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Recently, nanocrystal (NC) research has grown substantially, due to their unique 

and diverse properties. Their flexibility has led to a wide set of proposed applications, 

such as contrast agents in biomedical fields, ordered nanostructures for 

microelectronics/plasmonics, and as a cheaper alternative to chemical vapor deposition 

(CVD) methods. While great advancements have been made in utilizing NCs, three 

challenges often arise – difficulty in characterizing complex nano-systems, a lack of 

theoretical exploration as to how or why nanocrystals assemble, and challenges in 

exploiting the benefits of nanocrystals while minimizing disadvantageous properties. This 

dissertation will address each of these issues in specific systems.  

First, thorough work has been done suggesting that hydrophobic gold 

nanocrystals can be encapsulated in vesicle bilayers. However, the primary 

characterization method for this system is Cryo-Transmission Electron Microscopy, 

which cannot provide adequate resolution and contrast to fully characterize 

nanostructures. Here, small angle x-ray scattering is explored as a method for revealing 

detailed information regarding the bilayer structure. 
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Next gold nanocrystal superlattices are explored through molecular dynamics 

(MD) simulations. While many works have shown crystal structure transitions in a 

variety of systems, a detailed explanation as to why certain crystal structures are 

preferred has yet to be provided. This work offers detailed MD simulations to reveal 

details regarding the packing density of various crystal structures and to estimate 

diffusion coefficients in various packings. Furthermore, the free energy difference 

between BCC and FCC configurations for a small set of gold nanocrystals is explored by 

thermodynamic integration. The simulated properties are also compared to a small set of 

real systems. 

The second half of this dissertation addresses practical applications of NCs for 

photovoltaics. Despite manufacturing benefits, it is well known that the small NC grains 

and insulating capping ligands make it difficult to produce efficient solar cells. Therefore, 

two approaches to removing these ligands and growing nanocrystal grains are explored. 

The first approach focuses on further studying CuInSe2 synthesis as a window into grain 

growth. The second offers an example of a material with favorable properties for grain 

growth – Cu3BiS3 – and addresses difficulties in producing it. 
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Chapter 1: Introduction 

In the past few decades, inorganic nanocrystals have developed from a little-

known phenomenon to a fundamental area of research at institutions world-wide. This 

revolution seems to have begun with work done by Bell Laboratories in the 1980s, when 

Brus demonstrated quantum confinement by solving the Schrödinger Equation for small 

crystallites1. He went on to prove the existence of these size dependent properties by 

synthesizing ZnSe clusters2 and other materials, with help of course3. Since that time, 

many metals and semiconductors have been synthesized and studied at the nanoscale4,5. 

Due to advances in characterization techniques, most nanocrystal properties, such as size 

and shape dependent absorbance/photoluminescence, are well understood and accepted6,7, 

and it is these properties that make nanocrystals desirable for a wide array of fields8. For 

the purpose of this dissertation, we are interested in three applications for nanocrystals – 

drug delivery, electronics, and photovoltaics. 

1.1. NANOCRYSTALS IN VESICLES FOR DRUG DELIVERY 

Nanocrystals have been studied for a wide range of biological uses, such as 

photothermal therapy9–12 and labeling13–15. The most attractive application could be 

referred to as enhancement, as nanocrystals can be tethered to drugs or biomolecules16. 

By forming nanocrystal-biomaterial hybrids, the benefit of each can be exploited. Here, 

we are interested in placing nanocrystals into the hydrophobic bilayer of a vesicle.  

Since most common nanocrystal synthesis methods produce hydrophobic NCs, 

embedding them in vesicles is a simple method for dispersing them in aqueous solutions 
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for bioapplications17. NC embedded vesicles are particularly interesting as biomolecules 

can be loaded into vesicle cores. In this case, nanocrystals can be used to as a marker or 

to release the sequestered drugs18,19. 

Characterization of these hybrid materials remains an issue, despite great 

advancements in nano-characterization techniques. Good characterization techniques rely 

on a large signal to noise ratio, or contrast, response. Unfortunately, lipid structures are 

difficult to analyze due to their small size and low contrast. Therefore, techniques like 

cryogenic transmission electron microscopy (CryoTEM) can be helpful but leave many 

questions unanswered regarding structure. Furthermore, measurements of vesicle systems 

must be performed in an aqueous system, as lipid structure changes greatly depending on 

concentration and solvent conditions. Small angle x-ray scattering (SAXS), a non-

destructive technique that can be used on films or solutions, has been applied to vesicles 

previously. Here, we use SAXS to evaluate the structural details of NC embedded 

vesicles, by developing a model for this mixed system. 

1.2. NANOCRYSTAL SUPERLATTICES AND THEIR SIMULATION 

Nanocrystal superlattices (NC SLs) are an interesting example of using 

nanocrystals as building blocks4,20. By forming a sufficiently monodisperse sample, 

nanocrystals can arrange themselves in periodic patterns, resembling traditional crystal 

structures (such as FCC and BCC), but on the nanoscale rather than angstrom scale. 

These assemblies are made possible by steric stabilization, as the nanocrystals used are 

surrounded, or capped, with a hydrocarbon coating. While these coatings are generally 
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non-covalently bonded, they prevent cores from aggregating. Therefore, three important 

tuning parameters for NC SLs are apparent: core size, core composition, and ligand 

choice. 

These assemblies have spurred interest in in the electronics industry, i.e. the use 

of packed nanocrystals for hard drive production21,22, and plasmonics23,24, i.e. to produce 

uniformly spaced structures. For each of these applications, the lattice structure and 

material used is extremely important. Thus there is a wealth of literature that explores NC 

SLs for a variety of nanocrystal core materials, such as CdSe25, PbS20,26, Au27–34, Si35, 

which has led to reports of many crystal structures. Additional work has even 

demonstrated the preparation of binary superlattices by mixing two types of 

nanocrystals24,36–38. 

However, little work has been done to understand NC SLs from a predictive stand 

point, as most use experimental results in some way33,34,39–45. In other words, can you 

predict what capping ligand is needed to produce a certain crystal structure at a certain 

density? Several models have been proposed to explain why nanocrystals assemble, but 

few align with experimental results or empirical rules. Au NC SLs are an example of a 

sensitive superlattice system. It has been demonstrated empirically that if the ligand 

length to core radius ratio exceeds a specific value BCC ordering is preferred, while FCC 

is preferred below that value34. Furthermore, it has been demonstrated excess solvent can 

cause a crystal structure transformation27,28,46. 
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Therefore a portion of this dissertation shall focus on providing insights into Au 

NC SLs through molecular dynamics (MD) simulations. Some work has previously been 

performed using MD previously, but none have attempted a predictive study. This is 

likely due to the fact that MD is good at providing equilibrium and dynamics 

information, but most stability tools have been developed for small molecules and 

polymers, such as insertion and umbrella methods47.  

Arguably the most flexible method, and most applicable here, is thermodynamic 

integration (TI). While TI is computationally expensive, it can be applied to all phases of 

matter and is not restricted by morphology47–49. Its flexibility is a result of its 

methodology. Rather than taking a direct approach to free energy evaluation, such as 

DFT or insertion methods, it takes an indirect approach by transforming a real system to 

an ideal version with an easily calculable free energy. Therefore, the free energy can be 

simply computed by integrating along the path between the real and ideal system.  

1.3. NANOCRYSTALS FOR PHOTOVOLTAICS 

Solar power is extremely attractive, as the power source is free and abundant, 

such that harnessing only a small fraction of the sun’s energy meet the world’s current 

energy needs50. As a result, laboratory and industrial interest has greatly grown over the 

past half century51–55, producing three leading solar cell materials – Si, GaAs, and 

CuInSe2
56,57. However, to be a viable means of energy production, they must be able to 

compete with current energy production methods. Despite having an indirect band gap 

and requiring thick material layers, Si has emerged as the current industrial leader58–60. 
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While GaAs and CuInSe2 have the potential to produce more efficient, thinner solar cells, 

materials and manufacturing costs are prohibitive61–65.  

In an effort to lower manufacturing costs, nanocrystal based solar cells are being 

studied66–68. Since NCs can be fabricated without vacuum processing, they forgo the 

expensive vacuum processing required in CVD methods69–72. Furthermore, nanocrystals 

can be dispersed in solvents, allowing for continuous spray processing methods. 

Therefore, the mainstream research trend is to use the same materials CVD groups in 

nanocrystals, in an effort to reproduce their efficiencies. While CIS NC synthesis studies 

have been performed67,73–79, some simple explorations have been overlooked. Therefore, 

we offer a brief discussion of CIS NC synthesis how changing reaction conditions affects 

NC composition and morphologies. 

Unfortunately, NCs have some inherent disadvantages when compared to thin 

films. These are primarily small crystallite size, i.e. the diameter of the core, and being 

incased in an insulating shell, i.e. capping ligands71,72. Both of these features inhibit 

charge transfer, thereby promoting recombination. Hoping to eliminate these 

disadvantages, several groups have focused on sulfurization80 and selenization81–84 to 

grow grains. However, both of these processes are extremely expensive and dangerous, 

making them impractical for industrial applications. In acknowledgement of this, some 

groups have shifted focus to alternative materials, such as PbS85,86, or focused on ligand 

exchanges87–89. 
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Here we suggest Cu3BiS3 as an alternative solar material. While Cu3BiS3 has been 

loosely explored by simulations90,91 and experiments92–96, it is an often overlooked 

alternative to CuInSe2. The primary benefit we seek to exploit is its low melting point, 

which allows for grain growth by definition. 

1.4. DISSERTATION OVERVIEW 

Four unique nanocrystal systems will be explored, each addressing a facet of 

nanocrystal research: characterization, simulation/theory, or synthesis. 

Chapter 2 is motivated primarily by Rasch et al.’s extensive work on lipid-NC 

systems. This work strongly suggested that small gold nanocrystals could be embedded in 

the lipid bilayer of a vesicle. However, the low contrast of lipid and resolution limitations 

of cryogenic transmission electron microscopy (cryoTEM) cannot reveal structural 

information of the bilayer, nor the gold NCs position. Therefore, we develop a model for 

small-angle X-ray scattering for nanocrystal-vesicle systems, and apply it to reveal 

detailed information related to the bilayer expansion and nanocrystal position in the 

bilayer. 

Next, gold nanocrystal superlattices are explored through molecular dynamics 

(MD) simulations in chapter 3. While this system has been extensively studied 

experimentally, many theoretical questions remain, particularly why FCC or BCC is 

preferred for a given system. Therefore, we evaluate the stability of FCC and BCC for a 

variety of Au NC superlattices. In the process, we also estimate the density and the ligand 
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diffusion constant for a wide array of systems. Ultimately, the simulated structural 

parameters are compared to a small sample set of real nanocrystals. 

Shifting focus to purely experimental methods, chapter 4 explores the synthesis of 

Cu3BiS3 as an alternative to CuInSe2 for photovoltaics. We demonstrate that nanocrystal 

methods to synthesize Cu3BiS3 by mixing CuS and Bi fail due to ligand effects. 

Furthermore, Cu3BiS3 nanocrystals, with a Bi impurity are synthesized, and are stable 

with temperature, but again ligand choice and prevent or allow for Bi impurity removal. 

Lastly, impure Cu-Bi-S nanocrystals are formed, which are used to confirm once more 

that amines are undesirable for Cu3BiS3 formation, while thiols allow for it. 

Chapter 5 offers a brief discussion of the synthesis of on variations to CuInSe2 

nanocrystal synthesis, a more traditional solar absorber material. We demonstrate that 

ligands also play a large role in nanocrystal composition, but also show the order each 

element is introduced has a large influence on morphology. Furthermore, we discuss the 

conversion of unseeded InSe2 nanowires to CuInSe2. 

Lastly, chapter 6 briefly summarizes conclusions and offers a discussion of 

potential future work. 
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Chapter 2: Characterization of Dioleoylphospatidylcholine (DOPC) 

Liposome Membranes Implanted With Gold Nanocrystals By Way Of 

X-Ray Scattering 

2.1. INTRODUCTION 

Nanocrystals that respond to optical or magnetic stimuli are being considered for 

use in a variety of diagnostic and therapeutic medical applications1–6.  Many nanocrystals 

require synthesis in non-polar solvents and have hydrophobic surfaces.  These 

nanocrystals require either ligand-exchange or surfactants to be dispersed in water.  One 

strategy is to combine hydrophobic nanocrystals with liposomes3,6–8—an established 

vehicle for drug delivery that can be engineered to target specific cells2,9–14. Rasch, et al. 

examined assemblies of dodecanethiol-capped gold nanocrystals and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) lipid using cryoTEM7 and found that nanocrystals 

smaller than around 2 nm in diameter embedded in the lipid bilayer to form rafts and 

nearly complete monolayers without disrupting the structural integrity of the liposomes.  

CryoTEM cannot always provide sufficient imaging resolution to determine whether the 

bilayer has expanded or where the nanocrystals are located in the bilayer.  Here, we 

present small angle X-ray scattering measurements of DOPC liposomes with 

hydrophobic gold nanocrystals included in the lipid bilayer and determine the bilayer 

thickness.   

Small angle X-ray scattering (SAXS) has previously used to characterize 

vesicles15–20, though small angle neutron scattering (SANS) has also been used21,22. 

Recently SANS was used to study vesicles dispersed with hydrophobic nanocrystals8, but 

cryoTEM imaging of the vesicles used in those studies showed that the bilayers were not 
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fully-loaded with nanocrystals, so the scattering data represents an averaged 

representation of nanocrystal-free and nanocrystal-loaded lipid membranes.  We recently 

developed a method for separating nanocrystal-loaded and nanocrystal-free vesicles by 

centrifugation7.  Using this process to isolate a pure sample, SAXS could be used to study 

the structure of the lipid bilayer in vesicles with hydrophobic nanocrystals incorporated.  

The SAXS data shows that the lipid bilayer expands from 4.66 to 6.12 nm to 

accommodate the hydrophobic nanocrystals. Nanocrystals are also found to lie near the 

center of the bilayer. 

2.2. SAMPLE PREPARATION, CHARACTERIZATION, AND MODELS 

2.2.1 Materials 

Hydrogen tetrachloroaurate trihydrate (HAuCl4-3H2O, 99.999%), 

tetraoctylammonium bromide (TOAB, 98%), sodium borohydride (NaBH4, 98%), 1-

dodecanethiol (98%), and anhydrous chloroform (99%) were purchased from Sigma-

Aldrich. Toluene, absolute ethanol, and methanol were from Fisher Scientific. 1,2-

dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC, >99%) was ordered from Avanti 

Polar Lipids. Deionized (DI) water was purified by a Barnstead Nanopure Filtration 

System (18.2 MΩ resistance). 

2.2.2. Gold Nanocrystal Synthesis 

Au nanocrystals coated with dodecanethiol were formed using an established 

method23. 6.0 g of TOAB was dissolved in 73 mL of toluene by magnetic stirring (600 

rpm) in a 125mL erlenmeyer flask. Separately, 0.300 g HAuCl4-3H2O was dissolved in 

18 mL DI water. The Au solution was swiftly injected into the TOAB solution and 
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stirring was continued for 1 hour to transfer the Au ions into the aqueous phase. The 

aqueous phase was removed by separatory funnel and discarded. The organic phase 

placed in a clean flask with a clean stir bar and stirred. 2.3 mmol of dodecanethiol was 

added to this flask by micropipette, which turned the solution clear. A fresh solution of 

0.346g NaBH4 in 18mL of DI water was prepared and added to the stirring solution after 

15minutes. This solution was left stirring overnight (>12 hours).  

The aqueous phase was again removed by separatory funnel, and the organic phase 

was split into glass centrifuge tubes. Washing was carefully performed using 

solvent/antisolvent methods. Ethanol was added to each tube at a 20:5 ethanol to toluene 

volume ratio and centrifuged at 9000rpm for 6minutes. The supernatant was discarded and 

the precipitate was redispersed in a total of 2mL toluene. This dispersion was then 

centrifuged at 10000 rpm for 3 minutes to remove poorly capped nanocrystals. Prior to use, 

size selective precipitation was performed by adding ethanol in 500μL increments, spinning 

at 9000rpm for 6minutes, and separating the precipitate and supernatant. This was repeated 

three times, to yield four precipitates of decreasing size and one supernatant containing the 

smallest particles. For these experiments, the middle size distribution (precipitate 3) was 

used. 

2.2.3. Vesicle Preparation & Cryo-TEM 

Very detailed experimental procedures for vesicle preparation and characterization 

can be found elsewhere7. The following describes the preparation of loaded vesicles. For pure 

DOPC vesicles, the same procedure was followed, but no nanocrystals were added to the 

initial dispersion. 
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Briefly, vesicles were formed by dispersing a dry lipid-nanocrystal film in water. 

These films were prepared by dispersing 30μmol of DOPC and 3mg of gold nanocrystals in 

1mL of chloroform. This dispersion was placed in a 50mL round-bottomed flasked and dried 

by rotary evaporation at 25°C and 200mbar. After 15minutes, the film was transferred to a 

vacuum chamber and purged for 12 hours at <50mbar. 

Next, the film was gently annealed with chloroform vapor for 60 minutes, by 

inverting the flask over an open bottle of chloroform. Afterwards, 1mL of DI water was 

quickly added to the lipid film, and the flask was sealed with parafilm. The flask was then 

sonicated for 10minutes (Misonix bath sonicator, ~600 mL water bath, room temperature 

water, 30 W power ). In order to remove poorly dispersed and unincorporated 

nanocrystals, the solution was placed in a 2mL centrifuge tube and centrifuged at 2000g 

for 10minutes. The supernatant was saved and centrifuged again at the same conductions 

in a new 2mL tube. Uniform vesicles were then prepared by passing the supernatant 

through a 100nm polycarbonate membrane using an Avanti hand-powered MiniExtruder 

30 times. 

2.2.4. Dynamic Light Scattering (DLS) Modeling 

All DLS data was collected using a Zetasizer Nano ZS Instrument (Malvern) at 

25°C. Low-volume polystyrene cuvettes were cleaned several times with fresh DI water 

(18.2 MΩ). After rinsing, the cuvettes were dried and 50 μL of sample was loaded. 

Detailed discussions of DLS modeling are widely available, but this discussion was 

adapted from Schärtl’s recent book24. Briefly, G(2)(τ) was collected for correlation times, 

τ, of 0.5μs to 1s at least three times for each sample and averaged. The data was then 
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fitting using the second-order cumulant method, which provides some details on 

polydispersity. In this method, G(2)(τ) can be defined by Eqn 1 & 2. 

𝐺(2)(𝜏) = 𝐵(1 + 𝑓|𝑔(1)(𝜏)|
2

)         (1) 

ln (𝑔(1)(𝜏)) = 𝐾0 − Γ𝜏 +
𝜇2

2
𝜏2         (2) 

Where B and f are scaling constants, K0 is a correction factor that should be 0, Γ 

is the first cumulant, and μ2 is the second cumulant. The first cumulant provides size 

information through equations 3-5. 

Γ = 𝑞2𝐷𝑚         (3) 

𝑞 =
4𝜋𝑛

𝜆0
sin

𝜃

2
         (4) 

𝐷𝑚 =
𝑘𝑇

6𝜋𝜂0𝑅ℎ
         (5) 

Where q is the scattering vector, n is refractive index of the medium (water), λ0 is 

the laser wavelength (630nm), θ is the scattering angle (173°), Dm is the diffusion 

coefficient for the sample as defined by the Stokes-Einstein equation, k is the Boltzmann 

constant, T is temperature, η0 is viscosity of the medium (water), and Rh is the 

hydrodynamic radius. The polydispersity index (PDI) – not to be confused with PDI in 

polymer theory - can then be found through equation 6. 

𝑃𝐷𝐼 =
𝜇2

Γ2         (6) 
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2.2.5. SAXS Measurements & Modeling 

SAXS data was collected at the Cornell High Energy Synchrotron Source 

(CHESS) facility, on the D1 beam line using 10keV energy sources in ambient 

conditions. Details about the apparatus setup can be found elsewhere25,26. 

2.2.5.1. Hard-Spheres 

The observed SAXS intensity, I(q), for a dilute solution of spherical particles is 

known to follow equation 727 

𝐼(𝑞) = ∫ 𝑃(𝑞, 𝜌, 𝑅)2𝐷(𝑅)𝑑𝑅
∞

0
         (7) 

Where q is the scattering vector and ρ represents scattering contrast relative to the 

solvent times the number density of the solute. In this work, we do not have a reliable 

measure of particle density, therefore the term scattering contrast will always be implied 

to have particle density included. R is particle radius, P(q,R) is a form-factor that is 

dependent on a samples size, and shape, and D(R) is the size distribution function for a 

sample as defined by equation 8. All samples were assumed to have a Gaussian size 

distribution, with standard deviation σ and mean radius �̅�. 

𝐷(𝑅) =
1

𝜎√2𝜋
𝑒

−
(𝑅−�̅�)2

2𝜎2           (8) 

For complex geometries, the form factor is difficult to derive. However, the form 

factor for a hard sphere, PHS(q,ρ,R), is well known as: 

𝑃𝐻𝑆(𝑞, 𝜌, 𝑅) = 4𝜋𝜌𝑅3 [
sin(𝑞𝑅)

(𝑞𝑅)3 −
cos(𝑞𝑅)

(𝑞𝑅)2 ]        (9) 
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2.2.5.2. Vesicles Without Nanocrystals 

Expanding on this result, several groups have shown that a vesicle could be 

modeled as a set of concentric shells17,18,21,28. Furthermore, each shell can be thought of 

as a large sphere minus an inner sphere. The form factor for 1-shell, P1-s(q,ρ,R1,R2), is 

then 

𝑃1−𝑠(𝑞, 𝜌, 𝑅1, 𝑅2) = 𝑃𝐻𝑆(𝑞, 𝜌, 𝑅2) − 𝑃𝐻𝑆(𝑞, 𝜌, 𝑅1)      (10) 

Where R1 and R2 are the inner and outer radii, respectively. Expanding this for n-

shells, the form factor is: 

𝑃𝑛−𝑠(𝑞, 𝜌1, … 𝜌𝑛, 𝑅1, … , 𝑅𝑛+1) = ∑ [(𝑃𝐻𝑆(𝑞, 𝜌𝑖, 𝑅𝑖+1) − 𝑃𝐻𝑆(𝑞, 𝜌𝑖, 𝑅𝑖))]𝑛
𝑖=1       (11) 

With this notation, i=1 represents the inner-most shell and i=n is the outer most. 

Notice that for an n-shell model, n scattering contrasts are needed, but n+1 radii are 

needed. This is due to the fact that the core is not counted as a shell, since the cores 

scattering constant is 0, as the core and solvent are both DI water for our vesicles. Since 

shell thickness should be independent of vesicle size, we can recast these equations in 

terms of the outer radius, RO, and the thickness of shell i, Ti, as shown by: 

𝑃𝑛−𝑠(𝑞, 𝜌1, … 𝜌𝑛, 𝑇1, … , 𝑇𝑛, 𝑅𝑂) = 

∑ [(𝑃𝐻𝑆(𝑞, 𝜌𝑖 , 𝑅𝑂 − ∑ 𝑇𝑗
𝑛
𝑗=𝑖+1 ) − 𝑃𝐻𝑆(𝑞, 𝜌𝑖 , 𝑅𝑂 − ∑ 𝑇𝑗

𝑛
𝑗=𝑖 ))]𝑛−1

𝑖=1       (12) 

Considering the large number of variables needed to solve for I(q) in this case 

(2n+2), we assume the DLS data is accurate and set RO and σ equal to �̅� and σ. We also 

assumed the vesicle to be symmetrical, so that the thicknesses and contrasts for shell i 

and n-i+1 were the same. Each of these terms are shown schematically in figure 2.1. 
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Figure 2.1. A schematic of a vesicle modeled by a 5-shell model. Shells that are 

shaded identically were modeled as having the same thickness and scattering 

contrast, as stated mathematically. 
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2.2.5.3. Vesicles With Embedded Nanocrystals 

As you may expect, and will be shown, the model discussed in section 2.2.4.2.is 

insufficient to describe vesicles embedded with nanocrystals. This is primarily because 

the gold is sequestered in spheres that are distributed throughout the shell, with 

hydrocarbons separating them. In other words, the gold does not form a complete shell, 

but only partially fills it. Therefore, an approximation must be made using Debye’s 

equation29 (Eqn. 13) for scattering between multi-bodies.  

   𝐼(𝑞) = ∫ [∑ 𝑃𝑖
2

𝑖 + ∑ ∑ 𝑃𝑖𝑃𝑗
sin(𝑞𝑟𝑖𝑗)

𝑞𝑟𝑖𝑗
𝑗≠𝑖𝑖 ] 𝐷(𝑅)𝑑𝑅       (13) 

Where Pi & Pj are the form factors for species i and j respectively, and rij is the 

average distance between species i and j. Physically, the single sum represents scattering 

due to a species being present in a solution, while the double sum takes into account 

species that are a set distance from each other. In other words, if species i and j are 

separated by a small, consistent distance, they cause additionally scattering. If they are 

separated by a great distance (dilute solution), the double sum reduces to zero leaving 

equation 7. If we expand Equation 13 for our system, we find: 

𝐼(𝑞) = 

    ∫ [𝑃𝑛−𝑠
2 + 𝑁𝐺𝑃𝐻𝑆

2 + 2𝑃𝐻𝑆
2 ∑ ∑

sin(𝑞𝑟𝑖𝑗)

𝑞𝑟𝑖𝑗

𝑁𝐺
𝑗>𝑖

𝑁𝐺−1
𝑖=1 + 2𝑁𝐺𝑃𝑛−𝑠𝑃𝐻𝑆

sin(𝑞𝑟𝐺)

𝑞𝑟𝐺
] 𝐷(𝑅)𝑑𝑅   (14) 

Where NG is the number of nanocrystals per vesicle, rij is the distance between 

gold particle i & j, and rG is the distance the gold nanocrystals lie from the center of the 

vesicle. Since this expansion makes a few assumptions, we offer the following 

explanation. 
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In the case of nanocrystal loaded vesicles, there are only two species – 

nanocrystals and vesicles. All lipids and ligands are accounted for in the vesicle form 

factor. Thus, we have a modest number of contributions to consider. Explicitly, 

expanding the single sum in equation 13 gives rise to the first two terms of equation 14 - 

scattering due to nanocrystals and vesicles existing. The third term in equation 14 results 

from the double sum of equation 13 and is the scattering due to nanocrystals being near 

each other in the vesicle – i.e. all nanocrystals in a vesicle can see each other. The final 

term accounts for the nanocrystals being spaced a uniform distance from the core of a 

vesicle. No other terms arise because we still assume a dilute solution, so that no vesicles 

can see each other, nor can nanocrystals see nanocrystals in other vesicles. 

In order to reduce the system to a reasonable number of variables, the following 

assumptions are made. First, we again assume DLS data to be reliable for the vesicle size 

and standard deviation, so those parameters were not fit. Similarly, the size for gold 

nanocrystals from SAXS & TEM are consistent, therefore we set the size of gold to this 

value, rather than fitting it. Since the standard deviation of the gold is low, we also have 

neglected gold polydispersity in the derivation above. Third, the number of nanocrystals 

per vesicle can be taken as an average number rather than scaling it based on the radius of 

the vesicle. Lastly, the nanocrystals are evenly distributed throughout the vesicles, and 

are not clumped together. Each of these assumptions seem to be valid based on Rasch et 

al.’s works7,23. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Characterization of Pure Vesicles 

DLS fitting found the pure vesicle sample to have a diameter of 45.20 + 2.04nm, 

which is in good agreement with the observed cryoTEM in figure 2.2.  

 

Figure 2.2. CryoTEM and DLS data for pure vesicles. a) is a representative cryoTEM 

image. B) shows collected data and the cumulant fit in squares and a black 

line respectively. 
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As a control, SAXS data for this sample was collected and modeled using the 

shell model. Both a five and seven shell model could good provide good fits and were 

consistent with each other, while a three shell model failed. Best fits are shown in figure 

2.2. and summarized in table 2.1.  

The electron density profiles shown follow similar trends to the DPPC vesicles 

reported by Hirai et al.21, however the exact values cannot be compared since our 

measurement does not account for the solution density. The minimum of five shells 

physically implies that the vesicle bilayer consists of an electron dense outer wall due to 

lipid headgroups, then a slightly less dense region as it transitions to the lipid tails. 

Finally, the center of the vesicle bilayer is made up of lipid tails, which have a lower 

scattering contrast than water. 

The total bilayer thickness here of ~4.65nm agrees well with previously reported 

thickness for a DOPC bilayer from SANS of 4.58nm22. 

Table 2.2: Summary of fitted parameters for modeling SAXS data of pure DOPC 

vesicles.  

 5-Shell Model   7-Shell Model 

Shell 
Thickness 

(nm) 

Scattering Contrast 

(arb. u.) 

 
Shell 

Thickness 

(nm) 

Scattering Contrast 

(arb. u.) 

1 0.307  0.088  1 0.298  0.082 

2 0.984  0.060  2 0.971  0.063 

3 2.066 -0.069  3 0.851 -0.063 

4 0.984  0.060  4 0.462 -0.078 

5 0.307  0.088  5 0.851 -0.063 

Total 4.64   6 0.971  0.063 

    7 0.298  0.082 

    Total 4.66  



 32 

 

Figure 2.3. Plots and schematics of fit results for SAXS measurements of unloaded 

vesicles using 5 and 7 shell models. a-b) are schematics of the vesicle bilayer in 

terms of scattering contrast. c-d) show collected and fitted data with I(q) 

datapoints in squares, I(q)q4 in triangles, and the fit with a black line. a & c are for 

a 5-shell model, while b & c are for a seven shell model. 
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2.3.2. Characterization of Nanocrystal Loaded Vesicles 

DLS fitting found the loaded vesicle sample to have a diameter of 124.0 + 

16.5nm, which also agrees with the observed cryoTEM in figure 2.3. The odd non-

circular morphologies observed in TEM could be a product of the sample preparation. 

 

Figure 2.4. CryoTEM and DLS data for NC loaded vesicles. a) is a representative 

cryoTEM image. B) shows collected data and the cumulant fit in squares 

and a black line respectively. 

As expected, figure 2.4. demonstrates that the shell model fails for nanocrystal 

laden vesicles, despite increasing the number of shells. Not only are the fits poor, but the 

parameters found are nonsensical for one major reason. The fitted gold scattering contrast 

is on the same as lipid groups. However, gold is much more electron dense, and therefore 

should have a much greater contrast. Interestingly, the thickness of the center shell is 

found to be 1.55nm and 1.80nm for the seven and nine, which is consistent with the gold 

diameter previously noted at 1.80nm. 
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Figure 2.5. Plots and schematics of fit results for SAXS measurements of NC loaded 

vesicles using 7 and 9 shell models. a-b) are schematics of the vesicle 

bilayer in terms of scattering contrast. c-d) show collected and fitted data 

with I(q) datapoints in squares, I(q)q4 in triangles, and the fit with a black 

line. a & c are for a 5-shell model, while b & c are for a seven shell model. 

When equation 14 was used to model this data instead, the seven shell model was 

chosen as the vesicle form factor since the five shell model worked well for unloaded 

vesicles, but an additional shell is needed to “expand” the bilayer for gold particles. 

Fitting demonstrates strong agreement with the observed data, as shown in figure 2.5. 
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Figure 2.6. Plots and schematics of fit results for SAXS measurements of NC loaded 

vesicles using the loaded vesicle model and a 5 shell form factor. a) is a 

schematical representation of fit, showing the gold nanocrystals are slightly 

off-center. b) shows a more detailed schematic of bilayer composition in 

terms of thickness and relative scattering contrast. c) shows the best fit in a 

black line with experimental data. I(q) is in squares and I(q)q4 in triangles. 

The fitted parameters, summarized in table 2.2, reveal several interesting details. 

First, the gold nanocrystals are found to be very close to the center of the bilayer. The 

offset from the center could be due to noise, but could also an effort for the vesicle to 

minimize stress. The center shell of the vesicle (shell 4) also has a near-zero scattering 

contrast, and a thickness near the diameter of gold nanocrystals. The low scattering 

contrast suggests self-consistency, since the scattering in this region should be dominated 

by gold nanocrystal scattering. Likewise, the thickness shows there is a large enough 

space for nanocrystals to be accommodated. 
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Lastly, the total bilayer thickness expands from 4.66nm to 6.12nm by the 

introduction of nancrystals. This expansion is 0.34nm less than the diameter of the 

nanocrystal core. Such a small expansion is surprising since the gold cores are also 

coated with be coated with dodecanethiol, so we’d expect the expansion at least that of 

the core size. It is possible that the ligands may interdigitate with the lipids to minimize 

expansion. Additionally, this model does not account for any waviness or bumpiness in 

the bilayer – we assume a perfect sphere. Therefore, if the bilayer swells most around the 

nanocrystals and least between them, the thickness we report would be somewhere 

between those values. Unfortunately, this cannot be confirmed without extensive testing 

and is beyond the scope of this report.  

Table 2.2: Summary of fitted parameters for modeling both Pure and NC loaded vesicles 

for comparison. In the loaded model, nanocrystals were calculated to be 

58.95nm from the center of the vesicle (vesicle radius was 62nm), with a 

scattering contrast of 1.966. 

 Thickness (nm) Scattering Contrast (arb. u.) 

Shell 
Pure Vesicles 

7-Shell Model 

Loaded Vesicles 

Loaded-Model 

Pure Vesicles 

7-Shell Model 

Loaded Vesicles 

Loaded-Model 

1 0.298 0.252  0.082 0.075 

2 0.971 1.024  0.063 0.012 

3 0.851 0.763 -0.063 -0.074 

4 0.462 2.040 -0.078 0.000 

5 0.851 0.763 -0.063 -0.074 

6 0.971 1.024  0.063 0.012 

7 0.298 0.252  0.082 0.075 

Total 4.66 6.12   
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2.4. CONCLUSION 

DOPC vesicles were prepared in solution, and analyzed with SAXS using 

established models. Results for these samples show good agreement with literature. 

DOPC vesicles loaded with gold nanocrystals were also prepared, and we demonstrate 

that existing vesicle models fail to explain the scattering behavior of these samples. An 

alternative model was developed from the Debye equation, which does accurately model 

observed scattering data and shows vesicle bilayer expansion to accommodate 

nanocrystals. Results from fitting this model revealed confirmed that nanocrystals were 

embedded in the vesicle bilayer by finding their distance from the center of the vesicle 

and by finding a 1.46nm expansion of the bilayer. 
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Chapter 3: Molecular Dynamics Study of Thiol-Capped Gold 

Nanocrystal BCC vs. FCC Superlattice Stability by Thermodynamic 

Integration 

3.1. INTRODUCTION 

Superlattices composed of hydrophobic nanocrystals (NCs) have been studied 

extensively over the past years, in a variety of systems – CdSe1, PbSe2,3, Si4, Ag5–7, and 

others8–10. Their nanoscale self-assembly makes them of particular interest for plasmonic 

applications11,12. Briefly, superlattices can are formed as NCs self-assemble such that 

their cores arrange in common crystal structures, such as FCC and BCC. It has been 

demonstrated that changing ligand composition, content, or solvent presence can tune 

superlattice structure13,14, or completely change the crystal structure15. 

One system that has been closely studied is thiol-coated Au NCs13,14,16–22, as they 

are easy to synthesize with a monodisperse size distribution23,24 and are very stable in 

air25. Thorough experimental work on Au NCs using various small angle x-ray scattering 

(SAXS) techniques has revealed an important rule, if the ligand length to core radius 

exceeds a certain value BCC structure is preferred, otherwise FCC is preferred. This 

critical ratio has been reported as 0.626621, however current theories correlate with 

structural experimental data, but cannot predict or explain the phase transition26. 

Despite the wealth of experimental results, very few simulations have studied 

gold nanocrystals27 and their assemblies21,22,28. This is likely due to the system size and 

complexity, which greatly increases computing time. Landman and Luedtke did perform 

a nice molecular dynamics (MD) simulation study of superlattices that were formed using 

experimental parameters – i.e. the structure and lattice constant of a real system was 
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found by SAXS, and the behavior was modeled using MD20. Schapotschnikow & Vlugt 

took a similar approach and studied the ligand chain packing behavior and three-body 

effects using MD and monte carlo simulations29–31. 

However, to our knowledge, no work has been done regarding the prediction of 

crystal structure. This is likely because, while MD is a powerful tool, it is very difficult to 

calculate free energies. Therefore, this work will focus on an approach to predict which 

structure is preferred using thermodynamic integration (TI)32–34. When appropriate 

reference systems are chosen, TI can reveal relative system stability by calculating the 

free energy difference relative to a reference state. Here, we exploit that to evaluate the 

free energy difference between BCC and FCC gold nanocrystal superlattices. Since TI is 

a computationally expensive method, we shall focus on 1.80nm thiol coated gold NCs. 

However, we shall also include some results about the ligand density and diffusion 

coefficient in superlattices for larger gold. 

3.2. METHODS & MODELS 

3.2.1. Simulation Package & Parameters 

All simulations were performed using GROMACS version 4.5.3 on the Texas 

Advanced Computing Center’s Lonestar System with traditional periodic boundary 

conditions (PBC), but no electrostactics. Documentation pertaining to GROMACS and 

all routines, as well as general MD theory, can be found through their online manual. The 

force-field parameters were based on those cited by Schapotschnikow and Vlugt31. A 

united atom model was used for all alkane groups; namely SH, CH2, and CH3. 6-12 

Lennard-Jones (LJ) interactions were used for all non-bonded atoms, with the exception 
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for Au-Au interactions outlined below. The LJ constants are summarized in Table 3.1. 

Potentials were shifted at a cutoff of 1.0nm. Bond-lengths and angles were set using 

GROMACS standard harmonic potentials, with parameters summarized in Table 3.2. 

Table 3.1. 6-12 Lennard-Jones pair parameters used for these simulations. 

εij/k 

(K) 
CH3 CH2 SH Au  

σij 

(nm) 
CH3 CH2 SH Au 

CH3 108 78 117 108  CH3 0.376 0.386 0.411 0.354 

CH2 78 56 84 88  CH2 0.386 0.396 0.421 0.354 

SH 117 84 126 2795  SH 0.411 0.421 0.445 0.265 

Au 108 88 2795 N/A  Au 0.354 0.354 0.265 N/A 

 

Table 3.2. Bond stretching and bending parameters in accordance with GROMACS 

documented force field. 

 kb
ij 

(kJ/mol-nm2) 

bij 

(nm) 

  kθ
ijk 

(kJ/mol-rad) 

θ0
ijk 

(°) 

CH3-CH2 217798 0.154  CH3-CH2-CH2 527.7 109.5 

CH2-CH2 217798 0.154  CH2-CH2-CH2 527.7 109.5 

CH2-SH 185966 0.181  CH2-CH2-SH 523.6 114.4 

 

The gold core geometry was chosen to be the truncated octahedron model 

suggested by other works27. Every atom in the Au core was modeled, however the gold 

core was kept rigid so that the core could not deform and all atoms were kept at their 

ideal lattice spacings. Additionally, Au atoms could interact with all other atoms except 

Au atoms. Instead, a Hamaker potential was used to account for the gold core 

interactions. This Hamaker potential follows equation 

       𝑈𝐻𝑎𝑚(𝑟) = −
𝐴

12
[

𝑑𝑐
2

𝑟2−𝑑𝑐
2 +

𝑑𝑐
2

𝑟2
+ 2 ln (1 −

𝑑𝑐
2

𝑟2
)]           (1) 
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Where A is 2eV for gold in an apolar hydrocarbon solution, dc is the diameter of 

the gold core, and r is the center-to-center distance between cores. Since the core is not 

perfectly spherical, dc is defined as twice the radius of gyration.  

A challenge in simulating nanocrystals is determining the appropriate number of 

ligands per nanocrystal to use, primarily due to how nanocrystals are synthesized. While 

a specific amount of ligand is used during a synthesis, NCs are “washed” to remove 

excess ligand, unreacted products, and undesired NCs by using solvent/anti-solvent 

methods23. Therefore, it is experimentally difficult to prove how much ligand per 

nanocrystal is actually present. Here, the “ideal” amount of ligand was determined by 

using the amount of area a thiol covers on planar gold, 0.226nm2
,
35 and the surface area 

of a nanocrystal. This amount of ligand is labeled as 100%. Small perturbations to that 

value was then considered to explore the effect of excess/deficient ligand. All values for 

ligands per nanocrystal used in simulations are summarized in table 3.3. 

Table 3.3. Summary of number of ligands per nanocrystal used for all simulations. 

Core 

Hydrodynamic 

Radius (nm) 

90% 

Ligand 

(Thiols/NC) 

100% 

Ligand 

(Thiols/NC) 

110% 

Ligand 

(Thiols/NC) 

125% 

Ligand 

(Thiols/NC) 

1.86 65 72 79 90 

2.66 122 135 149 169 

3.46 196 218 240 273 

  

For the NVT & NPT simulations described below, 2x2x2 unit cells were used to 

ensure good sampling. However, the computing cost of TI forced a smaller sample size 

for those process, limiting each simulation to 1 unit cell. 
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3.2.2. NPT Simulations: Equilibrium Structure Generation 

Initial structures were prepared using a simple in-house code that placed gold 

cores on the desired lattice points (i.e. FCC or BCC) at a low density to allow for ligands 

to be added. Thiols were then built by evenly distributing –SH groups 0.3nm from the 

cores surface, followed by building the alkane groups radially outward from the core, at 

the correct bond lengths. Afterwards, molecules or groups were shifted to remove 

overlaps and then the energy was minimized using the steep integrator in GROMACS, 

targeting <1000kJ/(mol-nm) total. 

Once a reasonable structure was obtained, an NPT simulation was performed at 

STP using one important constraint – the gold cores were fixed to their lattice sites. In 

other words, the simulation box could expand or contract, but the desired ordered 

structure was maintained. This simulation was performed for a minimum of 2ns and until 

a constant density was achieved for at least 1ns. 

From these results, the ligand density in the superlattice, ρL, was determined from: 

𝜌𝐿 =
𝑛𝐿𝑀𝐿

𝑁𝐴(
𝑎3

𝑛𝑁𝐶
−𝑉𝑐)

            (2) 

Where nL is the number of ligands per nanocrystal, ML is the molar mass of the 

ligand, NA is Avogadro’s Number, Vc is the volume of a nanocrystal core, and nNC is the 

number of nanocrystals per unit cell – 2 for BCC and 4 for FCC. This quantity is a 

measure of how tightly ligands must pack, since it only considers the volume not 

occupied by the gold core, whereas values such as nanocrystal density or mass density 

would be heavily skewed by the size of the core. 
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3.2.3. NVT Simulations: Equilibrium Dynamics 

For each system, a frame matching equilibrium density found above was extracted 

from the NPT simulation to be used as the initial configuration for the NVT runs. The 

velocities and accelerations for that frame were reset and the simulation was run for 10ns 

without constraining the gold cores in any way. The first 1ns were always ignored in 

analyzing dynamics and energy. 

Potential energy of the system was calculated using GROMACS g_energy 

routine. The diffusion coefficient for the ligands, DL, was calculated using coordinates 

from every 10ps using the relation 

𝐷𝑖 =
∆𝑟2

6∆𝑡
            (3) 

where Δr2 is the mean squared deviation of the center of mass from its initial 

position, and Δt is the amount of time that displacement took.  As explained 

elsewhere34,36–38, Δr2 depends heavily on how often and in which directions periodic 

boundary conditions are applied. Thus, these were carefully monitored. 

3.2.4. Thermodynamic Integration 

Frenkel and Smit34 offers a thorough discussion on the origins of thermodynamic 

integration, and common practices for its application. This section will highlight 

important details discussed in sections 7.1 and 10.2 of their text. Briefly, by slowly 

changing the interactions of a real system to that of a theoretical system, you can 

calculate the free energy difference between the real and theoretical systems. Therefore, 

the theoretical system should meet two requirements – its free energy can be easily found 
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and the process of transforming to it from the real system does not cross a phase 

boundary. For this reason, real fluids are generally changed to an ideal fluid, whereas real 

solids are generally changed to an Einstein Solid (ES). 

As will be discussed, the capping ligands behave like a fluid in a superlattice, 

while the cores act more like a solid. This distinction presents a challenge in that the 

integration must be done in two phases – the cores are constrained to be an ES followed 

by converting the ligands to an ideal fluid. It is worth noting that the gold cores would 

simply adhere to each other if these conversions were to be done in the reverse order 

since the ligand interactions would be removed. 

The method for transforming to an ES is as follows. A dimensionless parameter, 

γ, was used to gradually turn off all gold interactions, UHam, and turn on the harmonic 

potentials that tether the cores to its lattice sites, UT. Specifically, these interactions 

follow: 

𝑈𝐻𝑎𝑚(𝑟, 𝛾) = −𝛾
𝐴

12
[

𝑑𝑐
2

𝑟2−𝑑𝑐
2 +

𝑑𝑐
2

𝑟2 + 2 ln (1 −
𝑑𝑐

2

𝑟2 )]         (4) 

𝑈𝑇(𝑑, 𝛾) =
𝑘𝑇

2
𝛾𝑑2            (5) 

 Where d is the core’s center of mass displacement from its lattice site, and kT is 

the tethering constant. For each simulation, the ensemble average of dU/dγ was 

calculated. 

For the transformation to an ideal fluid, a very similar method was applied. 

Another dimensionless parameter, λ, controlled all ligand interactions by modifying the 
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traditional Lennard-Jones potentials to equation 6. Integrations were carried out using 

ensemble averages as well. 

    𝑈𝐿𝐽(𝑟𝑖𝑗, 𝜆) = 4𝜖𝑖𝑗 [𝜆5 (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− 𝜆3 (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]        (6) 

The relative free energy of a structure was then calculated using equation 7. 

𝐹 = ∫ 〈
𝑑𝑈

𝑑𝜆
〉 𝑑𝜆

1

0
− ∫ 〈

𝑑𝑈

𝑑𝛾
〉 𝑑𝛾

1

0
−

3

2
ln

𝜋

𝑘𝑇
         (7) 

The ideal gas contribution to F is neglected because, ultimately, the free energy 

difference between FCC and BCC will be calculated. Ideal gas contributions will be 

equal for both systems, and would simply cancel each other out when computing the 

difference. 

3.2.5. Au Nanocrystal Synthesis 

Au nanocrystals coated with pentanethiol, heptanethiol, and dodecanethiol were 

formed using an established method39. 6.0 g of TOAB was dissolved in 73 mL of toluene 

by magnetic stirring (600 rpm) in a 125mL erlenmeyer flask. Separately, 0.300 g 

HAuCl4-3H2O was dissolved in 18 mL DI water. The Au solution was swiftly injected 

into the TOAB solution and stirring was continued for 1 hour to transfer the Au ions into 

the aqueous phase. The aqueous phase was removed by separatory funnel and discarded. 

The organic phase placed in a clean flask with a clean stir bar and stirred. 2.3 mmol of 

thiol was added to this flask by micropipette, which turned the solution clear. A fresh 

solution of 0.346g NaBH4 in 18mL of DI water was prepared and added to the stirring 

solution after 15minutes. This solution was left stirring overnight (>12 hours).  
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The aqueous phase was again removed by separatory funnel, and the organic phase 

was split into glass centrifuge tubes. Washing was carefully performed using 

solvent/antisolvent methods. Ethanol was added to each tube at a 20:5 ethanol to toluene 

volume ratio and centrifuged at 9000rpm for 6minutes. The supernatant was discarded and 

the precipitate was redispersed in a total of 2mL toluene. This dispersion was then 

centrifuged at 10000 rpm for 3 minutes to remove poorly capped nanocrystals.  

3.2.6. Au NC Characterization 

3.2.6.1. Solution SAXS 

Solution SAXS was performed and analyzed using accepted procedures3. Briefly, 

dilute solutions of Au nanocrystals were prepared in toluene (~50mg/mL) and loaded into 

glass capillary tubes, for transmission SAXS data collection.  

The collected data was modeled by the following equations: 

𝐼(𝑞) = ∫ 𝑃(𝑞, 𝑅)2𝐷(𝑅)𝑑𝑅            (8) 

Where I(q) is the observed scattering intensity at scattering vector q, D(R) is the 

size distribution of the sample (assumed to be Gaussian), and P(q,R) is the appropriate 

form factor. Au nanocrystals, the form factor was chosen as a hard-sphere, as defined by: 

      𝑃(𝑞, 𝑅) = 3
sin(𝑞𝑅)−𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)

(𝑞𝑅)3            (9) 

3.2.6.2. Transmission SAXS for Au Superlattice Films 

Nanocrystal superlattices were prepared by dropcasting a 20μL of an 80mg/mL 

Au nanocrystal solution onto glass slides. All data was also collected at CHESS. 
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3.2.6.3. Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) was conducted using a Mettler-Toledo 

instrument. 2-3mg of sample was loaded into a 70μL alumina crucible and all solvent was 

allowed to evaporate. The crucible was loaded into the instrument, purged for 15min by 

50mL/min N2 flow, and heated from room temperature to 800°C at a rate of 10°C/min 

under the same N2 flow. This process ensured complete ligand removal.  

3.2.7. Calculation of Ligand Content 

As will be explained, the ligand content of Au NCs strongly influences the 

superlattice structure. Therefore, ligand content was derived for synthesized nanocrystal 

samples through a simple derivation, using TGA and solution SAXS data. 

The thiol-to-gold mass ratio, x, can be defined in terms of quantities measured by 

TGA as: 

𝑥 =
𝑀𝐿

𝑀𝐺
=

𝑚𝑖−𝑚𝑓

𝑚𝑓
          (10) 

Where ML is the ligand mass per nanocrystal, MG is the gold mass per 

nanocrystal, mi is the initial mass in TGA, and mf is the final mass in TGA. Furthermore, 

ML and MG can be described using the size distribution information collected by SAXS:  

𝑀𝐺 = 𝜌𝐺 ∫ 𝐷(𝑅)𝑉(𝑅)𝑑𝑅          (11) 

              𝑀𝐿 =
𝑀𝑊

𝑁𝐴𝑓𝑒𝑓𝑓
∫ 𝐷(𝑅)𝐴(𝑅)𝑑𝑅         (12) 

Where ρG is the bulk density of gold, D(R) is the size distribution describing the 

gold sample (defined in Section 3.2.6.1.), MW is the molecular weight of the capping 
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ligand, NA is Avagadro’s Number, and feff is the effective ligand footprint or the actual 

area the capping ligand covers for the sample in question. V(R) and A(R) are the volume 

and surface area of the nanocrystal respectively, given their radius. For this portion, 

spherical particles are assumed. 

For comparison to our MD simulations, it is important to define the relationship 

between feff and thiol/NC ratios used in the simulations. The translation can be simply 

defined as 100feff/0.226nm2% Ligands. Therefore, solving for feff allows for a direct 

comparison to the simulations results reported here. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Ligand-Dependent Structural Properties 

While the NPT simulations do not provide information about stability or preferred 

orientations, they do reveal how densely packed the system would be if they formed a 

given lattice. Figure 3.1 summarizes the ligand density across all systems tested. As 

expected, the thiols are forced to pack much more densely in a superlattice, when 

compared to the density of the pure thiol. While there is no nominal density difference 

between BCC and FCC for long ligands, shorter ligands lead to denser packing in BCC. 

This is somewhat surprising as BCC is traditionally thought of as being less dense than 

FCC from a packing density standpoint because of the voids left in a hard sphere model. 

However, this phenomenon has been observed in a sense previously by Bian et al.40 in 

situ solvent annealing of PbSe superlattices. If a BCC superlattice is exposed to solvent 

vapor, it expands and transforms to an FCC lattice. This suggests that ligands play a large 

role in superlattice structure, as loosening their compression leads to a phase change. 
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Figure 3.1. Graphs of ligand density in the superlattice vs. number of carbons in the thiol 

capping ligand for a variety of conditions. Red and blue squares represent 

BCC and FCC structures respectively, with lines to help view trends. 

3.3.2. Ligand & Core Diffusion 

As mentioned in the experimental details, whether the system is solid or liquid is 

extremely important for thermodynamic integration. Normally, the state of matter would 

be apparent. However, thiols are tethered to gold solid gold cores by non-covalent 

attractions and densely packed, leaving some vagueness as to the state of matter. 

Conveniently, the diffusion constant can be measured from NVT simulations. Since the 

diffusion coefficient is orders of magnitude greater in liquids than in solids, a brief 

exploration of the diffusion constant for thiols in the superlattice can shed light into their 

state of matter. 
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Figure 3.2. Representative data for average displacement with time from simulations of 

1.86nm Au NCs in a BCC superlattice. a) average core displacement b) 

average ligand displacement. 

For a liquid, the square of displacement varies linearly with time, whereas solids 

fluctuate about an average value36. Figure 3.2a demonstrates that the gold core 

displacement appears to have a very small slope or oscillate about a value, suggesting the 

cores behave as a solid. 

Figure 3.2b demonstrates that ligand displacement does indeed vary linearly with 

time. Therefore average diffusion constants were calculated using the last 3ns of the 

simulations, and plotted in Figure 3.3. Due to sample size limitations, there is some noise 

in the values of the diffusion constant shown. Still, the diffusion rate for ligands appears 

to be similar whether the structure is FCC or BCC. This result might be counter-intuitive 

b a 
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because earlier results show that FCC often packs less densely than BCC. However, thiol 

binds very strongly to gold, so the movement should be primarily on the gold surface. 

This argument could also explain why the diffusion constant is fairly independent of 

nanocrystal size. Conversely, the diffusion constant appears to increase with greater 

amounts of ligand, suggesting excess ligand introduces unbound thiols that can move 

through the superlattice.  

Previous studies offer values for the diffusion constant of thiol on planar gold – 

8.4x10-11 cm2/s estimated from droplet diffusion41, 10-15-10-5 cm2/s from conductivity 

studies42, 1.5x10-5 cm2/s for surface thiol diffusion by MD22, and 1.6-3.2x10-8 cm2/s for 

glycol conjugated thiols by microfluidic techniques43. These studies appear to be in good 

agreement with the predicted diffusion rates offered here. 
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Figure 3.3. Graphs of measured ligand diffusion constants in the superlattice vs. number 

of carbons in the thiol capping ligand for a variety of conditions. Red and 

blue squares represent BCC and FCC structures respectively, with lines to 

help view trends. 

3.3.3. Free Energy, Potential Energy, and Entropy Differences 

As mentioned, thermodynamic integration is extremely computationally 

expensive. The representative data for λ vs. <dU/dλ> illustrates this point, as 30 

simulations for each core size, thiol length, coverage, and structure combination were 

used to ensure clear resolution of the curve. Therefore, only 1.86nm Au NCs were 

explored for this study for ligand coverages of 90%, 100%, and 110%. By changing γ and 

λ, it is also seen that the integration of <dU/dλ> is much greater than <dU/dγ>. This 

suggests that λ dependent interactions, i.e. ligands, will have a greater effect on free 

energy, or stability, than γ dependent interactions. 
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Figure 3.4. Representative data from simulations of 1.86nm Au NCs in a BCC 

superlattice for thermodynamic integration. Each point represents data 

averaged from a 2ns simulation, as described earlier. a) Varies γ vs. the 

average derivative of potential energy with respect to γ, b) Varies λ vs. the 

average derivative of potential energy with respect to λ. 

In order to easily illustrate which structure has a lower free energy, the difference 

between the free energy of a BCC lattice and that of an FCC lattice is plotted in Figure 

3.5. Thus values greater than 0 imply FCC is preferred, while values less than 0 favors 

BCC. For each case explored, there is a clear transition from FCC favoring to BCC 

favoring as ligand length increases.  

It is difficult to compare this data directly to literature, as it is often unclear how 

ligand length was calculated – i.e. should the straight or bent chain length be considered? 

The FCC to BCC transition should occur around propanethiol or butanethiol, for straight 

and bent chain assumptions respectively. However, these simulation results suggest 

b a 
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another complication – that the amount of ligand can also effect the phase transition.  The 

FCC to BCC transition is predicted to be around butanethiol for 90% ligand, heptanethiol 

for 100%, and nonanethiol for 110%. Small force-field errors or over-washed particles 

being used in literature could explain why the experimental trend correlates with 

simulations of 90% ligand coverage. 

Solvent annealing work suggests this trend exists experimentally, using the same 

previous argument – excess solvent leads to FCC being preferred. Such a large shift with 

only +10% ligand is surprising, and detailed experimental work would be required to 

confirm it. 

 

Figure 3.5. Graphs of energy differences between BCC and FCC per nanoparticle 

calculated from thermodynamic integration for 1.86nm cores with varying 

amounts of ligand. a) 90% ligand, b) 100% ligand, c) 110% ligand . The 

total free energy difference, free energy difference due to cores, free energy 

difference due to ligands, and total difference in potential energy are 

represented by red squares, blue circles, pink upwards triangles, and black 

downward triangles respectively. 
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As previously suggested, the free energy due to the cores, or the gamma portion 

of the integration, is small relative to the contribution from ligands. This could be due to 

the large number of ligand interactions or their entropy. While ligand entropy cannot be 

explicitly measured here, entropy per nanocrystal can be found from the free and 

potential energies. Figure 3.6 plots F,U, and S alongside one another, which reveals that 

entropy does indeed follow the same trend as free energy, with some deviation for the 

110% ligand case. Potential energy, however, tends to oppose the trend in free energy. In 

other words, the superlattice structure has a lower free energy primarily because it has 

higher entropy, but not necessarily a lower potential energy. 

 

Figure 3.6. Graphs of energy and entropy differences between BCC and FCC per 

nanoparticle calculated from thermodynamic integration for 1.86nm cores 

with varying amounts of ligand. a) 90% ligand, b) 100% ligand, c) 110% 

ligand. The free energy difference, potential energy difference, and entropy 

difference in potential energy are represented by red squares, blue circles, 

and pink triangles respectively.  
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3.3.4. Simulation vs. Experimental Results 

In order to explore the physical validity of these MD simulations, several Au NC 

samples were synthesized. While we cannot prepare perfectly monodisperse sample, each 

synthesis targeted 1.86nm Au cores, but used pentanethiol, heptanethiol, or dodecanethiol 

as a capping ligand. The core sizes, as measured by solution SAXS, were 1.94+0.16nm, 

1.80+0.25nm, and 1.84+0.21nm for the pentanethiol, heptanethiol, and dodecanethiol 

samples respectively. Representative TEM images of randomly arranged nanocrystals 

and indexed SAXS patterns for formed superlattices are summarized in Figure 3.7. 

 

Figure 3.7. Representative transmission electron microscopy images and indexed SAXS 

patterns for gold nanocrystals. Indexing information is supplied in the 

image. a) TEM for pentanethiol capped nanocrystals with SAXS data shown 

below in d). b) TEM for heptane capped nanocrystals SAXS data shown 

below in e). c) TEM for dodecanethiol capped nanocrystals SAXS data 

shown below in f). 

In order to compare the accuracy the structures predicted by these simulations, we 

compared the effective ligand content, calculated from experiments by the procedure 

described in section 3.2.7. Additionally, the predicted ligand content was estimated by 
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finding the closest match between experimental lattice constants to the simulated lattice 

constants for 1.86nm Au NCs. All such values are summarized in table 3.4.  

In the case of pentanethiol capped particles, there is noticeable deviation, which 

may due to the synthesized nanocrystals being larger than the simulated nanocrystals. For 

the other samples, only modest disagreement was seen. We calculate about 10% less 

ligand less than simulations predict for the observed lattice constant to occur. This 

disagreement can simply be due to imperfect simulations, but could also be an effect of 

polydispersity, as the simulated samples are perfectly monodisperse while real 

nanocrystals had a size standard deviation of 8-14%. 

Table 3.4. Summary of parameters for the comparison of size, structure, and ligand 

content between simulated and experimental results. Experimental results 

are calculated from SAXS and TGA techniques, as described in the text. 

 Experimental Results 

Capping 

Ligand 

Core Size 

(nm) 
Struct 

a 

(nm) 

“% Ligand” 

feff/fideal 

𝑀𝐿

𝑀𝐺
 

Pentanethiol 1.94+0.16 FCC 4.15 66.7 0.18 

Heptanethiol 1.80+0.25 BCC 3.40 80.5 0.21 

Dodecanethiol 1.84+0.21 BCC 3.78 81.7 0.31 

 Best Simulation Match 

Capping 

Ligand 

Core Size 

(nm) 
Struct 

a 

(nm) 

“% Ligand” 

feff/fideal 

𝑀𝐿

𝑀𝐺
 

Pentanethiol 1.86 FCC 4.17 110% - 

Heptanethiol 1.86 BCC 3.43 ~100% - 

Dodecanethiol 1.86 BCC 3.77 90% - 
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3.4. CONCLUSION 

Using MD simulations, equilibrium structures were found for a variety of BCC 

and FCC Au NC superlattices. The density of BCC superlattices were found to be more 

densely packed than FCC for short ligands, but density differences were negligible for 

longer ligands. These structures also showed thiol diffusion coefficients on par with a 

liquid despite dense packing, as compared to pure thiol. Furthermore, the free energy 

difference between BCC and FCC structures were measured and found to roughly 

correlate with experimental results. The transition between FCC and BCC superlattices 

was also found to be strongly dependent on the amount of ligand present, and is primarily 

due to the thiols’ free energy and entropy. In an effort to validate these results, Au NCs 

were synthesized with pentanethiol, heptanethiol, and dodecanethiol. Only, modest 

differences were observed between simulations and experiments, and much more detailed 

experimental work would be required for a full comparison. 

3.5. REFERENCES 

1. Murray, C. B., Kagan, C. R. & Bawendi, M. G. Self-Organization of CdSe 

Nanocrystallites into Three-Dimensional Quantum Dot Superlattices. Science 270, 

1335–1338 (1995). 

2. Murray, C. B. et al. Colloidal synthesis of nanocrystals and nanocrystal superlattices. 

IBM J. Res. Dev. 45, 47–56 (2001). 

3. Goodfellow, B. W., Patel, R. N., Panthani, M. G., Smilgies, D.-M. & Korgel, B. A. 

Melting and Sintering of a Body-Centered Cubic Superlattice of PbSe Nanocrystals 



 62 

Followed by Small Angle X-ray Scattering. J. Phys. Chem. C Nanomater. Interfaces 

115, 6397–6404 (2011). 

4. Yu, Y., Bosoy, C. A., Hessel, C. M., Smilgies, D.-M. & Korgel, B. A. Silicon 

Nanocrystal Superlattices. Chemphyschem Eur. J. Chem. Phys. Phys. Chem. 14, 

(2013). 

5. Korgel, B. A., Fullam, S., Connolly, S. & Fitzmaurice, D. Assembly and Self-

Organization of Silver Nanocrystal Superlattices:  Ordered ‘Soft Spheres’. J. Phys. 

Chem. B 102, 8379–8388 (1998). 

6. Sigman, M. B., Saunders, A. E. & Korgel, B. A. Metal Nanocrystal Superlattice 

Nucleation and Growth. Langmuir 20, 978–983 (2003). 

7. Connolly, S., Fullam, S., Korgel, B. & Fitzmaurice, D. Time-Resolved Small-Angle 

X-ray Scattering Studies of Nanocrystal Superlattice Self-Assembly. J. Am. Chem. 

Soc. 120, 2969–2970 (1998). 

8. Collier, C. P., Vossmeyer, T. & Heath, J. R. Nanocrystal Superlattices. Annu. Rev. 

Phys. Chem. 49, 371–404 (1998). 

9. Sun, S., Murray, C. B., Weller, D., Folks, L. & Moser, A. Monodisperse FePt 

Nanoparticles and Ferromagnetic FePt Nanocrystal Superlattices. Science 287, 1989–

1992 (2000). 

10. Urban, J. J., Talapin, D. V., Shevchenko, E. V. & Murray, C. B. Self-Assembly of 

PbTe Quantum Dots into Nanocrystal Superlattices and Glassy Films. J. Am. Chem. 

Soc. 128, 3248–3255 (2006). 



 63 

11. Gordon, T. R. et al. Shape-Dependent Plasmonic Response and Directed Self-

Assembly in a New Semiconductor Building Block, Indium-Doped Cadmium Oxide 

(ICO). Nano Lett. 13, 2857–2863 (2013). 

12. Ye, X., Chen, J., Diroll, B. T. & Murray, C. B. Tunable Plasmonic Coupling in Self-

Assembled Binary Nanocrystal Superlattices Studied by Correlated Optical 

Microspectrophotometry and Electron Microscopy. Nano Lett. 13, 1291–1297 

(2013). 

13. Martin, J. E., Wilcoxon, J. P., Odinek, J. & Provencio, P. Control of the Interparticle 

Spacing in Gold Nanoparticle Superlattices. J. Phys. Chem. B 104, 9475–9486 

(2000). 

14. Narayanan, S., Wang, J. & Lin, X.-M. Dynamical Self-Assembly of Nanocrystal 

Superlattices during Colloidal Droplet Evaporation by     \textit{in situ}   Small 

Angle X-Ray Scattering. Phys. Rev. Lett. 93, 135503 (2004). 

15. Goodfellow, B. W. & Korgel, B. A. Reversible Solvent Vapor-Mediated Phase 

Changes in Nanocrystal Superlattices. ACS Nano 5, 2419–2424 (2011). 

16. Prasad, B. L. V., Stoeva, S. I., Sorensen, C. M. & Klabunde, K. J. Digestive Ripening 

of Thiolated Gold Nanoparticles:  The Effect of Alkyl Chain Length. Langmuir 18, 

7515–7520 (2002). 

17. Lin, X. M., Jaeger, H. M., Sorensen, C. M. & Klabunde, K. J. Formation of Long-

Range-Ordered Nanocrystal Superlattices on Silicon Nitride Substrates. J. Phys. 

Chem. B 105, 3353–3357 (2001). 



 64 

18. Sidhaye, D. S. & Prasad, B. L. V. Melting Characteristics of Superlattices of 

Alkanethiol-Capped Gold Nanoparticles: The ‘Excluded’ Story of Excess Thiol. 

Chem. Mater. 22, 1680–1685 (2010). 

19. Yu, Y. et al. Nanocrystal Superlattices that Exhibit Improved Order On Heating: An 

Example of Inverse Melting? Faraday Discuss. (2015). doi:10.1039/C5FD00006H 

20. Landman, U. & Luedtke, W. D. Small is different: energetic, structural, thermal, and 

mechanical properties of passivated nanocluster assemblies. Faraday Discuss. 125, 

1–22 (2004). 

21. Luedtke, W. D. & Landman, U. Structure and Thermodynamics of Self-Assembled 

Monolayers on Gold Nanocrystallites. J. Phys. Chem. B 102, 6566–6572 (1998). 

22. Luedtke, W. D. & Landman, U. Structure, Dynamics, and Thermodynamics of 

Passivated Gold Nanocrystallites and Their Assemblies. J. Phys. Chem. 100, 13323–

13329 (1996). 

23. Brust, M., Walker, M., Bethell, D., Schiffrin, D. J. & Whyman, R. Synthesis of thiol-

derivatised gold nanoparticles in a two-phase Liquid–Liquid system. J. Chem. Soc. 

Chem. Commun. 801–802 (1994). doi:10.1039/C39940000801 

24. Jana, N. R. & Peng, X. Single-Phase and Gram-Scale Routes toward Nearly 

Monodisperse Au and Other Noble Metal Nanocrystals. J. Am. Chem. Soc. 125, 

14280–14281 (2003). 

25. Whetten, R. L. et al. Nanocrystal gold molecules. Adv. Mater. 8, 428–433 (1996). 

26. Korgel, B. A. & Fitzmaurice, D. Small- Angle X-ray Scattering Study of Silver- 

Nanocrystal Disorder-Order Phase Transitions. Phys Rev B 59, 14191–14201 (1999). 



 65 

27. Barnard, A. S. Modeling the Impact of Alkanethiol SAMs on the Morphology of 

Gold Nanocrystals. Cryst. Growth Des. 13, 5433–5441 (2013). 

28. Khan, S. J., Pierce, F., Sorensen, C. M. & Chakrabarti, A. Self-Assembly of Ligated 

Gold Nanoparticles: Phenomenological Modeling and Computer Simulations†. 

Langmuir 25, 13861–13868 (2009). 

29. Schapotschnikow, P., Pool, R. & Vlugt, T. J. H. Coarse-grained model for gold 

nanocrystals with an organic capping layer. Mol. Phys. 105, 3177–3184 (2007). 

30. Schapotschnikow, P. & Vlugt, T. J. H. Soft Hedgehogs on Coarse Carpets: A 

Molecular Simulation Study of Capped Nanocrystals Interacting with Self-

Assembled Monolayers of Alkylthiols on a Gold (111) Surface. J. Phys. Chem. C 

114, 2531–2537 (2010). 

31. Schapotschnikow, P. & Vlugt, T. J. Understanding interactions between capped 

nanocrystals: three-body and chain packing effects. J. Chem. Phys. 131, 124705 

(2009). 

32. Grochola, G. Constrained fluid λ-integration: Constructing a reversible 

thermodynamic path between the solid and liquid state. J. Chem. Phys. 120, 2122–

2126 (2004). 

33. Mezei, M. Direct Calculation of the Excess Free Energy of the Dense Lennard-Jones 

Fluid. Mol. Simul. 2, 201–207 (1989). 

34. Frenkel, D. & Smit, B. Understanding Molecular Simulation : From Algorithms to 

Applications. (Elsevier Science, 2001). 



 66 

35. Jiménez, A., Sarsa, A., Blázquez, M. & Pineda, T. A Molecular Dynamics Study of 

the Surfactant Surface Density of Alkanethiol Self-Assembled Monolayers on Gold 

Nanoparticles as a Function of the Radius. J. Phys. Chem. C 114, 21309–21314 

(2010). 

36. Othmer, D. F. & Thakar, M. S. Correlating Diffusion Coefficient in Liquids. Ind. 

Eng. Chem. 45, 589–593 (1953). 

37. Wei-Zhong, L., Cong, C. & Jian, Y. Molecular dynamics simulation of self-diffusion 

coefficient and its relation with temperature using simple Lennard-Jones potential. 

Heat Transfer—Asian Res. 37, 86–93 (2008). 

38. Du, Y. et al. Diffusion coefficients of some solutes in fcc and liquid Al: critical 

evaluation and correlation. Mater. Sci. Eng. A 363, 140–151 (2003). 

39. Rasch, M. R. et al. Hydrophobic Gold Nanoparticle Self-Assembly with 

Phosphatidylcholine Lipid: Membrane-Loaded and Janus Vesicles. Nano Lett. 10, 

3733–3739 (2010). 

40. Bian, K. et al. Shape-Anisotropy Driven Symmetry Transformations in Nanocrystal 

Superlattice Polymorphs. ACS Nano 5, 2815–2823 (2011). 

41. Sheehan, P. E. & Whitman, L. J. Thiol Diffusion and the Role of Humidity in ``Dip 

Pen Nanolithography’’. Phys. Rev. Lett. 88, 156104 (2002). 

42. Rouhana, L. L., Moussallem, M. D. & Schlenoff, J. B. Adsorption of Short-Chain 

Thiols and Disulfides onto Gold under Defined Mass Transport Conditions: 

Coverage, Kinetics, and Mechanism. J. Am. Chem. Soc. 133, 16080–16091 (2011). 



 67 

43. Wang, X. et al. Diffusion of self-assembled monolayers of thiols on the gold surfaces 

covered with polydimethylsiloxane stamps. J. Mater. Sci. 49, 4394–4398 (2014). 

 

  



 68 

Chapter 4: Synthesis of Cu3BiS3 for Low Temperature Grain Growth in 

Photovoltaics  

4.1. INTRODUCTION 

Photovoltaics research has received a huge push due to the green energy 

movement, government subsidies, and concerns about the supply of traditional energy 

resource1–5. Despite wide interest, the same three materials have dominated the market 

for decades – Si, GaAs and CuInxGa1-xSySe2-y (CIGSS)6,7. From design standpoint, Si has 

some poor qualities for solar cell fabrication, such as being an indirect semiconductor and 

having a non-ideal band gap. However, it’s extremely low materials and manufacturing 

cost has secured its place on top of the solar cell industry8–10. GaAs and CIGSS have 

offered competition from an efficiency standpoint, but are not yet cost-competitive11–15. 

Nanocrystals (NCs) have been explored for the past decade in hopes of lowering 

manufacturing costs and introducing new materials to the solar cell market16–18. Since 

nanocrystals can be synthesized at low temperatures without vacuum processing, their 

manufacturing cost can be much lower than that of traditional chemical vapor deposition 

(CVD) methods19,20. Furthermore, nanocrystals can be spray deposited, allowing for roll-

to-roll processing. However, nanocrystal based solar cell efficiencies are still too low to 

allow them to compete commercially, despite recent improvements. 

The most apparent factors that limit performance are nanocrystal structure and 

size21,22. Most nanocrystals of interest are composed of a semiconducting core and an 

organic ligand coating, referred to as capping ligands. While capping ligands are 

necessary to stabilize the cores, protect from oxidation, and provide the solubility needed 
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for spray deposition, they are usually alkane based and inherently insulating. Therefore, 

capping ligands prevent the charge transfer necessary for high solar cell efficiencies. 

Nanocrystal size has a similar effect. Since the grain size is effectively equal to the 

nanocrystal size, there are a huge number of grain boundaries in a solar cell. These grain 

boundaries also prevent good charge transfer. 

In order to address these concerns, extensive research has been done on post-

processing techniques, such as sulfurization23 and selenization24–27 of CIGSS. While these 

processes can greatly increase performance by growing grains, they negate the economic 

benefit of using nanocrystals to begin with. Furthermore, sulfurization and selenization 

are very dangerous processes, making them difficult to implement commercially. 

Therefore, we explore an alternative material with a low melting point that might 

hold promise for low temperature grain growth in nanocrystal solar cells. Cu3BiS3 was 

chosen as it meets the necessary requirements to replace CIGSS in solar cells – it has p-

type character, a band gap of ~1.4eV, has a melting point of ~560°C, and is less 

expensive from a materials standpoint28. However, some studies have suggested it has a 

low carrier mobility and high defect density29. Nevertheless, a small body of research has 

focused on its potential for photovoltaics, primarily by simulation groups30,31. CVD 

groups have reported Cu3BiS3 synthesis by layering Bi and CuS32 or Bi and Cu, followed 

by sulfurization33,34. Therefore, we attempted to reproduce the earlier method by mixing 

CuS and Bi NCs and annealing. 
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 Additionally, we provide a method for synthesizing Cu3BiS3NCs, though Bi 

impurities were detected. While other groups have claimed to synthesize Cu3BiS3 

nanocrystals by using amines35, we find amines impede our ability to form Cu3BiS3 upon 

annealing. Instead, thiols are used to form the most uniform and Cu3BiS3 samples. In 

order to demonstrate the negative impact amines have on Cu3BiS3 formation, nanocrystal 

mixtures that showed no Cu3BiS3 character, but correct stoichiometry were prepared in 

amine and thiol. We refer to these nanocrystal mixtures as Cu-Bi-S nanocrystals. By 

annealing these samples to various temperatures, we demonstrate that Cu-Bi-S made in 

dodecylamine only partially transforms to Cu3BiS3 and contains a large amount of CuxS 

and Bi impurities. Cu-Bi-S formed in dodecanethiol, however, did show a clear phase 

change to Cu3BiS3 from 350-400°C. 

4.2. EXPERIMENTAL DETAILS 

4.2.1. Chemicals 

All chemicals were used without further purification, unless otherwise specified. 

The term “previously degassed” refers the removal of air by keeping a solution under 

vacuum overnight, followed by filling it with N2 and storing in a N2 filled glovebox. 

Anhydrous, pyrophoric, and degassed chemicals were all stored in a N2 filled glovebox.  

The following chemicals were purchased from Sigma Aldrich: 98% 1-

dodecylamine (DDA), >98% 1-dodecanethiol (DDT), 98% 1-octadecanethiol (ODT), 

technical grade trioctylphosphine (TOP), 95% 1-dodecene (DDE), technical grade 1-

octadecene (ODE), anhydrous toluene, 99.998% sulfur, >99.99% copper(II) 
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acetylacetonate (Cu(acac)2), and >99.99% bismuth (III) acetate (Bi(ac)3), and Bismuth 

Neodecanoate (Bi(Neo)3). Absolute ethanol was purchased from Fisher Scientific. 

4.2.2. CuS Nanocrystal Synthesis 

A three-neck flask was loaded with a magnetic stir bar, 4mmol copper 

acetylacetonate (Cu(acac)2) and 5mL of dodecylamine (DDA). The flask was then sealed 

with three septa, and a thermocouple was attached. This mixture was attached to a 

Schlenk line, heated to 50°C under vacuum, and held for two hours. In a glovebox, 

6mmol of elemental S was dissolved in 3mL of anhydrous toluene and 6mL of degassed 

DDA by stirring and heating to 100°C for 30 minutes. After degassing the flask, it filled 

with N2 and heated to 100°C. The sulfur solution was then swiftly injected, and the flask 

was held for 30 minutes. An excess of sulfur was used here to prevent the formation of 

other copper-sulfide phases. 

The resulting nanocrystals were separated by unreacted material by using standard 

solvent/anti-solvent procedures. Briefly, the product was transferred to a glass centrifuge 

tube, where 5mL of toluene and 15mL of ethanol was added to the flask. The tube was 

then spun at 7000rpm for 5 minutes. The supernatant was discarded, and the precipitate 

was dispersed in 5mL of toluene. 10mL of ethanol was added and the mixture was spun 

again. This washing was repeated two more times. Afterwards, the precipitate was 

dispersed in 5mL of toluene again and spun at 500rpm for 1 minute to drop out poorly 

capped particles. The supernatant was saved. 
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4.2.3. Bi Nanocrystal Synthesis 

Bi nanocrystals were prepared using a method similar to that described by Son et 

al36. Briefly, 2mmol of Bi(Neo)3 and 10mL of ODE were loaded into a three-neck flask 

with a stir bar. The flask was sealed with septa, and placed on a schlenk line. It was then 

heated to 120°C under vacuum for 2hours with vigorous stirring. After purging, the flask 

was filled with N2 and cooled to 80°C. 0.24mL of previously degassed DDT was then 

injected, and the solution was held for 5minutes. Next, 1mL of TOP was injected and the 

solution was immediately cooled to 55°C, where it was held for 30minutes. 

After the reaction was complete, the solution was transferred to clean centrifuge 

tubes and 20mL ethanol was added. The mixture was centrifuged at 8000rpm for 

5minutes, and the supernatant was discarded. The precipitate was re-dispersed in 10mL 

of toluene. Again, 20mL of ethanol was added and the solution was centrifuged with the 

same settings. The supernatant was discarded, and the precipitate was again dispersed in 

10mL of toluene. This final solution was centrifuged at 500rpm for 1minute to remove 

large aggregates, and the supernatant was transferred to a glass vial for storage in a 

glovebox. 

4.2.4. Cu-Bi-S Nanocrystal Synthesis 

Cu-Bi-S nanocrystal mixtures were formed over a range of temperatures using a 

variety of methods in an attempted to form Cu3BiS3 nanocrystals. As will be discussed, 

only very specific conditions and those will be described here. All other tested 

perturbations, such as lowering the reaction temperature or using dodecylamine, did not 

yield pure Cu3BiS3 nanocrystals. 
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A three-neck flask was loaded with a magnetic stir bar, 3mmol copper 

acetylacetonate (Cu(acac)2), 1mmol of bismuth acetate (Bi(ac)3), 5mL of dodecanethiol 

(DDT), and 5mL of dodecene (DDE). This flask was then sealed with septa, placed on a 

schlenk line, and purged under vacuum for two hours. A separate solution of 3mmol of 

elemental sulfur was prepared in a glovebox by stirring in 3mL of DDE at 150°C for 1 

hour. After purging the flask, it was filled N2 and heated to 225°C, and the sulfur solution 

was swiftly injected, only allowing for a temperature drop of ~10°C before returning to 

225°C. The reaction was allowed to proceed for 10 minutes, then cooled quickly to room 

temperature. 

Washing was done similar to that of section 4.2.2., but was repeated at least five 

times to ensure removal of excess DDT. 

4.2.5. Characterization Methods 

Transmission electron microscopy (TEM) images were collected on an FEI 

Tecnai TEM with HT of 80kV by dropcasting samples on carbon nickel mesh grids. 

Scanning electron microscopy (SEM) images of dropcast samples on p-type silicon 

wafers were collected on a Zeiss Supra 40V SEM with an accelerating voltage of 4keV. 

X-ray diffraction (XRD) spectra were acquired on a Rigaku R-Axis Spider diffractometers 

with image-plate detector using Cu Kα radiation (λ = 1.54 Å). XRD standards are taken from 

standard PDFs referenced and are summarized in table 4.1.  
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Table 4.1. All PDF standards used for XRD. 

Material PDF  Material PDF 

Bi PDF#01-071-4643  High Order Cu2S PDF#01-073-6919 

Bi2S3 PDF#00-017-0320  Cu9S5 PDF#01-071-4317 

CuS PDF#01-078-0876  Cu3BiS3 PDF#00-043-1479 

Cu2S PDF#01-072-1071    

 



 75 

4.3. RESULTS AND DISCUSSION 

4.3.1. Structural Changes of CuS & Bi Nanocrystal Mixtures By Heating 

In order to precisely control the composition of CuS-Bi NC mixtures, several 

control samples were made by varying the ratio of CuS NC solution to Bi NC solution, 

and the Cu:Bi atomic ratio was measured by EDS. Then the correct volume ratio to 

achieve a 3:1 Cu:Bi ratio was interpolated and a stock solution was made. A stock 

solution was then prepared by mixing appropriate volumes of CuS & Bi nanocrystals. 

Several samples were then dropcast on Si substrates and heated under Ar to different 

temperatures to check for grain growth under SEM. As Figure 4.1 shows, only modest 

grain growth was achieved, with no grains above 50nm observed. 
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Figure 4.1. Electron microscopy images of pure nanocrystals, and heated nanocrystal 

mixtures. a) TEM of as-made Bi NCs, b) TEM of as-made CuS nanoplates, 

c-i) SEM images of heated CuS NC, Bi NC films achieving a 3:1 Cu:Bi 

molar ratio. The anneal temperatures are: c) 150°C, d) 200°C, e) 250°C, f) 

300°C, g) 350°C, h) 400°C, i) 450°C. 



 77 

To better understand why large grain growth was not achieved, XRD was 

collected for the previously made SEM samples. Surprisingly, XRD revealed that despite 

some Cu3BiS3 forming from 200-400°C, a large amount of Bi persists. This is likely due 

to the appearance of Cux>1S phases at temperatures as low 200°C. These Cu-rich phases 

imply sulfur outgassing, which disrupts the targeted stoichiometry. 

 

Figure 4.2. Indexed wide-angle X-ray diffraction data for pure nanocrystals, and heated 

nanocrystal mixtures. a) as-made CuS nanoplates, b) as-made Bi NCs, c-k) 

Heated CuS NC, Bi NC films achieving a 3:1 Cu:Bi molar ratio. The anneal 

temperatures are: c) 150°C, d) 200°C, e) 250°C, f) 300°C, g) 350°C, h) 

400°C, i) 450°C, j) 500°C, k) 550°C. 
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To further confirm this, TGA was collected for both the pure NCs and the 

mixture. While not much direct evidence is revealed, some trends can be seen. Regarding 

Bi NCs, DDT is removed starting at only 75°C, and are fully removed by 250°C, and the 

mass remains stable through 550°C. This suggests weakly bound ligands due to their low 

temperature removal, and no outgassing or oxidation, which is expected for a pure Bi in 

N2. Conversely, CuS NCs remain stable until ~130°C, at which point outgassing and 

ligand removal is observed. The rapid mass loss from 250-275° can primarily be 

attributed to ligand removal, while the slow mass loss at higher temperatures suggest S 

outgassing, when you consider the XRD data above. 

 

Figure 4.3. TGA data collected for pure CuS NCs, pure Bi NCs, and the CuS & Bi NC 

mixture shown in red, green, and blue respectively. The heat flow 

convention used is positive heat is exothermic. 
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Monitoring the heat flow reveals the 3CuS+Bi NC mixture has similar 

endothermic peaks at low temperature and increasing exothermic behavior at higher 

temperatures when compared to pure CuS, and none of the melting/crystallization peaks 

seen for pure Bi. This suggests CuS plays a larger role in the mixture’s behavior. 

4.3.2. Cu3BiS3 Nanocrystals 

Using the specific conditions described in 4.2.4., 6.88+0.75 nm DDT capped NCs 

were formed. These NCs were found to be primarily Cu3BiS3 by XRD, with a Bi 

impurity, evidenced by sharp peaks at 28.6°, 40.9°, and 50.686°. When the capping 

ligand was switched to octadecanethiol (ODT), large oddly shaped aggregates of Cu3BiS3 

were formed. This is likely due to the aggressive washing necessary to remove ODT, as it 

is a solid at room temperature and only sparingly soluble in common antisolvents, like 

methanol, ethanol and acetone. However, less Bi character was observed. Switching from 

to DDA showed the same Cu3BiS3 and Bi mix as DDT, but aggregation was observed by 

TEM. 
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Figure 4.4. TEM images and XRD data for Cu3BiS3 nanocrystals. Three ligand sets were 

explored. a-b) dodecanethiol, c-d) dodecylamine, e-f) octadecanethiol. 

Similar XRD and SEM analysis to last section was performed, which revealed 

important distinctions from the CuS-Bi NC mixtures in that no outgassing was observable 

for these particles. Heating DDA capped particles revealed no observable structure 

changes, as shown in Figure 4.5. – they remained a mixture of Cu3BiS3 and Bi. 

Conversely, heating DDT capped particles showed a marked reduction in Bi character at 

350°C, and films remained stable through 450°C, as evidenced by Figure 4.6. 

These XRD trends correlate with grain growth, as shown by Figures 4.7. & 4.8. 

DDA capped particles show little growth over the temperature range studied. However, 

DDT capped particles grow slightly at 350°C, which is where the Bi peaks disappears in 

XRD. This suggests, there is some Bi-assisted grain growth. However, it also appears that 

higher temperatures would be required for smooth films to be formed. 
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Figure 4.5. Indexed wide-angle X-ray diffraction data for pure DDA capped Cu3BiS3 

nanocrystals, heated to various temperatures. Anneals were performed for 

10min in Ar to the following temperatures a) as-made NCs, b) 150°C, c) 

200°C, d) 250°C, e) 300°C, f) 350°C, g) 400°C, h) 450°C, i) 500°C. 
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Figure 4.6. Indexed wide-angle X-ray diffraction data for pure DDT capped Cu3BiS3 

nanocrystals, heated to various temperatures. Anneals were performed for 

10min in Ar to the following temperatures a) as-made NCs, b) 150°C, c) 

200°C, d) 250°C, e) 300°C, f) 350°C, g) 400°C, h) 450°C. 
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Figure 4.7. SEM images for annealed DDT capped Cu3BiS3 nanocrystals. Anneal 

temperatures are: a) 200, b) 250°C, c) 300°C, d) 350°C, e) 400°C, f) 450°C 
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Figure 4.8. SEM images for annealed DDA capped Cu3BiS3 nanocrystals. Anneal 

temperatures are: a) 200, b) 250°C, c) 300°C, d) 350°C, e) 400°C, f) 450°C 
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4.3.3. Ligand Dependent Structural Changes of Cu-Bi-S Nanocrystals By Heating 

In an attempt to better understand why Cu3BiS3 was not observed in section 4.3.1, 

but NCs were formed in section 4.3.1, a study of amine capped and thiol capped particles 

was performed. Since thiol was found to be important for NC formation, it was postulated 

that the amine capped CuS interrupted nanocrystal Cu3BiS3. This hypothesis was 

supported by previous work, which showed that thiols lead exclusively to the formation 

of Cu2S due to its strong preference to form Cu+, whereas carboxylic acids lead to CuS37.  

Lowering the reaction temperature in the Cu3BiS3 NC synthesis below 225°C 

yielded particles that did not show any Cu3BiS3 structure in XRD, regardless of capping 

ligand. However, their stoichiometry was nearly correct, implying a mixture of various 

phases. Therefore, another SEM, XRD, and TGA study was performed for NCs formed 

in DDA and NCs formed in DDT, both at 100°C. As we see through the SEM, grain 

growth does appear to occur for both samples, while XRD revealed vastly different 

behavior.  
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Figure 4.9. Electron microscopy images of pure Cu-Bi-S nanoparticles made in DDA at 

100°C. a) TEM of as-made NCs, b-g) SEM images of heated NCs. The 

anneal temperatures are: b) 250°C, c) 300°C, d) 350°C, e) 400°C, f) 450°C, 

g) 500°C. 
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Figure 4.10. Electron microscopy images of pure Cu-Bi-S nanoparticles made in DDT at 

100°C. a) TEM of as-made NCs, b-i) SEM images of heated NCs. The 

anneal temperatures are: b) 150°C, c) 200°C, d) 250°C, e) 300°C, f) 350°C, 

g) 400°C, h) 450°C, i) 500°C. 
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Heating the DDA capped particles showed very similar behavior to the CuS & Bi 

NC mixtures previously discussed - large Bi impurities and Cu-rich copper sulfide phases 

developed as annealing temperatures increased. However, heating the DDT capped 

particles showed a transformation to Cu3BiS3 at 350-400°C, before developing copper 

sulfide and bismuth impurities at higher temperatures.  

 

Figure 4.11. Indexed wide-angle X-ray diffraction data for pure DDT capped Cu3BiS3 

nanocrystals, heated to various temperatures. Anneals were performed for 

10min in Ar to the following temperatures a) 350°C, b) 400°C, c) 450°C, d) 

500°C. 
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Figure 4.12. Indexed wide-angle X-ray diffraction data for pure DDA capped Cu3BiS3 

nanocrystals, heated to various temperatures. Anneals were performed for 

10min in Ar to the following temperatures a) as-made NCs, b) 150°C, c) 

200°C, d) 250°C, e) 300°C, f) 350°C, g) 400°C, h) 450°C, i) 500°C. 

4.3.4. Initial Optical Properties 

A brief study of optical properties was performed using Cu-Bi-S nanocrystals 

made in DDT at 100°C. Samples were sprayed on glass #1 coverslips using an airbrush to 

make a ~300nm film, then annealed to the specified temperature in an Ar filled glovebox. 

As shown in Figure 4.13, the onset of absorption gradually increased in wavelength from 

~1.2eV to ~1eV, as the anneal temperature increased from 150°C to 400°C, where we 

previously observed Cu3BiS3 formation by XRD. Despite disagreement about the 

bandgap of Cu3BiS3, this is lower than the minimum reported value of 1.2eV. However, 

Yakushev demonstrated that the band-gap shrinking in Cu3BiS3 with increasing 

temperature from 10-300K38. Extrapolating their data would suggest a band gap of 
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~1.0eV, supporting our findings. Still, this suggests a detailed study of optical properties 

is still warranted. 

Interestingly, anneals also lead to the formation of an absorption peak at ~500nm 

that becomes more defined in the 300-450°C temperature range. This shoulder has been 

previously predicted simulation at ~300nm by DFT simulations, and shown 

experimentally at ~600nm.32 Annealing beyond 400°C leads to a decrease in absorbance, 

suggesting structural damage as we previously observed with XRD. 

 

Figure 4.13. UV-Vis-IR absorbance data for ~300nm films of Cu-Bi-S nanocrystals 

annealed in Ar on glass. The left plot shows the trend of bandgap narrowing 

and the formation of a peak as the sample is transformed to Cu3BiS3, while 

the right plot reveals bandgap widening and reduced absorbance as the 

system breaks down from heat. 

4.4. Conclusion 

Bi NCs and CuS NCs were synthesized using methods similar to those reported in 

literature. Unlike previously reported examples of annealing layered CuS and Bi films, 
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annealing films of mixed CuS NCs and Bi NCs did not yield Cu3BiS3 films. By 

synthesizing and annealing DDT capped Cu-Bi-S and DDA capped Cu-Bi-S 

nanocrystals, we demonstrate that amines likely impede Cu3BiS3 formation. However, 

the thiol capped particles transform to Cu3BiS3 if heated between 350°C and 400°C. 

Furthermore, Cu3BiS3 nanocrystals were formed at 225°C in dodecanethiol, 

octadecanethiol, and dodecylamine, but all had Bi impurities. Dodecanethiol capped 

nanocrystals demonstrate greater stability when annealed by Cu3BiS3 structure while 

growing grains and reducing Bi character. Dodecylamine capped nanocrystals are more 

stable, in a sense, as the Bi impurities could not be eliminated. 
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 Chapter 5: A Brief Study of Reaction Conditions on CuInSe2 

Nanocrystal Synthesis and the Potential of Copper Nanocrystals for 

Grain Growth 

5.1. INTRODUCTION 

For over two decades, CuInSe2 (CIS) has been touted as a next-generation 

material for solar cells1,2. Despite interest and increased efficiencies, costs remain 

prohibitive for industrialization3–7. CIS nanocrystals (NCs) are being looked, in hopes of 

lowering manufacturing costs, as spray painting NCs allows for atmospheric, roll-to-roll 

processing8,9. Parsing through literature suggests that the huge push to industrialize CIS 

solar cells, the most focus has been paid on making efficient solar cells from CIS NCs. 

While there are interesting reports on CIS synthesis10–13, such as monodisperse14,15 and 

photoluminescent16,17 CIS, there are still simple explorations that have yet to be reported. 

Thus, most synthesis methods rely on two undesirable chemicals, oleylamine and 

phosphine.  

Oleylamine is commonly used because it allows for cheap and simple synthesis18. 

However, it is a relatively long ligand, which provides detrimental insulating effects in 

NC solar cells. Furthermore, its high boiling point makes it difficult to remove. On the 

other hand, phosphines are sensitive, dangerous, and expensive chemicals. Their main 

use in synthesis is to dissolve Se11,12, allowing for injection methods. While phosphine-

free reactions do exist, they primarily rely on very expensive Se compounds14,15 with a 

few using Se dissolved in octadecene19,20. 

Therefore, this work was motivated to demonstrate methods for CuInSe2 NC 

synthesis first demonstrate that CuInSe2 can be formed with alternate ligands, but varying 
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ligands has a large compositional effect. We will then offer variations that allow for 

phosphine-free, Se based synthesis, and demonstrate the large effect changing when 

elements are introduce have on morphology. Lastly, we will show attempts to convert 

InxSe wires to CuInSe2. 

5.2. EXPERIMENTAL DETAILS 

5.2.1 Materials 

All chemicals were used without further purification, unless otherwise specified. 

The term “previously degassed” refers the removal of air by keeping a solution under 

vacuum overnight, followed by filling it with N2 and storing in a N2 filled glovebox. 

Anhydrous, pyrophoric, and degassed chemicals were all stored in a N2 filled glovebox. 

Chemicals purchased from Strem were also stored in the glovebox. 

The following chemicals were purchased from Sigma Aldrich: 98% octylamine 

(OA), 98% 1-dodecylamine (DDA), 98% hexadecylamine (HAD), 97% octadecylamine, 

diphenylphosphine (DPP), technical grade 1-octadecene (ODE), 99.99% selenium 

powder, and >99.99% copper(II) acetylacetonate (Cu(acac)2). Absolute ethanol and 

toluene was purchased from Fisher Scientific. Indium chloride (InCl3) and copper 

chloride (CuCl) were purchased from Strem Chemicals Inc. 

5.2.2. CuInSe2 Nanocrystal Synthesis - DPP:Se Method 

CuInSe2 nanocrystals were synthesized similarly to previously reported 

methods12. In a N2 filled glovebox, three-neck flask was loaded with a magnetic stir bar, 

1mmol CuCl, 1mmol InCl3, and 10mL of previously degassed amine. The flask was 

sealed with septa, removed from the glovebox, and placed on a schlenk line, where it was 
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degassed at room temperature for 1hour. During this time, a vial was loaded with a 

stirbar, 2mmol Se, 1mL DPP, and 1mL of amine in the glovebox. It was stirred at 100°C 

until needed (>1hour). 

After degassing the reaction flask, it was filled with N2 and heated to 170°C, at 

which point the Se-DPP-amine mixture was loaded into a syringe, removed from the 

glovebox, and swiftly injected into the reaction flask. Temperature was held at 170°C for 

30minutes, before cooling to room temperature. The flask was then opened and washed 

in air using common solvent/anti-solvent methods. 

Briefly, the product was split between two glass centrifuge tubes, where 5mL of 

toluene and 15mL of ethanol was added to the flask. The tube was then spun at 8000rpm 

for 5 minutes. The supernatant was discarded, and the precipitate was dispersed in 5mL 

of toluene. 10mL of ethanol was added and the mixture was spun again. This washing 

was repeated two more times. Afterwards, the precipitate was dispersed in 10mL of 

toluene again and spun at 500rpm for 1 minute to drop out poorly capped particles. The 

supernatant was saved and transferred to a N2 filled glovebox for storage. 

5.2.2. CuInSe2 Nanocrystal Injection Study Synthesis 

For one reaction, a three-neck flask was loaded with a magnetic stir bar, 2mmol 

Se, and 5mL of previously degassed dodecylamine in an N2 filled glovebox. . The flask 

was sealed with septa, removed from the glovebox, and placed on a schlenk line, where it 

was degassed at room temperature for 1hour. During this time, a vial was loaded with a 

stirbar, 1mmol CuCl, and 5mL of DDA, in the glovebox. It was stirred at 150°C for 
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>1hour to ensure dissolution. Likewise, another vial was loaded with a stirbar, 1mmol 

InCl3, and 5mL of DDA, in the glovebox. It was stirred at 225°C for >1hour to ensure 

dissolution, and cooled to 150°C immediately before injection. After degassing the flask, 

it was heated to 180°C, at which time the CuCl solution was quickly injected and the 

solution was held at temperature for 30min. Then the InCl3 solution was swiftly injected, 

and the solution was held for another 30min. The flask was then cooled to room 

temperature and washed as previously described. 

In an analogous case, the same procedure was followed, except the CuCl & InCl3 

solutions were injected in opposite orders. 

For the last perturbation, a three-neck flask was loaded with a magnetic stir bar, 

1mmol InCl3, and 5mL of previously degassed dodecylamine in an N2 filled glovebox. . 

The flask was sealed with septa, removed from the glovebox, and placed on a schlenk 

line, where it was degassed at room temperature for 1hour. During this time, a vial was 

loaded with a stirbar, 1mmol CuCl, and 5mL of DDA, in the glovebox. It was stirred at 

150°C for >1hour to ensure dissolution. Likewise, another vial was loaded with a stirbar, 

2mmol Se, 2.5mL of ODE, 2.5mL of DDA, in the glovebox. It was stirred at 200°C for 

>1hour to ensure dissolution, and cooled to 150°C just before injection. After degassing 

the flask, it was heated to 180°C, at which time the Se solution was quickly injected and 

the solution was held at temperature for 30min. Then the CuCl solution was swiftly 

injected, and the solution was held for another 30min. The flask was then cooled to room 

temperature and washed as previously described. 



 101 

5.2.3. InSe2 Nanowire Synthesis and Conversion to CuInSe2 

InSe2 nanowires were formed using previously described methods for InSe21. In a 

N2 filled glovebox, a three-neck flask was loaded with a magnetic stir bar, 1mmol InCl3, 

2mmol Se, and 10mL of previously degassed dodecylamine. The flask was sealed with 

septa, removed from the glovebox, placed on a schlenk line, and degassed at room 

temperature for 1hour without stirring. The flask was then filled with N2 and heated to 

230°C, at which point virgorous stirring was started. The reaction was held at 

temperature for 1hour. 

If an injection was to be performed, 1mmol of CuCl was dissolved in 5mL of 

DDA in a glovebox at 150°C with stirring. After the InSe2 reaction had completed it was 

cooled to the CuCl injection temperature, and the CuCl-DDA solution was injected and 

held for 30minutes.  

All reactions were washed using the same method as in section 5.2.2. 

5.2.4. Characterization Methods 

Transmission electron microscopy (TEM) images were collected on an FEI 

Tecnai TEM with HT of 80kV by dropcasting samples on carbon nickel mesh grids. X-

ray diffraction (XRD) spectra were acquired on a Rigaku R-Axis Spider diffractometers with 

image-plate detector using Cu Kα radiation (λ = 1.54 Å). XRD standards are taken from 

standard PDFs referenced and are summarized in table 5.1. Electron Dispersive Spectroscopy 

was performed and collected an FEI Quanta 650 SEM, and processed using the stock 

software. Small angle X-ray Scattering (SAXS) data was collected at UT Austin using 

custom equipment. Briefly, a Molecular Metrology SAXS instrument consisting of a high 
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brilliance rotating anode generator with Cu target, double focusing optics (Ge mirror and 

parallel slits for vertical collimation and asymmetric cut Si (111) monochromator), and a 

120mm diameter multiwire gas-filled proportional detector. 

Table 5.1. All PDF standards used for XRD. 

Material PDF 

Chalcopyrite CuInSe2 PDF#01-087-2265 

Wurzite CuInSe2 Adapted From Previous Works10,15 

CuSe PDF#01-086-1240 

InSe PDF#00-042-0919 

Se PDF#00-006-0362 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Ligand Dependent Composition of CuInSe2 Nanocrystals 

CuInSe2 NCs were synthesized using the DPP:Se method, with several different 

length capping ligands; namely octylamine, dodecylamine, hexadecylamine, and 

octadecylamine. As expected, nanocrystals capped with octylamine were less stable and 

less spherical than NCs prepared with longer ligands. In fact, nanocrystal size seemed to 

decrease slightly as ligand length increased, as shown in Figure 5.1.(a-e). In order to 

confirm nanocrystals were coated with ligands of various lengths, transmission SAXS 

was used to estimate the interparticle spacing, which is a measure of the center-to-center 

distance between nanoparticles. A more appropriate measure is the surface-to-surface 

distance, which confirms increasing interparticle spacing as ligand length increases, as 

shown in Figure 5.1.(e). 
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Most interestingly, the In content of CuInSe2 appears to decrease as amine length 

increases. This trend could be explained by hard-soft acid-base theory, which suggests 

amines complex more strongly with In3+ than Cu+. Therefore, In3+ is expected to be 

restricted by ligands. Since the ligand “footprint,” or amount of area a ligand takes up on 

a surface, increases with length, it is implied that shorter ligands can “deliver” more In3+ 

to a nanocrystal, as they can pack tighter. While this result is interesting and should be 

pursued by detailed HRTEM/EDS, it first motivated a further exploration of CuInSe2 

synthesis. 

 

Figure 5.1. Tranmission electron microscopy images, as well as size, spacing, and 

compositional information for CuInSe2 synthesized with various amines. 

TEM images are: a) octylamine capped NCs, b) dodecylamine capped NCs, 

c) hexadecylamine capped NCs, d) octadecylamine capped NCs. e) Graph of 

core size (red), core-core spacing (blue, and surface-surface spacing (green) 

vs. capping ligand f) plot of copper content (red) and indium content (blue) 

vs capping ligand. 
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5.3.2. Perturbations to Traditional CuInSxSe2-x Reaction Schemes 

Two major reaction schemes exist in literature for forming CIS. The first is to 

place all reactants in a flask with the capping ligand, and heat to a reaction temperature. 

The second is the place Cu and In precursors in a flask, heat to temperature, and inject a 

selenium source. However, other perturbations to this reaction scheme have not been well 

explored. This is likely due to the difficulty in injecting Cu and In precursors. Procedures 

for injections have been outlined in the experimental section, but it is worth reiterating 

that these hot injections require good safety practices. 

5.3.2.1. Injection Method Comparison 

Since we suspected a difference in reactivity of Cu+ and In3+, a simple study of 

how the order of introducing CuCl, InCl3, and Se to the reaction flask affected NC 

formation. Three cases were tested and are summarized in Figure 5.2. If CuCl is injected 

into hot Se prior to injecting InCl3, it is shown that highly faceted triangular particles 

result (Figure 5.2.b.), but some large hexagonal objects remain (Figure 5.2.b.), which are 

CuSe impurities. The bulk resulting composition of these particles was found to be 

Cu1.26In0.79Se2, confirming excess Cu and Se. However, if InCl3 is injected into hot Se 

before injecting CuCl form more uniform, rounded particles (Figure 5.2a-b.), with only 

CuInSe2 being detected by XRD. Their bulk composition Cu0.97In1.24Se2 is much more in 

line with the particles formed in Section 5.3.1. Lastly, Se-poor particles resulted if Se was 

injected into hot InCl3 prior to introducing CuCl. These particles were also found to be 

mostly faceted, but were indexed to CuInSe2 by XRD. EDS revealed an overall 

composition of Cu1.18In1.27Se2. 
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Figure 5.2. TEM images illustrating different morphologies obtained by introducing 

CuCl, InCl3, and Se to a dodecylamine solution in different orders, with 

their corresponding XRD. a-b) TEM of CuCl injected into Se, followed by 

InCl3 injection with XRD in g. c-d) TEM of InCl3 injection into Se, 

followed by CuCl injection with XRD in h. e-f) TEM of Se injected into 

InCl3, followed by CuCl injection with XRD in i. 

5.3.2.2. Converting InxSe Nanowires to CuInSe2  

InSe nanowires have been shown to be surprisingly easy to synthesize. The 

reaction is sensitive, but increasing the amount of Se so that the reaction contains 2:1 

In:Se molar ratio still led to the formation of nanowires. In hopes of converting these 

nanowires to CuInSe2, CuCl suspended in hot dodecylamine was injected at various 
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temperatures. Unfortunately, all products showed substantial breakdown of the wires, but 

less breakdown occurred at lower injection temperatures. This is due to the lattice 

expansion during the conversion, as CuInSe2 has 1.85 times the molar volume of InSe.  

XRD revealed that when CuCl is injected at a low temperature, a large amount of 

Wurzite CuInSe2 is detected. As the injection temperature is raised, less wurzite and more 

chalcopyrite character is detected. Furthermore, EDS revealed consistent indium content, 

but decreasing copper content with increasing injection temperature. As made InSe 

nanowires actually had a composition of In1.54Se2. CuCl injections at 110°C, 160°C, and 

210°C lead to compositions of Cu1.24In1.15Se2, Cu1.18In1.12Se2, and Cu1.05In1.17Se2 

respectively. 
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Figure 5.3. TEM and XRD data for as-made InxSe nanowires, and conversions to 

CuInSe2 by CuCl injections at various temperatures. a-b) TEM for as-made 

InxSe nanowires with indexed XRD in i. c-d) TEM for a 110°C injection 

temperature with indexed XRD in j. e-f) TEM for a 160°C injection 

temperature with indexed XRD in k. g-h) TEM for a 230°C injection 

temperature with indexed XRD in l. 
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5.3.4. CONCLUSIONS 

CuInSes nanocrystals were synthesized with alkylamines of various lengths. The 

In content of these NCs was found to increasing with decreasing amine length. InSe2 

nanowires were converted to CuInSe2 by injected CuCl at various temperatures. At low 

temperatures, poorly shaped nanowires resulted, but showed some wurtzite structure. As 

the injection temperature increased, less wurtzite and more chalcopyrite structure was 

detected. Furthermore, Cu content increased with decreasing injection temperature. In an 

attempt to grow large grain CuInSe2 films, Cu-poor CuInSe2 was mixed with Cu NCs.  
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Chapter 6: Conclusions and Future Research Directions 

6.1. CONCLUSIONS 

6.1.1. Small Angle X-Ray Scattering of Vesicles 

A model was developed and applied for the structural analysis of DOPC vesicles, 

embedded with nanocrystals. Fitting of the model revealed that gold nanocrystals were 

indeed located near the center of the lipid bilayer. Surprisingly, the bilayer was found to 

expand by less than the size of the nanocrystal core, implying some compression of the 

lipid tails. However, there could also be some error, as the model cannot account for 

bilayer any non-spherical character of the vesicle, such as waviness or elliptical 

distortions. 

6.1.2. Molecular Dynamics Simulations of Gold Nanocrystal Superlattices 

Molecular dynamics was used to predict the size and density of BCC and FCC 

crystals for a variety of gold nanocrystal systems. When compared with experimental 

results, small error was observed, which could be due to forcefield errors or 

polydispersity/morphology issues in synthesizing the nanocrystals. The diffusion 

coefficient for thiol in the superlattice was also evaluated, and suggested fluid behavior. 

The calculated coefficients agreed well with previous reports of thiol on planar gold, 

suggesting thiol primarily explored the surface of nanocrystals in a superlattice.  

Lastly, the free energy difference between BCC and FCC crystals was calculated 

for 1.86nm gold in a variety of ligand systems. These calculations revealed a FCC to 

BCC transition with increasing thiol length that was consistent with previous 

experimental reports. They also showed that the amount of ligand present greatly affected 
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the location of this transition. The source of this transition was shown to be ligand 

entropy. 

6.1.3. Synthesis of Cu3BiS3 for Low-Temperature Solar Cell Fabrication 

Attempts to parallel CVD methods, that layer Bi and CuS films, for 

manufacturing Cu3BiS3, by mixing Bi NCs and CuS NCs failed to produce Cu3BiS3 and 

little grain growth was observed. By synthesizing mixture of Cu-B-S with different 

ligands, it was demonstrated that amine appears to prevent formation of Cu3BiS3. 

Conversely, thiol allowed for the Cu3BiS3 formation. Lastly, Cu3BiS3 NCs were 

synthesized in dodecylamine, dodecanethiol, and octadecanethiol. Despite being 

primarily Cu3BiS3, the presence of Bi was detected in samples made with dodecylamine 

and dodecanethiol. These samples demonstrated greater stability upon heating, but amine 

was again found to be undesirable. Dodecylamine capped samples retained a strong Bi 

presence in XRD and did not grow large grains, whereas dodecanethiol capped samples 

lost their Bi character at 350°C and slightly grew. 

6.1.4. Variations on Traditional CuInSe2 Synthesis Methods 

It was demonstrated that the length of amine used during traditional DPP:Se based 

nanocrystal syntheses had a great effect on CuInSe2 composition – the shorter the amine, 

the more In that was present in nanocrystals. The order of introducing Cu, In, and Se to a 

reaction was shown to greatly influence morphology, but not composition or structure. In 

an effort to synthesize unseeded nanowires, InSe2 nanowires were formed using reported 

methods for InSe, followed by the injection of CuCl. Injecting CuCl lead to battered 

nanowires, as the volume expansion associated with incorporating Cu damaged the 
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structures. However, lower injection temperatures led to a wurzite crystal structure, with 

higher Cu content. Higher injection temperatures showed traditional chalcopyrite 

structure, with nearly stoichiometric Cu content. 

6.2. POTENTIAL FUTURE RESEARCH DIRECTIONS 

6.2.1. Nanocrystal-Vesicle SAXS Studies 

The work explained here is a good start for understanding nanocrystal-vesicle 

systems, however much more could be done. Some obvious studies would be increasing 

the gold core size slightly and changing capping ligands to explore the structural effects 

on the bilayer, attempting to alternate capping ligands (such as amine) to explore the role 

of capping strength, and using a different core material all together. Perhaps the most 

interesting work would be to explore using oil to fill the vesicles, with water as the 

solvent, because this might lead to vesicles located between the bilayer and oil. Such 

studies would reveal more information on the accuracy of this model, and potentially 

validate it as a characterization tool for these systems. 

6.2.2. Validation of MD Simulations and Applications for Other NC Superlattices 

While we have proven a basis for MD simulations of superlattices, much more 

work should be done to validate the predicted properties. In light of this, carefully 

prepared Au NCs samples should be prepared and studied. However, other commonly 

explored superlattice systems may be more desirable, such as PbS, since their force-field 

parameters are better known. 
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Regarding free energy calculations, other methods such as DFT, should be 

considered. While recent facility upgrades to TACC may allow for thermodynamic 

integration of larger systems, the datasize and computational times are restrictive. 

Most excitingly, would be an exploration of nanocrystal systems that have 

difficulty forming superlattices, such as Si. Recently, our group demonstrated Si 

superlattices, but found they required extremely monodisperse samples in specific solvent 

conditions are necessary. Simpler excess free energy calculations, such as insertion 

methods, could yield insight as to why certain conditions aid in superlattice formation. 

These insights might also be applied for binary superlattices. 

6.2.3. Further Proposals for Low Temperature, Large Grain Solar Cell Devices 

More thorough Cu3BiS3 studies should be conducted to explore the electronic 

properties, such as work function and Fermi level. Likewise, the similar n-type material, 

CuBiS2, should be explored as it has similar properties. Assuming proper electronic 

properties, solar cells could be fabricated and characterized. Techniques such as UPS and 

Hall measurements would be very interesting here. 

Another system that holds promise is CuFeSe2, as it has similar properties to 

Cu3BiS3, but may have lower material costs. The main challenge is that CuFeSe2 has a 

band gap near 0.16eV, which means it must be blended with an appropriate material, 

such as CuGaSe2 or CuAlSe2. Unfortunately, preliminary tests we’ve performed suggest 

Se outgassing is an issue when annealing.  
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Likwise, Cu NCs are very easy to synthesize and could be used as an agent for 

grain growth in CuXSxSe2-x devices, where X is an element such as In, Ga, Fe, etc.. In 

our preliminary tests, we found on limited grain growth however they focused on mixing 

Cu<0.75InSe2 nanocrystals with Cu NCs. This focus was somewhat naïve, as the volume 

expansion and reaction will be far less impressive than Cu NCs and In2Se3 nanocrystals. 

However, an additional method of increasing the Se or S content would then be needed. 
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