonic signatures (c) 2D X-ray scattering 

pattern at wide angles (WAXS) informs the nature of the atomic crystal and small 

angle scattering (SAXS) provides insight into inter-particle separation. 

9.2 Results and Discussions 

PbS NCs were synthesized by the hot-injection method and loaded into a diamond 

anvil cell for optical absorption and X-ray scattering experiments.[27] Experimental 

details are provided in Appendix G (supporting information, SI). Parallel high-

pressure measurements of the exciton peak energy and the crystal structure by optical 

absorption and X-ray scattering provide independent probes of  and , 

respectively (Figure 9.1). As detailed below, this approach allowed us to study the 

relative contributions from the isothermal compressibility of the atomic lattice and the 

compression of the wave-function envelope of the NC.  
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Figure 9.2. Optical absorbance spectra of PbS NCs at various pressures. (a) Small, (b) 

Medium and (c) Large PbS NCs. Blue and red curves represent low pressure rock salt 

and high pressure orthorhombic phases of PbS atomic lattice, respectively.  

Figure 9.2 summarizes the pressure-dependent optical spectra of PbS NCs. We probed 

three sizes of particles to determine the pressure coefficient in NCs with varying 

extents of quantum confinement. The average NC diameters of small (3.0 nm ± 0.3 

nm), medium (3.7 nm ± 0.3 nm) and large (6.7 nm ± 0.6 nm) were determined by 

statistical analysis of TEM images (Figure G.1). At ambient pressure, the size-tuned 

excitonic peaks were measured to be 1766, 1090 and 839 meV, respectively. Pressure-

dependent absorption spectra reveal two key trends: (i) the excitonic peak disappears 

as the NC undergoes the pressure-induced transformation from rock-salt to 

orthorhombic crystal structure, (ii) the magnitude of the pressure-induced red shift of 
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the excitonic peak decreases with decreasing NC size. Below, we discuss both trends 

in detail. 

Azimuthally integrated wide-angle X-ray scattering (WAXS) of the three PbS NC 

samples under elevated pressures are shown in Figure 9.3. The scattering data reveal 

that the crystal structure of PbS NCs transforms from B1 (rock-salt) to B16 

(orthorhombic) at pressures above ~7 GPa. WAXS peaks of small PbS NCs are 

broadened due to their small size. The rock salt-to-orthorhombic phase transition [28] 

is indicated by the appearance of {110} and {041}/{131} peaks of the high-pressure 

orthorhombic lattice. The phase transition pressures of small, medium and large PbS 

are found to be around 8.5, 7.4 and 7.6 GPa respectively. 

The detailed crystal structures of intermediate phases in PbX remain controversial in 

the bulk material [26, 29, 30] and have not been resolved in NC. Generally, pressure 

induced phase transitions occur at higher pressures in NC relative to the bulk 

counterpart.[24, 28, 31, 32] The optical absorption spectra of PbS NC with rock-salt 

crystal structure (blue traces in Figure 9.2) show well defined excitonic peaks. At 

pressures above transition pressure, the excitonic peak disappears. The disappearance 

of the excitonic peak in PbS NC near the transition pressure indicates a pronounced 
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change in electronic structure. The transition from B1 to B16 crystal structure and the 

concomitant change in the excitonic absorption signature are reversible. Figure 9.2a 

and b clearly show that the excitonic peak is recovered as the pressure is lowered, 

although the increased width of the excitonic peak after pressure cycling suggests that 

the NC size distribution may have increased. 

 

Figure 9.3. in-situ high-pressure WAXS spectra of (a) small, (b) medium and (c) large 

PbS NCs. Blue and red curves represent low pressure rock salt and high pressure 

orthorhombic phases, respectively. The scattering peaks are labeled by their Miller 

indices. 

Jiang et al. previously reported the change in electrical conductivity accompanying the 

high-pressure B1-to-B16 phase transition; [31] the resistivity of PbS with 8 nm grain 

size was found to dramatically increase near the transition pressure and then 



 

251 

exponentially decrease at higher pressures. Density functional theory calculations by 

Mehl and co-workers [33] have predicted the electronic structure of PbS with a 

transition to a metallic state. However, the predicted transition pressure is two orders 

of magnitude above the experimental pressures tested in our study. In light of the 

complex polymorphism of PbS crystals at high-pressure, further experimental and 

computational studies are required to improve understanding of the pressure-

dependent electronic structure.  

We now discuss the pressure-coefficient of the excitonic peak in the ambient pressure, 

rock-salt, phase. At pressures ranging from ambient to ~5 GPa, the pressure 

coefficients, 
∂Eg
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T

, were determined from linear fits to be -40.6, -50.1 and -61.0 

meV/GPa, for small, medium and large NCs, respectively (Appendix, Figure G.2). 

The direct relationship between the NC size and the magnitude of the pressure 

coefficient is consistent with the trend of the bulk value which has been determined 

experimentally to be -91.0 meV/GPa [34] and theoretically to be -74.5 meV/GPa 

(density functional calculations),[33] -69 meV/GPa (augmented-plane-wave 

method)[35], and -54 meV/GPa (empirical pseudopotential method).[36] The 

decreasing magnitude of the pressure coefficient in smaller NC is also consistent with 
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previously reported temperature coefficients; [37] in the limit of atomic-like systems 

energy levels are expected to be independent of pressure and temperature.  

To probe whether changes in the optical spectra are due to changes in interdot 

coupling, we measured interparticle spacing by small-angle X-ray scattering. Interdot 

coupling can significantly influence the electronic structure of the PbS NC ensemble 

since the wave function of charge carriers extends significantly outside the boundary 

of the dot. Kim et al. previously reported optical properties of CdSe NC assemblies as 

a function of pressure but found no significant signs of interdot coupling.[19] Since 

interdot exchange coupling in PbX is more pronounced than in CdSe [38], we need to 

consider how the external pressure influences the average separation between NCs in 

the suspension. We monitored interdot spacing of the NC suspension as a function of 

pressure using small-angle X-ray scattering (SAXS). SAXS data (see Appendix Figure 

G.3-4) show that the nearest-neighbor surface-to-surface separation between 

proximate NC remains above 2.6, 3.8 and 3.5 nm for small, medium and large NCs, 

respectively. Given the relatively large interparticle separations, we can confidently 

conclude that pressure-dependent changes in the exchange coupling are insignificant 

in the PbS NCs suspensions studied here. Therefore, the observed change in the 
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excitonic optical spectrum is predominantly due to changes within isolated particles 

detailed below.   

We analyzed the pressure dependence of the NC energy gap in terms of the relative 

contributions from the lattice and wave function envelope. The energy gap of 

semiconductor NCs can be approximated by the model introduced by Brus:[39]  

2 2 2

2
2

1.8
2

NQD
g g

eE E
R R
π

μ ε
= + −   (9.1) 

where  is the energy gap of the corresponding bulk semiconductor. The second 

term represents the quantum confinement as a function of NC radius, R, and reduced 

effective mass, µ, of the semiconductor. The third term represents the Coulombic 

attraction between the electron and the hole, and  is the dielectric constant of the 

NC. The original Brus model also included a fourth term to account for dielectric 

solvation energy loss; this term is comparatively small in magnitude and can be 

neglected in the analysis of the pressure-dependent energy gap. 

The pressure derivative of the energy gap (eqn.1) can be expressed as:  

  (9.2) 

Eg

ε2
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The first term accounts for the compressibility of the bulk lattice (i.e.
∂Eg

b

∂a
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). 

The quantum-confinement and the Coulombic terms reflect the pressure dependence 

of the wave-function envelope and involve the change in NC radius with pressure, 

which can be related to the bulk modulus, Bo, as  (see Appendix G for 

details).  

To a first approximation, we can describe the pressure dependency of the NC energy 

gap in terms of the corresponding parameters of bulk PbS, namely, the pressure 

coefficient of 
∂Eg

b

∂P

⎛

⎝
⎜⎜

⎞

⎠
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T

= −91meV / GPa ) [34] and bulk modulus (B0=53 GPa) [25] 

and a reduced effective mass of 0.0387mo. This basic model is inconsistent with the 

experimentally observed trends and significantly overestimates the size-dependency of 

the pressure coefficient. A previous study of PbSe NC by Pedrueza et al. [23] 

considered a pressure dependent effective mass to account for the departure from the 

basic model. Our approach, detailed below, focused on the size dependence of the 

bulk moduli that were independently determined from X-ray scattering structure 

analysis. Additional calculations provided in the supporting information show that 

∂R
∂P
⎛
⎝
⎜
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= −Ro

3B0
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allowing for the effective mass as a pressure-dependent parameter does not 

significantly improve the fit to our experimental data on PbS NC.  

The bulk modulus has significant impact on both the compressibility of the atomic 

lattice and the wave function envelope. To test this hypothesis and to rigorously relate 

the pressure-dependent NC radius and energy gap, we measured the size-dependent 

bulk modulus from X-ray scattering analysis of NC lattice constant, a, as a function of 

dot size and applied pressure.  We fitted variable-pressure wide-angle X-ray 

scattering data to the pressure-volume relationship of the Vinet equation of state (see 

Appendix G for details):  

( ){ }2/3 1/3 ' 1/3
0 03 1 exp 1.5 1 1P B v v B v− ⎡ ⎤ ⎡ ⎤= − − −⎣ ⎦ ⎣ ⎦            (9.3) 

where B0 = B|P=0 is the bulk modulus under ambient pressure, B’0 = dB/dP|P=0 is the 

initial slope, and v is the unit cell volume of the NC crystal lattice. In this study, B’0 is 

fixed at 4.0 for all samples.[32, 33] 

Table 9.1 summarizes the size-dependent bulk moduli of PbS NC derived from X-ray 

scattering measurements (Figure 9.4a) and fits to the Vinet equation of state. (Details 

in Appendix G) The data reveal two important features: (1) the bulk moduli of PbS 

NCs are larger than the corresponding literature value of bulk PbS and (2) for the NC 
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sizes studied in our work, the bulk modulus increases with decreasing particle size. A 

comprehensive description of the bulk modulus of PbS nanostructures as a function of 

size is detailed in Chapter 9. In the following section, we demonstrate that for PbS 

NCs, the detailed size-dependence of Bo has important implications on the 

optical/electronic properties of PbS NC. 

 

Figure 9.4. in-situ high-pressure X-ray scattering measurements on small (red), 

medium (green) and large (blue) (a) normalized atomic unit cell volume of PbS NC 

cores measured by WAXS. (b) summary of experimental values of diameter (D0), 

ambient pressure lattice constant (a0), bulk moduli (B0) and pressure variation of 

energy gap of PbS NCs of different sizes compared with calculated values based on 

the basic model [calc. 1] and the detailed model [calc. 2]. 

Accounting for the size-dependent bulk modulus into the model of the pressure-

dependent exciton peak energy (eqn. 9.2) yields a significantly improved fit to the 

experimentally observed trends (see Figure G.5).  We note that the size-dependent 

bulk modulus not only affects the quantum confinement and Coulombic terms, but 
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also impacts the bulk pressure coefficient (first term in eqn. 9.2); a detailed derivation 

is provided in the Appendix G. Table 1 compares the relative magnitudes of the 

quantum confinement and Coulombic terms calculated by the detailed model. The 

pressure-dependent excitonic peak is more strongly influenced by the quantum 

confinement term while the Coulombic term has negligible impact. 

Table 9.1. Comparison of bulk, quantum confinement and Coulombic terms in eqn. 

9.2 calculated by the detailed model. Unit for all terms is meV/GPa. 

Sample 
R0 

(nm) 
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(calc.) 

∂Eg

∂P
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⎞

⎠
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(measured)

S 1.5 -88.2 50.4 -0.59 -38.4 -40.6 

M 1.9 -82.4 31.4 -0.43 -51.4 -50.1 

L 3.3 -72.6 10.4 -0.24 -62.4 -61.0 

Bulk n/a -91.0 0 0 -91.0 n/a 

9.3 Conclusions 

In summary, we present in-situ optical absorption and X-ray scattering measurements 

to probe the pressure-dependent shift in the excitonic absorption peak of colloidal PbS 

NC. The excitonic peak shifts towards the red with increasing pressure and disappears 

at a pressure corresponding to the phase transition from rock-salt to orthorhombic 
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crystal structure. The pressure coefficient of energy gap 

∂Eg

∂P

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
T  strongly depends on 

NC size: the smaller the NC is, the less sensitive its energy gap is to pressure. The 

combination of optical spectroscopy and structural information of NCs measured by 

in-situ high-pressure WAXS, allowed us to establish a model for the pressure 

coefficient of the excitonic peak. The detailed model is in good agreement with 

experimentally observed trends and provides quantitative insights into the 

contributions to the size-dependence. Our calculation reveals that the size-dependence 

is mainly caused by the size-dependent quantum confinement energy, the 

compressibility of PbS NC cores and less importantly by the exciton potential energy. 
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CHAPTER 10 

THE NANOCRYSTAL SUPERLATTICE PRESSURE CELL: A NOVEL 

APPROACH TO STUDY MOLECULAR BUNDLES UNDER UNIAXIAL 

COMPRESSION 

 

10.1 Introduction 

Self-assembled superstructures comprised of colloidal nanocrystal (NC) building 

blocks present many scientifically interesting and technologically important research 

challenges. Remarkable advances in the ability to create highly ordered NC assemblies 

have been enabled by access to NCs with precisely tailored size and shape as well as 

new insights into thermodynamic and kinetic principles governing the self-assembly. 

Controlling the properties of individual NC building blocks and the structure of the 

superlattice presents exciting opportunities to create novel materials with properties by 

design.[1] Mechanical properties of superlattices have also been investigated [2-4] and 

revealed interesting challenges as a confluence of hard and soft matter physics. The 

concept of using the NC superlattice itself as an experimental platform to probe 

mechanical properties of organic species confined to the precisely defined interstitial 

volumes has, to date, not been demonstrated.  
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The controlled arrangement of inorganic NC cores and molecular ligands or linkers 

presents new opportunities to probe stresses and strains in elongated molecules. 

Improved understanding of the mechanical properties of elongated molecules is 

important to describing their function, e.g., studies of DNA’s stretching and twisting 

properties provide important insights into biological processes like DNA replication 

and transcription.[5] Stretching of single molecules can be accomplished by atomic 

force microscopy,[5, 6] optical tweezers,[7] or microfluidic methods.[8] Compression 

along the molecular axis on the other hand has been more elusive in experimental 

studies. Femtosecond shock compression has been demonstrated to compress 

monolayers of hydrocarbon chains,[9] however this approach probes the stresses under 

non-equilibrium conditions. Here, we report that equilibrium uniaxial compression of 

aliphatic chains can be achieved in a conventional diamond anvil cell with the aid 

from PbS NCs. 

Figure 10.1 illustrates the concept of the NC superlattice pressure cell to study linker 

molecules under uniaxial compression. The two ends of alkanedithiol linker molecules 

are mounted to a pair of neighboring PbS NCs in self-assembled superlattices (SL) by 

ligand exchange. Loading the NC assemblies into a diamond anvil cell (DAC) and 
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applying mechanical compression leads to anisotropic compression of the molecule 

chains connecting neighboring NC facets. This method effectively creates a large 

number (~1010) of nanoscopic pressure cells that can be probed in parallel. In-situ 

small-angle (SAXS) and wide-angle X-ray scattering (WAXS) provides real-time 

information into the structure of the superlattice and NC cores under compression, 

respectively. We combined the experimental structure analyses with density functional 

theory (DFT) simulations of compression of a single alkanedithiol molecule to 

determine the average NC surface linker densities. Furthermore the elastic force of 

single molecule as a function of chain length was derived from experimental data and 

compared with corresponding computational results. 

 

Figure 10.1. Illustration of the multiple length scales defining the nanocrystal 

superlattice pressure cell. A millimeter sized diamond anvil cell (a) defines the applied 

external pressure that is transmitted to the PbS NC superlattice (b) which in turn 
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compresses the bundle of alkyl chains (c) connecting proximate NC facets. The total 

force between the NC facets (Ft) can be described by treating the force of individual 

molecules (f) as a Hookean spring (d). 

10.2 Results and Discussions 

We studied three different alkanedithiol linkers [HS-(CH2)n-SH] of various length: 

ethanedithiol (EDT, n = 2), butanedithiol (BDT, n = 4) and hexanedithiol (HDT, n = 

6). PbS NC (diameter d0 = 6.3 ± 0.5 nm) films treated by these linkers are denoted as 

EDT, BDT and HDT. Experimental details are provided in Appendix H (supporting 

information, SI). Replacing the native oleic acid ligands with variable length dithiol 

linkers significantly reduces the interparticle spacing. Figure 10.2a summarizes the 

SAXS patterns of the PbS NC films under ambient pressure and confirms the 

reduction of interparticle spacing (shift to higher q value) consistent with the length of 

the dithiol linker. Separation between nearest-neighboring NCs, δnn in each sample 

was calculated from SAXS data (Table 10.1) and shown in the inset of Figure 10.2a as 

a function of the number of carbon atoms in a corresponding linker molecule. The 

results clearly indicate how δnn relates to the length of the connecting linker chain l0 

(Figure 10.1d). SAXS data also show that the structure of the PbS NC films is 

preserved during alkanedithiol treatment. The NC superlattice maintained a face-
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center-cubic-like amorphous morphology upon ligand exchange[10]. 

 

Figure 10.2. a) ambient pressure small-angle X-ray scattering patterns of the 

alkanedithiol treated samples: EDT, BDT and HDT comparing with an untreated 

sample OA. Inset shows separation between nearest-neighboring NCs. In-situ high-

pressure b) SAXS and c) WAXS results reflecting the compressibility of NC 

superlattices and PbS cores respectively. Bulk modules were determined by Vinet 

EOS fitting. 

Upon pressurization inside the DAC, the NCSL of the alkanedithiol samples shrinks 

due to the compression of both the organic interstitial linkers and, to a lesser extent, 

the inorganic PbS NC cores. To decouple these two effects, we monitored the 

compressibility of NCSL and NC cores by simultaneous in-situ high-pressure SAXS 

and WAXS up to about 6 GPa (Figure 10.2c).[11] We deliberately limited the applied  

pressure below 6 GPa to avoid the rock salt/orthorhombic atomic phase transition in 

PbS.[2, 4] We fit the experimental pressure-volume trends to the Vinet equation of 
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state (see Appendix H for details):   

   (10.1) 

where B0 = B|p=0 is the bulk modulus under ambient pressure, B’0 = dB/dp|p=0 is the 

initial slope, and v=V/V0 is the dimensionless unit cell volume of the atomic crystal 

lattice of PbS cores or the NC superlattice. In this study, B’0 is fixed at 4.0 and 10.0 

for PbS cores and NC superlattices respectively for fair comparison between samples 

[2, 12]. 

The bulk moduli of the NCSLs, B0,SL and the PbS cores, B0,NC are summarized in Table 

10.1. These results reveal three important trends. (1) The stiffness of NCSL B0,SL is 

significantly smaller than that of the PbS cores B0,NC implying that the compression of 

the NCSL is mainly contributed by the shrinkage of the softer linkers connecting the 

NCs. (2) B0,SL increases slightly with increasing linker length mainly due to the 

increasing stiffness of each linker chain. (3) We note that B0,NC of NC linked with 

EDT is smaller compared to that of BDT or HDT samples; the detailed relationship 

between NC bulk modulus and surface chemistry is subject to an ongoing study and 

will be detailed in a future report. 

2/3 1/3 1/3
0 03 [1 ]exp[1.5( ' 1)(1 )]p B v v B v−= − − −
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Table 10.1. Experimental values of nearest-neighbor NC separation under ambient 

pressure (δnn), bulk moduli of NCSL (B0,SL) and PbS NC cores (B0,NC), “spring 

constants” of the linker molecule (k) and calculated NC surface linker density (σ). 

Sample δnn (Å) B0,SL (GPa) B0,NC (GPa) k (nN/nm) σ (nm-2) 

EDT 6.1 17.1 43.8 6.48 1.77 

BDT 8.4 17.8 54.3 6.23 1.70 

HDT 11.0 18.9 52.0 6.91 1.61 

When compressed uniaxially by a small amount, a linker molecule can be modeled as 

a microscopic spring governed by Hooke’s law, i.e. 

   (10.2) 

Where f is the compression force exerted on a single linker (Figure 10.1d), k is the 

“spring constant” of a molecule chain, Δl the change in molecule length and ε is the 

strain. The elastic module of the linear molecule K is determined by DFT simulations 

of compression of single linker molecules. It shows that the stiffness of the linkers 

comparable to each other (Details in Appendix H).   

By modeling the compression of NCSL, we derived the following relationship 

connecting the shrinkage of NCSL (measured by SAXS) to compression of both NC 

0

lf k l K K
l

εΔ= − Δ = − = −
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cores (measured by WAXS) and the interstitial linkers under an infinitesimally small 

pressure. Details of the derivation are provided in SI.  

  (10.3) 

Where σ is the average surface density of alkanedithiol linkers on PbS NC cores.  

Based on this relationship and the measured and computed quantities, σ is calculated 

and presented in Table 10.1. σ is found to be approximately 1.7 ligands/nm2 in all 

three samples. This result is in good agreement with the value measured by infrared 

spectroscopy as described in our previous work[13] and the results by others.[14] 

 

Figure 10.3. Elastic force of alkanedithiol molecules as functions of their chain length 

extracted from high-pressure x-ray scattering data (black symbols) with that converted 

from their Vinet equation of state fits (solid lines) for visual aids. Dotted lines 

represent corresponding results by DFT simulations. 

0 0 0 0

0, 0,

3

SL NC

d l d L
B B Kσ

+ = +
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With known values for NC surface linker density σ, the force exerted on an 

alkanedithiol molecule in the NCSL can be determined from the applied external 

pressure. The force-length, i.e. f(l) relationship of a linker molecule chain in a bundle 

under high pressure up to 6 GPa was derived from a combination of SAXS and 

WAXS data of the NCSL (see SI for derivation) and shown in Figure 10.3 for each 

sample. 

For comparison, DFT calculations were performed on linker bundles to simulate the 

compression. A linker density of 1.6 nm-2 is simulated in periodic cells by attaching 

alkanedithiol molecules with their axis perpendicular to a reconstructed slab of PbS 

(111) surface. To mimic the experimental setup, linker bundles are uniaxially 

compressed along the axis perpendicular to PbS slab surfaces. Varying compressions 

are applied, with smaller compressions for EDT-PbS configuration due to the small 

initial ligand length as compared to BDT and HDT ligand lengths. Details of DFT 

simulation are provided in Appendix H. Figure 10.3 compares the elastic forces 

computed from DFT with the experimentally determined forces. We find a good 

agreement between the experiment and DFT, considering that the DFT calculations do 

not account for several experimental aspects. The experimental measurements used to 
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compute the elastic forces are a result of ensemble averaged properties and include the 

average effects of trapped solvents, surface defects, non-uniform ligand coverage, and 

other local structural variations. Overall, the good agreement in the DFT and 

experimental results strengthens the idea of two ends of alkanedithiol linker molecules 

being mounted to a pair of neighboring PbS NCs in self-assembled SL. 

10.3 Conclusions 

In summary, we show that upon proper surface ligand substitution, NCs can be used as 

a novel nanoscopic pressure cell to study molecular chains under uniaxial compression. 

Quantitative results of NC surface ligand densities and compression force-molecule 

chain length relationship were calculated based on in-situ high-pressure SAXS/WAXS 

measurements. These results show good agreement with those by other approaches, 

both experimental and computational. Our research may open new doors to the efforts 

of manipulating organic molecules and investigating atomic-level interactions within 

them. Beyond the specific proof-of-concept compression of aliphatic dithiols in a PbS 

NC superlattice reported here, we see the versatility of this methodology as a unique 

strength that may also find application in studying more complex molecules (e.g. 

DNA) under uniaxial compression. 



 

271 

BIBLOIGRAPHY 

[1] Hanrath, T., J. Vac. Sci. Technol. A 2012. 30(3): p. 030802. 
[2] Podsiadlo, P., B. Lee, V.B. Prakapenka, G.V. Krylova, R.D. Schaller, A. 
Demortière, and E.V. Shevchenko, Nano Lett., 2011. 11(2): p. 579-588. 
[3] Tam, E., P. Podsiadlo, E. Shevchenko, D.F. Ogletree, M.-P. Delplancke-
Ogletree, and P.D. Ashby, Nano Letters, 2010. 10(7): p. 2363-2367. 
[4] Bian, K., Z. Wang, and T. Hanrath, J. Am. Chem. Soc., 2012. 134(26): p. 
10787-10790. 
[5] Bustamante, C., S.B. Smith, J. Liphardt, and D. Smith, Curr. Opin. in Struc. 
Biol. , 2000. 10: p. 279-285. 
[6] Lantz, M.A., S.P. Jarvis, H. Tokumoto, T. Martynski, T. Kusumi, C. 
Nakamura, and J. Miyake, Chem. Phys. Lett. , 1999. 315: p. 61-68. 
[7] Curtis, J.E., B.A. Koss, and D.G. Grier, Opt. Commun., 2002. 207: p. 169-175. 
[8] Mai, D.J., C. Brockman, and C.M. Schroeder, Soft Matter, 2012. 8(41): p. 
10560. 
[9] Patterson, J., A. Lagutchev, W. Huang, and D. Dlott, Phys. Rev. Lett., 2005. 
94(1). 
[10] Wang, Z., C. Schliehe, K. Bian, D. Dale, W.A. Bassett, T. Hanrath, C. Klinke, 
and H. Weller, Nano Letters, 2013. 13(3): p. 1303-1311. 
[11] Bian, K., B.T. Richards, H. Yang, W.A. Bassett, F.W. Wise, Z. Wang, and T. 
Hanrath, Phys. Chem. Chem. Phys., 2014. 16(18): p. 8515-8520. 
[12] Lach-hab, M., D.A. Papaconstantopoulos, and M.J. Mehl, J. Phy. Chem. Solids, 
2002. 63: p. 833-841. 
[13] Choi, J.J., C.R. Bealing, K. Bian, K.J. Hughes, W. Zhang, D.-M. Smilgies, R.G. 
Hennig, J.R. Engstrom, and T. Hanrath, J. Am. Chem. Soc., 2011. 133(9): p. 3131-
3138. 
[14] Moreels, I., B. Fritzinger, J.C. Martins, and Z.J. Hens, J. Am. Chem. Soc., 
2008. 130: p. 15081–15086. 
 

 



 

272 

CHAPTER 11 

CONCLUSIONS AND FUTURE DIRECTIONS 

This dissertation summarizes my graduate research works studying the trilateral 

relationships between processing, structure and properties of nanocrystal quantum dots 

and their superlattices. Among these works, the investigations of how molecular 

interactions determine superlattice structure based mainly on synchrotron x-ray 

scatterings revealed that, mediated by particle size, shape and surface ligand 

morphology, the van der Waals interaction between ligands plays the most important 

role. By tuning these factors various translational and orientational orderings can be 

achieved in nanocrystal superlattices. Such tunability opens a new door to optimizing 

collective properties of nanocrystal assemblies by controlling the superlattice structure. 

As presented in the second half of this dissertation, the relationships between structure 

and properties of PbS NCs were probed by high-pressure experiments. High pressure 

of several gigapascals generated by diamond anvil cells serves as an efficient tool to 

tune both atomic and superlattice structure without altering any chemistry. Mechanical 

and optical properties of NCs under pressure were measured and successfully 

correlated to pressure-induced structural changes. These high-pressure works 
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demonstrate the idea that although we are usually interested in improving properties 

and performance of materials by optimizing processing methods, detailed structural 

information is an important bridge connecting these two ends. Simultaneously probing 

structural variations significantly facilitates systematic and comprehensive exploration 

of nanomaterials.     

The goal of this dissertation is not only to summarize my graduate research but also to 

provide guidance for future research and development of NC-based materials. The last 

chapter of this dissertation presents my outlook in the NC field. Two future research 

directions which I consider to be of great scientific and engineering interests are 

discussed: 1) Novel functional nanomaterials made from NC building blocks; 2) 

Relationships between surface chemistry, atomic structure and properties of NCs. 

11.1 From Quantum Dots to Advanced Functional Nanomaterials 

NCs can hardly be functional and useful until they assemble into macroscopic 

materials by proper post-synthesis treatments. In fabrication of optoelectronic device, 

as discussed in Chapter 1 and 2, the disadvantages of active layers made by 

conventional treatments, i.e. ligand exchange with short linker molecules can be 

potentially overcome by the novel confined-but-connected (CBC) nanomaterials. At 
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current stage 2-D CBC monolayer of NCs can be reliably produced by tuning the NC 

surface chemistry (Figure 1.2).[1] However, a monolayer of NCs is too thin to be 

functional in most devices. Thus it is desired to manufacture CBC materials in the 

form of thick 3-D films. Two possible solutions to this challenge are sequential layer-

by-layer deposition and pressure-induced fusion. 

Layer-by-layer Deposition 

In the case of making CBC monolayer from PbSe NCs, the NCs are first assembled 

into a 2-D lattice on a flat substrate or fluid interface. Then it is exposed to a gentle 

ligand-stripping agent such as dimethylformamide to slowly remove ligands from NC 

surface. With only interactions with in-plane neighboring dots, a NC possesses enough 

special mobility and can therefore move toward and eventually fuse with one of its 

neighbors upon removal of the interstitial ligands.[1] In contrast, in a 3-D superlattice 

the mobility of NCs are considerably lower due to stronger inter-particle interactions 

and therefore the single-step chemical treatment is not sufficient to bring NCs together 

and fuse to form 3-D CBC lattices. 

As mentioned in Chapter 2, sequential dip-coating has been used to deposit thick and 

defect-free NC films and simultaneously achieve ligand exchange in a layer-by-layer 
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fashion. This method can be adapted to the fabrication of 3-D CBC material. As a 

tentative procedure, 1) a CBC monolayer is carefully grown on a target substrate using 

the mature single-step method introduced above. 2) The monolayer, serves as a seed 

layer, is dipped in NC suspension to allow isolated NCs to be physically absorbed on 

top. 3) The substrate is then soaked in ligand-stripping chemicals to direct the newly 

absorbed NCs to fuse with the NCs underneath and permanently attach. 4) Repeat step 

2 and 3 until the desired film thickness is reached.  

This concept of layer-by-layer growth of CBC nanomaterials is not limited to dip-

coating method. It can also be easily applied with other deposition methods such as 

roll-to-roll Dr. Blade-casting and spin coating. 

Pressure-induced Fusion of NCs 

Diamond anvil cell (DAC)-base high-pressure experiments has demonstrated the 

capability of deviatoric stress to connect NCs into higher-level superstructures. For 

example, Au nanoparticles in an fcc superlattice form long nanowires under pressure 

of 13 GPa (Figure 11.1a).[2, 3] Intuitively NCs are expected to partially fuse under 

pressure and potentially produce the 3-D CBC structures. In a pioneering work Wang 

et. al. already achieved pressure-induced fusion of ~ 3 nm PbS NCs into nanosheets 
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(Figure 11.1b).[4] Unfortunately formation of large connected structures from NCs 

has not been reported yet. The difficulty is caused by the fact that, comparing with 

single-element metals, alignment of crystallographic planes between attaching NCs 

which is required by NC fusion is less likely. To overcome such difficulty and 

determine the optimal compression conditions under which large 3-D CBC 

superstructures can be obtained, a joint effort of both experimental and computational 

studies is necessary.  

 

Figure 11.1. Pressure-induced fusion of (a) Au nanoparticles into long nanowires and 

(b) PbS quantum dots into nanosheets. (reproduced from ref. [2] and [4] respectively) 

On one hand, systematic high-pressure experiments on NC superlattices are very 

important. Especially compression of single supercrystals may significantly speed up 

the progress towards the fabrication of 3-D CBC materials. As presented in Chapter 6, 
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structural characterization of single supercrystals of PbS NCs provides much more 

fruitful details than that from powdered specimens. Naturally we expect high-pressure 

measurements of supercrystals to reveal every aspect of the structural evolution, both 

superlattice and atomic, of NC superlattice under pressure. While in-situ high-pressure 

SAXS shows the path via which NC approach each other, WAXS measurements 

provides insights into the changes in atomic structures caused by inter-particle fusion. 

Such information plays a critical role in guiding the development of high-pressure-

based fabrication of functional CBC nanomaterial. 

On the other hand, computational simulations of NC superlattices under pressure are 

equally constructive as experimental investigations. A recent molecular dynamics 

simulation work by Li et. al. successfully reproduced the experimentally observed 

nanowires formation from Au NCs and further predicts the ideal conditions for 

pressure-induced NC fusion.[5] In addition, computational simulation provides details 

which are inaccessible by experiments. For example, how the surface ligands are 

squeezed and moved to give way to NC fusion. 

11.2 Tuning Quantum Dots by Surface Chemistry 

As a result of broken bonds and structural rearrangements, the chemistry and energy 
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of surface atoms in most materials differ significantly from those lie in the interior. 

Unlike bulk materials, due to the extremely small size of a NC, a large portion of its 

constituent atoms are at or near the particle surface. For example, in a PbS NC of 6 nm 

in diameter, approximately half of its atoms are within one unit cell from the surface. 

The passivation by ligand molecules further complicates the surface morphology and 

chemistry of NCs. Therefore the surface effects in NCs are significant. Usually it is 

believed that surface effects directly influence the properties of NCs. For instance 

surface defects and oxidizations cause electronic trap state and therefore alter the 

overall optoelectronic properties of NCs.[6] In addition surface effects may affect NC 

properties in another way.  

Recently, thanks to synchrotron-based high-resolution WAXS measurements, we 

discovered a noticeable atomic lattice expansion (with respect to bulk values) in PbS 

NC cores. In NCs of other materials such as Au, Pt, Cu and CeO2, similar expansion 

or contraction were reported and attributed to negative and positive surface stresses 

respectively. And the surface stress is a result of atomic structural reconstructions. We 

also found that the magnitude of expansion in PbS NCs increases as particle size 

decreases (Figure 11.2a). This is expected since the smaller the NC is the larger the 
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fraction of surface atoms is and thus the stronger the surface effect. As discussed in 

Chapter 9, the optoelectronic properties are very sensitive to atomic structure. 

Therefore the surface effects can affect NC properties via lattice modifications in the 

inner cores.  

 

Figure 11.2. Lattice expansion in PbS quantum dots due to (a) size-effect and (b) 

surface ligand exchange. dhkl is the spacing between hkl atomic planes as measured by 

high-resolution x-ray scattering. 

Besides its size-dependence, we also revealed that the lattice expansion in PbS NCs 

can be controlled by tuning surface chemistry. As shown by preliminary results 

(Figure 11.2b) upon substitution of the original oleic acid (OA) ligands with other 

passivating molecules including thiols, amines and halogenide by post-synthesis 

ligand exchanges, the atomic lattice expansion in 7 nm PbS NCs is relieved to 
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different extents. It is likely to be a result of better passivation by the new ligands 

which lowers surface energy and release surface stresses. 

Another feature shown by figure 11.2b is that the lattice expansion and thus its 

variations upon ligand replacement are anisotropic by displaying more pronounced 

increment of inter-atom spacing in [100]PbS directions of the rock salt lattice. Such 

anisotropy is attributed to preferential attachment of different functional groups onto 

different NC facets which partially release or intensify surface stresses depending on 

how the new ligand tailors the atomic surface structure. 

To better understand the mechanism underlying the lattice expansion, not only more 

comprehensive and systematic ligand exchange and x-ray scattering experiments, but 

also computational studies are required. While experimental data reflects the 

correlation between ligand species and the magnitude of lattice expansion, 

computational simulations such as density functional theory and finite element 

calculations further reveal how exactly different functional groups passivate different 

NC facets, reconstruct atom arrangement and generate or relieve stresses. Such 

information would be a significant contribution to our knowledge of surface structure 

and chemistry as well as their influence on NC properties. From an engineering 



 

281 

perspective, our discovery may open a new door to fine tuning of NC performance by 

surface modification.  
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APPENDIX 

A.  Shape-Anisotropy Driven Symmetry Transformations In Nanocrystal 

Superlattice Polymorphs 

A.1.  NC Dipole Distribution 

We analyzed the distribution of dipole strength and direction by considering the {111} 

surface faceting distribution summarized in the table below. In addition to the 70 

dipole configurations possible with a stoichimetric (i.e. 4:4) distribution of Pb and Se 

terminated {111}NC facets reported earlier by Cho et al.,[1] we considered the general 

case including dipoles arising in NCs with excess lead (i.e., {111}Pb>{111}Se).  

Pb:X [111]w [111]s [110]w [110]s [113] [100]w [100]s 
No 

Dipole 

Total 

Prob. 

8:0 - - - - - - - 
0.62% 

(1) 

0.62%

(1) 

7:1 
4.91% 

(8) 
- - - - - - - 

4.91%

(8) 

6:2 - - 
7.36%

(12) 
- - 

7.36%

(12) 
- 

2.46% 

(4) 

17.18%

(28) 

5:3 
19.63%

(32) 
- - - 

14.72%

(24) 
- - - 

34.35%

(56) 

4:4 - 
4.91% 

(8) 

7.36%

(12) 

7.36%

(12) 
- 

14.72%

(24) 

3.68% 

(6) 

4.91% 

(8) 

42.94%

(70) 

Total 

Prob. 

24.54%

(40) 

4.91% 

(8) 

14.72%

(24) 

7.36%

(12) 

14.72%

(24) 

22.08%

(36) 

3.68% 

(6) 

7.99% 

(13) 

100% 

(163) 
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Figure A.1. Dipole and diameter distribution. (a) Theoretical distribution of lead 

chalcogenide (PbX) NC dipole distribution and strength calculated from possible 

permutations of Pb (blue) and X (red) terminated {111} facets. Light and dark grey 

bars delineate the theoretical dipole distribution considering all and stoichiometric (i.e., 

4:4 Pb:X) {111} facet permutations, respectively. ‘w’ and ‘s’ superscripts refer to the 

weak and strong dipole for a particular [hkl] direction. (b) for comparison, the 

experimental diameter distribution based on statistical analysis of TEM images. 

A.2.  In-Situ GISAXS Measurements In A Solvent Vapor Chamber  

For in-situ GISAXS measurements we used a custom-made vapor chamber (see Figure 

A.2). X-ray beams enter and exit the chamber through Kapton windows. The sample is 

located on an elevated block and liquid solvent can be injected into the chamber 

through a long Teflon capillary from outside the hutch. A flow system delivers carrier 

gas and optionally solvent vapor through gas ports. In this configuration various 
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modes of operation can be obtained: (1) sample in equilibrium with the solvent vapor, 

(2) diluted solvent vapor by flowing carrier gas through the chamber, (3) fast drying 

by full flow of carrier gas, (4) carrier gas saturated with solvent vapor via a bubbler, (5) 

diluted carrier gas by mixing vapor-saturated carrier gas with pure carrier gas. In the 

present study we have employed modes (1)-(3).  

 

Figure A.2. (a) experimental setup for the in-situ solvent vapor chamber and (b) 

GISAXS scattering configuration. 

A.3.  Particle Concentration of NC Suspensions 

The particle density (C) and mass density (C’) of the NC suspensions are related by

[ ][ / ] [ / ]' / NC mgNC ml mg mlC C m= . The NC mass (mNC) was calculated from a 

simplified model (Figure A.3a) which approximates the NC as a sphere with diameter, 

DNC and density (PbSe=8.1 g/ml) surrounded by a ligand shell with length L, and an 
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effective density (shell=0.8oleic acid = 0.72 g/ml). The NC mass calculated with 

the basic model (mNC=1.2 attogramm, ag) stands in good agreement the NC mass 

determined from the detailed NC model shown in Figure A.3b. The truncated 

octahedron with formula Pb2056Se1896 has 348 Pb on {111}NC facets and 294 on 

{100}NC facets. Assuming a surface coverage of one oleic acid ligand (not shown) per 

two surface exposed Pb atoms, we include 321 ligands which leads to the total mass of 

the NC calculated from the advanced model. 

 

Figure A.3. (a)Simplified spherical and (b) detailed cuboctahedral model of the NC. 

A.4.  NCSL Grain Size Analysis 

Beyond the analysis of NCSL structure in terms of Bragg’s law, GISAXS analysis 

also provides valuable information about the superlattice grain size through Scherrer’s 

formula.  Detailed information about the Scherrer grain-size analysis of GISAXS 

patterns is given by Smilgies.[2] The average grain size is related to the width of the 

(hkl) Bragg reflection through:  
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( )
2

coshkl
hkl hkl hkl

KD
B q

λ π
θ

= ≈
Δ

   (A.1) 

Where Dhkl is the average grain size; λ is the X-ray wavelength (0.12844 nm); 

( )2hkl hklB θ= Δ and θhkl are the peak breadth and Bragg angle of the (hkl) reflection in 

angular space, respectively. K is the Scherrer constant 2 2 ln(2) / 0.9K π= ≈ . In the 

small angle limit encountered in GISAXS, we can approximate cos 1θ ≈ . The Scherrer 

formula can then be converted into reciprocal space through Δqhkl=2πBhklcos(θhkl)/λ, 

where Δqhkl is the peak breadth in reciprocal space, which can be directly determined 

from an azimuthally integrated GISAXS pattern.  

The accuracy of the Scherrer grain size analysis is significantly limited by the 

resolution of the experimental method and apparatus.  So the measured beak breadth, 

Bexp, needs to be corrected for the by the resolution term, Bres, according to: 

2 2
exphkl resB B B= −     (A.2)   

The shape of the X-ray reflection contains important information about the vertical 

and horizontal grain size of the reflecting crystal. For an ellipsoidal diffraction spot 

peak broadening orthogonal to the substrate plane relates to the vertical grain size DV , 

which is naturally limited by the thickness of the film. Similarly, the horizontal 
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contribution BH is related to the horizontal grain size DH. Vertical and horizontal peak 

broadening are related through:  

( ) ( )2 2

2 2

1
2cos sinhkl hkl

hkl
H V

B
B B

φ φ
−

⎛ ⎞
= +⎜ ⎟
⎝ ⎠

  (A.3) 

Where ϕhkl is the detector azimuth of the spot (hkl). BV and BH  are be obtained by 

fitting (20)with data of corrected Bhkl and ϕhkl from at least two diffraction spots.  

Grain size analysis of fcc superlattice 

Figure A.4 and Table A.1 illustrate the Scherrer grain size analysis applied to a fcc 

NCSL GISAXS pattern. These data points are used to determine vertical (BV) and 

horizontal (BH) components in equation (3), which can then be related to the 

corresponding grain size through equation (18).  In the example above this yields DH 

= 154 nm and DV = 48 nm. 

 
Figure A.4. SL grain size analysis based on width of the Bragg reflection spot. 
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Table A.1. Grain size analysis of a fcc NCSL. 

hkl Δθhkl [°] Bexp [˚] ϕhkl [˚] Bres [˚] Bhkl [rad] 

113 1.886 0.0943 119 0.0394 0.00150 
-131 1.865 0.0660 147 0.0360 0.000965 
22-2 1.936 0.0632 159 0.0370 0.000894 

Grain size analysis of a bcc NCSL 

The same peak width analysis was applied to the bcc GISAXS pattern in Figure 4 of 

the main text.  Peak width analysis of the (112), (002), and (202) reflection is 

summarized in Table A.2 below. The calculated vertical and horizontal grain sizes are 

DH=100 nm and DV=256 nm. 

Table A.2. Grain size analysis of a bcc NCSL (Figure 3.4 in the main text) 

hkl Δθhkl [°] Bexp [°] ϕhkl [°] Bres [°] Bhkl [rad] 
112 1.713 0.0757 119 0.0391 0.00113 
002 1.397 0.0760 134 0.0311 0.00121 
202 1.947 0.0694 150 0.0407 0.00098 

Grain size analysis of a bct NCSL 

Grain size analysis of the bct NCSL shown in Figure 1a of the main text was 

performed in the framework of a face-centered-orthogonal superlattice with a~b<c. 

Table A.3. Grain size analysis a bct NCSL (Figure 3.1a in the main text) 

hkl Δθhkl [°] Bexp [°] ϕhkl [°] Bres [°] Bhkl [rad] 
004 1.680 0.1188 119 0.0341 0.00199 
113 1.936 0.1102 146 0.0346 0.00183 
22-2 1.802 0.0699 153 0.0322 0.00108 
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The Bhkl and ϕhkl are used to fit Eq. A.3 to get the horizontal and vertical breadth: BH = 

0.00129 and BV = 0.00258The calculated vertical and horizontal grain sizes are: DH = 

94.8 nm and DV = 47.3 nm. 

 

Figure A.5. In-situ GISAXS patterns of PbSe NC film exposed to octane vapor. (a) 

initial, polycrystalline superlattice, (b) disordered film in a saturated octane vapor 

environment, (c) disordered film in presence a sub-saturated octane vapor (d) initial 
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NCSL nucleation (e-g) drying fcc NCSL, (h) tetragonally distorted bct NCSL. The 

bottom left panel shows azimuthally integrated intensity patterns of (a-h), the center 

pattern shows the deconvolution of the integrated scattering pattern of the nascent 

NCSL (d). The table on the bottom right summarizes the Scherrer peak with analysis 

and corresponding grain sizes. 

Size of nascent nanocrystal superlattices 

Analysis of the peak width of initial superlattices formed during the gradual decrease 

of solvent vapor concentration allows a determination of the size of the initial 

superlattice. The evolution of grain size during NCSL formation is summarized in 

Figure A.5. 

A.5.  Relationship Between Concentration, Growth Rate And SL Symmetry 

The particle density of NCSLs comprised of ~10 nm building blocks is typically on 

the order of 1018 mL-1. We studied the self-assembly of NC superlattices from 

colloidal suspensions with initial concentrations ranging from 1012 to 1016 mL-1 (i.e., ~ 

0.005 to 50 mg/mL dissolved in a 9:1 v/v mixture of hexane and octane). NC films 

prepared by drop-casting the most dilute suspensions resulted in sub-monolayer 

coverage of hexagonally ordered NC films (Figure A.6). To compare the assembly 
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under consistent evaporation conditions, we performed all experiments on a constant 

substrate size (10x10 mm) and suspension volume (50µL). 

 

Figure A.6. (a) SEM and (b) GISAXS analysis of a NC film deposited from a 0.005 

mg/ml [~4(1012) NC/ml] suspension of 6.1 nm PbSe NCs in hexane. 

Figure A.7 summarizes the GISAXS structure analysis of NCSL assembled from 

suspensions with various initial concentrations. The scattering pattern of the NCSL 

formed from the dilute suspension (1013 mL-1; 0.05 mg/mL) can be indexed to a fcc 

superlattice with close-packed (111)SL planes parallel to the substrate and a lattice 

constant of a =13.2 nm (Figure A.7a). The superlattice exhibits a vertical shrinkage (s) 

of 2.3%, which transforms the fcc lattice to a lower-symmetry tetragonal lattice.  

Such uniaxial shrinkage has been reported for a number of different systems cast from 

solution, such as block copolymers,[3] nanocomposites,[4] and NC superlattices,[5, 6]  

and seems to be a common feature of soft materials that are cast from solution. 



 

Figure A

suspensio

mg/mL. T

and (d) to

reflection

golden lin

(f) top-do

centered l

illustrated

orthorhom

symmetry

A.7. GISAX

ons with co

The superlat

o a polycryst

s, green dia

nes mark th

own and si

lattices. To

d in the f

mbic, fco) w

y. 

XS patterns

oncentration

ttice symme

talline bct f

amonds ma

he horizon, f

ide-view m

 illustrate t

framework 

with a b≅

29

s of PbSe 

ns ranging f

etry in (a) i

film. Red cr

ark the direc

film and su

models of t

the distortio

of a dist

c> . In th

92 

NC films 

from (a) 0.

s fcc, where

rosses mark 

ct and refle

ubstrate Yon

the cubic a

on of the un

torted fcc

he case of 

self-assem

.05, (b) 0.5

eas (b) and 

the position

ected beam.

neda peaks,

and tetrago

nit cell, the

unit cell 

a = b, fco

mbled from

5, (c) 5.0 a

(c) corresp

n of calcula

. The black

 respectivel

nally disto

e bct symm

(i.e., face

o reduces t

 

m colloidal 

and (d) 50 

ond to bct 

ated Bragg 

k, red, and 

ly. (e) and 

rted face-

metry (f) is 

-centered-

to the bct 



 

293 

NC assemblies prepared from more concentrated suspensions (> 0.5 mg/ml) resulted 

in superlattices with bct symmetry. The scattering patterns were indexed in the more 

general case of the face-centered-orthogonal (fco) symmetry for which ( a b c≠ ≠ ).  

The bct symmetry ( a b c= ≠ ) is a more specific case related to the face-centered 

lattice through the Bain deformation (see Figure 3.1 in the main text). The scattering 

patterns in Figure A.7b and c show several additional peaks, which can be uniquely 

indexed to the (3-11)SL and (-113)SL reflections of a face-centered orthogonal (fco) 

superlattice with a ≈  b = 13.8 nm, c = 12.4 nm and 3% vertical shrinkage. The 

interparticle separation along the close-packed [110]SL and [101]SL  directions is 

( 2 2 2 3.2 )NCa c d nmδ = + − = which is identical to the spacing observed in the 

fcc superlattice in Figure A.5a. 

Signatures of homogeneous superlattice nucleation were evident in NC films 

deposited from highly concentrated (1016mL-1; 50 mg/mL) NC suspensions. The 4 

m thick NC film formed under these conditions exhibited a ring -like scattering 

pattern (Figure A.7d), characteristic of polycrystalline films and suggests that the 

NCSL grains in the thick film are not well aligned with the underlying substrate. We 

attribute the loss of the epitaxial relationship between the substrate and the superlattice 
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to concurrent heterogeneous and homogeneous nucleation. Nevertheless, a number of 

distinct scattering features corresponding to the bct superlattice symmetry can be 

discerned and we can therefore conclude that the thickest NC film consisted of a 

polycrystalline bct superlattice.  

Interface effects are known to play a central role in the nucleation and growth 

processes of atomic and colloidal crystals alike. At intermediate length scales, NCSL 

nucleation can occur heterogeneously at a two-phase interface, e.g., substrate-

solution,[7] gas-solution,[8-10] or homogeneously within the colloidal NC 

suspension.[11] Our previous work showed that the assembly of lead salt NCSLs is 

sensitive to the nature of the suspension/substrate interface.[12] We considered similar 

interface effects to explain the formation of PbSe NCSL with fcc and bct symmetry 

and asked whether the tetragonal superlattice distortion might simply be linked to the 

film thickness. To decouple the effect of interfaces on the nucleation and the evolving 

colloidal concentration on growth we compared the superlattice growth by adjusting 

the solvent evaporation rate. We adjusted the volatility of the solvent by replacing the 

9:1 hexane:octane solvent mixture used in the assemblies summarized in Figure A.7 

with pure hexane (see Figure 3.2, main text). Contrary to the fcc superlattice shown in 
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Figure A.7a, the film assembled from a 1013 mL-1 (0.05 mg/mL) NC suspension in 

pure hexane resulted in a NCSL with tetragonally distorted bct symmetry (see Figure 

3.2a).  This result suggests that film thickness related to interface nucleation is not a 

determinant of the NCSL symmetry and instead points to an intimate relationship 

between superlattice growth and the solvent evaporation rate. 

A.6.  Imaging NC Thin Films By Electron Microscopy 

 

Figure A.8. (a) SEM image of a NC film and FT image analysis of (i) background 

monolayer with hexagonal packing and (ii) (iii) multi-layer NC film. (b) TEM image 
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of a NC assembly showing (i) hexagonally ordered monolayer and (ii) multi-layer NC 

assembly. 

While electron microscopy provides direct images of NC film, neither technique can 

provides the level of detailed, 3-dimensional, structural information provided by X-ray 

scattering methods. The electron micrographs below and the accompanying Fourier 

transform (FT) image analysis show that electron microscopy suggest the presence of 

different assembly symmetries, but do not provide the unambiguous proof given by 

the scattering data presented in the main text. 

A.7.  Infrared Spectroscopy 

Infrared spectroscopy can provide information about the ordering of molecules 

attached to surfaces. We measured the polarized infrared absorption spectra of PbSe 

NCSL assembled under conditions known to form bct and fcc superlattices. The 

spectra below show no discernible differences in the in-plane and perpendicularly 

polarized spectra. Polarization-dependent spectra would have provided an indication 

of spatial ordering of the ligand bundles. The geometry of the ligands bound to 

surfaces of a 3D NCSL superstructure is more complex than ordered self-assembled 
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molecular films on planar substrate and further experiments are required to probe the 

orientation of the ligands relative to the NC surfaces. 

 

Figure A.9. The alkyl C-H stretch region of the infrared absorption spectra of PbSe 

NCSLs with fcc (slow evaporation) and bct (fast evaporation) symmetry taken with 

radiation parallel and perpendicular to the substrate normal. 

The energy of the asymmetric methylene stretch vibration (2920 cm-1) is particularly 

sensitive to monolayer density and thus a useful indicator of monolayer quality.[13] 

For example, the energy of this vibration typically decreases by 6-8 cm-1 as liquid 

alkanes crystallize. Spatial ordering of the ligand bundles would therefore be expected 

to induce polarization-dependent shift in this resonance, which was not observed. 
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A.8.  Molecular Dynamics Simulations 

 

Figure A.10. Kinetic effects of NCSL assembly. The extent of ligand interdigitation is 

sensitive to the rate at which the NCSL is dried. (a) Spherically symmetric interaction 

between NCs in a swollen assembly separated at distances larger than the ligand 

length ( >2 LOA), (b) slowly drying the assembly preserves the sphericity of the 

interaction potential and fcc superlattice symmetry. (c) In quickly dried assemblies, 

ligands are unable to interdigitate resulting in an aspherical interaction potential. The 

resulting orientational alignment of the NCs drives the superlattice symmetry 

transformation to yield a bct NCSL. MD snapshot of a bcc unit cell showing: (d) only 

the interacting ligands and (e) two nearest neighbor interacting ligand-coated NCs.  

High resolution snapshot of a MD simulation of ligands between {111}NC facets of 

proximate NCs show (f) interdigitation during slow approach and (g) lack of 

interdigitation simulated with fast approach rate. 

The nanocrystal core was modeled as an octahedron with {111} facets only. The size 
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of the nanocrystal was measured as the vertex-to-vertex distance of the octahedron. 

Two sizes of the nanocrystal cores were considered: 3.1 nm and 6.2 nm to be 

comparable to the nanocrystal sizes used in the experiments. The ligand molecules 

were randomly distributed on the {111} surfaces of the nanocrystals. The number of 

ligand molecules attached to the surface was based on the chosen overall density of 

the ligands on the nanocrystal surface. Four different densities were considered: 2.5, 

3.0, 3.5 and 4.0 ligands/nm2. The capped nanocrystal (core and ligands) was then 

placed in a bcc unit cell with periodic boundaries to simulate the presence of an 

extended superlattice. Two capped nanocrystals were needed to create the bcc unit cell 

– one at the origin and one at the body centre. The unit cell dimensions were chosen to 

be large enough that there were no ligand-ligand interactions between the nanocrystals, 

i.e., the two nanocrystals were essentially isolated. 

The time evolution of the system was followed using a Molecular Dynamics 

simulation approach using the Modified Beeman algorithm as part of the TINKER 

software package. The system was thermalized at 273 K using a Nosé-Hoover 

thermostat in the canonical (NVT) ensemble for a period of 25 ps with a time step of 1 

fs (i.e., 25,000 time steps) in order to suppress any significant fluctuations in 
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temperature. To verify its stability, the system was thermalized over a longer time 

scale of 100 ps (100,000 time steps) and no significant temperature fluctuations were 

observed. The unit cell was then shrunk isotropically at an average rate of ~0.2 Å/ps, 

with the compression carried out in a quasi-static manner. The average rate covers a 

compression step, followed by a relaxation period of 2.5 ps (2500 steps) per 

compression step, during which the ligand assembly was allowed to relax. This was 

done to encourage ligands to adopt their preferred minimum-energy conformation 

after each step of compression. After each compression/relaxation step, the average 

intermolecular energy between the ligands of the two nanocrystals was recorded. The 

intermolecular energy of the isolated nanocrystals was subtracted from this value so as 

to obtain the interaction energy between the nanocrystals. The inter-crystal energy was 

found to follow a Mie-potential (m,n)-type curve (the Lennard-Jones is a Mie potential 

in which (m,n) is (12,6)). The process was continued till the inter-crystal energy 

showed a sharp increase indicating that the two crystals were experiencing strong 

repulsive forces and where thus closer than the collision diameter. The energy was 

plotted against the lattice constant and the value of the lattice constant where the 

energy reached a minimum was noted to be the lattice constant that was most 
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energetically favorable. The data were then used to fit a Mie potential of mean force 

and the exponents (m,n) determined, as given in Figure A.10. The same procedure was 

followed for all the simulations with the exception of the “fast” approach that was 

used to emulate solvent evaporation rates. In that case, the bcc unit cell was 

compressed isotropically at a much faster average rate of 2.5 Å/ps. The faster rate of 

compression showed that the ligands of the nanocrystal were unable to relax 

completely, thereby resulting in a larger lattice constant at the energy minimum as 

well as a higher inter-crystal energy compared with the slow rate of compression. The 

data and the fit for the slow and fast compressions are shown in Figure A.11. 

Ligand-Ligand Interactions 

We performed MD simulations to gain molecular-level insights into the influence of 

ligand-ligand and ligand-solvent interactions on the symmetry of the interaction 

potential between proximate NCs. The figure below provides a schematic overview 

and of spherical interaction potential leading to fcc NCSL and non-spherically 

symmetric interaction potentials leading to either bct or bcc NCSL symmetries. 

Relationship between NC Approach Rate and Interaction Energy 
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To understand the experimentally observed relationship between NCSL symmetry and 

solvent evaporation rate, our preliminary MD simulations explored the influence of 

rate at which NCs approach each other on their interaction energy. We positioned 

octahedral NCs in a bcc NCSL and reduced the superlattice unit constant at fast 

(2Å/ps) and slow (0.2Å/ps) rates. Figure S11 shows that the intermolecular energies 

calculated this way follow the same trend as observed in the experiments and 

discussed in the main text.  

 

Figure A.11. Intermolecular energy for octahedral NCs in a bcc NCSL as a function 

of superlattice constant (bottom) and dimensionless ratio of interparticle separation 

along the [111]SL direction, 111, to the ligand length (L, dodecanethiol). Note, the 

[111]SL direction does not correspond to the close-packed direction of a bcc assembly 

of octahedral, but provides valuable qualitative information about the energy-distance 
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relationship of ligand attached to facets of proximate NCs.  The inter-crystal energy 

was fitted to a Mie-potential (m,n)-type curve. The best fit for slow [fast] was 

achieved with a (20,10) [(21,11)] potential. 
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B.  Controlling Nanocrystal Superlattice Symmetry and Shape-Anisotropic 

Interactions through Variable Ligand Surface Coverage 

B.1.  Effect of Periods of Air Exposure to NC Suspension on SL Symmetry 

 

Figure B.1. PbS NC suspensions (a) with no air exposure assembled into fcc 

superlattice (b) while NCs exposed to 2 days of air exposure assembled into bct 

superlattice symmetry. (c) bcc NC superlattice were formed from colloidal 

suspensions exposed to 6 days of ambient air. The fcc-bct-bcc superlattice symmetry 

transformation is related through a Bain distortion. 

We investigated how short term (several days) air exposure of NCs suspended in 

hexane influenced the symmetry of the self-assembled superlattice.  PbS NCs from 

the same synthesis batch were dispersed in hexane at 5 mg/ml inside a glove box. 

Separate aliquots of equal volume were taken out of the glove box and exposed to 

ambient air for various days. We found that NCs from suspensions without air 
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exposure assembled into fcc superlattices.  NCs from suspensions exposed to 

ambient air for only 2 days were found to assemble into a distorted superlattice with 

bct symmetry. Suspensions exposed to ambient air for 6 days resulted in superlattices 

with bcc symmetry.  Details of the relationship between fcc to bcc NC superlattice 

symmetry and the transition through Bain distortion are discussed in another paper.[1] 

B.2.  Ligand Coverage Density Determined from FTIR Spectroscopy 

 

Figure B.2. FTIR calibration data with known concentration of oleic acid molecules 

in tetrachloroethylene. 
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We determined the NC ligand coverage through direct quantitative comparison of the 

C-H stretching signature of the ligand and the NC core exciton absorption. We first 

calibrated the OA signature by measuring the peak absorbance, AbsOA, (2925 cm-1) for 

standardized solutions of OA in tetrachloroethylene. The concentration of NC was 

calculated from the NC excitonic peak height by using Beer-Lambert law, AbsNC = ϵcl 

where size dependent extinction coefficient of PbS NC, ϵ, was calculated from 

formula ϵ = 19600r2.32 reported by Cardemartiri et al. The cuvette path length, l, was 

0.3 cm. 

We then determined the ligand coverage per NC from the ratio φ =
AbsOA εOA

AbsNC εNC

. The 

area ligand coverage was then calculated by dividing the ratio,φ , by the surface area 

of the NC (SANC). The calculated area ligand coverage depends on the actual shape of 

the NC core. For simplicity and consistency, we compared the area ligand coverage by 

assuming a spherical surface area. (Figure B.3a) For example, ‘aged’ PbS NC sample 

had 0.36 mM of OA and 1.7 µM of NCs. Thus it had 218 OA molecules per NC which 

translates to 1.8 OA molecules per nm2.  

Error estimate of coverage was calculated by using,  
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Beyond the ‘spherical NC’ assumption, we can approximate the 6.7 nm NC as a 

truncated octahedral (Figure B.3b).   

 ACO = 6A100 + 8A111 = 3+ 3( ) na( )2    (B.2) 

Where ATO = surface area of truncated octahedron, A100 = {100} facet area, A111 = 

{111} facet area , n = number of unit cells, a = unit cell parameter. For 6.5 nm PbS NC,  

n = 11, a=5.9 and ATO=199 nm2 where as the area calculated with spherical assumption 

is 132 nm2. 

 

Figure B.3. (a) Spherical NC assumption. (b) Model of truncated octahedral shape of 

PbS NC. Depending on the relative sizes of the facets, the spherical assumption can 

give a significantly lower estimation of the real surface area. 
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B.3.  Electrophoretic Mobility Measurements  

 

Figure B.4. Electrophoretic mobility measurements on air-aged and N2-aged PbS NCs 

in hexane show no appreciable presence of charged NCs. 

B.4.  X-ray Photoelectron Spectroscopy 

 

Figure B.5. XP spectrum of the S(2s) feature from a film composed of PbS NCs aged 

in air. The absence of detectable peaks shifted 5-7 eV higher than the main PbS peak 
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PbS in the rock salt (RS) structure, was calculated to be 6.00 Å, close to the 

experimental value of 5.95 Å [9]. The calculations were carried out using periodic 

boundary conditions, and the vacuum slab thickness (i.e. the distance in the c-direction 

between periodic images of the slab) was varied between 12 and 42 Å. The wave 

functions were expanded on a plane-wave basis with an energy cutoff of 385 eV, and 

for the augmentation functions a cutoff energy of 581 eV was used, resulting in 

accuracy for the binding energies of ~2 meV. The Brillouin zone integration was 

performed using the tetrahedron method with Blöchl corrections.[10] The k-point 

meshes were generated by the method of  Monkhorst and Pack [11] and consisted of 

5×10×1 and 8×8×1 grids for the orthorhombic cell containing the {001}RS terminating 

slab and the hexagonal cell containing the {111}RS-terminating slab, respectively. 

Denser k-point meshes resulted in changes of the binding energies by less than 2 meV. 

The binding energies, Eb, for lead-acetate (Pb(CH3COO)2) molecules adsorbed to the 

PbS surfaces of type {hkl}RS were calculated as  

Eb = EPb(CH3COO)2/PbS{hkl} − (EPb(CH3COO)2 + EPbS{hkl})  (B.3) 

where EPb(CH3COO)2/PbS{hkl} denotes the relaxed energy of the composite system, and 

EPb(CH3COO)2 and EPbS{hkl} refer to the relaxed energies of the gas-phase Pb(CH3COO)2 
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molecule and the PbS{hkl} surface, respectively. 

Modeling PbS Surfaces: Surfaces were modeled as slabs consisting of four layers; 

only the atoms in the topmost layer were allowed to move during the relaxation. Two 

PbS slabs were used for this study, the first consisting of {001}RS layers, and the 

second {111}RS layers. The {001}RS slab was orthorhombic, with a = 2b = 12.00 Å, 

and contained a total of 16 cations and 16 anions. The cations and anions in the 

{001}RS-terminating surface relaxed slightly inwards, reducing the layer spacing from 

the bulk value of 3.00 Å to about 2.82 Å. 

For the {111} surface, the occurrence of a surface reconstruction was taken into 

account.  Unreconstructed {111} surfaces exhibit a very high surface energy.[12] 

The {111} layers are comprised of oppositely charged layers of cations and anions 

resulting in a dipole moment perpendicular to the plane.  Recently, Fang et al.[13] 

showed that the surface energy of {111}-terminated PbSe surfaces is reduced by more 

than an order of magnitude if alternating rows of cations in the topmost layer are 

removed, and are instead added to the other side of the slab, so that they sit in the 

empty Pb layer next to the Se-terminating layer. As such, each surface terminates in 

half a monolayer of cations above a full layer of anions; this approach to the 
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reconstruction (referred to here as the {111}-1/2-Pb reconstruction) has long been 

known to drastically reduce the surface energy of other polar ionic crystal 

surfaces.[14] Rutherford backscattering experiments suggest that real PbSe {111}RS 

surfaces may be reconstructed along these lines; epitaxially grown PbSe was seen to 

terminate in a Pb layer which had an atomic density of ~40%.[15] Since the surface 

energy of the unreconstructed {111}RS surface is much too high to be energetically 

competitive with the {001}RS surface, the surfaces (both frozen and unfrozen) of the 

{111}RS PbS slab were modeled according to the {111}-1/2-Pb reconstruction. The 

{111}RS slab had hexagonal symmetry within the a-b plane, with a = √2·6 Å, and the 

slab contained a total of 16 cations and 16 anions. As a result of the reconstruction, 

{111}RS surfaces exhibit “trenches” in-between rows of Pb atoms. After relaxation, the 

Pb atoms in the terminating layer have shifted slightly closer to the remainder of the 

slab, such that the separation between the surface Pb atoms and the neighboring S 

atoms is between 2.6 and 2.8 Å. 

Lead-Acetate as the Ligand: Lead-oleate (Pb(OA)2) is often used as a precursor in the 

synthesis of lead-salt nanocrystals (NCs); such NCs have been observed to exhibit Pb-

rich surfaces. Furthermore, Pb atoms as well as oleate ligands have been observed to 
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detach from the NC surface upon oxidation[16]. Since each OA molecule has a charge 

of -e, a ligand consisting of a Pb2+ cation attached to two OA molecules allows a NC 

to remain charge neutral despite the presence of many oleate anions at the surface of 

the inorganic core. These observations suggest that we may consider PbS NCs to 

consist of Pb(OA)2 molecules adsorbed at the surface facets of the PbS core. To 

increase computational efficiency, acetate was substituted for oleate, and the binding 

energy of lead acetate ,Pb(CH3COO)2 to PbS {001}RS and {111}RS surfaces was 

calculated. Placing one Pb(CH3COO)2 molecule above each of the {001}RS and 

{111}RS slabs leads to acetate coverage of 2.78 and 3.21 nm2, respectively, which are 

comparable to the experimentally determined oleate coverage. For the {111}RS slab, 

the Pb of the Pb(CH3COO)2 was positioned inside the “trench” resulting from the 

surface reconstruction, while for the {001}RS slab, the Pb of the Pb(CH3COO)2 was 

placed above a surface S atom. In both cases a number of initial geometries for the 

acetate molecules were studied, in order to find the geometry with the strongest 

binding energy in each case. 

Results: Figure B.5 shows the {001}RS and {111}RS surfaces, with the Pb(CH3COO)2 

molecule adsorbed in the lowest energy configuration found after relaxation with DFT. 
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For the {001}RS surface, the Pb atom of the Pb(CH3COO)2 is not directly located 

above the S atom in the layer underneath, but shifted slightly in the -b direction, so 

that the angle made by the Pb-S bond with the vector pointing normal to the surface 

from the S atom was 10.6°. The height of the Pb atom above the surface was 2.79 Å. 

The two O atoms of each acetate molecule were each separated from the Pb atom by 

2.37 Å, and the acetate molecules were oriented such that the angle C-Pb-C = 125.1°, 

where Pb is the adsorbed atom, and C refers to the carbon atom in the carboxyl group 

for each acetate. The C-C bonds of the acetate molecules make an angle with the 

vector normal to the surface of 61.1° and 62.8°; longer molecules such as oleate are 

expected to twist away from the surface, such that the long carbon chains in such 

molecules are close to normal to the surface. Hence at high coverage, we may expect 

the radius of the region of the NC outside of the inorganic core to be roughly equal to 

the length of the oleate molecule. The binding energy of this conformation was 

calculated to be 0.616 ± 0.017 eV. The Pb atom of the Pb(CH3COO2 molecule sat in 

the trench of the reconstructed {111}RS surface, taking roughly the position that would 

be occupied by a Pb atom in the unreconstructed {111}RS surface, but at a distance 

from the remainder of the slab ~34% greater than the other Pb atoms in the 
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terminating layer. The O atoms in each acetate were separated from the Pb atom by 

between 2.50 and 2.63 Å, and the angle C-Pb-C was found to be 100.0°. The C-C 

bonds of the acetate molecules make an angle with the vector normal to the surface of 

51.9° and 58.1°. The binding energy for this conformation was calculated as 

0.962 ± 0.012 eV. 

B.6.  Ligand Loss Due to Filtration and Methanol Treatment  

Methanol Treatment Method: Repeated cycles of precipitating the NC suspension, by 

adding anti-solvent, followed by redispersing the NCs in fresh solvent will decrease 

the surface ligand coverage and ultimately destabilize the NC suspension. Using an 

approach similar to the one reported by Law et al. [17], we treated PbS NCs with 

methanol - 50 µL of 30 mg/mL PbS NC solution in hexane was drop casted on top of 

cleaned 1 cm x 1 cm silicon substrate inside glovebox. The NC film was then 

immersed in methanol. After 6 hours, the NC film was taken out of methanol and 

dissolved in hexane and was put through one cycle of washing step with addition of 

ethanol and centrifuging inside the glovebox. FTIR measurement showed ~35% loss 

of surface ligands due to the methanol treatment. Interestingly, superlattice formed 

with those NCs showed fcc symmetry despite the lower surface ligand coverage. This 
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indicates either that the ~35% loss of surface ligands is not enough to cause 

anisotropic interaction between NCs or the nature of ligand loss due to air exposure 

and methanol treatment are different. We believe that it is the latter case as the air 

exposure causes the loss of surface lead oleate [16] whereas the ligand loss due to 

methanol is most likely due to the nucleophilic addition of ethoxide to the carboxylate 

group, followed by protonation, transfer of ethoxide to the NC surface, and loss of 

oleic acid.[17] 

Filtration Method: Ligand detachment can also be achieved through the application of 

shear force, e.g. by filtering cooled NC suspension.[18] We have investigated NC 

suspensions subjected to up to six filtering cycles. These NCs also showed less 

pronounced ligand loss (~10% loss) than in air-aged NC suspensions and assembled 

into fcc superlattice. PbS NCs in 5mg/mL hexane solution, syringes and 0.45 µm pore 

size teflon filters were cooled down to -10 oC. The PbS NC solution was quickly 

filtered through 6 teflon filters. The filtered NC solution was then put through a 

washing step involving addition of 15 mL of ethanol and centrifuging to remove free 

floating oleic acid molecules and keep the number of washing cycle consistent with 

the air-aged and N2-aged NCs discussed in the main text. 
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Figure B.6. FTIR characterization of surface ligand density of ‘filtered’ and ‘methanol 

treated’ PbS NCs.  

GISAXS characterization: GISAXS show that both ‘filtered’ and ‘methanol treated’ 

NCs form fcc packing despite their lower surface ligand density. This serves as an 

indication that the ligand loss due to ‘aging’ in air might be more facets specific. 

 

Figure B.7. GISAXS plots of ‘filtered’ (left) and ‘methanol treated’ (right ) NCs both 

showing fcc packing. 
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C.  Interface-Induced Nucleation, Orientational Alignment and Symmetry 

Transformations in Nanocube Superlattices 

C.1.  Experimental Details 

cNC Synthesis 

PbSe cubic nanocrystals (cNCs) were synthesized with a modified version of method 

reported by Lu et. Al.[1] Special care was taken to remove trace water from solvents 

and precursor solutions using molecular sieves. A lead oleate stock solution was 

produced by dissolving 6 mmol of PbO in 48 mL of diphenyl ether (DPE) and 12 mL 

of oleic acid at elevated temperatures, which was then cooled and stored under 

nitrogen for later use. Separately, 8 mL of DPE and 3 mL of 1M trioctylphosphine-

selenide (TOP-Se) were heated to 200 oC under nitrogen for one hour. 10 mL of lead 

oleate stock solution and 2 mL of room temperature DPE were simultaneously rapidly 

injected into the reaction mixture, which caused the reaction temperature to dip below 

140 oC. The solution was heated back up to 200 oC in less than 4 minutes and cNCs 

were allowed to grow for total of 6 minutes before quenching. The cNCs were cleaned 
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via centrifugation using hexane and ethanol as the solvent and anti-solvent 

respectively. 

cNC Superlattice Formation 

Silicon substrates were cleaned by sequential sonication in deionized water and 

acetone followed by ozone plasma treatment for 10 minutes. cNC films were prepared 

by drop-casting 50 µL of 5 mg/mL cNC suspension in hexane onto a cleaned 10 x 10 

mm silicon substrate and drying the film in a nearly hexane vapor saturated 

environment (Figure C.1). For ex-situ samples, drying times longer than 8 hours were 

used. For in-situ experiments, the hexane vapor concentration in the solvent vapor 

chamber was controlled by a He gas counter flow. (see X-ray characterization 

experimental section below for details)   

 

Figure C.1. Experimental set-up for (a) drop casting NC films in a saturated vapor 

environment. The substrate was placed onto a metal holder with a circular trough with 

additional solvent. To control the solvent evaporation time, the top of the funnel was 
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closed with a plug (not shown). At the end of the deposition the plug was removed and 

the vapor content decreased gradually by diffusing through the stem of the funnel. (b) 

in-situ chamber for X-ray scattering during drying. 

X-ray Scattering Characterization 

Grazing incidence small angle X-ray scattering (GISAXS) measurements were 

performed on beam line D1 of the Cornell High Energy Synchrotron Source (CHESS) 

using monochromatic radiation of wavelength λ = 1.117 Å with a bandwidth Δλ/λ of 

1.5%. The X-ray beam was produced by a hardbent dipole magnet of the Cornell 

storage ring and monochromatized with Mo:B4C synthetic multilayers with a period of 

30 Å. The D1 area detector (MedOptics) is a fiber-coupled CCD camera with a pixel 

size of 46.9 μm by 46.9 μm and a total of 1024 × 1024 pixels with a 14-bit dynamical 

range per pixel. Typical read-out time per image was below 5 s. The images were dark 

current corrected, distortion-corrected, and flat-field corrected by the acquisition 

software. The sample to detector distance was 946 mm, as determined using a silver 

behenate powder standard.  The incident angle of the X-ray beam was varied from 

0.25 to 0.5° i.e., slightly above the silicon critical angle.  Typical exposure times 

ranged from 0.1 to 1.0 s. Scattering images were calibrated and integrated using the 

Fit2D software. GISAXS diffraction peaks were indexed and fitted using in-house 
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software.[2] GIWAXS patterns were recorded on image plates and scanned for digital 

processing. For in-situ GISAXS/GIWAXS measurements, we used a custom-made 

vapor chamber (see Figure C.1b). X-ray beams enter and exit the chamber through 

Kapton windows. The sample is located on an elevated block and liquid solvent can be 

injected into the chamber through a long Teflon capillary from outside the hutch. A 

flow system delivers He gas to modulate solvent vapor concentration inside the 

chamber. More details on the in-situ chamber are given elsewhere.[3] GISAXS peaks 

were indexed and fitted using our in-house software. Critical angle of 0.19 degree was 

found to give the best fit with our 322 nanocube thin film samples. 

 

Figure C.2. Calculated hexane vapor concentration near the sample inside the in-situ 

X-ray chamber as a function of He counter flow rate. 
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TEM Characterization 

TEM samples were prepared by drop casting diluted NC solutions onto carbon coated 

300 mesh Cu TEM grids.  TEM images were taken on either an FEI Tecnai 20 (type 

Sphera) operated with a 200 kV LaB6 filament or an FEI Titan equipped with a 300 

kV field emission gun.  

C.2.  In-situ GISAXS patterns as a functions of hexane vapor concentration 

 



 

324 

Figure C.3. In-situ GISAXS scattering patterns with different hexane vapor 

concentration inside the in-situ chamber. As the hexane concentration is decreased 

(going from (a) to (d)) by increasing the He gas counter flow, the cNC film gets drier 

and the lattice constant decreases. The cNC superlattice structure shows larger degree 

of distortion in angle as the lattice constant gets smaller due to the bigger effect from 

the cubic shape of inorganic core. 

C.3.  High Resolution STEM Images 

 

Figure C.4. Additional HRSTEM images of the cNCs.  Rounded edges and corners 

due to the presence of (110) facets are revealed. 
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C.4.  Effect of Drying Rate on cNC Orientation 

 

Figure C.5. Effect of solvent drying speed on superlattice structure and orientation of 

cNCs. (a) GISAXS pattern from cNC thin film dried slowly in nearly solvent saturated 

environment (b) corresponding GIWAXS pattern shows both 'corner-up' <111>NC 

orientation and face-up <100>NC orientation. (c) top-down view image of slowly dried 

ex-situ cNC superlattice thin film shows highly ordered hexagonal packing that is 

consistent with rhombohedral (111) surface. (d) GISAXS pattern from cNC thin film 
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dried quickly in ambient environment (e) corresponding GIWAXS pattern shows 

dominant face-up <100>NC orientation. (f) SEM image of fast dried cNC film shows 

disordered surface. 

C.5.  Nearest-Neighbor Separation between {100}NC Facets in rh SL 

 

Figure C.6. Nearest neighbor separation (δ) between {100}NC facets in the rh 

superlattice based on geometric relationship between the superlattice constant (a) and 

the lattice angle (α). Volume fraction (φ) of nanocrystals in the superlattice  

C.6.  Orientational Ordering of cNC in the Hexagonal Monolayer 
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Figure C.7. Schematic illustration of the relationship between hexagonal translational 

order in the monolayer and <111>NC orientational ordering of cNC in the lattice sites.  

In-plane interactions are balanced (green arrows) for cNC oriented ‘corner-up’.  

<100>NC orientation on the other hand would encounter imbalanced in-plane 

interactions illustrated by blue and red arrows. 

 

BIBLIOGRAPHY 

[1] Lu, W., J. Fang, Y. Ding, and Z.L. Wang, J. Phys. Chem. B, 2005. 109(41): p. 
19219-19222. 
[2] Smilgies, D.-M. and D.R. Blasini, Journal of Applied Crystallography, 2007. 
40(4): p. 716-718. 
[3] Bian, K., J.J. Choi, A. Kaushik, P. Clancy, D.-M. Smilgies, and T. Hanrath, 
ACS Nano, 2011. 5(4): p. 2815-2823. 
 

 



 

328 

D.  Decoding the Superlattice and Interface Structure of Truncate PbS 

Nanocrystal-Assembled Supercrystal and Associated Interaction Forces 

D.1.  Synthesis of Truncated PbS Nanocrystals 

Truncate PbS NCs were synthesized following the method reported by Hines and 

Scholes.[1] In the synthesis, 0.45 g of lead oxide was dissolved in 20 mL of oleic acid 

to form lead oleate solution. The solution was heated to 150 °C and stirred for one 

hour under flowing nitrogen for degassing. Then, the solution was heated up to the 

injection temperature of 180 °C. In a glove box, 252 μL of bis(trimethylsilyl)sulfide 

(TMS) was dissolved in 12 mL of 1-octadecene (ODE) and stirred thoroughly. A 10 

mL portion of the TMS solution was rapidly injected into the vigorously stirred and 

hot lead oleate solution. After injection and consequent indication of PbS NC 

formation, the solution turned to be brown immediately. The crude product was 

collected after 1 min of reaction, and then washed and size-selected by sequential 

precipitation with ethanol and re-dispersed in hexane. After the solvent was removed 

by blowing nitrogen, the dried NCs were stored inside a nitrogen glove box (oxygen 
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<1 ppm) for additional physical processing. In addition, Pb(OA)2 solids were freshly 

extracted during the NC synthesis before injecting sulfur precursor. 

D.2.  Assembly of Truncate PbS NCs 

The truncate PbS NC-assembled supercrystals were grown from 0.1M PbS 

suspensions of hexane. The vials were sealed properly to maintain a slow evaporation 

rate without interruption for NC assembly. This NC assembly process took about 10 

days. The powder samples of supercrystals were made by drop-casting 0.1M PbS NC 

suspensions of hexane on Kapton tape in air. 

D.3.  Small/Wide-Angle X-ray Scattering Measurements 

Both the SAXS and WAXS images of PbS NC-assembled supercrystal were collected 

at the B1 station, Cornell High Energy Synchrotron Source (CHESS). The incident 

white X-rays were converted to the monochromatic beam with a fixed energy of 

25.514 keV, equivalent to x-ray wavelength of 0.485946 angstrom. The 

monochromatic x-rays were collimated using a double pinhole-aligned circular tube 

into small x-ray beam with a diameter of 100 microns. X-ray scattering signals from 

the samples were collected using a large area Mar345 detector. The sample-to-detector 
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distance was optimized, allowing acceptable resolutions of both the SAXS and WAXS 

collected from the samples for structural analysis. The sample-to-detector distance and 

other detector sitting parameters were calibrated using the two powder standards of Ag 

behanate and CeO2 for SAXS and WAXS, respectively. The raw two dimensional (2D) 

images were either reduced into one dimensional pattern using the Fit2D package [2] 

or directly used for structural characterization and analyses. The powder samples were 

kept on Kapton tape and thus loaded directly on a holding stage for collection of 

SAXS and WAXS image. The experimental procedure is the same as described 

previously. 

D.4.  Electron Microscopy Characterizations 

The as-synthesized PbS NCs were prepared by drop-casting the dilute NC hexane 

suspensions onto carbon coated 200 mesh copper TEM grids for transmission electron 

microscopy (TEM) characterization. TEM images were taken using an FEI Tecnai 

T12 operated at 120kV. NC diameters were measured by statistics of at least 200 NCs 

observed in TEM images. The assembled supercrystals of PbS NCs were carefully 

transferred onto a Si wafer for scanning electron microscopy (SEM) imaging. SEM 
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images with different magnifications were taken using a LEO 1550 FESEM operated 

at 5-10 kV. 

D.5.  High Pressure Measurements of Supercrystals, oleic acid and Pb(OA)2 

Three samples including NC supercrystal, oleic acid (OA) and Pb(OA)2 were loaded 

into a diamond anvil cell (DAC) for the separate high pressure runs of in-situ SAXS 

measurements. Stainless gaskets were pre-indented in thickness from 250 µm down to 

~100 µm. A 200 µm circular hole was drilled and served as the sample chamber. The 

samples were loaded into the gasket hole together with several small ruby chips on the 

top for monitoring pressure. A laser-excited ruby fluorescence technique was used to 

check the pressure change. There is slight sample-loading difference in which only 

PbS supercrystal was added with silicone oil as a pressure medium. Incident x-rays 

were optimized at a fixed energy of 25.514 keV to illuminate the sample. The x-ray 

scattering signals from the samples were collected using a large area Mar345 detector. 

In order to avoid possible degradation, fresh Pb(OA)2 sample was used for high 

pressure SAXS measurements. The calibration procedure of sample-to-detector 

distance and the processes of raw images are the same as described previously.  

D.6.  Simulations of Single Supercrystal WAXS Patterns 
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Single supercrystal model for simulations was built and visualized using a VESTA3.1 

package.[3] Individual NC was created based on the galena (cubic rock salt) structure 

with space group Fm3m. The truncated shape was generated from a 8x8x8 cubic unit 

cell and the atoms in the corners were cut off along (111) plane to expose the {111} 

facets. The NCs were assembled with identical orientations into fcc superlattice using 

the reconstruction process described below. The other shape-related pseudo-

polymorphs of superlattice were reconstructed based on the first single supercrystal 

lattice by exchanging NCs at face-center sites. The lattice symmetry of each pseudo-

polymorph was accordingly verified by program PLATON [4]. 

Simulations of single supercrystal diffraction images were performed using the two 

commercial packages of “CrystalMaker” and “SingleCrystal”. Individual NC model 

was used to generate two-dimensional (2D) scattering images of single supercrystals 

with desired orientation. 

D.7.  Calculation of OA Packing Densities at NC Surface 

To estimate the packing density of OA at {111} and {100} surface facets, we first 

calculated the upper limit of OA packing density based on the crystalline structure of 

PbS. The lead oleate (Pb(OA)2) shows that one Pb atom is bound to two OA 
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molecules. At NC surfaces, one Pb atom is only able to be bound by one OA molecule. 

If each Pb atom is bound by one OA molecule, the packing density of OA was 

calculated as 6.55 OA/nm2 at {111} surface facets and 5.68 OA/nm2 at {100} surface 

facets, respectively. The details of the calculation procedure are step-by-step described 

below:  

1. The lattice constant of PbS crystal is a = 5.942 Å.  

2. The 2D unit cell at {111} and {100} surface facets contain 0.5 Pb atom in a 

triangle cell and 1 Pb atom in a square cell, respectively.  

3. The 2D lattice constants at {111} and {100} surface facets are calculated by: 

{ } = × √22 = 4.202Å 

{ } = × 12 = 2.971Å 

Accordingly, the unit sizes are given by: 

{ } = { } × √34 = 7.605Å  

{ } = { } = 17.564Å  

4. The OA densities on {111} and {100} surface facets, equivalent to their 

atomic densities of surface Pb at corresponding facets, are obtained: 
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{ } = { }{ } = 0.57.605Å = 6.55  

{ } = { }{ } = 117.564Å = 5.68	  

However, the OA packing density at NC surfaces cannot be larger than the packing 

density of 4.4 OA/nm2 calculated from the ideal crystalline OA and Pb(OA)2 phase. 

This means that some Pb atoms are barely exposed at NC surfaces. The OA packing 

density was calculated from the lamellar structures of both OAs in α phase and 

Pb(OA)2 phase. To allow for inter-penetration of OA molecules, the lower limit of the 

packing density should be 4.4/2=2.2 OA/nm2, which means that one molecule is 

removed from each pair of neighboring OAs. Considering preferred linkage of OA to 

Pb site, the fully overlapped OA molecules have a similar structure to the β phase of 

OAs. [5]  

The supercrystal lattice gives the inter-NC distance of 3.0 ~ 3.4 nm, implying that the 

OA molecules from two neighboring NCs are partially inter-penetrated, so the OA 

packing density at NC surfaces should be lower than that of the crystalline phase of 

OA and Pb(OA)2. In-situ high pressure SAXS studies reveal that the inter-NC distance 

of NC supercrystal reduces much faster than the lamellar distance of pure molecular 

crystalline phases upon compression. To allow such a quick compression of OAs and 
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intercalation, the neighboring distance between the OA should be around √2 times of 

the crystalline packing. The packing density could be estimated to be 4.4/√2=3.1 

OA/nm2. The above consideration and analyses allows one to estimate the packing 

density of OAs at NC surfaces in a reasonable range of 2.1 and 3.1 OA/nm2, which are 

in a fair agreement with the literatures. [6] 

Alternatively, we refer to the area density of Pb sites at {111} and {100} facets. As is 

calculated above, the Pb sites on {111} and {100} facets of NC surfaces are 6.55 and 

5.68 Pb/nm2, respectively. Based on the cell parameter of pure oleic acid solid in α 

form, the area packing density of OA molecules across one monolayer was estimated 

to be 4.4 OA/nm2. Pb(OA)2 solid displays a similar lamellar structure that has a 

slightly longer lamellar distance than that in the α form of OAs. This difference is 

caused by one additional Pb atom that is connected by two OA molecules to form into 

a longer chain. Thus, it is reasonable to assume that both OA and Pb(OA)2 have the 

same area OA packing density of 4.4 OA/nm2. Based on these two lamellar structures, 

we propose the two OA binding models at NC surfaces: 1) binding of one OA with 

only one Pb site; and 2) binding of one OA with two Pb sites. With the first model, 

half of Pb sites are barely exposed, leaving enough space for OA intercalation; but 
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with the second model, Pb sites are fully covered, but the free spacing between 

neighboring OAs are apparently the same as that in the first model. This gives the 

upper limit of 3.06 OA/nm2. Obviously, the upper limit represents the ideal case, so it 

is reasonable to slightly reduce the Pb binding sites in which a reduced ratio of 1/3 Pb 

sites are OA-bound, thus allow one to estimate the low limit of 2.04 OA/nm2. Please 

see the calculating details and results given in Table D.3. 

D.8.  Calculation for inter-NC Distance of NC Supercrystal 

In assembled supercrystal with a fcc lattice, the inter-NC distance can be calculated 

using the observed d-spacing of SL(111) from SAXS measurements. Using the 

powder sample given in Figure 1 of the text, the details of the calculation procedure 

are step-by-step described below:  

1. Based on the SAXS measurement, the d-spacing of SL(111) can be calculated 

as dSL(111) = 11.68 nm.  

2. The unit cell constant can be obtained: a = dSL(111) x 3  = 20.23 nm. 

3. The inter-NC distance (dNC-NC): dNC-NC  = a x 2 = 14.25 nm. 

4. Given of NC size dNC = 11.3 nm, the gap between two neighboring NCs: dgap = 

dNC-NC – dNC = 2.95 nm. 
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D.10.  Reconstruction of the SL and NC Orientation of Supercrystal 

The reconstruction processes are based on a series of SAXS and WAXS images 

collected from single supercrystals along several typical crystallographic projections. 

For SAXS, large grains of supercrystals make the reciprocal lattice small, but unlike 

atoms with exactly same size, NCs serve as building block and always display a small 

size distribution, according leading to the appearance of additional scattering peaks in 

SAXS. On the other hand, the regular crystalline structure must follow the Bragg’s 

diffraction laws strictly in wide angle region. This means that the WAXS peaks come 

only from the crystalline planes projected on the flat image detector plane. In addition, 

the scattering orientations correspond to the plane orientation in x-ray projected plane, 

which helps well determine the arrangements of NCs in specific SL planes from single 

crystal SAXS patterns. 

First, the SAXS images are used to determine the specific orientation of NC-

assembled superlattice that is parallel to the incident x-rays. Next, using the spotty 

features shown in the WAXS images collected from the same single supercrystal grain, 

we are able to determine how truncate NCs are arranged at crystallographic sites. 
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Meanwhile, simulations of single crystal diffraction images with different oriented 

NCs are used to distinguish whether the reconstructions are correct or not. 

D.12.  Superlattice Pseudo-polymorphs 

The superlattice pseudo-polymorphs are derived in terms of distinct orientations of 

truncated NCs between various crystallographic sites of fcc lattice. Through position 

exchanging of NCs at three equivalent face-center sites, six superlattice pseudo-

polymorphs are derived and shown in Figures D.8a, b. Taking into count the lattice 

transformation and the existence of equilibrant symmetries, the six superlattice 

polymorphs are accordingly degenerated into two independent pseudo-polymorphs, 

which are shown in Figure 6.4 and Figure D.8c, d. For better understanding, Figures 

D.8c, d provide their detailed degeneration relations, showing one polymorph Figure 

D.8c is degenerated from two original polymorphs and that the other one Figure D.8d 

from four original polymorphs. 
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Figure D.4. Integrated plots of SAXS (a) and WAXS (b) patterns collected from NC 

powder and various oriented NC-assembled supercrystals Note; the patterns of single 

crystal along SL[111], SL[100] and SL[110] projection and powder sample are 

indexed into the fcc structure, indicating that rocksalt-type cubic NCs assembles into a 

face-centred-cubic superlattice structure.  

 

Figure D.5. Azimuthal analysis of a series of PbS(200) peaks from SL(100) plane, 

including (a) WAXS pattern with mark of the integration area; (b) integration and 

fitting plot and (c) schematic of SL(200) plane, differently oriented nanocrystals 

marked by three colors corresponding to the diffraction peaks. 
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Figure D.6. Azimuthal analysis of the scattering peaks from SL(111) plane, including 

(a) WAXS pattern with mark of the integration area, (b) schematic of SL(111) plane 

and integration plots of series of (c) PbS (111) and (200) and (d) PbS (311) peaks. The 

peak at 0° marked by ‘*’ in (c) is not real diffraction but detector artifact. 

 

Figure D.7. Azimuthal analysis of the scattering peaks from SL(110) plane, including 

(a) WAXS pattern with the mark of the integration area, (b) schematic of SL(111) 
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polymorphs (b). The lattices marked in solid lines represent the non-degeneration final 

polymorphs, and the lattices marked in dashed lines represent the starting polymorphs. 

D.14.  Supporting Tables 

Table D.1. Summary of the PbS(200) peaks from SL[100] projected planes. Peak ratio 

is determined by the equation below.  

Peak1 Peak2 Peak3 Peak Ratio 

Peak Position -53.97o -8.45o 36.41o n/a 

Area 861.26 1273.05 920.13 1.43 

FWHM 11.74o 8.37o 12.43o n/a 

Height 68.92 142.94 69.54 2.06 

	 = 2( 1 + 3) 2⁄  

Table D.2. Interacting facets between neighboring NCs in four fcc-based superlattice 

pseudo-polymorphs. One unit cell includes 24 direct facet-to-facet contacts from 4 

shaped NCs. The first two columns show the facets in each polymorph; the last three 

columns show the facet-to-facet contacts between neighboring NCs. Last column 

show the contact number in both the trans- and the cis-geometry.  

Polymorph 

Number 
{100} facets {111} facets 

{100}||{100} 

Contacts 

{111}||{100} 

Contacts 

{111}||{111} 

Contacts 

(Trans- + Cis-) 

1 6 8 4 8 12(0+12) 

2 6 8 0 16 8 (4+4) 
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Table D.3. Details of the interaction surface facets between 

neighboring NCs in two fcc-based superlattice pseudo-

polymorphs, including the type of contacting NCs, the type 

and number of contacting facets and the geometry in {111}-to-

{111} contact. Four shaped NCs in one unit cell include one 1 

at corner and 3 at face-centered sites, marked as Corner and Cen1 to Cen3, on SL(100) 

plane. The two contracting facets are from the two neighboring NCs.  

 

Polymorphs Contact 
Particle Number Contact Facets Geometry 

1 

Cor-Cen1 4 {100}||{100} 
Cor-Cen2 4 {111}||{111} cis 
Cor-Cen3 4 {111}||{111} cis 

Cen1-Cen2 4 {111}||{100} 
Cen1-Cen3 4 {111}||{100} 
Cen2-Cen3 4 {111}||{111} cis 

2 

Cor-Cen1 4 {100}||{111} 
Cor-Cen2 4 {111}||{111} trans 
Cor-Cen3 4 {111}||{111} cis 

Cen1-Cen2 4 {100}||{111} 
Cen1-Cen3 4 {111}||{100} 
Cen2-Cen3 4 {100}||{111} 

Table D.4. Estimated packing density of OA molecules attached at NC surfaces. 

Surface facet 
of truncate NC 

 

Pb sites 
(atom/nm2)

 

OA density 
(using 1/2 Pb 

sites) (OA/nm2) 

OA density 
(using 1/3 Pb sites) 

(OA/nm2) 
PbS{100} 5.68 2.84 1.89 

PbS{111} 6.55 3.28 2.18 

Average 6.12 3.06 2.04 
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E.  Comparing the Structural Stability of PbS Nanocrystals Assembled in fcc 

and bcc Superlattice Allotropes 

E.1.  Synthesis of PbS NC 

The PbS NCs were prepared following the method reported by Hines and Scholes.[1] 

In a typical synthesis, 0.446 g of lead oxide was dissolved in 20 mL of oleic acid to 

form lead oleate solution. Then the solution was heated to 150 °C and stirred for one 

hour under flowing nitrogen for degassing. Then the solution was cooled down to the 

injection temperature of 130 °C. In a glovebox, 252 μL of bis(trimethylsilyl)sulfide 

(TMS) was dissolved in 12 mL of 1-octadecene (ODE) and stirred thoroughly. A 10 

mL portion of the TMS solution was rapidly injected into the vigorously stirred and 

hot lead oleate solution. PbS NCs formed immediately after injection, and they were 

collected after 1 min of reaction. The synthesized NCs were washed twice by 

sequential precipitation with ethanol and re-dispersed in hexane. Then the solvent was 

removed by blowing nitrogen and the dried NCs were stored inside a nitrogen glove 

box (oxygen <1 ppm). 
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E.2.  Aging of PbS NCs and Formation of NC Superlattices 

In the nitrogen glovebox, PbS NCs were dissolved in hexane to obtain 5 mg/mL NC 

suspension. This suspension was split evenly into two halves. One half was let stay 

statically in the nitrogen glove box for aging. The other half was taken out of the 

glovebox and exposed to air. Then the vial was capped and let sit statically under 

ambient conditions. After ~1 week, two NC films were deposited using these two 

suspensions. 

A silicon wafer was cut into approximately 10 x 10 mm substrates then cleaned by 

sequential sonication in acetone and isopropyl alcohol. The aforementioned two halves 

of PbS NC hexane suspension were dried by blowing nitrogen gas then re-dissolved in 

small amount of chloroform to form concentrated suspension. Thick NC films for high 

pressure experiments were prepared by drop casting of these concentrated PbS NC 

suspensions onto the cleaned silicon substrates. For each sample, ~50 mg of NC was 

deposited. The NC films were dried in a controlled vapor environment, where an 

inverse funnel together with a solvent reservoir was used to slow down the drying 

process. Details of the deposition method were discussed by another publication by 

our group.[2] 
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E.3.  TEM Characterization 

NC samples for transmission electron microscopy (TEM) were prepared by drop 

casting dilute NC hexane suspension onto carbon coated 200 mesh copper TEM grids. 

TEM images were taken on an FEI Tecnai T12 operated at 120kV. NCs shown in 

Figure 7.1a and b of the main text were prepared by re-dissolving some pieces of the 

corresponding drop-cast NC films. The NCs after compression shown by Figure 7.1c 

and d were prepared by re-dissolving the pressurized NCSL samples which were 

carefully removed from the hole in the steel gasket (will be described in the following 

section) after releasing the pressure. 

E.4.  In situ X-ray Scattering Measurements under Pressure 

High pressure experiments on PbS NCs were performed inside a diamond anvil cell 

(DAC) in which two well-aligned diamond anvils with a culet size of 0.5 mm are used. 

A pre-indented stainless-steel gasket with a 200 μm hole was used to hold the sample 

for pressurization. The NCSL samples were scraped off from the Si substrate and 

loaded in the gasket hole. (Figure E.1) Without the Si substrate, the sample pieces 

orientated randomly here in the DAC. And this is why we observed the powered-style 

scattering rings in the WAXS pattern of bcc sample instead of the spot-like scattering 
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peaks which indicate orientational ordering of NCs in the bcc superlattice as we stated 

in ref. 8 & 10 of main text. 

In-situ x-ray scattering measurements under pressure were performed at room 

temperature at B2 station, Cornell High Energy Synchrotron Source (CHESS). Double 

Ge crystals cut along (111) collimate the white beam into monochromatic beam. The 

monochromatic X-ray with a wavelength of 0.65303 Å and 0.48595 Å was used for 

WAXS and SAXS measurements, respectively. A single tube collimator reduces the x-

ray beam down to 100 μm. The x-ray scattering signals from the samples were 

collected using a large area MAR345 detector. Several parameters including the tilt 

and rotating angles of the detector and the sample-to-detector distance were calibrated 

by using both CeO2 and silver behenate standard. Such dual calibration involving 

cerium oxide and behenate standards allowed us to determine atomic and superlattice 

spacing with accuracy of ± 0.0001 nm and ± 0.01 nm, respectively. The SAXS and 

WAXS pattern were collected at the sample-to-detector distance of 1341 mm and 485 

mm, respectively. The images were integrated using the Fit2D software.[3] Upon 

release of pressure to ambient conditions, the recovered samples were carefully 

dissolved in chloroform, and thus transferred onto a copper grid for additional TEM 
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characterization. 

The sample pressure was measured using a standard pressure-dependent ruby 

fluorescence technique. Multiple ruby chips (bright dots shown in Figure 7.1a) were 

loaded together with the NC sample inside the sample hole of the DAC. In some cases, 

when the position of a single crystal ruby chip satisfied strict Bragg condition, 

scattering spots from ruby can be seen in a scattering pattern (marked by red circles in 

Figure 7.1b). When performing integration on scattering data in the software Fit2D, 

the ruby peaks were masked out for better result. 

 

Figure E.1. (a) Optical microscopy photo of the sample hole of DAC loaded with PbS 

NCSL in a typical experiment. Bright spots are ruby chips. (b) Trimmed typical 

WAXS pattern of PbS NCSL sample in this study with ruby peaks. 
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Usually in high-pressure experiments, pressure-transmitting media are used to create a 

homogeneous hydrostatic pressure. The experiments described in our paper 

deliberately avoided the use of pressure-transmitting media for the following reasons. 

First, the soft shell of oleic acid ligands bound to the NC surface effectively acts as a 

local pressure medium in the NC superlattice. Second, we have carried out the high 

pressure experiments under conditions in which a homogeneous hydrostatic pressure 

could be confirmed through careful calibration and experimental measurement of the 

pressure gradient. We loaded several ruby chips across the sample chamber of 

diameter 200µm, and confirmed that the pressure gradient across the samples before 

transition pressure is smaller than 0.3 GPa (100 µm from center to the edge). Since our 

beam size is 100µm and only covers half of the sample chamber, so the pressure 

gradient in our measurements was less than 0.2 GPa. This small pressure gradient 

certainly does not affect the reliability of observed difference of 1.5 GPa for the 

transition pressure between two types of superlattice. Third, the addition of a pressure-

transmitting medium such as neon would insert into the superlattice and separate the 

NCs from each other and perturb the superlattice ordering. In that case, the 

perturbations introduced by the pressure medium would obscure the fundamental 
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structure-property relationships of the NC superlattice we sought to study. Fourth, if 

neon had been employed as a pressure-transmitting medium, the small gas atoms 

would likely incorporate into the superlattice and distribute around the NCs. In that 

case, the observation actually represents possible effect of separated nanoparticles 

similar to the random NCs merged in gas or liquid environment, rather than the well-

ordered superlattice allotropes. Moreover, it is well known that neon can diffuse easily 

into the lattices of many atomic solids (e.g. zeolite, graphine oxide) under pressure , so 

diffusion of neon (if used as pressure medium) into superlattice would certainly have 

obscured the fundamental structure-property comparison of fcc and bcc allotropes we 

studied. If we want to look at the superlattice under ideal hydrostatic conditions, the 

only possibility is to use liquid media comprised of molecules larger than the surface 

ligands, e.g. silicone oil, to avoid severe diffusion into the superlattice and transmit 

only the external loading pressure to the superlattice. But in this case, large molecules 

would solidify at pressures below the transition pressure, so the effect is even worse 

than no pressure medium in which the surface ligand actually plays a role as a pressure 

medium. 
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During the high-pressure measurements, both pressure and pressure gradient of the 

sample were checked by calibration experiments involving several ruby chips across 

the sample chamber. Below transition pressure, the pressure difference from center to 

the edge of the sample chamber (200µm) was less than 0.3 GPa. Considering the X-

ray beam size of 100um, the pressure gradient built in the scattering section of the 

samples should be less than 0.2 GPa. 

E.5.  Scanning Electron Microscopy (SEM) Images 

 

Figure E.2. SEM images of PbS NC films of (a) fcc and (b) bcc superlattice (NCSL) 

symmetry for in-situ high-pressure X-ray scattering investigation. High-resolution 
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images of NC superlattice films (c) and side-view (d) of superlattice grains show the 

high degree of spatial ordering.  Notably, however SEM images generally do not 

provide sufficiently detailed structural information to allow differentiation between fcc 

and bcc superlattices. 

Low-res. SEM images (Figure E.2a, b) of NCs films deposited for high pressure 

experiments are presented here to provide micro-scaled picture of the texture of the 

films. They show us both films have comparable grain size and thickness. High-res. 

SEM images (Figure E.2c, d) show the high degree of spatial ordering. Notably, 

however SEM images generally do not provide sufficiently detailed structural 

information to allow differentiation between fcc and bcc superlattices. 

E.6.  Packing Density Calculation 

The packing densities of fcc and bcc PbS NCSLs were evaluated using the small-angle 

X-ray scattering (SAXS) data collected at room conditions. In this calculation, PbS 

NCs were approximated by considering that NP has a spherical morphology and has a 

diameter of 6.6 nm. Thus, the volume of each NP is ~151 nm3. The details are listed in 

the flowing table. The result shows that the bcc SL is more close-packed than the fcc. 

[111]fcc NCSL SAXS peak data is fitted to be at 2θ=0.479°  d[111]fcc= 7.8 nm 

[110]bcc NCSL SAXS peak was fitted to be at 2θ=0.381°  d[110]bcc= 7.3 nm 
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SL symmetry fcc bcc 

Lattice parameter afcc= √3d[111]fcc = 13.5 nm abcc= √2d[110]bcc = 10.3 nm 

Nearest neighbor distance d[220]fcc=afcc/√2 = 9.6 nm d222=√3afcc/2 = 8.9 nm 

Nearest NC separation 9.6-6.6 = 3.0 nm 8.9-6.6 = 2.3 nm 

Volume of unit cell 2460 nm3 1093 nm3 

Volume per NC 615 nm3 546 nm3 

NC core volume fraction 151/615 = 24.6% 151/546 = 27.7% 

E.7.  In-situ High-Pressure WAXS, Decompression Runs 

In-situ high-pressure WAXS data of decompression runs on the fcc and bcc NCSLs is 
presented in Figure E.3. 

 

Figure E.3. Decompression run of in-situ high-pressure WAXS patterns of PbS NCSL 

of (a) fcc and (b) bcc symmetries. Blue and red colors represent α and β phases 

respectively. In both cases PbS cores returned to low pressure α phase when pressure 

was completely released. 
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E.8.  Relation Between Surface Energy and Transition Pressure 

Below we outline our calculation of the contribution of surface energy to the observed 

difference in phase transition pressure. We first relate the lattice spacing determined 

from high-resolution X-ray scattering measurements to the surface energy of the NC 

and then determine the corresponding pressure difference using the Young-Laplace 

equation.  

a. NC model as cuboctahedron: We approximate the shape of the PbS NC as a 

cuboctahedreon with the side of the enclosing cube a = 6.6 nm (Figure E.4).  Based 

on geometric considerations we can define the following: 

 

Figure E.4. (a) model of a cuboctahedra particle with corresponding {111} and {200} 

facets and (b) crystallographic model of a cuboctahedra PbS NC. 

• distance between crystal center and a {100} facet: Lo,100 = a/2; 

• distance between crystal center and a {111} facet: Lo,111 = a√3/3; 
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• surface area of each {100} facet: So,100 = a2/2; 

• surface area of each {111} facet: So,111 = a2√3/8; 

• volume of each NC: Vo = a35/6; 

We also define the following dimensionless quantities:  

• lattice expansion: lhkl = Lhkl/Lo,hkl; Δlhkl = lhkl – 1;  

• volume expansion v = V/Vo. 

Where Lhkl is the distance between the crystal center and the corresponding expanded 

{hkl} facet. 

b. Lattice and volume expansion from X-ray scattering measurements:  Using data 

listed in Table 1 of main text, the lattice expansions relative to bulk value were 

calculated to be: 

fcc NC: Δl111,fcc = 2.047 x 10-3 Δl100,fcc = 4.051 x 10-3 

bcc NC: Δl111,bcc = 2.339 x 10-3 Δl100,bcc = 6.077 x 10-3 

Next we use these lattice expansions to calculate the volume of the NC compared to 

the volume of an idealized NC with atomic spacing corresponding to the bulk lattice 

constant.  
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fcc NCs: 

ΔVfcc ≅ ΔV111,fcc + ΔV100,fcc = 8Δl111,fccLo,111So,111 + 6Δl100,fccLo,100So,100  

= (Δl111,fcc+ 3/2 Δl100,fcc )a3 = 8.124 x 10-3 a3  

Δvfcc = ΔVfcc/Vo = 9.749 x 10-3 

bcc NCs: 

ΔVbcc ≅ ΔV111,bcc + ΔV100,bcc = 8Δl111,bccLo,111So,111 + 6Δl100,bccLo,100So,100 = 11.455 x 

10-3 a3  

Δvbcc = ΔVbcc/Vo = 13.746 x 10-3 

c. Surface Energy: We can relate the lattice expansion to the surface energy by 

calculating the work done during the fictional NC with bulk lattice constant to the 

actual NC.  

We calculate the work done during the expansion from:  

 

The pressure-volume relationship is given by the Vinet equation of state: 
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The bulk modulus, Bo, and pressure-derivative, Bo’, were taken as Bo = 51 GPa, Bo’ = 

4.0.[4] 

For the specific lattice expansions measured NCs used for fcc and bcc SL we then get:  

Wfcc = -0.0024Vo GPa = -5.7 x 10-28 GJ =-3.6 eV 

Wbcc = -0.0047Vo GPa = -11.3 x 10-28 GJ = - 7.2 eV 

If we assume that all of the work done is due to the creation of extra surface area, then: 

Wfcc = γfcc Sfcc – γoSo  

Wbcc = γbcc Sbcc – γoSo 

Where γ is the average surface energy of expanded NC; γo is the average surface 

energy of a fictional NC with bulk lattice parameters and bare surfaces.  We note that 

this approximation does not account for the change in surface energy due to chemical 

changes of the NC surface (e.g. oxidation or ligand binding).  If So and S are the 

surface areas before and after expansion respectively, then S ≅ (1+Δv)2/3So. 

d. Pressure difference. Finally, we can relate surface energy and pressure via the 
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Young-Laplace equation:  

 

Then we have: 

Wfcc -Wbcc = γfcc Sfcc – γbcc Sbcc  

3.8(Wfcc -Wbcc)/a = SfccΔPfcc – SbccΔPbcc = Sfcc(ΔPfcc – ΔPbcc Sbcc/Sfcc) 

Sbcc/Sfcc = [(1+Δvbcc)/ (1+Δvfcc)]2/3 = 1.0026 

Since ΔPfcc and ΔPbcc should have the same order of magnitude, we can approximate: 

ΔPfcc – ΔPbcc Sbcc/Sfcc ≅ ΔPfcc – ΔPbcc 

Then,  ΔPfcc – ΔPbcc ≅ 3.8(Wfcc -Wbcc)/a/ Sfcc = 3.8(Wfcc -Wbcc)/(3+√3)a3  

= 0.00154 GPa = 1.5 MPa 

We note that the pressure difference due to the difference in surface energy (ΔPfcc - 

ΔPbcc ~ 1.5 MPa) is approximately three orders of magnitude less than the difference 

in phase transition pressure observed in experiments.  We therefore conclude that 

ΔP = γ dS
dV
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surface energy considerations do not play a dominant role in the phase stability of NC 

in fcc and bcc superlattices. 

E.9.  In-situ High-Pressure SAXS Data and Compressibility of PbS NCSLs 

 

Figure E.5. in-situ high-pressure SAXS of (a) fcc and (b) bcc PbS NCSLs at 

representative pressures. 

Here we present the in-situ high-pressure SAXS of both fcc and bcc NCSL samples 

investigated in this work. Figure E.5 shows SAXS data at representative pressures. It 

shows that the SL symmetry in both fcc and bcc did not change upon pressurization. 

The pressure-dependent superlattice relative volume was calculated based on in-situ 

high-pressure SAXS of fcc and bcc PbS NCSLs up to 6 GPa and given in Figure 7.4 in 

main text. For each type of NCSL V0 is the initial volume of unit cell as calculated in 

section E.6. Then the unit cell volumes of data points under elevated pressures were 

calculated and normalized by V0. The normalized unit cell volumes were fitted to 



 

362 

Vinet equation of state: 

 

Where P is the pressure, B0 is the ambient pressure bulk modulus and B0’ is the 

pressure derivative of the bulk modulus: B0’= dB0/dP. 

E.10.  In-situ High-Pressure X-Ray Scattering of Disordered NC Assembly 

 

Figure E.6. in-situ high-pressure (a) SAXS and (b) WAXS data of a relatively 

disordered assembly of the same PbS NCs at selected data points 

Figure S6 shows in-situ high-pressure SAXS and WAXS of a relatively disordered 

assembly of the same PbS NCs at selected data points. It shows. In this experiment, 

we collected both SAXS and WAXS in one single frame. The WAXS data shows only 

the RS{111} peak due to a limited detector area. 
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The results indicate that the phase transition pressure of this disordered sample is 

between 6.0 GPa and 8.2 GPa.  We could not precisely estimate the phase transition 

pressure due to the lack of data points in between.  So we considered the mid-point, 

7.1 GPa to be the approximate phase transition pressure.  This value is closer to that 

we observed phase transition pressure in the fcc (7.0 GPs) than in the bcc (8.5 GPa) 

NCSL.  This result reinforced our conclusion that the enhanced structural stability of 

NC in the bcc compared to the fcc SL is a direct consequence of the orientational 

ordering in the former which is more optimized. 
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F.  The Strongest Particle: Size-Dependent Elastic Strength and Debye 

Temperature of Pbs Nanocrystals 

F.1.  Experimental Methods 

Synthesis of PbS Nanocrystals 

PbS nanocrystals (NCs) used in this study were prepared using the method reported by 

Hines and Scholes.[1] In a typical synthesis, 0.45 g of lead oxide powder was mixed 

with 20 mL of oleic acid. Then the solution was heated to 150 °C for one hour under 

nitrogen flow to form a lead oleate solution and degas. The solution was then cooled 

down or further heated up to injection temperature ranging from 90 to 200°C. The 

injection temperature determines the size of synthesized NCs. In a nitrogen glovebox, 

210 μL of bis(trimethylsilyl)sulfide was dissolved in 10 mL of 1-octadecene, stirred 

thoroughly and then injected rapidly into the vigorously stirred lead oleate solution. 

Immediate formation of PbS NCs was indicated by color change of the mixture from 

transparent to dark. NCs were collected after reaction for 1 min then washed twice by 

sequential precipitation with ethanol and redispersion in hexane. Finally the solvent 

was removed by nitrogen flow and dry NCs were stored inside a nitrogen glovebox 
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(oxygen <1 ppm).  

Transmission Electron Microscopy for NC Size Measurements 

Dilute hexane solution of PbS NC samples were dropped on carbon coated copper 

grids for transmission electron microscopy (TEM) imaging. TEM images were taken 

using a FEI Tecnai T-12 microscope operated at 120 kV.  The average diameter of 

NCs is determined by statistics on at least 200 NCs in multiple TEM images. Figure 

F.1 shows representative TEM images and corresponding diameter histograms of the 

six samples involved in this study. The sizes of the PbS NCs are determined to be 

3.0±0.3, 3.7±0.3, 6.7±0.6, 8.5±0.8, 11.3±0.9 and 16.1±1.9 nm in diameter D0. 

In-situ High-Pressure X-ray Scattering Measurements. 

High pressure was generated by a diamond anvil cell (DAC) consisting of two aligned 

diamond anvils (Figure 8.1). Saturated toluene suspension of PbS NCs was loaded into 

a 150-μm diameter hole in a pre-indented stainless-steel gasket and then encapsulated 

and pressurized by the diamond anvils up to 6 GPa. Toluene served as both solvent 

and pressure media to decouple inter-NC interactions and provide hydrostatic pressure. 

Multiple ruby chips were placed in the DAC with the sample to measure pressure 



 

366 

using standard ruby fluorescence method. The pressure gradient within the sample 

chamber never exceeded 0.2 GPa in all measurements. 

X-ray scattering measurements were performed at the B1 beamline at Cornell High 

Energy Synchrotron Source (CHESS). Monochromatic x-ray of wavelength of 0.4859 

Å was generated by two Ge (111) single crystals. Then the beam size was reduced to 

100 μm by a collimator. Wide-angle x-ray scattering (WAXS) patterns were collected 

by a large-area Mar345 image plate detector (Figure 8.1). The sample-to-detector 

distance was calibrated using a CeO2 standard to 847.8 mm. The scattering patterns 

were then integrated by Fit2D software[2] and analyzed.   

 

Figure F.1. TEM images of (a) 3.0, (b) 3.7, (c) 6.7, (d) 8.5, (e) 11.3 and (f) 16.1 nm 

PbS NCs. Insets shows corresponding histogram of NC diameter by counting at least 

200 NCs. 
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F.2.  WAXS Measurements 

 

Figure F.2.  WAXS patterns of PbS NCs samples under ambient conditions 

Figure F.2 shows the WAXS patterns of the six PbS NC samples under ambient 

pressure confirming rock salt crystal structure. The scattering peaks broaden as NC 

size decreases due to size-dependent Scherrer broadening effect. The peak positions 

were determined by fitting them to Gaussian peaks. Lattice parameters were calculated 

by eqn. F.1. Then the ambient lattice constant a0 as in Table 8.1 was obtained from dhkl 

by the software UnitCell.[3] The 95% confidence interval is ~ 0.001 Å in all case. 

   (F.1) 

F.3.  Calculation of Bulk Modulus 

Bulk modulus K of PbS NCs were calculated by fitting measure data to Vinet equation 

2 /hkl hkld qπ=
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of state (EOS):[4, 5]  

  (F.2) 

Where v is the normalized unit cell volume with respect to the ambient pressure value: 

v(P) = V (P)/V0 = [a (P)/a0]3; K is the bulk modulus under ambient pressure, and K = 

dK/dP|P=0 is the pressure derivative of the bulk modulus. In this study, K’ is fixed at 

4.0 for fair comparison between samples.[6, 7] The Vinet EOS fits of the measured 

data are presented in Figure S3. The slight deviation of the experimental data from the 

ideal shape of the EOS is likely to be a result of deviatoric stresses when pressure is 

high.[8] The variable bulk modulus indicates size-dependence of compressibility of 

PbS NCs as detailed in the main text.  

 

Figure F.3.  Compressibility of (a) 3.0, (b) 3.7, (c) 6.7, (d) 8.5, (e) 11.3 and (f) 16.1 

nm PbS NCs. Solid lines are Vinet EOS fits. 

( ){ }2/3 1/3 1/33 1 exp 1.5 ' 1 1P Kv v K v− ⎡ ⎤ ⎡ ⎤= − − −⎣ ⎦ ⎣ ⎦
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F.4.  Lattice Expansion Model 

We estimate the influence of atomic lattice expansion on elastic modulus in PbS NCs. 

The Young’s modulus Y is related to the distance between the nearest-neighboring 

atoms at equilibrium dnn by:[9, 10] 

  (F.3) 

where β is a force constant given by 

   (F.4) 

where u is the inter-atomic pair potential. When u is approximated as a Lennard-Jones 

potential with binding energy ε, i.e.: 

  (F.5) 

Then we have 
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The bulk modulus is then given by 

   (F.8) 

where ν is the Poisson ratio. In the rock salt lattice in PbS, dnn is proportional to lattice 

constant a0. Assuming size-independent binding energy and Poisson ratio, we can 

simplify eqn. F.8 to be 

  (F.9) 

The constant β’ can be obtained from the bulk value of lattice constant and bulk 

modules. For PbS, we found β’ = 1.10x104 GPa•Å3.  

Using eqn. F.9, we estimate the lattice expansion effect on bulk modulus in PbS based 

on measured lattice constants listed in Table 8.1 of main text. The calculated bulk 

moduli of PbS NCs of different sizes are plotted in Figure F.4 and compared with the 

experimental values. It shows that considering only the lattice expansion effect results 

in bulk modulus smaller than bulk value indicating weakened elastic strength in PbS 

NCs. This is the opposite of what was observed. On the other hand the lattice 

expansion model does predict the trend that for very small NCs i.e. K decreases as NC 

size. However, the shift calculated is much smaller than the measured by about an 
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order of magnitude. Consequently we can rule out a major contribution by lattice 

expansion. 

 

Figure F.4. Size-dependent bulk modulus caused by lattice expansion (LE) effect (red 

dots) comparing with measured (black squares) and bulk values (blue dashed line). 

F.5.  Modeling the Size-Dependent Stiffness in PbS NCs 

Details of the Basic Core-Shell Model 

The core-shell model is based on a core with a radius of R and a constant bulk 

modulus Kc., which we take to be the value of bulk PbS.[11] On the other hand, the 

shell contains surface atoms of a skin thickness b and has a size-dependent bulk 

modulus Ks (eqn. 8.1). Ks is an apparent stiffness which is expected to be larger than 

the intrinsic bulk modulus of the shell due to higher packing density at NC surface and 

pressure shielding effect by the soft ligands. Ks captures the elasticity of the surface 
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layer, this is expected to vary with the effective curvature of the dot. 

   (F.10)      

Where Ks,0 is the modulus of the surface layer of a flat slab of PbS. Note that Ks,o ≠ Kc 

since the surface atoms packed differently than in the bulk. ks and n are fitted 

parameters. According to the composite sphere model,[12, 13] the effective bulk 

modulus Keff which is measured experimentally can be calculated from Ks and Kc:[14] 

   (F.11) 

Where c is the volume fraction of the core, Gs is the shear modulus of the surface layer. 

    (F.12) 

   (F.13) 

Where ν = 0.25 is the Poisson ratio of PbS.  

Alternative Effective Stiffness Model 

In addition to the composite sphere model, another effective elastic stiffness adopted 
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from Miller et. al.[15] is used to calculate the effective modulus of NCs of different 

sizes. This is a general model describing the size-dependence of elastic properties: 

  (F.14) 

Where, the left hand side is deviation of an elastic property D from that of 

conventional continuum mechanics Dc. On the right hand side, α is a non-dimensional 

constant that depends on the geometry of the structural element, h is a characteristic 

length defining the size of the particle. The quantity S is a surface elastic property 

related to the structural element being considered and E is the corresponding elastic 

modulus of the bulk material. Note that E is a positive quantity, but that S can be 

positive or negative. 

In our case, D=Keff , Dc=Kbulk , h is the diameter of NC d, E=Kbulk, S=Ks which size 

dependent as given by eqn. 1 of main text. And this model now can be rewritten as: 

   (F.15) 

Fitting measured data to this model yields: Ks,bulk = 78 GPa ks = 169 GPa•nm2, n = 2.0 

and α = 1.0. Again, as in the composite sphere model, we see n = 2 indicating Ks 
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scales as the surface area of NC. So it can be written in the form of eqn. 8.5. And the 

constant α happens to be 1 representing the spherical shape of the NCs.  

 

Figure F.5. Results by the alternative effective stiffness model: (a) Size-dependent 

elastic modulus of PbS NCs. (b) Elastic modulus of the shell Ks.  
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G.  Optical Properties of PbS Nanocrystal Quantum Dots at Ambient and 

Elevated Pressure 

G.1.  Experimental Methods 

Synthesis of PbS NCs 

PbS NCs used in this study were prepared following the method reported by Hines and 

Scholes.[1] In a typical synthesis resulted in the large (6.7 nm) PbS NCs, 0.45 g of 

lead oxide (PbO) was dissolved in 20 mL of oleic acid (OA) and then heated up to 

150°C to form a lead oleate solution. Then the solution was held at 150°C for one hour 

under nitrogen flow to degas. The solution was then cooled down to the reaction 

temperature of 130°C. In a nitrogen glovebox, 210 μL of bis(trimethylsilyl)sulfide 

(TMS) was dissolved in 10 mL of 1-octadecene (ODE) and then injected rapidly into 

the hot lead oleate solution. The liquid turned dark immediately after injection, 

indicating the formation of PbS NCs. The raw product was collected after reaction for 

1 min and then washed twice by sequential precipitation with ethanol and redispersion 

in hexane. Finally the solvent was removed by nitrogen flow and the dry NCs were 

stored inside the nitrogen glovebox.   
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NC Size Measurements by Transmission Electron Microscopy 

PbS NCs were dispersed in hexane and drop-cast on carbon coated copper grids for 

transmission electron microscopy (TEM) imaging using a FEI Tecnai T-12 

microscope.  The diameters of NCs are measured by statistics on at least 200 NCs in 

TEM images. Figure G.1 shows representative TEM images and the corresponding 

diameter histograms of the three samples used in this work. 

In-situ High-Pressure Absorbance and X-ray Scattering Measurements 

High pressure was achieved by a diamond anvil cell (DAC) consisting of two aligned 

diamond anvils. A very small amount of saturated toluene suspension of PbS NC was 

loaded into a 150-μm diameter hole drilled on a pre-indented stainless-steel gasket and 

then encapsulated and pressurized by the diamond anvils. Multiple ruby chips were 

placed in the gasket in the DAC with the sample to measure pressure using a well-

known standard pressure dependent ruby fluorescence method. The pressure gradient 

within the sample chamber never exceeded 0.2 GPa in all measurements that involved 

in quantitative analysis. 
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Optical absorbance measurements were performed using a Varian Cary 5000 UV-Vis-

NIR spectrometer. A typical optical spectrum of PbS NCs is shown in Figure 9.1b.  

The fine oscillation is due to light interference by the diamond culets. High-pressure 

x-ray scattering measurements were performed at the B1 beamline at Cornell High 

Energy Synchrotron Source (CHESS). A monochromatic X-ray of wavelength of 

0.4859 Å was generated by two Ge (111) single crystals. Then the beam size was 

reduced to 100 μm by a collimator. Both SAXS and WAXS patterns from the samples 

were simultaneously collected by a large-area Mar345 image plate detector (Figure 

9.1c). The sample-to-detector distance was calibrated using a CeO2 standard to 779.2 

mm. The scattering patterns were then integrated by Fit2D software[2] and analyzed. 

G.2.  Transmission Electron Microscopy Analysis of PbS NCs 

 

Figure G.1. TEM images of (a) small, (b) medium and (c) large PbS NCs. Insets 

shows histogram of NC diameter by counting at least 200 NCs. 
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Representative TEM images and corresponding diameter histograms of the three 

samples used in this study are shown in Figure G.1. The sizes of small, medium and 

large PbS NCs are determined to be 3.0 ± 0.3, 3.7 ± 0.3 and 6.7 ± 0.6 nm in diameter. 

G.3.  Pressure-Coefficient of the Excitonic Peak in the Rock-Salt Phase 

 
Figure G.2. Fitted excitonic peak positions of absorption spectra shown in Figure 9.2 

of the main text. Linear fits are indicated by red lines and the values of  are 

shown in the figure. 

In the pressure range spanning from ambient to ~5 GPa, the pressure coefficients, 
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∂P

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
T , were determined from linear fits to be -40.6, -50.1 and -61.0 meV/GPa, for 

small, medium and large NCs, respectively (Figure G.2.). 

G.4.  in-situ High-Pressure Small-Angle X-ray Scattering 

Figure S3 shows in-situ high-pressure SAXS spectra of small, medium and large PbS 

NCs.  The position of the first, and also the strongest, peak was determined by fitting 

for each spectrum and then used to calculate center-to-center distance dNN between 
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nearest neighbor NCs under elevated pressures as shown in Figure 4a in the main text. 

 

Figure G.3.  in-situ high-pressure SAXS spectra of (a) small, (b) medium and (c) 

large PbS NCs. 

 

Figure G.4. Center-to-center distance dNN between nearest neighbor NCs measured by 

SAXSin-situ high-pressure SAXS of small, medium and large PbS NCs. 

G.5.  Comparing the Basic Model to Experimental Data 

The basic model discussed in the main text approximates the pressure coefficient of 
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the NC exciton energy based on the bulk PbS parameters for pressure coefficient, bulk 

modulus and effective mass. Figure G.5 shows that the basic model significantly 

overestimates the size-dependence of the pressure coefficient. The detailed model 

accounting for the size-dependent bulk modulus is detailed below.  

 

Figure G.5. Experimental and theoretical values of size-dependent pressure variation 

of the energy gap of PbS NCs. The blue dashed line shows the basic model (eqn. 9.2) 

with literature values for pressure coefficient and bulk modulus. The red line 

represents detailed model (eqn. G.15).  The points calculated by the detailed model 

were fitted to a spline for visual aid. 

G.6.  Bulk Moduli of PbS NCs from WAXS Results 

To calculate bulk moduli of the PbS NCs, the four peaks ({111}, {200}, {220} and 

{311} of rock salt lattice) in each WAXS spectrum were fitted. The peak positions 

were then used to obtain the lattice constant by the software UnitCell.[3] Then the 
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volume of a unit cell is calculated and normalized with respect to the ambient pressure 

value: v(P) = V (P)/V0 = [a (P)/a0]3. v(P) was then fitted to the Vinet equation of state 

(eqn. G.1)[4, 5] to determine bulk modulus B0: 

( ){ }2/3 1/3 ' 1/3
0 03 1 exp 1.5 1 1P B v v B v− ⎡ ⎤ ⎡ ⎤= − − −⎣ ⎦ ⎣ ⎦   (G.1) 

Where B0 = B|P=0 is the bulk modulus under ambient pressure, and B’0 = dB/dP|P=0 is 

the pressure derivative of the bulk modulus. In this study, B’0 is fixed at 4.0 for fair 

comparison between samples.[6, 7] The variable bulk modulus indicates size-

dependence of mechanical properties of PbS NCs which contribute to the size-

dependence of the pressure coefficient dEg/dP, as detailed in the main text. 

G.7.  Modeling Pressure Coefficient of Band Gap 

The energy gap of semiconductor NCs can be approximated by the model introduced 

by Brus:[8]  

    (G.2) 

Where Eg,NC is the intrinsic energy gap of the bulk semiconductor. The second term 

Econ presents the quantum confinement energy as a function of NC radius R and 

reduced effective mass of electron-hole pair, µ of the semiconductor. For PbS μ = 

Eg
NQD = Eg +

2π 2

2μR2 − 1.8e2

ε2R
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0.0387m0 is the reduced mass, where m0 is free electron mass.[9] The third term Eex 

presents the Coulomb attraction between the electron and the hole, ε2=4πεPbSε0 is the 

dielectric constant of PbS NC. εPbS=17.9 is the relative permittivity of PbS.  

The pressure coefficient dEg,NC/dP takes the form 

,g NQD g con ex

T TT T

E E E E
P P P P

∂ ∂⎛ ⎞ ⎛ ⎞ ∂ ∂⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠    (G.3) 

Figure G.2 shows that Eg,QD is linear to pressure within the pressure range of this work.  

Consequently dEg,NC/dP is treated as constant and only the ambient pressure values 

need to be calculated, i.e. 

, ,

0 000

g NQD g NQD g con ex

P PT PP

E E E E E
P P P P P= ===

∂ ∂ ∂⎛ ⎞ ∂ ∂= = + +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠      (G.4) 

Basic Model 

In the basic model, we take the first term in eqn. G.4 to be pressure coefficient of the 

bulk energy gap, i.e.: -91.0 meV/GPa.[10]. The quantum confinement and Coulombic 

term of eqn. G.4 reflect how pressure impacts the wave-function envelope and involve 

the change in NC radius as in,  
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dR/dP can be related to the bulk modulus, B0: 

3 3
0 0

2 2
0 0

1 1
3 3
R RR V

P R V P R B
∂ ∂= = −
∂ ∂

   (G.6) 

R0 and V0 are the radius and volume of NC under ambient pressure respectively.  

When P→0, R = R0, then 

0

0 03P

RR
P B=

∂ = −
∂    (G.7) 

Substituting eqn. G.7 into G.5 yields 

2 2

2
0 0 0

1
3

con

P

E
P B R

π
μ=

∂ =
∂   (G.8) 

Similarly, the third term of the RHS of eqn. G.4 can be written as: 

0

2 2
0

2
0 2 0 0 2 0 00

1.8 1.8 1
3 3

ex ex

p R R p

E E RR e e
P R P R B B Rε ε= = =

∂ ∂ ∂= = − = − −
∂ ∂ ∂

      (G.9) 

Now we have the overall expression for dEg,NC/dP by the basic model. 
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             (G.10) 

B0 of bulk PbS was used in eqn. G.10 (also eqn. 9.2). As shown in the blue dashed 

curve in Figure S5, the basic model overestimates the size-dependence of the pressure 

coefficient and does not provide a good fit to the experimentally observed trends.  

Detailed Model 

The detailed model accounts for the fact that the bulk modulus of PbS NC differs from 

its bulk counterpart; this effect has important implications on the first term in eqn. G.3 

and G.10 and is the main cause for the error of the basic model to account for the 

experimentally observed pressure dependence.  Since the dependence of energy with 

lattice constant, a, is the same in a NC as it is in the bulk, we can write:  
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We can now express the impact of the size-dependent bulk modulus on the pressure 

coefficient in the form of the ratio:  
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dEg,bulk/dP = -91.0 meV/GPa is known from literature[10]. Similar to the derivation of 

eqn. G.7, da/dP can be derived from the definition of bulk modulus B0: 

0

0 03P

aa
P B=

∂ = −
∂    (G.13) 

Then eqn. G.12 is written as: 

, 0,0,

0, 0,0 0

g g bulk NQDbulk

NQD bulkP P

E E aB
P P B a= =

∂ ∂
=

∂ ∂            (G.14) 

Where a0,bulk = 5.929 Å and B0,bulk = 52.9 GPa.[10] a0,NC and B0,NC were measured by 

WAXS.   

The second and third terms of eqn. G.4 are the same as in the basic model except for 

substituting B0 with B0,NC. Then we have the overall expression for dEg,NC/dP by the 

detailed model: 

2 2 2
, , 0,0,

2
0, 0, 0, 0 2 0, 00 0

1 1.8 1
3 3

g NQD g bulk NQDbulk

NQD bulk NQD NQDP P
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∂ ∂
= + −

∂ ∂         (G.15) 

Combining the quantities listed in Figure 9.4, eqn. G.15 was used to calculate 

∂Eg

∂P

⎛

⎝
⎜

⎞

⎠
⎟
T

 of the three different PbS NC sizes. Values of the three terms are given in 

Table 9.1. The calculated points were then fitted to spline for visual aid as presented 
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by the red curve in Figure G.5. 

Model with pressure-dependent effective mass 

In this part, we discuss the possible pressure dependence of effective mass and its 

influence on the pressure coefficient of energy gap. Assuming the reduced effective 

mass are also pressure-dependent and takes the form:[11] 

1( ) ( 0)(1 )
( 0)

b
gP

g T

E
P P F P

E P Pμμ μ
⎛ ⎞∂

= = + ⎜ ⎟⎜ ⎟= ∂⎝ ⎠
i    (G.16) 

Where, Eg = 418 meV (293K) [12] is the energy gap of bulk PbS, F is a dimensionless 

factor (fitted to be 0.35 for PbSe [11]). Then the confinement term now becomes: 

2 2

2
0 0 0

1 1( )
( 0) 3 2 ( 0)

bP
gcon

P g T

EFdE
dP P B E P P R

μπ
μ=

⎛ ⎞∂
= − ⎜ ⎟⎜ ⎟= = ∂⎝ ⎠

  (G.17) 

Then the basic model was modified with the pressure dependent effective masses.  

Results by different F values are given in the following figures. Multiple values of F 

were plugged into the modified basic model and the results are given by Figure G.6. 
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Figure G.6. The size-dependent pressure variation of energy gap of PbS NCs 

calculated by the modified basic model with pressure-dependent effective masses 

comparing with experimental values 

Figure G.6 indicates that allowing for the effective mass as a pressure-dependent 

parameter does not significantly improve the fit to our experimental data on PbS NC. 
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H.  The Nanocrystal Superlattice Anvil Cell: A Method to Study Molecular 

Bundles under Uniaxial Compression 

H.1.  Experimental Methods 

Synthesis of Colloidal PbS Nanocrystals 

PbS nanocrystals used in this study were prepared using the method reported by Hines 

and Scholes [1]. In a typical synthesis, 0.45 g of lead oxide was dissolved in 20 mL of 

oleic acid (OA) to form lead oleate solution. Then the solution was heated to 150 °C 

for one hour under nitrogen flow to form a lead oleate solution.  The solution was 

then cooled down to 130 °C. In a nitrogen glovebox, 210 μL of bis(trimethylsilyl)-

sulfide (TMS) was dissolved in 10 mL of 1-octadecene (ODE) and stirred thoroughly 

and then injected rapidly into the vigorously stirred, hot lead oleate solution. The 

mixture turned dark immediately after injection indicating the formation of PbS NCs.  

NCs were collected after reaction for 1 min then washed twice by sequential 

precipitation with ethanol and redispersion in hexane. Finally the solvent was removed 

by nitrogen flow and dry NCs were stored inside the nitrogen glovebox (oxygen <1 

ppm).  
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NC Size Measurements by Transmission Electron Microscopy.  

PbS NCs were dispersed in hexane and drop-cast on carbon coated copper grids for 

transmission electron microscopy (TEM) imaging using a FEI Tecnai T-12 

microscope operated at 120 kV. The average diameter of NCs is determined by 

statistics on 300 NCs in multiple TEM images. Figure H.1 show a representative TEM 

image and the corresponding diameter histogram of the PbS NCs. The size of the PbS 

NCs is determined to be d0 = 6.3 ± 0.5 nm in diameter.   

 

Figure H.1. TEM image of the PbS NCs. Insets shows histogram of NC diameter by 
counting 300 NCs. 

NC Superlattice Formation and Ligand Exchange 

PbS NC thin films were prepared under room conditions by drop casting PbS NC 

suspension (~ 20 mg/mL) on diced and cleaned silicon wafers of ~10x10 mm. For 
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each sample, approximately 5 mg of NC was deposited. 

The samples studied in high-pressure measurements were prepared by soaking NC 

thin films in 0.1 M acetonitrile (ACN) solutions of ethanedithiol (EDT), butanedithiol 

(BDT) or hexanedithiol (HDT) for ligand exchange. During the process, the original 

oleic acid ligands on PbS NC surface were replace by alkanedithiol linkers that form 

bundles connecting neighboring NCs. To ensure complete ligand exchange, the 

samples were exposed to the ligand exchange solution for four days and afterward 

rinsed by ACN twice and then soaked in ACN for one extra day to remove possible 

residual non-chemisorbed ligands followed by drying in air. These three samples are 

denoted as EDT, BDT and HDT. One NC film with native oleic acid ligands was left 

untreated as a control sample and denoted as OA. 

in-situ High-Pressure X-ray Scattering measurements.  

High pressure was achieved by a diamond anvil cell (DAC) consisting of two aligned 

diamond anvils. A small piece of alkanedithiol-exchanged PbS NC film was loaded 

into a 150-μm diameter hole drilled on a pre-indented stainless-steel gasket and then 

encapsulated and pressurized by the diamond anvils (Figure 10.1a). Multiple ruby 

chips were placed in the gasket in the DAC with the sample to measure pressure using 
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a well-known standard pressure dependent ruby fluorescence method. The pressure 

gradient within the sample chamber never exceeded 0.2 GPa in all measurements in 

this work. 

High-pressure X-ray scattering measurements were performed at the B1 beamline at 

Cornell High Energy Synchrotron Source (CHESS). A monochromatic X-ray of 

wavelength of 0.4859 Å was generated by two Ge (111) single crystals. Then the 

beam size was reduced to 100 μm by a collimator. Both SAXS and WAXS patterns 

from the samples were simultaneously collected by a large-area Mar345 image plate 

detector. The sample-to-detector distance was calibrated using a CeO2 standard to 

784.8 mm. The scattering patterns were then integrated by Fit2D software[2] and 

analyzed. 

H.2.  Compare Interparticle Separation with Free Linker Chain Length 

We fitted the first and strongest peak in the SAXS pattern (Figure 10.2) taken at 

ambient pressure to a Lorentzian peak to determine the center of the peak qSAXS. The 

average e separation between nearest neighboring NC surfaces, δnn in the superlattice 

can be calculated by subtracting the NC diameter from the center-to-center spacing [3]: 
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0
3 2
2nn

SAXS
d

q
πδ = −  (H.1) 

Where d0 = 63Å is the mean diameter of the PbS NC cores. The calculated δnn in each 

sample are listed in Table H.1 and plotted in Figure H.2 to compare with the 

theoretical length of a free alkanedithiol linker molecule l0 as defined by Figure 1d and 

calculated by the software Avogadro with universal force field.[4] This comparison 

indicates that upon ligand exchange, δnn is in reasonably good agreement with l0 and 

confirms successful ligand exchanges in the three samples 

 

Figure H.2. Comparing measured nearest neighboring NCs separation δnn with 

theoretical free alkanedithiol linker molecule chain length l0. 

Table H.1. Calculated nearest neighboring NCs separation (δNN) comparing with 

length of free linker molecule chain (l0) 

Sample δnn (Å) l0 (Å) 
EDT 6.1 6.1 
BDT 8.4 8.6 
HDT 11.0 11.2 
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H.3.  In-situ High-Pressure SAXS Measurements 

 

Figure H.3. SAXS patterns of the EDT sample under elevated pressures 

Figure H.3 shows in-situ high-pressure SAXS data of the EDT sample as a 

representative.  The shift of the SAXS peaks indicates the shrinkage of the NCSL.  

The center position of the first order, also the strongest, peak qSAXS was found by 

fitting to a Lorentzian distribution after subtraction of background.  The normalized 

unit cell volume of the NCSL vSL(p) was then calculated by eqn. H.2 and fitted to 

Vinet equation of state (eqn. 10.1) to obtain the bulk moduli of the NCSLs (Figure 

10.3a). 

3
( ) ( 0)( )

( 0) ( )
SL SAXS

SL
SL SAXS

V p q pv p
V p q p

⎡ ⎤== = ⎢ ⎥= ⎣ ⎦
       (H.2) 

Where VSL(p) is the volume of a NCSL unit cell. 
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H.4.  In-situ High-Pressure WAXS Measurements 

 

Figure G.4. WAXS spectra of the EDT sample under elevated pressures. The peaks 

are labeled by their Miller indices 

Figure G.4 shows in-situ high-pressure WAXS data of the EDT sample as an example.  

The shift of the WAXS peaks indicates the compression of PbS NC cores. To calculate 

bulk moduli of the PbS NC cores, the first four WAXS peaks ({111}, {200}, {220} 

and {311} of rock salt lattice) in each WAXS spectrum were determined. The peak 

positions were used to obtain the lattice parameter aNC(p) by the software UnitCell 

based on a minimum square error method.[5] Then the normalized unit cell volume of 

the PbS atomic lattice vNC(p), which is equivalent to the normalized total volume of a 

NC core, was calculated from aNC(p) by eqn. H.3 and fitted to Vinet equation of state 

(eqn. H.1) to obtain the bulk moduli of the NCSLs (Figure 10.3b). 
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       (H.3) 

Where VNC(p) is the volume of a unit cell of PbS atomic lattice in the NC cores. 

H.5.  Comparing Initial PbS Lattice Expansions 

Table H.2. Comparing PbS atomic lattice expansions in alkanedithiol-treated samples 

with control sample and bulk values 

Sample d111 (Å) d200 (Å) aNC (Å) Expansion (‰) 
Bulk 3.420 2.962 5.924 0 
OA 3.434 2.980 5.936 2.0 

EDT 3.443 2.982 5.951 4.6 
BDT 3.428 2.987 5.942 3.0 

HDT 3.423 2.989 5.945 3.5 

Table H.2 compares the atomic {111} and {200} spacings and lattice parameter aNC of 

the three alkanedithiol treated samples (OA) with those of an untreated sample as well 

as bulk values. The expansion rates with respect to bulk are also provided. The results 

shows that comparing with bulk values, the PbS atomic lattice displays clear lattice 

expansion which agrees with our previous work.[6] The expansion rate in different NC 

samples varies due to different surface chemistry. And the initial lattice expansion in 

the EDT sample is considerably larger than in the others. This extra lattice expansion 

might cause the difference in bulk moduli of the three samples (Table 10.1 and Figure 
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10.2b).  Investigations on the lattice expansion and its relationship to the hardness of 

NCs are still in progress and will be reported in a future paper. 

H.6.  Calculation of Elastic Module by DFT Simulations 

To determine the elastic module K of the alkanedithiol linker molecules involved in 

this study, DFT simulations have been performed on compression of individual 

alkanedithiol molecules. The alkanedithiol (xDT) molecules were modeled as Pb-

xDT-Pb molecules in a periodic cell of 25Å x 25 Å x 25 Å containing the xDT 

molecules with 10, 16 and 22 atoms, respectively, as shown in Figure H.5. 

Compression was modeled by reducing the distance between the terminal lead atoms, 

followed by relaxation of the atomic positions of the remaining atoms. Force exerted 

by the compressed molecule is the product of pressure on the plane perpendicular to 

the molecular axis and the area of that plane. The ''spring constant'' for each xDT 

molecules is calculated from the slope of force-length curves, where length is length 

of the Pb-xDT-Pb chain. Figure H.6 shows the DFT results which were then used to 

predict the elastic module 
0

lim
l

fK εΔ →
= −  by taking the slope of the force-strain curve 

at F = 0. The calculated values of K are listed in Table 10.1.  
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Figure H.5. DFT structure of Pb-xDT-Pb chains used for computing the elastic 

module K for a) EDT, b) BDT and c) HDT.  

 

Figure H.6. Results of DFT simulations on compression of single molecule chain of 

(a) EDT, (b) BDT and (c) HDT. The blue curves are spline fits of the data. The red 

dashed lines indicates the slope at f = 0. 

The DFT calculations were performed using the Vienna Ab-initio Simulation Package 

(VASP) [7-9] using the projector augmented wave (PAW) method [10, 11] and the 

Perdew-Burke-Ernzerhof (PBE) [12, 13] exchange correlation functional. The cut-off 

energy for the plane-wave basis set was set to 400 eV. The relaxations of the atoms 

were carried out with the conjugate-gradient algorithm scheme, until the maximum 
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force on any atom was below 0.05 eV/Å. The Brillouin zone integrals were performed 

using a uniform k-point mesh with a density of at least 20 per Å–1 and a Gaussian 

smearing of 0.2 eV. 

H.7.  Modeling the Compression of NCSL 

To correlate the measured bulk moduli B0 of both NCSL and PbS cores to the hardness 

of the linker molecules by DFT simulations, we modeled the system under an 

infinitesimally small pressure (p 0+) starting from the center-to-center distance 

between nearest-neighbor NCs in a SL dnn. 

( ) ( ) ( )nnd p d p l p= +   (G.4) 

The pressure p can be related to f and σ by 

F Fp f
A m

σ
σ

= = =   (G.5) 

Where F is the total force applied on a linker bundle connecting the neighboring NCs 

(Figure 10.1c), A is the surface area on a NC taken by each bundle, m is the number of 

alkanedithiol molecules in a bundle, σ is NC surface linker density. By taking 

derivative of eqn. G.4, we have 

0 0 0

nn

p p p

dd dd dl
dp dp dp= = =

= +   (G.6) 
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The superlattice term on the LHS of eqn. G.6 can be related to the bulk modulus of the 

NCSL B0,SL by 

3

,00, ,00 00

1 3( )SL nnnn

nnSL nnp pp

dv dddd dp
dB dp d dp= ==

= − = − = −       (G.7) 

Then it becomes 
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0, 0,0 3 3
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Similarly, the NC core term in eqn. G.6 can be rewritten as  

0

0,0 3 NCp

ddd
dp B=

= −   (G.9) 

For the linker term, using eqn. G.5 we have 

0 0 0

0
0 0
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p p

l d l ldl
dp df f K

ε ε
σ σ σΔ →

= =

Δ= = = −      (G.10) 

Now we have the following overall expression of the NCSL compression by plugging 

eqn. G.8-10 into G.6. 

0 0 0 0

0, 0,

3

SL NC

d l d l
B B Kσ

+ = +    (G.11) 

Eqn. G.11 clearly show that the compression of both NC cores and interstitial linkers 

contribute to the shrinkage of the NCSL. And it was then used to calculate the surface 

linker density σ that listed in Table 10.1 in the main text. 
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H.8.  Deriving the f-l Curve of Alkyl Chains in a Bundle 

To obtain the force-length, i.e. f(l) relationship of an alkyl chain in a bundle from 

experimental data we first convert measured pressure p into the force f using eqn. G.5.  

Then l is calculated by  

3 3
,0 0( ) ( ) ( )nn SL NCl p d v p d v p= −           (G.12) 

vSL and vNC are adopted from SAXS and WAXS data respectively. Both measured data 

points and the corresponding Vinet EOS fits were processed in this way. And the 

results are shown in Figure 10.4. 

H.9.  DFT Simulations of Compression of Linker Bundles 

The experimental compression of the linker bundles was mimicked in the simulation 

by attaching xDT molecules between two reconstructed PbS (111) surfaces (see Figure 

G.7). The xDT linker bundles in NCSL were modeled as periodic models of single 

xDT ligand molecules attached along their axis perpendicular to 2x2 PbS (111) 

surface, yielding a ligand density of 1.6 nm–2. A slab model was used to model the 

PbS (111) surface with four Pb-S layers. The lattice constant of bulk PbS was 

calculated to be 5.934 Å. The PbS (111) surface was reconstructed by moving half the 
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Pb ions of the Pb-terminated (111) surface layer of the slab to the opposing S 

terminated surface [14]. The bulk geometry was used to fix the position of the Pb and 

S ions except for those on the top two layers to reduce elastic interaction between the 

periodic images. The atomic positions of all other atoms were relaxed keeping the 

simulation cell fixed.  

 

Figure G.7. Side view, (a), (b) and (c) and top view, (d), (e) and (f) of simulation 

setup of linker molecules attached to reconstructed PbS (111) surfaces for EDT, BDT 

and HDT, respectively. The blue enclosures represent one unit cell. The red spheres 

for the terminal S atoms in the xDT molecules are used to distinguish from the yellow 

S atoms of the PbS (111) slab. 

A fully relaxed geometry was compressed by reducing the height of the simulation 

box perpendicular to the PbS (111) surface, followed by relaxation of the atoms within 

this compressed simulation cell. The elastic force exerted by the xDT molecules is the 
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product of the PbS (111) surface area and the component of the stress tensor in the 

direction perpendicular to the PbS (111) surface. The length of xDT is approximated 

as the vertical distance between the two Pb atoms bonding to the S atoms of the xDT 

molecules. The results from the DFT simulation are shown in Figure 10.3 in main text.   
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I.  Doctor Blade Casting 

I.1.  Introduction 

Doctor blade casting, or knife coating, presents a promising approach to prepare 

homogeneous NC thin film across large area substrates. This processing is particularly 

interesting in context of roll-to-roll coating of NC thin films on flexible substrates for 

emerging optoelectronic applications light solid state lighting or photovoltaics. We 

performed a systematic study of doctor blade casting of ~ 7 nm PbS NCs onto silicon 

wafers. The experimental conditions were explored and optimized for the deposition 

of a monolayer of nanoparticles. The roles of important parameters including solvent 

species, coating speed and substrate temperature were investigated. The results are 

summarized and presented in this appendix. 

I.2.  Experimental Method 

Doctor blade casting experiments were performed with a custom-built machine named 

drag coater (Fig. I.1). In a typical deposition process, a cleaned Si wafer substrate was 

place on the flat stage. The Si substrates were prepared by sonication in isopropyl 

alcohol and then in acetone followed by UVO burning. The gap between the working 
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scheme in Fig. I.1. Then the blade which was driven by a syringe pump was translated 

at speed, v, ranging from 1μm/s to 2 mm/s. A thin wet layer containing NCs and 

solvent formed on the substrate by the moving blade. Then solvent was removed by 

evaporation under ambient conditions to produce the final NC thin film. The resultant 

NC thin films were examined by SEM. 

I.3.  Results and Discussion 

The development of doctor blade casting of PbS NCs began with a series of 

experiments intended to find an appropriate range of drag speeds that can lead to a 

monolayer of NCs. In this series hexane (boiling point: 69 °C) as a common and 

convenient solvent was used to disperse the nanoparticles. The drag speed of the glass 

blade varied from 1μm/s to 1 mm/s. As shown by Fig. I.2a and I.2b, when the casting 

speed is too slow to balance solvent evaporation no thin wet layer could be formed and 

thick and inhomogeneous NC films were obtained. As the drag speed was increased to 

0.1 mm/s, a monolayer with small vacancies was formed (Fig. I.2c). When the speed 

further increases to 0.8 mm/s, the portion of vacancies became larger and an 

incomplete NC monolayer was observed (Fig. I.2d). These results show that in order 

to deposit a monolayer, the drag speed needs to be set around 0.1 mm/s. 



 

408 

 

Figure I.2. SEM images of PbS NC thin films fabricated by doctor blade casting from 

hexane NC suspension. The speed of the moving blade was tuned between 0.001 to 

0.8 mm/s. 

As shown by Figure I.2., although a sub-monolayer can be obtained from NC hexane 

suspension by doctor blade casting at room temperature the product thin film lacked 

long-range ordering. In Chapter 3, we showed that ordering of NC superlattices can be 

improved by slowing down solvent removal to provide enough relaxation time for 

NCs to self-assemble into ordered superlattice. Thus a less volatile solvent, octane 

(boiling point: 125 °C) was used as solvent in another series of Dr. Blade casting 

experiments as an effort to improve ordering in the resultant NC monolayer. To 

compensate slower evaporation of octane and provide the NCs extra mobility which is 

helpful in forming ordered superlattices, the substrates were heated to 60 °C. 
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Figure I.3. SEM images of PbS NC thin films deposited by Dr. Blade casting from 

octane NC suspension onto Si wafer substrates at 60 °C. The speed of the moving 

blade varied between 0.3 to 1.0 mm/s. 

Fig. I.3. shows that, as expected, by using octane as solvent the product NC thin films 

displayed improved translational ordering. As the drag speed decreases from 1.0 to 0.3 

mm/s the completeness of a NC monolayer increased. Eventually at v = 0.3 mm/s a 

NC monolayer with small amount of bi-layered areas was obtained. In addition the 

NCs in this thin film packed into a long-range hexagonal superlattice. It is expected 

that more optimal casting conditions can be identified by testing more solvent-

temperature combinations. 


