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Control over nanocrystal growth kinetics provides a powerful way of tailoring 

particle size and shape during synthesis.  Investigations into the growth of gold 

nanocrystals demonstrated how reaction conditions can be adjusted to control the growth 

rate and produce monodisperse particles.  Kinetic control during the synthesis of CdS, 

CdSe and CdTe nanoparticles allows the shape to be tuned, from rods to spheres, without 

modifying the reaction chemistry.  The growth and optical properties of these shape-

anisotropic semiconductor particles were studied, and these methods were extended to 

produce semiconductor heterostructure nanorods. 

Solvent-mediated interparticle interactions between nanocrystals dispersed in 

toluene and in supercritical carbon dioxide were also studied.  Nanocrystal dispersions 

were characterized using small-angle X-ray scattering in order to obtain information 

about the pair interaction potential.  In organic solvents, subtle differences in the 

concentration-dependent scattering from dispersions allowed second virial coefficients to 

be measured as a function of nanocrystal size.  Interestingly, larger nanocrystals exhibited 
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overall repulsive interactions, while smaller nanocrystals exhibited attractive interactions, 

which is likely due to differences in ligand coverage among the different sized particles.  

Nanocrystals coated with fluorinated ligands could be dispersed into supercritical carbon 

dioxide, and the relatively strong interparticle interactions were measured at different 

carbon dioxide densities.  As expected, the interaction strength increased as the solvent 

density was lowered, due to a decreased ability of the solvent to solvate the capping 

ligands.  The formation of metastable nanocrystal flocculates was also observed at all 

system conditions studied. 

The assembly of nanocrystals into ordered superlattices under equilibrium 

conditions is strongly influenced by nanocrystal interparticle interactions.  The formation 

of binary superlattices was studied, and an ordered AB phase was observed from the co-

assembly of small gold and large iron nanocrystals.  A non-equilibrium route, breath 

figure templating, was also used to produce nanocrystal films with hierarchal order and 

porous polymer films.  Evaporation of a nanocrystal or polymer dispersion in a humid 

atmosphere causes water droplets to nucleate and grow at the solvent-air interface.  The 

solute stabilizes the water droplets which assemble into ordered arrays to template the 

drying film.  The design rules for producing macroporous nanocrystal and polymer films 

are discussed. 
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Chapter 1: Introduction 

1.1 NANOCRYSTALS AS ARTIFICAL ATOMS 

Colloidal nanocrystals are mesoscopic materials, occupying the region between 

the atomistic and the macroscopic worlds.  Befitting their in-between size, the physical 

properties of these tiny particles of metals or semiconductors often contain a combination 

of atomic and bulk-like characteristics, the balance depending on the nanocrystal size and 

shape.  As a bulk material is subdivided into smaller and smaller portions, the continuous 

energy bands begin to take on atomic character at the band edges.  These changes can be 

readily seen in semiconductor nanocrystals, for example, which exhibit absorbance and 

luminescence spectra that are strongly size-dependent.  Because of the narrow, well-

defined features in the optical spectra, early researchers termed these materials “artificial 

atoms.”  Although this label was applied primarily due to the nanocrystal optical 

properties, it is perhaps even more relevant today.  Improved characterization methods 

delve deeper into the properties of these new materials, which continue to exhibit atomic-

like characteristics, and they are currently being utilized as building blocks to form 

nanocrystal solids with structures similar to atomic solids. 

Investigation of semiconductor nanocrystals has shown that these particles exhibit 

discrete energy levels, similar to individual atoms, despite containing several hundred to 

a few thousand atoms,1  and spectroscopic studies have even shown that the electronic 

wavefunctions in nanocrystals bear striking resemblance to their atomic counterparts.2  

The “soft sphere” interactions between nanocrystals in dispersions are also reminiscent of 

interatomic pair potentials.  In addition to their physical properties, nanocrystals can also 

be linked together for form “artificial molecules” or used as building blocks to produce 

“artificial solids.”  Nanocrystals have been joined together to form long chains,3 rings, 
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and branched structures;4 and under the appropriate deposition conditions, nanocrystals 

will self-assemble into ordered arrays, with superlattice structures that mimic the atomic 

arrangements of bulk solids.5-7  Further, nanocrystals can participate in chemical 

reactions: both as catalysts8 and as reagents to produce new nanoscale materials.9  Future 

nanocrystal research will focus on understanding the fundamental properties of these 

artificial atoms, and incorporating them into new technologies. 

The objective of the work in this dissertation is to understand some of the 

fundamental aspects of nanocrystal growth and behavior.  The first portion of the 

dissertation focuses on understanding and manipulating nanocrystal growth during 

synthesis, in order to achieve control over the size, shape and properties of the product.  

Additional work investigates how the properties of the nanocrystal-solvent system affect 

interparticle interactions.  The final sections explore the self-assembly and self-

organization processes, producing nanocrystal films which exhibit complex or hierarchal 

ordering. 

 

1.2 SYNTHESIS AND PROPERTIES 

The use of metal and semiconductor nanocrystals dates back almost two thousand 

years to the time of the Mayans10 and the Roman Empire,11 where they could be found in 

colorants used to make pigments, paints, and stained glass.  The scientific study of 

nanometer sized colloids dates back to the middle of the 19th century and the beginning 

of the 20th century, when gold sols were studied by Faraday and Mie.12,13  The present 

day experimental study of ligand-stabilized colloidal nanocrystals and their properties has 

its roots in the pioneering work by Brus and co-workers and by Henglein and co-workers, 

who began studying quantum confinement effects in colloidal CdS nanocrystals 

approximately two decades ago.14  These early examples of semiconductor nanocrystals 
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were synthesized at room temperature, and although the optical properties exhibited 

quantum confinement effects, the particles exhibited only weak luminescence which was 

dominated by deep trap state emission due to crystal defects and poor surface passivation.  

Bawendi and co-workers later developed a high-temperature synthesis to decompose 

organometallic precursors in a coordinating solvent, and produced size-monodisperse 

semiconductor nanocrystals with greatly improved optical properties.15  Around the same 

time, Brust et al. developed a two-phase, room-temperature synthetic method for 

producing small ligand-stabilized gold nanocrystals.16,17  Variations on these methods 

have since been used to synthesize a wide range of metallic, magnetic and 

semiconducting nanocrystals (Figure 1.1).  

 

 

Figure 1.1.  High-resolution transmission electron micrographs of (a) gold (face-centered 
cubic structure), (b) lead selenide (rock salt structure) and (c) cadmium 
selenide (wurtzite structure) colloidal nanocrystals.  A molecular model of a 
faceted cadmium selenide nanocrystal is shown in (d). 
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1.2.1 Semiconductor nanocrystal heterostructures 

Recent work synthesizing nanocrystals has focused on controlling the properties 

of the nanocrystals – such as the electronic band structure in semiconductor nanocrystals, 

which affects the resulting optical properties – and the size and shape.  The main 

determinant of the optical properties of semiconductor nanocrystals is the size.  However, 

because nanocrystals have such a large surface-to-volume ratio, the electronic properties 

of the passivating layer strongly influence the optical properties and the 

photoluminescence can be shifted or increased through appropriate surface modifications.  

The earliest method of surface modification for semiconductor nanocrystals involved 

removing the organic ligands that coat the nanocrystal surface and replacing them with a 

few monolayers of a second semiconductor material, forming core/shell nanocrystals.18  

If the shell is chosen to have a wider band gap than the core material (a Type I band 

offset), an exciton will be spatially confined to the core.19,20  The increased overlap of the 

electron and hole wavefunctions, and the reduced likelihood of losing a charge to surface 

defects, results in an increased quantum yield.  If the band gap of the shell forms a 

“staggered” offset with the core band gap (a Type II offset) one carrier will be confined 

to the core material and the second carrier will tunnel into the shell material.21,22  (The 

different types of band offsets are summarized in Figure 1.2.)  In this case, the separation 

of the electron-hole pair often results in a lower quantum yield, because exciton 

recombination is slowed significantly.  Such materials exhibit interesting optical 

properties, however: if exciton recombination occurs across the material interface, the 

resulting emission has a lower energy than would be possible using either the core or 

shell material by itself.  This effect opens the possibility of using materials that would 

normally emit in the visible wavelengths for applications requiring near infrared 
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emission.  The range of wavelengths accessible can be significantly extended using only 

a pair of materials rather than many different materials. 

 

 

Figure 1.2.  Illustration of the resulting band structures that can occur when two different 
semiconductors are joined together.  In a type I (“nested”) structure the 
exciton is physically confined to one material.  The band structure of type II 
(“offset” or “staggered”) materials leads to a separation of the electron-hole 
pair (here the hole is shown tunneling from the core to the shell). 

1.2.2 Shape control 

The effects of shape on the optical properties are also of great interest.  

Nanocrystal shape control has proved to be most effective for semiconductor 

nanocrystals, most of which possess an anisotropic crystal structure which can help drive 

growth along certain crystal facets, and the presence of an electronic dipole moment 



 6

which may influence growth or subsequent attachment of particles.  By manipulating the 

reaction chemistry, Alivisatos, Peng and co-workers first demonstrated the synthesis of 

CdSe nanorods.23  This approach works through the addition of a co-ligand to the 

reaction mixture which binds preferentially to certain crystal facets, thus favoring growth 

onto less strongly passivated facets.  As nanocrystals elongate into nanorods, quantum 

confinement shifts from three dimensional to two dimensional, affecting the optical 

properties.24-26 The most notable change in optical properties is the finding that nanorods 

exhibit polarized luminescence,26-29 making them ideal for polarized light emitting 

devices or lasers. 

In addition to modifying the reaction chemistry, shape manipulation is also 

possible by controlling the growth kinetics (which will be discussed in Chapter 3) or by 

directing the attachment of nanocrystals, as has been demonstrated recently by several 

research groups.  Because nanocrystals possess a large surface curvature, the chemical 

potential of the particle is increased relative to the bulk material (see the discussion in 

Chapter 2, for example) and the particles are therefore thermodynamically unstable.  If 

the nanocrystal cores are allowed to come into close proximity, the particles will 

spontaneously fuse together in an attempt to reduce the surface curvature.  In some cases, 

it is possible to control the interactions between particles – done primarily by changing 

the number and chemistry of the ligands coating the nanocrystals – in order to join 

nanocrystals together in a controlled way.  Oriented attachment of the nanocrystals, in 

which the particles are fused along identical crystallographic directions, can be due to 

facet-dependent ligand adsorption or to dipole-dipole orientation during interactions, or 

to external influences such as electrical or magnetic fields. 

Kotov and co-workers recently demonstrated the spontaneous assembly of water-

soluble nanocrystals into single-crystal CdTe, Te and Se nanowires with lengths up to 10 
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micrometers and diameters comparable to the original particles (a few nanometers).3,30  

To accomplish this they cleaned the particles using standard antisolvent techniques to 

remove excess ligand from the solution and also to remove some of the ligand from the 

surface of the nanocrystals.  As the partially destabilized nanocrystals interact, dipole-

dipole interactions induce registry in the particle orientations as fusing occurs.  For CdTe 

nanocrystals with a hexagonal crystal structure, this dipole exists along the c-axis; 

electron micrographs of the assembled nanowires show that growth is along the [001] 

direction, illustrating the importance of these types of interactions in the oriented 

attachment process. 

Similar results for Pb1-xMnxSe and PbSe nanocrystals with a cubic crystal 

structure have also been shown, resulting in the formation of high-aspect ratio nanowires 

(lengths up to 2 µm for doped PbSe and up to 30 µm for undoped PbSe) with tunable 

diameters,4,31 nanorings, branched structures and multi-arm (star shaped) particles.4  

These impressive assembled structures are the result of two factors: (a) that dipole 

moments can exist along different crystallographic axes in the cubic crystal structure 

system, allowing bending and corners to be introduced into the growing structures and (b) 

the use of multiple surfactants during synthesis to further direct the growth process. 

1.2.3 Multi-functional nanostructures 

In addition to modifying nanocrystal properties through size and shape, 

researchers are working on methods to produce multi-functional artificial atoms which 

combine different material systems into the same structure.  There have been several 

reports over the past two years of synthetic methods for producing multi-functional 

nanocrystals, including spherical core/shell magnet/semiconductor structures;32 co-joined 

sphere/sphere “dumbbell” structures, with metal/metal,33 metal/magnet,33,34 and 

magnet/semiconductor35,36 interfaces; and semiconductor nanorods with noble metal 
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particles located at one or both ends.29,37  The optical properties of these multifunctional 

nanostructures often exhibit interesting deviations from their individual components, such 

as a shift in the plasmon resonance of noble metal nanocrystals34 or a decrease in the 

photoluminescence intensity of semiconductor nanocrystals.37  These changes are 

attributed to the overlap of the electronic structures of the different components,38 and 

indicates that such systems are of great use for studying the effects of one material 

property on another when they are physically joined at the nanometer lengthscale. 

Such multi-component multi-functional nanostructures have a number of potential 

uses.  For example, while semiconductor nanomaterials have been suggested as integral 

components in future-generation electronic devices, their use is often limited by 

difficulties in forming electrical contacts with neighboring areas.  The ability to form 

integrated metallic contact points within a multi-component structure is therefore of great 

value.  Magnet/semiconductor nanostructures are also of interest; these materials would 

be very interesting as dual-use biological tags, offering the ability to visualize labeled 

cells using both magnetic resonance and fluorescence imaging techniques; for application 

in spintronic applications, due to interactions between the exciton generated in the 

semiconductor portion and the magnetic nanocrystal;32 or for the directed assembly of 

such materials using external magnetic fields. 

 

1.3 INTERPARTICLE INTERACTIONS IN NANOCRYSTAL DISPERSIONS 

Solvent-mediated interparticle interactions between nanocrystals strongly affect 

phase behavior, dispersibility, and the assembly process.  The overall interactions result 

from the balance of attractive forces between the nanocrystal cores and repulsive forces 

which arise from ligand-ligand and ligand-solvent interactions.  Attractive van der Waals 

forces are determined by the electronic properties of the core material and the intervening 
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medium between the nanocrystals.  The attractive energy is proportional to the 

nanocrystal size and the solvent-mediated Hamaker constant ( )2

2211121 AAA −= , 

where A11 and A22 are the Hamaker constants for materials 1 and 2 interacting with 

themselves across a vacuum.  Values for Axx can sometimes be found in the literature, or 

may be estimated using Lifshitz theory:39 
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Here, kT is the thermal energy, εx and nx are the dielectric constant and refractive index of 

the medium, respectively, h is Planck’s constant and νe is the main electronic absorbance 

frequency in the ultraviolet.  For liquids and supercritical fluids, the values of ε and n are 

density-dependent, and may be determined from equations of state.40 

Repulsive forces between nanocrystals may be considered from the viewpoint of 

steric interactions39,41,42 or osmotic interactions.43,44  Steric interactions are modeled by 

considering the motion of a ligand extended into the solvent surrounding a nanocrystal, 

which will occupy some finite volume in space.  As ligands between neighboring 

nanocrystals begin to overlap, the interactions between the motions of the ligand tails 

produce a repulsive interaction.  The models for osmotic repulsion also consider the 

nature of the solvent and its interaction with the ligand, in addition to the ligand 

geometry.  The physical basis for this model is that solvent molecules are displaced from 

in between nanocrystals as the ligands begin to overlap; this difference in solvent 

concentration between the point of ligand overlap and the bulk solution causes a large 

osmotic pressure gradient which acts to force the nanocrystals apart.  For good solvent 

conditions, such as hydrocarbon coated nanocrystals in organic solvents, comparison of 

the two models shows similar amounts of repulsion.  In Chapter 5, which deals with 

nanocrystals dispersed in a supercritical fluid, the osmotic repulsion model is used to take 
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into account the changing solvent conditions.  Further information about calculating the 

interparticle potential for nanocrystals is contained in the discussion in Chapters 4 and 5. 

Compared with other areas of nanocrystal research, to date there have been 

relatively few studies of nanocrystal interparticle interactions.  The influence of these 

interactions on the self-assembly process has previously been studied by Ohara and co-

workers for dispersions of polydisperse nanocrystals,45 who found that the size-dependent 

interaction between particles affects the formation of two-dimensional films; and by 

Korgel et al.,46 who studied the effects of nanocrystal film formation under different 

solvent conditions.  In related studies, Brus and co-workers studied the phase behavior 

and assembly of nanocrystals under different solvent and evaporation conditions.47,48  

While these studies have focused on relating changes in nanocrystal assembly to 

differences in interactions, which were induced by varying the solvent properties or 

particle size, there have also been a few studies that use scattering techniques to directly 

measure interactions between nanocrystals in solution.  Mattoussi et al. used small-angle 

X-ray scattering to test the effect of varying the solvent-ligand pair on interparticle 

interactions between CdSe nanocrystals49,50 and Korgel and Fitzmaurice42 also used 

SAXS to study interactions in dense nanocrystal solutions (disordered thin films of 

nanocrystals).  There have also been a number of recent theoretical studies of 

nanocrystals dispersed in conventional and supercritical solvents, and the effects of anti-

solvent addition and changes in the solvent density have been explored.51-53  Chapter 4 

discusses the effects of nanocrystal size on interparticle interactions, and Chapter 5 

explores the role of the solvent in stabilizing nanocrystals. 
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1.4 ASSEMBLY OF NANOCRYSTAL SOLIDS 

Characterization of deposited monodisperse nanocrystals using transmission 

electron microscopy shows that under certain conditions the particles will assemble into 

ordered arrays which mimic the simple crystal structures of many elements.  Because 

colloidal nanocrystals were often initially described as “artificial atoms,” these 

assemblies were termed “artificial solids;” it was suggested that these colloidal solids 

may exhibit collective physical properties due to the coupling of electronic or magnetic 

dipoles of neighboring atoms, or from the overlap of the quantum mechanical 

wavefunctions between the ordered nanocrystals.5,54  Although collective optical5,54 and 

vibrational55 properties have been observed, several boundaries must be overcome for the 

nanocrystal solids to exhibit the characteristics of a true “artifical solid.”  Advances in 

nanocrystal preparation have resulted in nearly size-monodisperse samples, where the 

standard deviation in particle size is only approximately 5%; even this amount of 

difference in size, however, can significantly shift the energy levels in semiconductor 

nanocrystals (particularly for small sizes), and it is therefore likely necessary that this 

“polydispersity” must be reduced even further (~ 1-2%) in order to reduce broadening in 

the optical and electronic properties.  Further, the nanocrystals are typically separated by 

1 to 3 nm of organic ligands; the wavefunction of the nanocrystal only extends a short 

distance beyond the crystal surface, indicating that this interparticle separation must be 

reduced to obtain true coupled behavior.  As this goal is worked towards, there still 

remains much to be learned about controlling the self-assembly process at nanometer 

lengthscales. 

1.4.1 Energetics of the assembly process 

The formation of colloidal crystals from evaporating dispersions provides a 

simple model system with which to examine the thermodynamics and kinetics of 
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colloidal phase transitions and self-assembly processes.  It is now known that the 

thermodynamics of such systems can be complex, depending on both energetic and 

entropic effects within the system; for example, as the colloid volume fraction in a 

dispersion reaches a critical value, the particles will undergo an entropically driven 

liquid-solid phase transition, i.e. freezing, locking the particles in place.  Although 

entropy is typically associated with disorder or randomness, entropy-driven effects can 

also lead to order.  If the colloids are size-monodisperse, the loss of configurational 

entropy during the phase transition can be offset by the crystallization of colloids into 

regular structures, in which the gain in the free volume available to each colloid within 

the crystal lattice (compared with the disordered, concentrated dispersion) is energetically 

favored and produces an ordered structure.56  The attractive interparticle interactions 

between nanocrystals are also expected to strongly influence the formation of nanocrystal 

thin films, and may enhance the formation of more complex assemblies.  In monolayers 

formed from polydisperse nanocrystals, for example, size-dependent van der Waals 

interactions lead to size-selective crystallization and phase separation, resulting in rafts of 

particles with the largest particles at the center and the smallest located around the 

periphery.45  It has been further shown that the overall morphology of monodisperse 

nanocrystal films can be tuned by varying the strength of the interaction potentials within 

the dispersion during assembly.57 

1.4.2 Kinetic effects during assembly 

Nanocrystal assembly also depends strongly on the deposition kinetics, primarily 

the rate at which the nanocrystals are destabilized from solution or the rate at which the 

system goes through the liquid-solid transition (i.e., the evaporation rate of the solvent).  

The timescale for deposition affects how far nanocrystals can diffuse in solution or along 

the surface of an assembly to find an equilibrium position.  Very fast deposition rates 
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tend to favor amorphous (glassy) assemblies, as the nanocrystals cannot diffuse very far 

during the deposition process and are kinetically trapped in place.58  Slowing the 

deposition slightly to allow some nanocrystal mobility typically produces hexagonally 

ordered monolayer structures at low nanocrystal number densities (Figure 1.3a, Figure 

1.4b).  Increasing both the deposition time and the nanocrystal concentration typically 

results in multilayer structures (Figure 1.3b).  The relationship between solvent 

evaporation rate and superlattice formation was investigated by Narayanan et al. using 

grazing-incidence small-angle X-ray scattering.59 Varying the rate of gas flow over an 

evaporating toluene dispersion of gold nanocrystals provided a route to change the 

evaporation rate and hence the mechanism for superlattice formation.  Narayanan found 

that if the droplet size decreased rapidly (fast evaporation) that the nanocrystals were 

unable to diffuse away from the solvent-air interface, and became trapped.  As more 

nanocrystals are added to the interface from the bulk dispersion, the nanocrystal 

concentration increases and the particles go through a disorder-order transition, forming 

two-dimensional ordered arrays at the interface.  In contrast, for slow evaporation rates, 

the nanocrystals can easily diffuse away from the air-solvent interface, and three-

dimensional nanocrystal assemblies are formed within the droplet as the concentration 

increases. 

The deposition kinetics can be further modified; using high boiling point solvents 

to slowly evaporate dispersions over several hours, adding energy to the dispersion 

through sonication,57 or by slowly precipitating the nanocrystals from solution using an 

antisolvent,60,61 to produce large colloidal crystals composed of individual nanocrystals 

(Figure 1.4a, for example).  Collectively, these findings suggest that the formation of 

complex phases in nanocrystal lattices may be enhanced or controlled through a 

combination of entropic and energetic interactions, although further experimental and 
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theoretical work is necessary to fully elucidate the role of these interactions during the 

crystallization of nanoassemblies. 

 

 

Figure 1.3.  Transmission electron micrographs illustrating the results of slow 
evaporation of an organic solvent containing monodisperse 11.5 nm iron 
nanocrystals to form extended regions of (a) monolayer or (b) multilayer 
superlattices.  The superlattice structure can be tuned further through the co-
assembly of two different sizes of nanocrystals, and provides a method to 
combine nanocrystals with different functionality into ordered arrays.  A 
binary nanocrystal lattice (c) with a rock salt (NaCl) structure is formed by 
evaporating a dispersion containing large iron nanocrystals (13.3 nm) and 
small gold nanocrystals (5.2 nm). 



 15

 

Figure 1.4.  High-resolution SEM images of (a) a colloidal crystal formed via the slow 
deposition of gold nanocrystals and (b) an ordered monolayer of gold 
nanocrystals from the same sample.  The labeled white squares in (b) 
correspond to the fast Fourier transforms (FFT) shown in (c-d).  The FFTs 
in (c) and (e) are from areas of the superlattice with different alignments; (d) 
shows the change in lattice orientation across a grain boundary which gives 
rise to the 12-fold symmetry in the FFT. 



 16

1.4.3 Unary nanocrystal superlattices 

As discussed above, spherical, monodisperse nanocrystals will spontaneously 

self-assemble into ordered arrays when dried from solution under the proper conditions 

(Figures 1.3a,b and 1.4).  In two dimensions, the nanocrystals form ordered hexagonal 

assemblies.  Typically these assemblies exhibit a “polycrystalline” structure, in which 

ordered regions with different orientations coexist, separated by packing defects (twins, 

vacancies, etc.) comparable to those observed in bulk atomic crystals.  The 

polycrystalline behavior can be seen clearly in the FFT patterns of the monolayer 

superlattice in Figure 1.4c-e.  In three dimensions, superlattices are routinely observed 

with body-centered cubic (bcc) or face-centered cubic (fcc) crystal structures, though 

hexagonal close packing (hcp) or body-centered tetragonal (bct) structures have also been 

observed, using TEM and small-angle X-ray scattering.  For superlattice assemblies, 

imaging by TEM is typically limited to several layers of particles before absorption or 

scattering of the beam reduces the intensity below measurable levels.  As a 

complimentary method, small-angle X-ray diffraction can be used to probe the 

superlattice structure over large distances.  The scattered intensity I(q) (q is the scattering 

vector, and is approximately proportional to the scattering angle θ) from a nanocrystal 

film contains contributions from (1) the size and shape of the particles in the film – the 

shape factor, P(q) – and (2) the ordering of the nanocrystals in the film – the structure 

factor, S(q).  The shape factor can be obtained directly from dilute dispersion of 

nanocrystals, for which interparticle interactions and ordering are relatively unimportant.  

The contribution of P(q) can then be removed from the scattering data from an ordered 

film, allowing the structure factor to be recovered.  Figure 1.5a shows scattering data 

from a thin film of ordered iron nanocrystals, and from a dilute dispersion of the same 
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particles.  The structure factor, Figure 1.5b, can be recovered and the peaks indexed to 

show that the nanocrystals self-assembly into a face-centered cubic superlattice structure. 

 

 

Figure 1.5.  The scattered intensity of x-rays from an ordered superlattice of iron 
nanocrystals is shown in (a, top curve).  The scattering contains 
contributions from the size and shape of the nanocrystals – which is given 
directly from the scattering of a dilute dispersion of the same particles (a, 
bottom curve) – and from the arrangement of the nanocrystals in the 
superlattice.  The structure factor S(q), which contains information about the 
type and extent of ordering, can be recovered and is shown in (b).  The 
peaks in the structure factor can be indexed to a face-centered cubic crystal 
structure.  Higher order diffraction peaks are present, but are not indexed 
due to uncertainty in data caused by noise at large scattering angles. 

The packing structure may depend on the faceting of the nanocrystal core62 or on 

the preparation method,63 although these do not appear to be generally applicable to all 

types of nanocrystals.  A more general relationship between the packing structure and the 

ratio between the length of the capping ligand (L) and the nanocrystal core radius (R) was 

established through studies on thiol-coated silver nanocrystals by Korgel and 

Fitzmaurice42 and on thiol-coated gold nanocrystals by Whetten et al.64  Small-angle X-
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ray scattering was used in each study to determine the packing structure of metal 

nanocrystal superlattices with different values of L/R.  An fcc packing structure was 

found to be favored for L/R less than approximately 0.6; assemblies formed from 

nanocrystals with L/R values greater than this tended to have bcc packing, or less-ordered 

bct packing for even larger values.  This trend appears to compare favorably with trends 

in the packing of individual atoms: atoms with small free electron orbitals (comparable to 

the case of relatively short compressible ligands surrounding an incompressible metal 

core) exhibit primarily hcp and fcc packing, whereas atoms with a large valence electron 

shell (large organic shell around the metal core) often exhibit bcc and lower symmetry 

packings.64 

In addition to determining the packing structure of nanostructured films, small-

angle X-ray scattering (particularly in conjunction with the high beam intensity available 

from synchrotron sources) has also proved to be very useful in studying the kinetics of 

the self-assembly process.  The first dynamic measurements of nanocrystal assembly 

were carried out by Connolly et al. using monodisperse silver nanocrystal samples 

deposited from chloroform.65  Additional work was later performed by Narayanan and 

co-workers59 (discussed above) to investigate the effects of evaporation rate on two- and 

three-dimensional superlattice formation.  Studies such as these provide examples of 

methods which can be used to study colloidal phase transitions under a variety of 

conditions, in order to gain better control over the self-assembly method. 

1.4.4 Binary nanocrystal assemblies 

Until recently, studies of nanocrystal self-assembly have focused on using only a 

single size of particle, effectively limiting the observable packing types to variations of 

cubic or hexagonally close packed crystal structures.  Due to earlier advances in the 

synthesis of monodisperse submicron-sized colloids, many studies detailing the co-
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assembly of large particles with a bimodal size distribution have been carried out 

experimentally66-69 and theoretically70-73, and the much richer phase behavior of these 

systems has been explored.  Only within the past few years have advances in nanocrystal 

synthesis enabled the precise control of size and shape necessary for the formation of 

bidisperse nanocrystal superlattice assemblies.  Kiely and coworkers first reported two-

dimensional binary assemblies gold and silver nanocrystals,74,75 and small areas of 3D 

structures consisting of bidisperse CoPt3 nanocrystals with an AB5 (hexagonal CaCu5 

structure) arrangement were observed shortly after.76  Recent work demonstrated the 

ability to assemble long-range three-dimensional superlattices with an AB2 (hexagonal 

AlB2 structure), AB5, or AB13 (cubic NaZn13 structure) arrangement, made of a mixture of 

semiconducting and magnetic nanocrystals,6 and the formation of two- and three-

dimensional superlattices with a AB (cubic NaCl; Figure 1.3c) structure consisting of 

magnetic and noble metal nanocrystals is discussed in detail in Chapter 6. 

How the inclusion of multiple types of nanocrystals into ordered assemblies will 

affect the final properties of these nanocrystal solids is still an open question: to date, no 

detailed studies have been published on the optical, electrical or magnetic properties of 

binary superlattices.†  Also of importance is the question of how the “soft sphere” 

behavior exhibited by the nanocrystals affects the assembly of these materials.  The 

interactions between submicron-sized colloids very closely approximate hard sphere 

interaction potentials; in this case entropy is the driving force for the formation of ordered 

binary phases.70  A recent report by Shevchenko et al78 illustrates this point; while 

studying nanocrystal co-assemblies, they noticed the presence of two co-existing AB13 

phases.  One phase was comparable to that observed in hard sphere assemblies 

                                                 
† Zeng et al77 have reported the formation and properties of nanocomposite magnets, formed by annealing 
random alloy or disordered assemblies of hard and soft nanocrystals, but did not publish results from the 
unannealed films. 
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(icosahedral AB13), while a second lower-density cuboctahedral phase, not predicted by 

hard sphere-type interactions, was also found.  These findings suggest that the binary 

phase diagram for nanocrystals (or for any soft sphere colloid) may hold an additional 

layer of complexity, which must further be explored through experimental and theoretical 

studies. 

1.4.5 Ternary and anisotropic nanocrystal assembly 

Following the demonstration of binary nanocrystal assemblies, which mimic bulk 

crystal structures of binary alloys and compounds, one may envision the possibility of 

more complex assemblies corresponding to perovskites or other materials.  Simulations, 

based on optimization of the packing density of self-assembled structures, have predicted 

several such structures, consisting of the general stoichiometry ABxCy.79  Although such 

assemblies will likely require the ability to further decrease nanocrystal polydispersity 

over a wide range of sizes, it is not unreasonable to believe that such structures can be 

produced experimentally.  As with the binary assemblies discussed above, however, the 

soft sphere nature of nanocrystal interactions is not typically considered in such 

simulations, and it is unclear what ultimate effect this may have on the feasibility of 

making such structures. 

The same simulations for ternary nanostructures79 also predicted ordered phases 

made of “fused” AB structures, in which a small and large sphere are joined together.  

Since the simulation results were published, several groups have successfully synthesized 

these types of fused particles,33-36 although no ordered self-assembled structures have 

been reported. 

The assemblies formed by shape-anisotropic materials are also of interest: in 

concentrated solutions these materials – particularly nanodiscs, nanorods and nanowires – 

should exhibit liquid crystal phases, and similar types of ordering are expected in solid 
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films.  As with other types of nanocrystal ordering, the transition from a disordered fluid 

to an ordered structure is driven by free-volume entropic effects; for high number 

concentrations, nanorods and nanowires may order into nematic (orientational order, but 

no positional order) or smectic (both orientational and positional ordering) phases, and 

nanodiscs can order into columnar phases.80-86  Liquid crystal phases of nanorods have 

been observed using optical microscopy and small-angle X-ray scattering, and oriented 

self-assembled films have been observed for nanorods and nanowires using transmission 

electron microscopy. 

 

1.5 DISSERTATION OVERVIEW 

The synthesis of metal nanocrystals and semiconductor nanorods is discussed in 

Chapters 2 and 3, respectively.  The ability to modify growth kinetics during a synthesis 

allows tuning of the growth rate of metal nanocrystals, and provides a method to tune the 

shape of CdS, CdSe and CdTe nanoparticles from spheres to rods.  In addition to shape, 

the composition of semiconductor nanorods can also be controlled using this method: 

Chapter 3 also describes the synthesis and characterization of linear semiconductor 

heterostructures. 

The balance of attractive and repulsive forces experienced by nanocrystals in 

dispersions depends strongly upon the particle size, the chemistry of the capping ligands, 

and the properties of the solvent.  Small-angle X-ray scattering is used to measure the 

interparticle interactions between metal nanocrystals dispersed in organic or supercritical 

solvents.  Chapter 4 describes the dependence of interparticle interactions on nanocrystal 

size, for a system of dodecanethiol-coated gold nanocrystals in toluene, while Chapter 5 

studies the influence of the solvent properties for gold nanocrystals capped with 

fluorinated ligands in supercritical carbon dioxide. 
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The self-assembly of nanocrystals into ordered arrays occurs as a near-

equilibrium process, and depends strongly on interactions between nanocrystals.  The co-

assembly of two sizes of nanocrystals into ordered two- and three-dimensional arrays is 

discussed in Chapter 6.  Chapter 7 demonstrates the use of both equilibrium and non-

equilibrium processes to produce heirarchally ordered materials.  Breath figure 

templating is used to form ordered pores within the film, while self-assembly occurs at 

the nanometer lengthscale.  Further investigation into the breath figure templating process 

is reported in Chapter 8, using surface-active diblock copolymers.  Changing the 

interfacial activity of the polymer affects the nucleation rate of breath figures, providing a 

convenient way to control pore size and order within the final porous polymer films. 

Chapter 9 summarizes the main conclusions of the dissertation and presents 

suggestions for future research activities. 
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Chapter 2: Growth kinetics of monodisperse gold nanocrystals† 

2.1 INTRODUCTION 

The use and study of colloidal gold particles has a long history.  Gold colloids 

have been used as colorants in glazes, glasses and paints from at least the time of the 

Roman Empire,1 and their chemical and optical properties have been studied since the 

work of  Faraday2 and Mie3 in the mid 1800s and early 1900s.  A recent “resurgence” in 

colloidal gold nanocrystal research has been driven primarily by the ability to synthesize 

organic monolayer-coated nanocrystals with diameter smaller than 6 nm and their 

newfound technological uses in catalysis,4,5 biology,6 and the fabrication of novel 

nanoscopic materials.7-10  These technological applications depend on the ability to 

produce large quantities of nanocrystals with controlled size and size distributions. 

Arrested precipitation has been a successful synthetic method for the formation of 

metal and semiconducting nanocrystals.  This approach utilizes organic ligands that 

adsorb to the particle surface to prevent their aggregation and stabilize their size.  

Although successful in producing size-monodisperse nanocrystals less than 10 nm in 

diameter, the growth mechanisms are not well understood because limited data exists on 

the time-dependent evolution of the particle size and size distribution. 

Presented here is small angle X-ray scattering (SAXS) data for hydrophobic gold 

nanocrystals produced by a two-phase arrested precipitation as a function of reaction 

time.  Information about the size distribution can be determined from SAXS, providing a 

snapshot of how the size and polydispersity evolve during the synthesis.  As shown 

below, the initial particle size and size distribution depend on the initial concentration of 

gold precursor and how the reduction is carried out.  However, despite qualitative 

                                                 
† The contents of this chapter appear in The Journal of Physical Chemistry B 108(1), 16732-16738 (2004). 
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differences in the mechanism for particle formation at early reaction times, the size and 

size distribution evolve to reach a final diameter of 5.2 nm (average) and a standard 

deviation of 0.64 nm (12%) without a size selective separation regardless of the initial 

growth conditions.  A model is presented explaining the interplay between the size-

dependent gold surface energy and the ligand-surface bond energy and its effect on the 

final nanocrystal size.   

 

2.2 EXPERIMENTAL SECTION  

All chemicals were used as received and all water was doubly distilled and 

deionized.  Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), 

tetraoctylammonium bromide ((C8H17)4NBr), tetraoctylphosphonium bromide 

((C8H17)4PBr), sodium borohydride (NaBH4), octanethiol (C8H17SH), and dodecanethiol 

(C12H25SH) were purchased from Aldrich Chemical Co.  Toluene was obtained from 

Fisher Scientific. 

2.2.1 Nanocrystal synthesis.   

Gold nanocrystals were synthesized using a modification of established two-phase 

arrested precipitation methods.11,12  Tetraoctylammonium bromide (TOAB) was used as 

both a phase transfer catalyst and a capping ligand.  Nanocrystals were synthesized by 

adjusting the initial precursor concentration and controlling the addition of reducing 

agent (see Table 2.1 below for a summary of reaction conditions). 
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Table 2.1.  Comparison of reaction conditions used for separated and concurrent 
nucleation and growth stages. 

 
Separate nucleation 

and growth 

Concurrent nucleation 

and growth 

Rate of addition of reducing agent 
Dropwise until 

color change 
Immediate 

Initial gold concentration in organic 

phase, [AuCl4-]0 
1.8 mM 38.6 mM 

Phase transfer catalyst : Au molar 

ratio 
20 : 1 5 : 1 

Sodium borohydride : Au  

molar ratio 
12 : 1 14 : 1 

 

2.2.1.1 Separate nucleation and growth. 

In a typical experiment, 3.0 mL of 0.03 M aqueous tetrachloroaurate (0.09 mmol) 

solution were combined with 50 mL toluene containing 1.0 g (1.8 mmol) TOAB.  

Complete transfer of the gold ions from the aqueous phase to the organic phase occurred 

after 30 minutes of vigorous stirring, at which point the aqueous phase was separated and 

discarded.  The gold precursor concentration in the organic phase was then 1.8 mM.  The 

organic solution was stirred vigorously while adding the aqueous reducing solution (2.5 

mL of 0.4 M NaBH4 (1 mmol)) by pipette at a rate of one drop (≈ 30 µL) every 15 

seconds; the color of the organic phase was carefully monitored as it gradually changed 

from orange to yellow to clear.  The solution turned clear after approximately 20 drops 

(0.6 mL).  An additional drop of reducing solution turned the organic solution a very light 

brown tint, at which point the remainder of the reducing solution was injected.  The 

resulting nanocrystal dispersion was stirred for 24 hours, at which point 200 µL (0.835 

mmol) dodecanethiol—a much stronger capping ligand than TOAB—was added to 
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passivate the nanocrystal surface and prevent further growth.  The nanocrystal dispersion 

was stirred for one hour and then purified as described below.   

2.2.1.2 Concurrent nucleation and growth. 

Here, the gold chloride ions initially present in 15 mL deionized H2O (0.064 M, 

0.965 mmol HAuCl4·3H2O) were transferred into 25 mL of toluene containing 2.7 g (4.9 

mmol) of phase transfer catalyst.  Transfer of the gold ions into the organic phase was 

complete after 30 minutes of stirring.  The aqueous phase was then separated and 

discarded.  The gold ion concentration in the toluene phase was 38.6 mM.  Reducing 

agent (30 mL of 0.44 M NaBH4 in H2O (13.2 mmol)) was added to the organic solution 

under vigorous stirring.  The solution instantly appeared dark brown and gradually 

became red over the course of several hours.  After stirring for 24 hours, 240 µL (1.0 

mmol) dodecanethiol was added to the mixture and then stirred for an additional hour. 

2.2.1.3 Phosphine and thiol-stabilized nanocrystal growth. 

The binding strength of the capping ligand present during nanocrystal growth was 

also investigated.  The reactions were carried out using similar conditions to those 

described above in the separate nucleation and growth section.  0.09 mmol gold ions were 

transferred into 50 mL of toluene.  In one experiment the phase transfer catalyst was 1.8 

mmol of tetraoctylphosphonium bromide, which also acted as the capping ligand during 

growth.  In a second experiment the phase transfer catalyst was 1.8 mmol of 

tetraoctylammonium bromide, however the organic phase also contained 1.8 mmol of 

octanethiol.  The binding strength of the thiol is much stronger than the amine, hence the 

thiol displaces the amine and acts as the protecting ligand during growth.  After phase 

transfer was complete and the organic phase had been separated, 1 mmol of NaBH4 (in 

2.5 mL of deionized H2O) was added immediately while stirring.  The reactions were 

allowed to proceed for 24 hours.  Although the phosphine-capped gold nanocrystals 
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appeared well stabilized in solution, 0.835 mmol of dodecanethiol was added to the 

solution to ensure particle stability during cleaning and characterization. 

After the nanocrystal surfaces were passivated with the alkanethiol ligands, the 

aqueous phase was removed and discarded, leaving the nanocrystal rich toluene phase.  

Ethanol was added in excess to the toluene mixture as an antisolvent and the nanocrystals 

were precipitated by centrifugation.  The nanoparticles coated the sides of the centrifuge 

tubes allowing the supernatant—containing excess phase transfer catalyst, thiol and 

reaction byproducts—to be discarded.  The nanocrystals could then be dispersed into 

toluene and other organic solvents for analysis. 

2.2.2 Nanocrystal Characterization. 

The nanocrystal size and size distributions were determined at various reaction 

times by withdrawing 1 mL aliquots of the nanocrystal dispersion.  The nanocrystals 

were stabilized and growth was quenched immediately by adding excess dodecanethiol 

(approximately a 300:1 thiol:gold molar ratio).  The samples were then cleaned as 

described above prior to characterization by transmission electron microscopy (TEM), 

high resolution scanning electron microscopy (HRSEM) and small angle X-ray scattering 

(SAXS).   

TEM images were acquired on a Phillips EM280 microscope with a 4.5 Å point-

to-point resolution operated with an 80 kV accelerating voltage.  Nanocrystals were 

deposited from a dilute toluene solution onto 200 mesh carbon-coated copper TEM grids 

(Electron Microscopy Sciences).  HRSEM imaging was performed on a LEO 1530 SEM 

equipped with a GEMINI field emission column with a thermal field emitter.  HRSEM 

samples were prepared by drop casting concentrated nanocrystal dispersions on a glassy 

carbon substrate.  SAXS was performed using a rotating copper-anode generator (Bruker 

Nonius) operated at 3.0 kW.  Scattered photons were collected on a multiwire gas-filled 
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detector (Molecular Metrology, Inc.).  The scattering angle was calibrated using a silver 

behenate (CH3(CH2)20COOAg) standard and all experimental data were corrected for 

background scattering and sample absorption.  SAXS measurements were acquired from 

both dilute toluene dispersions and nanocrystal films drop cast on Kapton substrates. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Time dependent evolution of the nanocrystal size and size distribution.   

The gold nanocrystal size and size distribution were measured using SAXS.  TEM 

was also used as a complimentary technique, however this method must be used with 

care as it generally does not provide an accurate determination of the true size 

distribution of the sample because it limits observations to fields of only hundreds of 

nanocrystals.  SAXS investigates more statistically relevant ensembles of as many as 1010 

particles in the scattering volume and provides a very sensitive probe to subtle 

differences in size and shape.  Figure 2.1a shows representative SAXS data for 

nanocrystals collected at different reaction times redispersed in toluene.  The scattered 

intensity I(q), oscillates with increasing wave vector |q| = q = 4π/λ sin(θ) (λ is the 

wavelength (0.154 nm) and 2θ the scattering angle).  These oscillations relate to the 

nanocrystal size; since q is inversely proportional to a characteristic length in the system, 

q = 4π/l, inspection of the data reveals that the nanocrystal diameter increases with longer 

reaction time. 

SAXS provides a quantitative determination of the nanocrystal radius R, size 

distribution, interparticle interactions and nanocrystal order.  I(q) depends on scattering 

contributions from the individual nanocrystals—which are accounted for by the shape 

factor P(qR)—and multiparticle scattering effects that are accounted for in the structure 

factor S(q).  In fact, only the shape and structure factors are needed to account for the q-
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dependence of the scattered intensity:  I(q)∝P(qR)S(q).  In dilute dispersions, 

nanocrystals scatter as an ensemble of independent non-interacting particles with S(q) = 

1.  Because I(q)∝P(qR) under these conditions, P(qR) can be measured directly to 

determine the size and size distribution using the appropriate shape factor, which for a 

solid sphere is13-15 
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Figure 2.1a shows typical curve fits used to extract Ravg and σ from the SAXS 

measurements.  The sharpness of the oscillations in I(q) depends sensitively on the 

nanocrystal size distribution.  A reasonably broad size distribution (σ/Ravg > 30%) smears 

the oscillations completely.  The data in Figure 2.1a show that the nanocrystal size 

distribution narrows with increased reaction time. 



 35

 

Figure 2.1.  (a) Small-angle x-ray scattering (SAXS) data from dispersions of 
nanocrystals removed from the reaction mixture at different times.  (b) The 
structure factor, S(q), for a nanocrystal thin film determined through small-
angle x-ray diffraction.  The peaks in the structure factor can be indexed to a 
face-centered cubic lattice, with a lattice parameter of a=11.3 nm. 

The values of Ravg and σ determined from SAXS for the growth experiments are 

compiled in Figure 2.2.  The data show that the initial growth kinetics depend on the how 

the reducing agent is added to the reaction mixture.  Immediate addition of reducing 

agent produces 3.0 nm diameter nanocrystals with a broad size distribution (σ/Ravg = 

27%) that does not change during the first 2 hours of the reaction.  In comparison, 

controlled nucleation and growth through careful addition of reducing agent produces 
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nanocrystals that evolve from 2.0 nm to 4.2 nm in diameter with σ/Ravg decreasing from 

34% to 17% during the first two hours.  The radius rapidly increases during the first 90 

min before the growth rate slows.  The polydispersity also drops quickly in the first 90 

min and then slowly decreases over the remainder of the reaction time. 

Surprisingly, the size distribution narrows significantly at longer reaction time 

independent of the initial growth kinetics.  After 24 hours, the nanocrystals become quite 

monodisperse (σ/Ravg≈12%) with an average particle diameter of 5.2 nm.  Several 

reactions were performed with different precursor concentration and rates of reducing 

agent addition.  In all cases, the average mean nanocrystal diameter was 5.2 nm with an 

average standard deviation of 0.64 nm (12%) determined by SAXS.  Therefore, this size 

appears to represent a metastable size for tetraoctylammonium bromide-capped Au 

nanocrystals.   

Figure 2.3 shows TEM and HRSEM images obtained from nanocrystals 

synthesized using both reaction methods.  Extensive monolayers of hexagonally close-

packed nanocrystals were observed, as well as regions of ordered three-dimensional 

packing.  Figure 2.3c shows a bilayer of nanocrystals arranged into two planes of a face-

centered cubic (fcc) lattice.  Figure 2.1b shows SAXS data for superlattices formed by 

drop casting these nanocrystals onto Kapton substrates.  The diffraction peaks index to an 

fcc superlattice, as expected for relatively monodisperse nanocrystals in this size 

range.13,16 
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Figure 2.2.  (a) Average nanocrystal size, (b) standard deviation as a percentage of the 
average size and (c) standard deviation in nanometers as a function of 
reaction time, determined by small-angle x-ray scattering, for (●) separate 
nucleation and growth and (□) concurrent nucleation and growth. 
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Figure 2.3.  Dodecanethiol-capped gold nanocrystals after 24 hours of growth.  TEM 
images of (a,b) nanocrystal monolayers and (c) a bilayer of particles in an 
fcc arrangement.  (d) HRSEM image of a nanocrystal thin film.  The 
samples in (a) and (d) were synthesized by adding the reducing agent 
dropwise; (b) and (c) are from reactions where the reducing agent was added 
all at once. 

2.3.2 Particle growth kinetics 

The initial growth kinetics can be explained within the theoretical framework 

proposed by LaMer and Dinegar,17,18 in which the polydispersity of the prepared colloid 

is determined by homogeneous nucleation of a supersaturated solution and subsequent 

growth.  LaMer originally proposed that monodisperse colloids could be prepared by 

supersaturating a solution with monomer.  Homogeneous nucleation occurs when the 

concentration exceeds a “critical limiting supersaturation,” which drops the monomer 
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concentration below the supersaturation concentration.  Provided that aggregation and 

further nucleation do not occur, the remaining monomer deposits uniformly onto existing 

nuclei to give monodisperse colloids.   

Separation of nucleation and growth, as is commonly done in the preparation of 

semiconductor and magnetic quantum dots,19-21 was accomplished by controlled addition 

of reducing agent under high TOAB:Au ratios with careful monitoring of the solution 

color.  The deep orange color of the initial organic phase results from the charge-transfer 

complex between the gold (III) chloride ions (AuCl4-) and the tetraoctylammonium 

molecules.  Slow addition of NaBH4(aq) reduces a portion of AuCl4- ions to atomic Au0 

and possibly subnanometer clusters of gold, (Au0)m.  As reducing agent is added, the 

solution color fades from dark orange to yellow and finally becomes clear after 

approximately 10% of the reducing solution has been added.  The color change results 

from the formation of small gold clusters and atoms that do not absorb visible light.21,22  

Further NaBH4(aq) addition produces a very slight brown color, characteristic of gold 

nanoparticles with core diameters between 1 and 2 nm.11,12  TOAB and other quaternary 

ammonium bromide salts act as a weak stabilizing ligand for gold nanocrystals,22,23 and 

here the relatively dilute conditions and large TOAB:Au ratio (20:1) limit monomer 

aggregation and particle growth.  Much lower TOAB:Au ratios of 1:1 in the reaction 

mixture were also explored and did not suppress particle aggregation, making it 

impossible to achieve high monomer supersaturation under these conditions.  Injecting 

the remaining NaBH4(aq) solution converts the residual gold ions to Au0 and promotes 

homogeneous nucleation.  The solution immediately changes from clear to a dark brown 

color, indicating rapid nanocrystal growth.  Although further homogeneous nucleation 

could potentially occur at the water/organic interface, heterogeneous condensation of Au0 



 40

atoms onto existing nuclei is much more energetically favorable, and the mean particle 

size rapidly increases and the size distribution narrows (Figure 2.2).18,24   

Under conditions of higher gold concentration, lower TOAB:Au ratio, and 

immediate uncontrolled addition of excess reducing agent, the gold nanocrystals exhibit 

initial growth kinetics qualitatively distinct from those observed with controlled addition 

of reducing agent.  As shown in Figure 2.2, the nanocrystals reach a size of 3.0 nm in 

diameter with a broad size distribution that does not evolve during the first 120 min of the 

reaction.  Under these highly concentrated conditions, nucleation and growth occurs 

simultaneously with the Au0 monomer production rate at the toluene/water interface.  The 

immediate addition of reducing agent causes a large initial gold monomer supersaturation 

at the solvent/water interface.  Nucleation relieves the supersaturation localized at the 

interface; however, the relatively high gold ion concentration promotes further reduction 

at the interface as the nuclei diffuse into the bulk of the organic solution.  This 

simultaneous nucleation and growth process leads to a high degree of polydispersity.18  

The dependence of the initial particle growth kinetics on the method of adding the 

reducing solution is dramatic: Figure 2.2 shows the average nanocrystal size increasing 

by only 15% during the first two hours of the reaction (compared with a 100% increase in 

mean size for the first reaction method) and both the absolute standard deviation and 

standard deviation relative to the average radius remains nearly constant. 

2.3.3 Late stages of nanocrystal growth. 

At long times, nanocrystals can grow either by coagulation of the metal cores, 

condensation of monomer onto the nanocrystals or a combination of both.  The moments 

of the nanocrystal size distribution function, µ1=R3/Rh and µ3=R1/R3, reveal the relative 

contributions of condensation and coagulation to particle growth.25  The arithmetic mean 
radius R1, is defined as ∑ ∞NRi / ; R3 is the cube-mean radius, given by 3 3 /∑ ∞NRi ; 
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and Rh is the harmonic mean radius, defined as ( )∑∞ iRN /1/ , where N∞ is the total 

number of particles.  For a monodisperse sample, µ1=µ3=1 and values of µ1<1.25and 

0.905>µ3 indicate that a condensation mechanism controls growth.25  Since SAXS cannot 

be used to determine the shape of the size distribution, the nanocrystal size distribution 

functions were determined from TEM images of multiple samples using both reaction 

schemes.  At least 250 particles were measured for each sample and the images used for 

analysis were taken from different areas of the TEM grid in all cases.  For all the samples 

examined, the average moments were µ1=1.04 and µ3=0.98, indicating that the 

nanocrystals grow primarily by condensation.   

The rate of monomer condensation can be limited by either molecular transport to 

the surface or the surface reaction rate of adsorbed monomer.  The size distribution 

evolves according to the rate-limiting step for particle growth.26  For diffusion-controlled 

growth, conditions of high supersaturation give rise to a decreasing σ over the course of 

the reaction; whereas, low supersaturation leads to values of σ that increase with particle 

growth.  For surface reaction controlled growth, σ does not depend on the supersaturation 

and remains constant during particle growth.  Figure 2.2c shows that σ is nearly constant, 

varying less than 1.1 Å, over the course of the reaction.  The sharpening of σ/Ravg in 

Figure 2.2b results from increased Ravg throughout the course of the reaction. 

It is also straightforward to compare the characteristic times for mass transfer and 

surface reaction, τt and τr respectively, by calculating the dimensionless Damköhler 

number: )/1/()/(/ '
rLrt kkaDa == ττ .  The quantity '/ Lka  is the characteristic reaction 

length a, taken as the ratio of the volume to surface area of the gold core a=R/3,31 

divided by the liquid-phase mass transfer coefficient '
Lk .  The characteristic reaction time 

is the reciprocal of the rate constant kr.  Using the mass transfer coefficient and rate 

constant calculated for this system, '
Lk = 3.4 × 10-5 m/s and kr=5.0 × 10-5 s-1, and taking R 
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as the average radius of the nanocrystals at the end of the reaction (R = 2.7 nm), it was 

determined that Da = 1.3 × 10-9, indicating nanocrystal growth at long times is limited by 

the surface reaction rate. 

A value for '
Lk  was estimated from the mass transfer correlation for a dilute, 

vigorously stirred system:27 
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The parameters necessary for the calculation are the Schmidt number, NSc=(µL/ρLDAB), 

the power transferred to the fluid from the stir bar P, the liquid volume Vtank, and the 

viscosity and density of the liquid phase (toluene) µL and ρL.  The diffusion coefficient 

DAB of the gold-tetraoctylammonium bromide complex in toluene is calculated using the 

Stokes-Einstein equation, DAB=kT/6 µLRc=3.3×10-10 m2/s (where k is Boltzmann’s 

constant, T is the solvent temperature and Rc is the radius of the gold complex, taken as 

the length of a fully extended TOAB molecule, approximately 1.2 nm).13  The maximum 

power input to the fluid from the stir bar is calculated to be 0.1 W.27  Using these values 

and Equation (2.3), '
Lk = 3.4 × 10-5 m/s.  kr can be determined from the time-dependent 

growth data (Figure 2.2) by examining the depletion rate of the gold monomer 

concentration n
AurAu CkdtdC −=/ .  The reaction order n, was assessed by plotting the 

appropriate form of the integrated rate equation against CAu.  CAu was estimated by 

assuming a constant number of nanocrystals at long reaction time, taking the nanocrystal 

diameter as the ensemble average measured using SAXS, and assuming complete 

conversion of gold monomer to nanocrystals at long reaction times.  Several reaction 

orders were considered and it was found that the data was best described by first order 
kinetics.  For n = 1, the integrated rate equation is tkCC rAuAu −=)/ln( 0, , where CAu,0 is 

the initial concentration of gold in the system.  The time-dependent concentration data is 
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plotted in this form in and the slope of the data for reaction times greater than four hours 

yielded kr=5.0 × 10-5 s-1 for both reaction methods.  

2.3.4 Nanocrystal thermodynamics.   

Despite significant differences in initial precursor concentration and early time 

growth kinetics, remarkable agreement occurs in size and polydispersity after 24 hours of 

particle growth.  The existence of a thermodynamically stable (or metastable) size of gold 

nanocrystals has been suggested in experimental work by several reseearchers.28-33  The 

theoretical framework, which is presented briefly here, has been dealt with in detail by 

Gelbart and coworkers28,34 and Chikan and Kelley.35 

The total free energy (per atom) of a collection of monodisperse nanocrystals with 

N total atoms in the system, Atotal(R), depends on the free energy contributions due to the 

surface tension and ligand binding: Atotal(R)=Asurface(R)+ATOAB(R).  Surface tension always 

favors particle growth, whereas ligand binding can favor smaller nanocrystals.  Gold 

atoms in nanocrystals have a higher surface energy than in the bulk due to interfacial 
curvature, and the surface free energy, RRNRAsurface /)(3)( µ= , can be expressed in 

terms of the size dependent chemical potential given by the Gibbs-Thomson equation, 

RVR mbulk /2)( γµµ += , where γ is the surface free energy and Vm is the volume per atom 

of the bulk metal.  Asurface(R) can then be written in the form, Asurface(R)=α/R+β/R2, where 

α and β are positive constants.35,36  Gold atoms in smaller nanocrystals have a more 

positive free energy, making them thermodynamically less stable than larger particles.  

Ligand binding on the nanocrystal surface, on the other hand, tends to stabilize smaller 

nanocrystals, with the free energy contribution from the bound protective molecules 

having the form ATOAB=ζ/R, where ζ<0 when ligand binding is energetically 

favorable.28,35  The total free energy has the form 2//)( RRAtotal βζα ++= .  If α+ζ<0, 

then a radius R=-2β/(α+ζ) exists that minimizes the free energy and corresponds to a 
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thermodynamically favorable size.  In the present work, it appears that a favored size 

occurs for both reaction pathways after 24 hours.  However, the nanocrystals are not true 

equilibrium structures as they aggregate and eventually precipitate after several days of 

stirring.  The TOAB does not bind strongly enough to stabilize the nanocrystals for 

exceedingly long times (i.e., days), whereas dispersions of nanocrystals coated with 

stronger binding agents have been observed to be stable for months or longer.12 

The analysis above suggests that increased binding strength between the 

protective ligand and the gold surface (i.e. ζ becomes more negative) favors a smaller 

nanocrystal size.  This is confirmed experimentally by varying the binding strength of the 

ligand present during growth.  Gold nanocrystals were synthesized in the presence of a 

20-fold excess of tetraoctylammonium bromide, tetraoctylphosphonium bromide, or a 

mixture of tetraoctylammonium bromide and octanethiol (in which the TOAB acts as the 

phase transfer catalyst and the more strongly binding thiol acts as the capping ligand 

during growth) and allowed to react for 24 hours.  The gold-ligand binding strength 

varies as amine < phosphine < thiol.33  Figure 2.4 shows the results from each nanocrystal 

synthesis; as expected from the model, the particle size varies inversely with the binding 

strength of the capping ligand.  SAXS measurements indicate that after 24 hours the 

average diameter of the tetraoctylammonium-capped particles is 5.3 ± 0.54 nm; for the 

tetraoctylphosphonium-capped particles the average diameter is 2.90 ± 0.67 nm; the 

octanethiol-capped particles had an average diameter of 1.7 ± 0.32 nm.  After growth is 

complete the amine and phosphine stabilizers could be displaced from the surface by 

adding a more strongly binding thiol.  In this manner the mean size of the resulting 

dispersion is easily controlled through appropriate choice of passivating agent during 

growth. 
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Figure 2.4.  TEM images of nanocrystals stabilized with tetraoctylammonium bromide 
(a), tetraoctylphosphonium bromide (b) and octanethiol (c) during growth.  
The nanocrystals were allowed to react for 24 hours before collection.  The 
mean nanocrystal size decreases as the binding strength of the capping 
ligand increases, as is expected from the thermodynamic considerations 
discussed in the text. 

It is important to note that the sizes observed for the phosphine and thiol-capped 

nanocrystals may be smaller than the sizes which would be predicted from the free 

energy considerations discussed above.  Although the final size is likely 

thermodynamically driven, the rate at which this size is achieved may also vary 

significantly with the ligand binding strength.  The amine-passivated nanocrystals reach 

their final size within 24 hours; observations of hexanethiol coated gold nanoparticles, 

however, show a slow increase of the average size over a period of days.36  Since the 

reactions were allowed to proceed for only one day, the measured size distributions may 

correspond to an intermediate state in which growth was halted through precipitation and 

cleaning of the nanocrystals.  It has been demonstrated that nanocrystal capping ligands 

for a variety of systems are relatively labile and the surface coverage reaches an 

equilibrium with the surrounding medium.37,38  In the studied systems, the capping ligand 

is present in large excess in the reaction solution, favoring high nanocrystal surface 

coverage; this, combined with the strong binding of the ligand to the surface, may 
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provide increased steric repulsion which slows the mechanism for particle interaction and 

growth. 

 

2.4 CONCLUSIONS 

The growth of gold nanocrystals passivated with tetraoctylammonium bromide 

was examined using small-angle x-ray scattering to obtain accurate information about the 

evolution of the size and size distribution.  For reaction times of less than a few hours, the 

growth kinetics depend on the initial concentration of gold precursor and the rate of 

addition of the reducing agent solution.  The degree of supersaturation could be 

controlled in this manner, which influences whether the nucleation and growth stages 

occur independently or simultaneously.  It was further found that the particle size and 

size distribution obtained after long reaction times is independent of the initial reaction 

kinetics.  Analysis of the final particle size distribution and the rates of transport and 

reaction in the system indicate that at long reaction times the particle growth is limited by 

absorption and reaction of the gold monomer onto the surface of the nanocrystals.  It is 

suggested that the particle size at long times corresponds to a thermodynamically 

metastable state in which the system free energy contributions from the gold surface and 

the binding of the ligands reach a local minimum.  The model predictions agree 

qualitatively with experimental results in which the strength of the binding ligand present 

during growth was varied.  It was found that average particle size varies inversely with 

the ligand binding strength, allowing the mean diameter to be easily tuned between 1.7 

and 5.2 nm.  Such an analysis should be generally applicable to other reactions which are 

thermodynamically controlled and provide insight to particle size control. 
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Chapter 3: General shape control of colloidal CdS, CdSe, CdTe 
quantum rods and quantum rod heterostructures† 

3.1 INTRODUCTION 

The ability to rationally tune the shape of colloidal nanocrystals from spheres to 

rods has been actively sought during the last several years and several approaches have 

been developed, including metal particle-induced formation of semiconductor nanorods 

and nanowires through vapor-liquid-solid (VLS) growth,1-4 spontaneous nanocrystal 

assembly into wires5,6 and template-directed nanowire/nanorod formation.7,8  These 

approaches have been applied to a wide range of materials, including Group II-VI, III-V 

and IV semiconductors.  Colloidal nanorods of semiconductors and metals have also been 

synthesized in coordinating solvents by manipulating the capping ligands, the ligand-

solvent pair, reactant concentration, or the synthesis temperature.9-18  In most colloidal 

approaches that do not rely on a metal seed particle or a template to direct growth, there 

is only limited fundamental understanding of how to control nanorod formation.  In this 

chapter, the general synthetic shape control of CdE (E: S, Se, Te) nanocrystals in 

coordinating solvents by sequential chalcogenide precursor injection is demonstrated.  

This very simple approach separates an initial particle nucleation event from subsequent 

selective, kinetically-controlled epitaxial growth onto the hexagonal {002} planes of the 

initial nuclei to generate rods.  The generality of this method is further demonstrated by 

producing nanorod heterostructures of CdS/CdTe/CdS and CdTe/CdSe/CdTe. 

The standard arrested precipitation procedure for colloidal nanocrystals such as 

CdSe utilizes the injection of organometallic precursors into a hot coordinating solvent, 

such as a mixture of trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO).19  

                                                 
† Portions of this chapter appear in The Journal of Physical Chemistry B 109(18), 8538-8542 (2005). 
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This method gives a burst of particle nucleation followed by slow growth.  In most cases, 

spherical particles are produced, and the temporal separation between nucleation and 

growth helps to achieve relatively narrow size distributions.  In some exceptional cases, 

rod-shaped particles form and can be isolated, as first demonstrated by Peng, Alivisatos 

and coworkers for CdSe.9  CdSe has a hexagonal crystal structure (wurtzite), and it is 

now well-established that some growth conditions favor crystallization along the <002> 

direction.20  The work in this chapter demonstrates a general method for promoting rod 

growth of CdS, CdSe and CdTe nanocrystals that does not rely on changing the 

underlying reaction chemistry.  Simply by injecting the chalcogenide precursor in a step-

wise manner, selective epitaxial deposition on the {002} surface can be promoted to 

elongate the initial nuclei into nanorods.  This kinetic control of the nanocrystal shape is 

readily applied to the Cd chalcogenides and this approach has been extended to 

synthesize nanorod heterostructures (Figure 3.1). 
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Figure 3.1. Semiconductor nanorod and heterostructure growth.  Multiple injections of a 
chalcogenide precursor (brown atoms) into a growth solution of cadmium 
(white atoms) promotes growth along the <001> direction and forms 
semiconductor nanorods.  Addition of a second chalcogenide source (green 
atoms) forms rod ends of a second composition, allowing for the synthesis 
of nanorod semiconductor heterostructures with tunable properties. 

3.2 EXPERIMENTAL SECTION 

3.2.1 Nanocrystal Synthesis 

3.2.1.1 Typical nanocrystal and nanorod synthesis 
The cadmium precursor is prepared by degassing a mixture of 0.114 g CdO (0.89 

mmol), 0.43 g n-tetradecylphosphonic acid (TDPA) (0.155 mmol) and 7 g of 

trioctylphosphine oxide (TOPO) at 65 °C for two to three hours.  The mixture is heated to 

340 °C under nitrogen.  At temperatures above 300 °C, the solution gradually turns from 

a dark red to a clear colorless solution, indicating the formation of the Cd-TDPA 
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complex.  The mixture is then cooled to the desired injection temperature: 300 °C for 

CdTe and CdS, and 260 °C for CdSe.  The chalcogen precursor is prepared by dissolving 

1 mmol of S, Se or Te powder in 5 mL of trioctylphosphine (TOP) and heating to 120 °C. 

Spherical particles are synthesized by rapid injection of the chalcogen-TOP 

precursor.  Rods are synthesized by injecting the chalcogen precursor in 0.5 mL volumes 

periodically, every 3 minutes for CdSe and every 2 minutes for CdTe and CdS.  The 

highest aspect ratio CdSe and CdTe nanorods are typically recovered after four or five 

injections.  CdS nanorod growth is slowest, and the highest apect ratio rods are obtained 

after the final injection.  Heterostructure nanorods are grown by switching the chalcogen 

precursor during sequential injection.  CdTe/CdSe/CdTe nanorods are prepared by 

synthesizing CdSe rods from four Se-TOP injections three minutes apart followed by 

three or four Te-TOP injections two minutes apart.  CdS/CdTe/CdS nanorods are grown 

by four sequential Te-TOP injections two minutes apart followed by eight S-TOP 

injections two minutes apart. 

3.2.1.2 High aspect ratio CdS nanorod synthesis 

CdS nanorods with aspect ratios of up to 100 were synthesized using a variation 

on the above method.  0.23 g of CdO (1.8 mmol), 0.83 g of TDPA and 7 g of TOPO were 

degassed in a 100 mL flask for two hours at 65 °C.  The flask was heated to 350 °C to 

form the Cd-TDPA complex, and cooled to 300 °C for injection.  Separately, 0.183 g of 

sulfur powder (5.7 mmol) was dissolved in 20 mL of degassed TOP at 100 °C.  

Approximately 0.4 to 0.5 mL of the TOP-S solution was injected into the Cd/phosphonic 

acid/TOPO solution approximately every two minutes for one hour.  Aliquots were 

typically taken one minute after an injection, beginning at 15 minutes after the first 
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injection, and approximately every five to nine minutes thereafter.  The solution slowly 

became an opaque yellow during the injection process; the first detection of yellow color 

could be seen between 10 to 15 minutes after the first injection.  The temperature was set 

to 60 °C after the last injection, and the mixture was cooled and mixed with a small 

amount of chloroform to prevent the TOPO from solidifying. 

3.2.1.3 Particle purification 

The nanocrystals and nanorods are purified by precipitating the particles with 

excess ethanol or acetone and discarding the supernatant after centrifugation.  The 

nanocrystals can be dispersed in organic solvents, such as hexane and chloroform, for 

characterization. 

3.2.2 Ligand exchange and overcoating procedure for CdS nanorods 

Photoluminesence spectra of the high aspect ratio CdS nanorods exhibit a broad 

peak due to trap emission (discussed in section 3.3.3.2).  The initial TOP/TOPO capping 

molecules were replaced with different coatings, both organic and inorganic, and 

different methods were tried to modify the surface in order to decrease the trap emission 

and/or increase the band edge emission.  For the surface modification reactions the crude 

(uncleaned) CdS nanowire solution, consisting of nanowires, TOP/TOPO, chloroform, 

etc., was used unless otherwise noted.  The nanowire mass concentration was determined 

by cleaning a measured amount of crude solution using ethanol or acetone and weighing 

the recovered solid. 

3.2.2.1 Zinc sulfide (ZnS) overcoating 

4 g of TOPO, 2 g of hexadecylamine (HDA) and approximately 20 mg of 

nanowires were mixed in a flask.  The chloroform from the crude nanowire solution was 

removed under vacuum at room temperature, and the solution was heated to 65 °C and 
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degassed for 1.5 hours.  The nanorod mixture was then placed under nitrogen and heated 

slowly to 200 °C. 

In the glovebox, 4 mL of TOP was mixed with 0.2 mL of diethyl zinc (1.0 M in 

hexane) and 0.04 mL of bis(trimethylsilyl)sulfide (TMS) (caution: extremely strong 

stench).  The ZnEt2/TMS/TOP solution was injected drop-wise over a period of four and 

a half minutes, during which time the temperature dropped to 190 °C.  The flask was held 

at 200 °C for 10 minutes, and slowly cooled to 95 °C and held at that temperature for 

three hours to allow the particles to anneal.  The solution was cooled to room temperature 

and the particles purified as above. 

3.2.2.2 Amine passivation 

2.5 gm of hexadecylamine (HDA) were heated to 55 °C under vacuum, degassed 

for one hour, and held under nitrogen for an additional hour.  Crude solution containing 

approximately 10 mg of CdS nanowires was injected into the flask and the temperature 

raised to 100 °C under nitrogen.  The solution was held at this temperature for 12 hours 

and cooled to room temperature; the particles were purified as above. 

3.2.2.3 Thiol passivation 

3 mL of hexadecanthiol (HDT) was degassed for 15 minutes, then heated to 55 °C 

under nitrogen for one hour.  Crude solution containing approximately 10 mg of CdS 

nanowires were injected into the flask.  The temperature was raised to 100 °C for 12 

hours; the nanocrystals were cleaned as above. 

3.2.2.4 Sodium borohydride treatment 

Crude solution containing approximately 10 mg of CdS nanorods was cleaned by 

precipitating the nanorods with ethanol and recovering through centrifugation.  The 

nanorods were redispersed in toluene, forming a yellow, optically clear solution.  A small 

amount of sodium borohydride was added to the solution and vigorously stirred for three 
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hours.21  The majority of the borohydride powder settled to the bottom of the vial after a 

few hours; the remaining powder was removed by filtering the solution through 0.2 µm 

filters. 

3.2.3 Characterization methods 

TEM images were obtained using either a Phillips EM280 microscope operated at 

an accelerating voltage of 80 kV or a JEOL 2010F electron microscope equipped with a 

field emission gun operated at 200 kV.  The TEM samples were prepared by drop casting 

purified nanocrystals from hexane on a carbon-coated copper TEM grid (Ladd Research).  

Powder X-ray diffraction patterns were collected using a Bruker-Nonius D8 Advance 

powder diffractometer from samples prepared by drying a thick nanocrystal film on a 

quartz substrate.  Absorbance spectra were collected using an Aligent 8453 

spectrophotometer and photoluminescence spectra were recorded using a Fluorlog-3 

fluorimeter with a 450W Xe source. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 CdS, CdTe and CdSe nanocrystals and nanorods 

Figure 3.2 shows CdS, CdSe and CdTe nanocrystals and nanorods produced using 

a modification of Peng’s procedure for CdE nanocrystals.22  Both nanocrystals and 

nanorods are produced using the same chemistry, by first loading the reaction flask with 

Cd precursor solution and then adding a stoichiometric amount of chalcogen precursor.  

Nanorods are produced by introducing the chalcogen precursor in multiple sequential 

injections as opposed to a single injection.  Briefly, CdO is heated in a mixture of n-

tetradecylphosphonic acid (TDPA) and trioctylphosphine oxide (TOPO) to form a 

starting solution with a Cd-TDPA complex as the Cd source. Separately, S, Se, or Te, is 

dissolved in trioctylphosphine (TOP), and then added as the chalcogen source to the 
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reaction.  The chalcogen-TOP solution is injected into the optically clear Cd-

TDPA/TOPO mixture at ~300 °C in either a batch single injection or multiple injection 

procedure to produce either spherical or rodlike particles. 

In Figure 3.2, the CdTe nanorods are 30.7 ± 6.3 nm long with an average aspect 

ratio of 6, the CdS nanorods are 26.4 ± 9.1 nm with an aspect ratio of 8, and the CdSe 

nanorods are 12.6 ± 2.3 nm long with an average aspect ratio of 3.  The nanocrystals 

exhibit the wurtzite crystal structure with the nanorods elongated in the <002> direction.  

Comparison of X-ray diffraction (XRD) patterns for nanorods and nanocrystals such as 

those in Figure 3.3 for CdTe reveals that the nanorods exhibit a more intense and 

narrower (002) peak relative to the spheres due to their difference in shape.  After 

deconvoluting the (100), (002) and (101) peaks for the CdTe nanorods in Figure 3.3, the 

Scherrer equation gives a rod length and diameter of 30 nm and 5 nm, in agreement with 

TEM images.  In contrast to the rods, the spherical particles exhibit several diffraction 

peaks with reduced intensity (particularly the (100), (101) and (103) peaks), giving the 

superficial appearance of the zinc blende (cubic) crystal structure.  This peak attenuation 

results from the significant number of stacking faults in the <002> direction, as has been 

observed previously for CdSe nanocrystals.19  Inspection of the TEM images of 

nanocrystals and nanorods shows that spherical particles have a significant number of 

twinning and stacking faults; whereas, the nanorods do not.  However, more data is still 

needed to verify this difference in defect density, as stacking faults of the type observed 

in the spherical nanocrystal in Figure 3.2g can only be observed from rods with the beam 

oriented in the <110> direction. 
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Figure 3.2. TEM images of CdS, CdSe, and CdTe nanocrystals.  The images on the left 
show spheres produced by single injection and the right correspond to rods 
formed upon multiple precursor injection for (a,b) CdTe; (c,d) CdSe; and 
(e,f) CdS.  Spherical nanocrystals, such the CdTe nanocrystal in (g), show a 
high occurrence of stacking faults; whereas, the nanorods (h) do not.  The 
nanorods grow in the <002> direction, as shown in (h).   
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Figure 3.3.  Size- and shape-evolution of CdTe nanorods.  After two sequential 
injections, low aspect ratio nanorods form (a).  (b) Further sequential 
injections elongate the nanorods.  Upon further heating, the rods undergo a 
shape transition, initially increasing in diameter with decreasing length (c) 
and ultimately reshaping into spheres (d).  Absorbance and PL of CdTe 
nanocrystal aliquots taken during rod growth (λexc=560 nm) (e); the Stokes 
shift increases as the rods lengthen, then decreases as ripening occurs.  (f)  
XRD patterns of CdTe nanorods and nanocrystals. 

The evolution of particle size and shape was followed by periodically 

withdrawing ~0.5 mL aliquots from the reaction.  Figure 3.3 shows CdTe nanorods at 

different stages in the multiple precursor injection process.  Early in the reaction, after 

two injections of Te-TOP, short nanorods —“nanorice”— form (Figure 3.3a).  As more 

precursor is injected, the nanorods grow axially without an increase in diameter.  The 

nanorods elongate until the TDPA-complexed Cd precursor is depleted.  Depletion of the 

Cd-TDPA complex and further heating results in the subsequent ripening of the nanorods 

and they reshape into spherical particles (Figures 3.3c and 3.3d).  The nanorods can be 
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isolated by quenching the reaction immediately after the final chalcogenide precursor 

injection.  We have not observed rod to sphere ripening of nanorod dispersions at room 

temperature, with dispersions that have been stable for months. 

3.3.2 Growth of high-aspect ratio CdS nanorods 

Surprisingly, we have not observed CdS nanorods undergoing a rod-to-sphere 

ripening transition, as is commonly observed with CdSe and CdTe (Figure 3.3a-d, for 

example).  At this time, the relative stability of the nanorod form of CdS compared with 

that of CdSe or CdTe is not entirely understood.  For particles of the same volume, 

spherical nanocrystals are more thermodynamically stable than nanorods, due to the 

lower surface-to-volume ratio.  Therefore, it is likely that the observed stability of CdS 

nanorods is kinetic in nature, and ripening is not significant over the time frame of a 

typical experiment (several hours).  We have not carried out detailed reaction rate studies 

for growth of the cadmium chalcogenides, but do note that CdS rod growth occurs 

roughly an order of magnitude slower than either CdSe or CdTe.  The reason for this is 

likely due to differences in the stability of the chalcogen-TOP complex which is used as 

the precursor.  In order for a S, Se or Te atom to be incorporated into the growing crystal 

structure, it must break the bond formed with trioctylphosphine.  As a first approximation 

toward the stability of this bond, consider the diatomic bond dissociation energies 

D(X’—X”) between phosphorous and the chalcogen atoms at room temperature: D(P—

S) = 444 kJ/mol; D(P—Se) = 364 kJ/mol; and D(P—Te) = 298 kJ/mol.23  The increased 

stability of the phosphorous-sulfur bond likely accounts for the slower reaction rate, and 

may also play a part in causing the slower ripening kinetics. 

Because of the slower ripening kinetics, it is possible to extend the epitaxial 

growth of CdS (using the chemical approach above) for much longer time periods than is 

possible with either CdSe or CdTe.  Whereas, the growth of a CdTe nanorod may take 
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place over several minutes, CdS nanorods have been grown using injections of TOP-S 

spaced over more than an hour.  The results of temporally extending the growth regime 

for CdS nanorods are shown in Figure 3.4.  CdS nanorods with lengths up to 300 nm 

have been obtained.  As further indication that growth takes place epitaxially at the ends 

of the nanorods, the diameter distribution in Figure 3.4e is very narrow; thus, under these 

conditions, growth does not occur on the sides of the rods and the rod diameter is 

approximately 3 nm.† 

Analysis of the nanorod crystal structure using high-resolution TEM (Figure 3.5) 

can be used to study the growth direction of the CdS nanorods.  Fast Fourier Transforms 

(FFT) of the high-resolution images (Figure 3.5c,f,i,j,k,m) can be indexed to show that 

growth occurs exclusively along the <002> direction.  Additionally, an atomic model of a 

narrow nanowire (~ 3 nm) with a hexagonal cross-section was built using MS Modeling, 

(Accelrys Software).  The long axis of the nanorod was oriented perpendicular to the 

direction of observation, and the nanorod was rotated along the long axis to produce the 

images on the right hand side of Figure 3.5b and 3.5e.  The same model was used to 

produce simulated HRTEM images (the left hand side of Figure 3.5b and 3.5e) and 

simulated diffraction patterns (not shown) using the software package SimulaTEM.  The 

simulated diffraction patterns agree very well with the calculated FFTs. 

These CdS nanorods have a very high surface area-to-volume ratio and the optical 

properties are consequently very sensitive to the surface passivation, making them a 

useful platform for exploring the effects of ligand chemistry on the absorbance and 

luminescence.  Preliminary results are discussed below, in Section 3.3.3.2. 

                                                 
† Further work is underway in our research group to extend this approach to include control over the 
nanorod diameter, in addition to the length.  Preliminary results are shown in the high-resolution 
transmission electron micrographs in Figure 3.5.  The approach detailed in this Chapter consistently results 
in CdS nanorods with narrow (~ 3 nm) diameters. 
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Figure 3.4.  High-aspect ratio CdS nanorods.  The results of a typical synthesis are 
shown in the TEM image in (a).  The nanorods include a small amount of 
bipods, tripods and tetrapods, as well as other branched structures (b,c,d).  
Histograms of the nanorod diameter (e) and length (e) indicate a narrow 
diameter distribution (3.6 nm ± 0.4 nm) and a fairly broad distribution of 
lengths (180 nm ± 50 nm).  Aspect ratios of up to 100 have been observed. 
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Figure 3.5.  High-resolution TEM images of high-aspect ratio CdS nanorods.  3 nm 
nanorods, synthesized using the above procedures, typically only exhibit the 
lattice planes shown in (a) and (d).  A thin CdS nanorod was modeled and 
used to simulate HRTEM images with different orientations of the nanorod 
with respect to the electron beam (b, e) as described in the text.  The 
simulated diffraction patterns of the model (not shown) match well with 
FFTs (c, f) of the images shown in (a) and (d); the FFTs can be indexed to 
show that growth occurs along the <002> direction.  HRTEM images of 
thicker (6 nm) CdS nanorods are shown in (g), (h) and (l).  The thicker 
nanorods exhibit additional lattice planes, though the FFTs again indicate 
growth occurs exclusively along the c-axis.  [The images in (g), (h) and (l) 
are provided courtesy of A. Ghezelbash.] 
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3.3.3 Nanocrystal and nanorod optical properties 

3.3.3.1 Shape dependence 

UV-visible absorbance and photoluminescence (PL) spectra provide a useful 

metric to follow the nanocrystal shape evolution from spheres to rods.  Figure 3.3e shows 

representative data for CdTe nanorods.  The relatively sharp exciton peak and the 

appearance of higher order features in the absorbance spectra indicate that the samples 

are relatively size- and shape-monodisperse.  Furthermore, the optical properties are 

good, with band edge PL and narrow peak widths.  The most important aspect of the 

optical data is the gradually increasing Stokes shift as the aspect ratio of the rods 

increases, which is consistent with expectations for nanorods.12,24,25  In general, the 

quantum yield (QY) of the nanocrystals decreases slightly throughout the reaction, and 

does not appear to directly correlate with particle shape.  The initial aliquot, after a single 

injection, had a QY of 1.7% when compared to Rhodamine 6G and slowly decreased to 

less than a percent by the end of the reaction.  After the final precursor injection, the 

particles continue to increase in size and the absorbance spectra further red shift, 

however, the Stokes shift decreases, consistent with a shape evolution back to spheres. 

3.3.3.2 Surface passivation dependence 

The diameter distribution of the CdS nanorods is relatively narrow (3.6 nm ± 0.4 

nm) despite the broad length distribution (180 nm ± 50 nm).  Because the average 

diameter is well below the Bohr diameter (approximately 6 nm) the absorbance spectrum 

exhibits a sharp peak indicating the first exciton transition and further transitions are 

evident in the fine structure (Figure 3.6a).  The photoluminescence (PL) spectra of the 

TOP/TOPO capped CdS nanorods (Figure 3.6b) exhibits two peaks: a narrow peak at 450 

nm (2.7 eV) which can be assigned to band edge emission, and a broad, intense peak 

centered at 600 nm, due to trap state emission.  The trap state emission is located at lower 
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energies than the bandgap of the CdS nanorods, and is likely due to dangling bonds at the 

surface caused by incomplete passivation of available surface sites.  TOP and TOPO are 

sterically bulky molecules, and it is reasonable to assume that the packing efficiency is 

low, particularly for long nanorods which have a much higher surface to volume ratio 

than nanocrystals, and a lower (overall) curvature with which to accommodate bulky 

capping ligands. 

Because trap state emission is often undesirable, several methods of surface 

modification were explored to reduce the emission from the CdS nanorods: (1) 

passivation with a wide-band gap inorganic material, in this case ZnS;26 (2) treat the 

surface with sodium borohydride (NaBH4); or (3) replace the bulky TOP/TOPO ligands 

with less bulky ligands, here hexadecylamine and hexadecanethiol.  In the case of (1), a 

shell of a wide-band gap material confines the electron-hole pair to the CdS core; 

although the exciton can spread out along the axis of the nanorod, the shell should reduce 

trap state emission and increase the quantum yield.27  Treatment with NaBH4 (2) is 

expected to produce similar results; a recent report by Jang et al21 demonstrated an 

increase in quantum yield after exposing nanocrystals to sodium borohydride powder.  

The borohydride appears to act by converting some of the Cd2+ dangling bonds at the 

surface to CdO, which can also act to confine the exciton to the core material.  Replacing 

the TOP/TOPO with less sterically bulky molecules (3), which can better passivate the 

surface atoms, is also expected to reduce the trap state emission.  The results of the 

surface modification on the PL can be seen in Figure 3.6 and the effects on the quantum 

yield (and relative percentage of the band edge emission) are summarized in Table 3.1. 
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Figure 3.6.  Absorbance and photoluminescence (PL) spectra of high aspect ratio 
TOP/TOPO-capped CdS nanorods (a,b).  The trap state PL emission can be 
shifted or quenched by coating the nanorods with ZnS (c,d), treating the 
surface with sodium borohydride (e,f), or replacing the TOP/TOP capping 
ligands with hexadecanethiol (g,h) or hexadecylamine (i,j).  The spectra 
have been normalized to the most intense feature.  The small valley or 
discontinuity in several of the PL spectra, at approximately λ = 650 nm, is 
an instrument artifact. 
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Table 3.1.  Summary of the change in optical properties of high-aspect ratio CdS rods as 
the capping ligand or surface treatment is varied. 

 

CdS rod capping material 

Quantum 

Yield, % 

Band Edge Emission/ 

Total Emission,a % 

TOP/TOPO (original sample) 10.8 2 

ZnS 8.9 10 

Hexadecylamine 1.5 19 

Hexadecanethiol 0.4 12 

TOP/TOPO (NaBH4 treatment) 1.5 6 
a The percent of band edge emission was determined by deconvoluting the photoluminescence spectra in 
Figure 3.6 and dividing the area of the band edge peak by the area of the total spectra (band edge emission 
plus trap/surface emission). 

 

3.3.4 Nanorod heterostructures 

To further prove the generality of the sequential injection method for CdS, CdSe 

and CdTe nanorods, we prepared nanorod “heterostructures” consisting of a nanorod core 

of one material sandwiched between two ends of a different material.  Nanorods of CdTe 

for example, were first synthesized, and then elongated with a different material, such as 

CdSe or CdS, through multiple injections of a second chalcogenide precursor.  In this 

way, heterostructures with either Type I (CdS/CdTe/CdS) or Type II (CdTe/CdSe/CdTe) 

band offsets were generated.  Figure 3.7 shows TEM and dark field scanning 

transmission electron microscopy (STEM) images of the nanorod heterostructures 

generated by sequential injection. 
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Figure 3.7.  CdTe/CdSe/CdTe (Type II) and CdS/CdTe/CdS (Type I) heterojunction 
nanorods.  (a) TEM images of CdSe nanorod cores.  TEM images of 
heterojunction nanorods after depositing CdTe at the ends of the CdSe 
nanorods (b) before and (c) after the CdTe caps ripen into spheres.  (d) TEM 
and (e) dark-field STEM image CdTe/CdSe/CdTe nanorods after the CdTe 
end caps have ripened into spheres, giving the bar bell shape.  (f)  CdTe 
nanorods used to template CdS end caps.  (g, h) TEM images of 
CdS/CdTe/CdS nanorods. 

CdTe/CdSe/CdTe heterostructure nanorods are grown by forming CdSe nanorods 

(Figure 3.7a) from multiple injections of Se-TOP followed by sequential injections of Te-

TOP.  The addition of Te-TOP promotes the epitaxial growth of CdTe at the ends of the 

CdSe nanorods (Figure 3.7b).  The nanorods appear to elongate without any change in 

particle diameter.  Nanorod growth occurs exclusively at the reactive {002} planes at the 
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rod ends.  The optical properties of the heterojunction nanorods were also followed 

during the growth process.  Several distinctive features help confirm that heterojunction 

nanorods are evolving, as opposed to the formation of core/shell particles or the 

nucleation of additional particles, discussed below. 

 

 

Figure 3.8.  Optical properties of CdTe/CdSe/CdTe and CdS/CdTe/CdS heterojunction 
nanorods.  (a) Absorbance spectra for CdTe/CdSe/CdTe heterojunction rods 
with multiple chalcogen precursor injections; at long reaction times, 
ripening increases the particle size past the Bohr diameter, giving the 
appearance of bulk material at long times.  PL is not reported as it is 
quenched due to the Type II band offset.  (b)  Absorbance and PL of 
CdS/CdTe/CdS heterostructure nanorods.  (c, d)  PL peak intensity as a 
function of precursor injections.  The Type II band offset of 
CdTe/CdSe/CdTe results in quenching, whereas the Type I band offset 
CdS/CdTe/CdS increases the PL quantum yield.  (λexc=550 nm for 
CdTe/CdSe/CdTe at 550 nm; and λexc =610 nm for CdS/CdTe/CdS).   
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3.3.5 Heterostructure optical properties 

For CdTe/CdSe/CdTe nanorods, the PL intensity quenches upon the addition of 

the CdTe end caps (Figure 3.8c) and the QY drops more than an order of magnitude after 

the first injection of Te-TOP, from 0.24% to 0.01%, and remains essentially unchanged 

after further Te-TOP injections.  Figure 3.9 shows the room temperature PL spectra for 

these heterostructure nanorods as a function of increased end cap length.  The two peaks 

in the spectra result from electron-hole recombination in the CdSe nanorod core (band 

edge peak) and at the CdSe/CdTe interface (long wavelength peak).16,28-30  Due to the 

staggered Type II band offset, there is an energy barrier preventing electron transfer from 

the CdSe core into the CdTe ends, whereas hole transfer from the CdSe core into the 

CdTe ends is energetically downhill.  As the end caps lengthen, the relative likelihood of 

electron-hole recombination at the CdSe/CdTe interface increases, leading to decreased 

PL QY.16  Temperature-dependent PL of the CdTe/CdSe/CdTe heterostructure nanorods 

is shown in Figure 3.10.  Here, particularly at low temperatures where radiative exciton 

recombination is favored over non-radiative mechanisms, both peaks can be clearly seen.  

At low temperatures there is also a blue shift in the peak position for each type of 

emission, which is consistent with expectations based on a contraction of the crystal 

lattice with lowered temperature.  The PL quenching seen in Figure 3.9 is consistent with 

CdTe addition to the surface of the existing CdSe nanocrystals, and is not consistent with 

the nucleation and growth of separate CdTe nanocrystals (TEM also confirms that 

nucleation and growth of new particles does not occur).  The observation of PL 

quenching is, in itself, not sufficient to confirm that CdTe is adding to the end caps, as 

core/shell deposition could also give rise to PL quenching.  However, core/shell 

deposition of the smaller band gap semiconductor, CdTe, is expected to shift the 

absorption edge to longer wavelength,28,29 which is not observed (Figure 3.8a).  For rods 
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longer than the Bohr exciton diameter, but thinner than the Bohr exciton diameter, the 

nanorod diameter is solely responsible for energy level quantization and the size-

dependent shift in the optical spectra.31 The fact that the absorbance spectra do not 

noticeably shift to longer wavelengths with increasing amounts of CdTe deposition 

indicates that CdTe deposits selectively at the {002} end cap faces of the CdSe nanorods.   

 

 

Figure 3.9.  Room temperature photoluminescence of CdTe/CdSe/CdTe heterostructure 
quantum rods.  PL of the CdSe nanorods is shown in (a), and exhibits only 
band edge emission.  A broad peak centered at approximately 800 nm 
appears and increases in intensity after one (b), two (c) and three (d) 
injections of Te into the reaction, indicative of Type II recombination.  The 
PL intensity is quenched with increasing Te injections; the scale shows the 
relative intensity normalized to the original CdSe sample. 
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Figure 3.10.  Temperature-dependent PL spectra of CdTe/CdSe/CdTe heterostructure 
quantum rods.  At low temperatures, it becomes less likely that an electron 
or hole will be lost through a non-radiative mechanism, and the quantum 
yield of both the band edge and Type II emission increases.  [Low-
temperature PL measurements courtesy of X. Wang.] 

One thing to note about the CdTe/CdSe/CdTe nanorods, is that at long reaction 

times, the nanorods ripen into spherical CdSeTe alloyed nanocrystals.  The CdTe end 

caps first “ball up” to form dumbbell structures that eventually ripen into spheres.  An 

example of such a dumbbell structure is shown in Figure 3.7.  The compositional 

variation along the length of the rod is especially apparent in the dark field scanning 

transmission electron microscopy (STEM) image taken using a high angle annular dark 

field (HAADF) detector (Figure 3.7e).  This “Z-contrast” image shows the darker CdTe 
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isolated in the dumbbell ends and the lighter CdSe in the nanorod core.  As the nanorod 

continues to ripen in the hot reaction environment, the absorbance spectra flattens and the 

absorption edge shifts far into the near-IR as the rods reshape into alloyed spherical 

particles. 

The optical properties of the CdS/CdTe/CdS nanorods are also consistent with 

heterostructure nanorod formation with sequential precursor injection.  In this case, the 

addition of CdS enhances the PL intensity of the CdTe nanorods (Figure 3.8d).  The QY 

increases an order of magnitude from 0.37% for bare initial CdTe rods to 1.70% as 

additional CdS is epitaxially added.  If the mixture is slowly cooled to room temperature, 

allowing the sulfur caps additional time to grow and allowing interfacial and surface 

defects to anneal  enhanced  the PL (Figure 3.8d) for QY values reaching as high as 20%.  

There is no sign of additional PL from separate CdS nanocrystals.  The absorbance 

spectra in Figure 3.8b are again, consistent with nanorod formation, with the absorption 

edge staying fixed at one wavelength with the addition of the CdS.  Core/shell particles 

would also be expected to exhibit these kind of changes in the optical properties,12 

however, the TEM images show that the rods are getting longer with additional S-TOP 

injections confirming that CdS is growing epitaxially at the ends of the nanorods.  In 

contrast to the CdTe/CdSe/CdTe nanorods, the CdS/CdTe/CdS nanorods do not undergo 

ripening at long reaction times, which is qualitatively different than what occurs for the 

CdTe nanorods. 

3.3.6 Nanorod growth 

Our ability to extend the sequential injection approach to nanorod heterostructures 

is in fact not that surprising for CdE nanocrystals, as surface reaction controlled growth 

of CdE-based nanorod heterostructures has been observed in a couple of recent instances.  

For example, Alivisatos and coworkers found that CdSe/CdS/CdSe rods and CdTe 
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tetrapods (on CdSe seed particles) formed in certain cases when they attempted to make 

core/shell nanocrystals.16  Weller and coworkers found somewhat similar epitaxial 

interfacing between CdSe core particles and CdS rod-like extensions.12  Also, Banin’s 

group32 recently demonstrated the selective deposition of gold tips at the ends of CdSe 

nanorods and Kudera, et al.33 demonstrated selective PbSe deposition on the tips of CdS 

and CdSe nanorods—providing further indication that the wurtzite CdE {002} surface is 

the most reactive.  We simply demonstrate here the general capability to epitaxially 

elongate CdE nanorods using sequential injection of precursor.  By changing the 

composition of the precursor, the composition of the end cap can be manipulated 

allowing a variety of heterostructure nanomaterials to be synthesized.   

CdE nanorod growth can be promoted by inducing a burst of particle nucleation 

and then adding more reactant at low supersaturation to alleviate further particle 

nucleation and favor epitaxial deposition on the {002} surfaces, which appear to the most 

reactive facet of the nanocrystal/nanorod.  These findings of face-sensitive reactivity are 

consistent with recent observations in the case of Cu2S nanodisks13 and Bi2S3 

nanowires,18 in which anisotropic growth is promoted due to enhanced “monomer” 

epitaxy on particular facets.  It is well known that thin film epitaxial growth rates in gas-

phase deposition methods depend sensitively on the exposed crystal plane of the 

substrate.  We have shown here that anisotropic face-sensitive epitaxial deposition can 

occur on colloidal semiconductor surfaces in solution.  The next step is to ascertain the 

potential to extend epitaxial selectivity to other materials, including those with isotropic 

crystal structure.  The tetrapod formation observed by Alivisatos, et al. in Ref. 14 

provides encouraging evidence that epitaxial selectivity can be promoted in these 

materials as well. 
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3.4 CONCLUSIONS 

A general synthetic method for the formation of shape-controlled CdS, CdSe and 

CdTe nanocrystals and mixed-semiconductor heterostructures was described.  The crystal 

growth kinetics can be manipulated by changing the injection rate of the chalcogen 

precursor, allowing the particle shape—spherical or rod-like—to be tuned without 

changing the underlying chemistry.  A single injection of precursor leads to isotropic 

spherical growth, whereas multiple injections promote epitaxial growth along the length 

of the c-axis.  This method can be extended to produce linear Type I and Type II 

semiconductor nanocrystal heterostructures. 
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Chapter 4: Second virial coefficient measurements of dilute gold 
nanocrystal dispersions† 

4.1 INTRODUCTION 

Sterically-stabilized colloidal semiconductor and metal nanocrystals, ranging 

from 2 to 10 nm in diameter exhibit unique size-tunable properties and could prove 

important for a variety of new technologies, including catalysis, electronic and photonic 

devices, and biological sensors.1-3  A variety of nanocrystals can now be synthesized with 

reasonable size control by arrested precipitation—a process that utilizes organic ligands 

to stabilize the particle size and prevent flocculation.4  The ligands chemically passivate 

the nanocrystal surfaces and enable the particles to be dispersed in solvents.  Dispersed 

particles can then be separated by size and shape through solvent/antisolvent 

techniques5,6, or dried into films by casting or spraying.4  Much interest has recently 

focused on understanding and controlling nanocrystal organization during the drying 

process, and it is now well-understood that the gross morphology and nanocrystal 

packing structure in dried films depends on the nanocrystal size distribution, deposition 

kinetics and solvent-mediated interparticle interactions.6-18  Under conditions of 

reversible solvent evaporation, nanocrystals exhibit equilibrated colloidal phase behavior 

that is related to the solvent-mediated two-body interparticle interactions—for example, 

monodisperse nanocrystals experiencing strong repulsive interactions undergo a disorder-

order phase transition at high volume fractions due to excluded volume effects.11,12,19,20  

In nonequilibrium systems, where solvent evaporation plays an influential role,13,17,18 the 

interparticle interactions are still central to the self-organization process as they influence 

the particle assembly dynamics relative to the solvent dynamics.  In addition to affecting 

                                                 
† The contents of this chapter appear in The Journal of Physical Chemistry B 108(43), 16732-16738 (2004) 
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nanocrystal self-assembly, the interparticle attractions also play a central role in size-

selective precipitation5,6,21 and colloidal nanocrystal aging. 

4.1.1 Nanocrystal interactions and small-angle X-ray scattering 

For nanometer-diameter nanocrystals, small angle X-ray scattering (SAXS) 

provides a powerful analytical tool for measuring the particle size distribution, 

interparticle interactions and collective structure.  In SAXS, scattering arises from the 

difference in electron density between the nanocrystal core and the surrounding medium.  

The intensity of scattered radiation I(q), can be expressed as a proportional relationship 

between a shape factor P(qR), and structure factor S(q): )()()( qSqRPqI ∝ .19,22,23  The 

shape factor depends on the interference between X-rays scattered within an isolated 

particle, while the structure factor arises from the interference between X-rays scattered 

from multiple particles.  P(qR) relates to the size and shape of individual particles: for a 
solid homogeneous sphere, ( )[ ]23)/()cos()sin(3)( qRqRqRqRqRP −=° , where R is the radius 

of the metal core and q is the wave vector, )sin()/4( θλπ=q , related to λ, the photon 

wavelength (λ(CuKα)=1.54 Å), and 2θ, the scattering angle.22,23  The polydispersity 

inherent in any nanocrystal sample is easily accounted for in SAXS measurements since 

the total scattered X-ray intensity from dispersions with non-interacting particles relates 

simply to the total number of scatterers, leading to a modified shape factor: 

∫ °∝ dRRqRPRNqRP 6)()()( , where N(R) is the nanocrystal size distribution.19  In dilute 

dispersions with non-interacting particles†, 1)( ≈qS , such that the scattered intensity 

depends only on the shape factor, )()( qRPqI ∝ .  In systems with interacting particles, 

S(q) ≠ 1.  In very concentrated systems, such as dried films, the interference between X-

                                                 
† Here, the term "non-interacting" generally refers to the fact that the scattered X-rays from each sphere do 
not interfere with X-rays scattered from other spheres; therefore, the total angle-dependent scattering is 
simply the sum of X-rays scattered from each individual in the ensemble.  These conditions hold when the 
dispersion is dilute—so the scattered X-ray "density" is low—and when particles do not interact or stick to 
an appreciable amount. 
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rays scattered from multiple particles dominates the scattering pattern.  For example, 

scattering from superlattices gives rise to Bragg diffraction.19  In dilute dispersions, the 

effect of multiparticle scattering between interacting particles is subtle.  From Zimm’s 

early analysis of dilute macromolecular dispersions,24,25 the structure factor results 

largely from two-particle scattering interference and the mathematical form reflects the 

dependence on both interaction strength and solute concentration, such that 

( ) )(1, qRPcqS ξ−= . Here the parameter ξ  depends on the concentration of scatterers c, 

the osmotic second virial coefficient A2 and the weight average molecular weight Mw: 

wcMA22=ξ .†  It is then obvious from the form of S(q,c) that the magnitude of the 

deviation from the shape factor due to pairwise interactions between particles will depend 

on the concentration of the dispersion.  The osmotic second virial coefficient A2, relates 

directly to the second virial coefficient obtained from statistical mechanics B2, which is 

an integral measure of the pair interaction potential u(r) experienced by particles in 

solution:26,27 

 ( )∫ −−== − drre
N
M

vAB kTru

A

w
c

2/)(
2

22 12π . (4.1) 

NA is Avogadro’s number, r is the center-to-center particle separation and vc is the ratio of 

the solvent and nanocrystal molar volumes.   

In dilute dispersions, )(qRPξ <<1, the exception being at low q where this factor 

can become significant.  As shown in Figure 4.1a, this region in the scattering curve is 

known as the Guinier region.  Scattering at higher q—in the Porod region—is dominated 

by intraparticle scattering and is not affected by weak interparticle interactions.  Both 

repulsive and attractive interparticle interactions can lead to deviations from P(qR) at 

small q.  Repulsive interparticle interactions give rise to A2>0 and negative deviations 
                                                 
† In Zimm’s analysis (Ref. (24)), he found that ( ) ( ) ( )2)(1)(1 qRPqRPqS ξξ +−=  is a better model for 
extracting the second virial coefficient at higher concentrations, which follows from the well-known Zimm 
equation, [ ] [ ] CAqRMPIKc 22)(1 += . 
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from the scattering expected from non-interacting particles.  A2<0 when significant 

interparticle attraction occurs, which gives rise to positive deviations from the non-

interacting particle scattering curves.  For example, Figure 4.1b shows examples of both 

S(q)>1 and S(q)<1 measured for concentrated (~3 mg/mL) dodecanethiol-coated gold 

nanocrystals dispersed in toluene, as a result of attractive and repulsive interactions, 

respectively, between particles in the dispersions.  Figure 4.2 shows an example of how 

particle concentration affects the X-ray scattering intensity at low q for 53 Å diameter 

dodecanethiol-coated gold nanocrystals.  For these particles, S(q)<1 due to repulsive 

interparticle interactions, and therefore as the particle concentration increases, the overall 

scattering intensity decreases at low q as the two-body interactions become more 

significant.  Therefore, the two-body interactions between sterically-stabilized 

nanocrystals can be determined by measuring the change in the scattered intensity at low 

angles as a function of concentration for dilute dispersions.  For very dilute, weakly 

interacting dispersions of particles, deviations from the shape factor can be small.  

Accurate recovery of S(q,c) for such systems can be complicated, as point-by-point 

division of I(q,c) by the shape factor can enhance instrument noise, masking the true form 

of S(q,c).  An additional level of bias can also be introduced, as this method requires 

assumption about the form of the shape factor.  For these reasons it is desirable to utilize 

a method that takes advantage of the measurable deviations in scattering due to changes 

in intensity (Figure 4.2), does not require prior assumptions about the form of the shape 

factor or the use of very highly concentrated dispersions, and gives concentration-

independent information (i.e. A2) about the strength of interactions.  Using a Zimm 

analysis based on the relationship,  

 ( ) cA
qRPMcqI

Kc

W
221

),(
+=  , (4.2) 
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where K is an optical constant based on the electron density of the scatterers and the 

optics of the system, A2 can be measured directly from scattering experiments.24,25 

 

 

Figure 4.1.  (a) SAXS data (○) and TEM image (inset) obtained from a toluene 
dispersion of 42 Å gold nanocrystals capped with dodecanethiol.  The solid 
line represents the best fit of P(qR) to the data using a Gaussian size 
distribution with an average radius of 21.4 Å and standard deviation of 2.3 
Å (11%).  The Guinier region at low q contains information about the 
electronic radius of gyration and particle interactions.  At larger q, the 
location and intensity of the oscillations in the Porod region contain 
information about the shape and size distribution of nanocrystals in the 
dispersion.  (b)  Measured values of S(q) at low q for dispersions of 
dodecanethiol-coated gold nanocrystals with core diameters of 30 Å (○) and 
49 Å (●).  Positive deviations from unity indicate attractive interactions 
while negative deviations indicate repulsive interactions. 
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Figure 4.2.  Scattered intensity in the Guinier region from dispersions of 53 Å 
dodecanethiol-coated gold nanocrystals in toluene at different mass 
concentrations.  The intensities have been normalized by dividing by the 
concentration of each sample.  The mass concentrations of the gold cores in 
the dispersions, from top to bottom, are 1.72, 2.02, 2.30 and 2.59 mg/mL.  
The repulsive interactions between particles results in decreased scattering 
at low q for more concentrated samples. 

Despite the importance of interparticle interactions between dispersed 

nanocrystals for understanding and controlling particle deposition, separation and 

synthesis, there have been very few quantitative measurements of the interaction 

potential between organic monolayer-coated nanocrystals.  Notable exceptions include 

osmometry and SAXS measurements of trioctylphosphine (TOP) and trioctylphosphine 

oxide (TOPO) coated CdSe nanocrystal dispersions28-30 and SAXS measurements of 

dried silver nanocrystal films.19  To date we are not aware of any similar studies utilizing 

alkyl-coated gold nanocrystals.  Here we present concentration-dependent small angle X-

ray scattering data measured at low q from dilute dispersions of dodecanethiol-coated 
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gold nanocrystals ranging from 2 to 6 nm diameter.  The second virial coefficient is 

extracted from the data using a modified Zimm analysis and compared to model 

predictions of the solvent-mediated two-body interaction potential.  The values of the 

virial coefficients indicate that the particles are significantly more attractive than hard 

spheres.  The particle interaction potential calculated from a simple steric stabilization 

model accounting for van der Waals attraction between metal cores and osmotic 

repulsion between adsorbed chains also overpredicts the repulsive forces between 

nanocrystals, in particular for nanocrystals in the small size range that exhibit 

significantly greater interparticle attraction than expected. 

 

4.2 EXPERIMENTAL SECTION 

4.2.1 Gold nanocrystal preparation. 

Dodecanethiol-passivated gold nanocrystals were synthesized using a two-phase 

arrested precipitation technique.31,32  All chemicals were purchased and used as received 

from Aldrich Chemical Co.  An aqueous tetrachloroaurate solution (0.38 g HAuCl4·3H2O 

in 36 mL deionized water) is combined with an organic solution containing a phase 

transfer catalyst (2.7 g [CH3(CH2)7]4NBr in 25 mL of toluene).  The gold ions are 

transferred into the organic phase during vigorous stirring, after which the aqueous phase 

is discarded.  An aqueous solution containing a reducing agent (0.5 g NaBH4 in 30 mL 

deionized water) is then added and the solution is stirred for up to 24 hours.  Performing 

the reduction in the presence of 240 µL of dodecanethiol (C12H25SH) results in gold 

nanocrystals with core diameters between approximately 15 and 30 Å.  Alternatively, 

addition of thiol after NaBH4 addition produces nanocrystals with core diameters of up to 

approximately 60 Å.  The thiol bonds to the gold surfaces, exposing a hydrocarbon layer 

that provides a steric barrier to further growth or aggregation.  The organic phase 
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containing the nanocrystals is finally collected.  The particles are then precipitated with 

ethanol and collected by centrifugation.  The supernatant, containing reaction byproducts 

and excess reactants, is discarded and the nanocrystals are redispersed into toluene.  The 

nanocrystals obtained at this step are too polydisperse for effective SAXS measurements, 

as the size distribution broadens the size-dependent oscillations into a meaningless 

smoothly decaying scattering curve.  Therefore, the nanocrystal size distribution must be 

narrowed by size-selective precipitation for the measurements.  The nanocrystals are 

redispersed in toluene and titrated carefully with ethanol until reaching a barely 

perceptible opalescence, indicating that the largest particles in the dispersion have begun 

to precipitate.  The dispersion is then centrifuged to isolate the largest particles in the 

precipitate from the smallest particles that remain suspended in the supernatant.  The 

alkane layer is chemically stable and provides dispersibility in nonpolar organic solvents 

and allows the nanocrystals to be reversibly precipitated and redispersed multiple times 

before significant particle degradation occurs. 

4.2.2 Small angle X-ray scattering measurements. 

Size-selected fractions of gold nanocrystals were weighed on a microbalance with 

an accuracy of ± 0.1 mg.  The nanocrystals were then redispersed into a measured 

volume of toluene and carefully diluted, producing a series of dispersions of known mass 

concentration.  The range of concentrations for each set of dispersions was typically 

between one and 3 mg/mL.  All experiments were carried out at 23 ± 0.5°C.  The samples 

were characterized using small-angle x-ray scattering (SAXS); x-rays were produced 

from a rotating copper-anode generator (Bruker Nonius) operated at 3.0 kW and scattered 

photons were collected on a multiwire gas-filled detector (Molecular Metrology, Inc.).  

The scattering angle was calibrated using a silver behenate (CH3(CH2)20COOAg) 
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standard and all experimental data were corrected for background scattering and sample 

absorption. 

 

4.3 RESULTS  

4.3.1 Modified Zimm Method.   

At zero scattering angle, making use of the fact that P(qR)=1 at q=0, the Zimm 

equation (Equation (4.2)) reduces to  

 22
),0(

1 A
cI

K
cM W

−= . (4.3) 

The weight-average molecular weight is readily determined from the average nanocrystal 

diameter and size distribution determined from the scattering data in the Porod region as 

described above:   
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Here nR and mR are the number fraction and mass of nanocrystals with radius R, 

respectively.  mR is calculated using the bulk density of gold.  Extrapolating the scattering 

data to zero scattering angle (i.e., q=0) yields a value for I(0,c).  At small values of q the 
scattered intensity is well approximated by ( )3/exp),0(),( 22

gRqcIcqI −⋅= , where Rg is the 

electronic radius of gyration of the nanocrystal and is related to the actual radius by 
5/3⋅= RRg .22,33  Extrapolation of the scattering data to zero scattering angle is then 

easily accomplished by plotting the data in Guinier form, i.e. plotting ln[I(q,c)] versus q2 

and extending the linear portion of the scattering data. 

Figure 4.3 shows 1/Mwc plotted against 1/I(0,c) for a series of nanocrystal sizes at 

varying dispersion concentration.  The y-intercept of these plots is the osmotic second 

virial coefficient, A2.  (Based upon the uncertainty in the experimental measurements, the 
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error in the measurement of the second virial coefficient is expected to be less than 30%.  

Measurements for some of the samples were repeated using the same solutions; the 

maximum difference in the measurements was 21%, within the expected range of 

experimental uncertainty.)  The measured values of A2 were the same magnitude to an 

order of magnitude larger than those recently measured using osmometry for stable, 

TOPO-capped CdSe nanocrystals in toluene.30  The larger values are expected given the 

Hamaker constant for metals is approximately 2 to 5 times larger than that of 

semiconductors similar to CdSe.34 

SAXS experiments by Mattoussi et al showed that interactions between poorly-

capped CdSe nanocrystals can be strongly affected by the amount of free capping ligand 

in solution.29  For example, scattering in the Guinier region was strongly affected by the 

addition of excess TOP/TOPO ligands to form a 27 mM solution, indicating a change in 

the nanocrystal interaction strength.  Similar experiments were carried out for the present 

system: scattering was obtained from several sizes of gold nanocrystals prepared using 

the experimental procedures reported above, as well as where excess dodecanethiol was 

added to form a 40 mM solution.  As shown in Figure 4.4, the scattering in the Guinier 

region was unaffected, indicating that the gold nanocrystals used for the virial coefficient 

measurements are well-passivated and negligibly affected by the presence of small 

amounts of excess free ligand in solution.  This effect is unlikely to hold for solutions 

with a high volume fraction of thiol, where the change in the solvation and screening 

properties of the medium surrounding the nanocrystals would show large deviations from 

toluene.  Scattering data was also obtained from a nanocrystal sample after repeated 

cycles of precipitation using excess ethanol and redispersed in toluene (Figure 4.5).  

Deviations in the scattering curves—indicating changes in interparticle interactions 

relative to the original sample—were observed only after several washing cycles, 
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indicating that the thiol-gold bond is relatively strong and the nanocrystal dispersion is 

quite stable.  

 

 

Figure 4.3.  Zimm plot data used to calculate values of the second virial coefficient, A2.  
Due to the range in molecular weights and intensity of the scattering data, 
the data sets have been separated to avoid overlap of the data points.  Data 
for nanocrystals with average core diameters of 22.0 Å (●), 30.0 Å (○) and 
37.6 Å (■) are shown in (a).  Data for nanocrystals with average core 
diameters 42.0 Å (□), 42.8 Å (▲), 49.0 Å ( ) and 52.6 Å ( ) are shown in 
(b). 
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Figure 4.4.  Guinier plots from scattering data obtained for dispersions of (a) 35 Å  and 
(b) 53 Å gold nanocrystals, at equal concentrations of approximately 3 
mg/mL.  Each plot shows data for dispersions prepared normally (●) and 
with excess (40 mM) dodecanethiol ligand added to the solution (□).  
Despite the large amount of thiol added, the scattering data at low q shows 
no change, indicating no significant change in interparticle interaction with 
thiol concentration.  For such relatively concentrated dispersions, a 
measurable structure factor can be recovered from the scattering data and is 
shown in the inset of each plot.   
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Figure 4.5.  Guinier plots from gold nanocrystal samples which have undergone zero (○), 
one (□), three ( ) and five ( ) washing cycles.  The scattering data at low 
q is unchanged until the fifth washing cycle, which shows attractive 
interactions due to the removal of excess ligand; further washing cycles 
result in the irreversible precipitation of nanocrystals from solution.   

4.3.2 Second virial coefficients. 

For comparison of the measured osmotic second virial coefficients A2 with model 

pair interaction potentials u(r), A2 must be converted to the statistical second virial 

coefficient B2 using Equation (4.1) above.  The important consideration here is that A2 

has units of cm3mol/g2, in terms of the solvent volume, whereas B2 has units of cm3 in 

terms of solute volume.  Therefore, the ratio of molar volumes ( iV ), 

A

solventsolventw

lnanocrysta

solvent
c NR

M

V
Vv 3))(3/4( δπ

ρ
+

== , was used to convert the measured values of A2, to the 

corresponding values of B2.  solventV  is the molar volume of solvent (106 cm3/mole for 

toluene) and δ is the capping ligand length.  Figure 4.6a shows the values of B2 
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determined for dodecanethiol-coated Au nanocrystals of varying diameter dispersed in 

toluene.  Nanocrystals larger than approximately 40 Å exhibit overall repulsive 

interactions between particles, with positive values of B2.  Particles smaller than 40 Å, on 

the other hand, exhibit negative values of B2, indicating overall attractive interparticle 

interactions.  The 35 Å diameter nanocrystals have the most negative second virial 

coefficient in this size range.  The observed reversal of the interactions, from repulsive to 

attractive as the nanocrystal size decreases, is consistent with qualitative observations 

made by Mattoussi et al using SAXS for TOP/TOPO-passivated CdSe nanocrystals.29  

Table 4.1 summarizes the experimental measurements.   
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Figure 4.6.  (a) Values of the second virial coefficient determined by SAXS for 
dodecanethiol-coated gold nanocrystals dispersed in toluene ( ).  The error 
bars along the x-axis refer to the standard deviation of the diameter around 
the mean.  The curves correspond to model calculations of B2: using a 
square-well potential for B2,SW (Equation (4.9)) (- - -), the hard sphere 
second virial coefficient for the gold cores B2,HS (·····), and the osm+vdW 
model discussed above using full thiol coverage (—  —) and with size-
dependent ligand coverage to obtain a best fit to the data (—).  (b) The 
ligand surface coverage as a function of core diameter used to fit the 
osm+vdW model to the data.  (c)  The size-dependent magnitude of the 
well-depth used to fit the square-well model to the experimental data; the 
range of interaction was kept constant at α = 30 Å. 
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Table 4.1.  Summary of second virial coefficients determined from SAXS measurements 
of dodecanethiol-passivated gold nanocrystals with different core metal 
diameter 2R, using a modified Zimm analysis. 

2R (Å) 2σ (Å) MW (g/mol)a 
A2 × 105 

(cm3 mol/g2) 

B2 × 104 

(Å3) 

22.0 4.1 (18.6 %) 91,000 -82.2 -2.4 

30.0 4.8 (16.0%) 234,000 -29.0 -3.7 

37.6 4.4 (11.7%) 370,000 -30.0 -6.8 

42.0 4.6 (11.0%) 520,000 -5.0 -1.9 

42.8 4.5 (10.5%) 547,000 3.4 1.4 

49.0 5.7 (11.6%) 840,000 8.6 6.3 

52.6 6.5 (12.3%) 1,067,000 8.3 8.7 

a The molecular weight is calculated using Equation (4.4) based on the size distribution of the gold 

cores. 

 

4.3.3 The pair interaction potential. 

The dipole-induced dipole interactions between the metal cores of the 

nanocrystals give rise to a strong interparticle attraction that is mediated by the steric 

layer created by the adsorbed hydrocarbon ligands.  The strength of the van der Waals 

attraction between two spheres of equal radius R depends on the value of the solvent-

retarded Hamaker constant A:34,35 
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There is a significant amount of uncertainty as to the precise value of A, however, 

it ranges from 1.1 eV to 3.1 eV depending on the medium separating the particles,21,34 

and for simplicity in our calculations we take a value of 3 eV.  In a good solvent, the 
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ligand chains extend away from the particle surfaces and fluctuate rapidly.  As two 

particles collide, solvent is pushed out of the intervening space between the particles, thus 

creating a large osmotic pressure gradient between the ligand layer and the surrounding 

solvent.  Therefore, as a first approximation, the total pair interaction potential u(r) can 

be approximated as the sum of the van der Waals attraction between the metal cores and 

the osmotic repulsion between the ligands:36 

  osmvdW)( Φ+Φ=ru . (4.6) 

For our calculations of the osmotic repulsion, we make use of the model proposed 

by Vincent and coworkers that accounts for the capping ligand length δ, the molecular 

volume of the solvent vsolv, the volume fraction of the ligand extending from the 

nanocrystal surface φ, and the Flory-Huggins interaction parameter between the ligand 

and solvent χ:37 
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In a good solvent for the ligand, χ = 0.  The ligand volume fraction profile φ is 

calculated from the diameter-dependent surface curvature, which is more pronounced in 

smaller particles, by assuming full ligand extension and using the literature value for the 

binding density of thiol on gold.19,21,36  Model calculations of B2 using this model 

(referred to as the osm+vdW model) are shown in Figure 4.6a and compared to the values 

measured by SAXS.  The osm+vdW model calculations predict B2>0 for all particle sizes 

studied, which is clearly not the case.  For the smaller particles, the measured overall 

interactions between particles are slightly attractive, with B2<0. 

To provide a conceptual reference as to how repulsive or attractive the osm+vdW 

model calculations and measured virial coefficients are, we calculated and plotted the 
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hard sphere values, 3
HS2, ))(3/2( effDB π=  in Figure 4.6a based on the calculated effective 

hard sphere diameter, Deff.  The effective hard sphere diameter takes into account 

excluded volume contributions from both the metal core and part of the ligand shell.  Deff 

is taken to be the diameter at which the osmotic repulsion between neighboring particles, 

calculated using Equation (4.7), reaches 5 kT.  The effective hard sphere diameter was 

found to increase linearly with the core diameter. 

Despite the shallow attractive wells in the interparticle potential predicted by the 

osm+vdW model (see Figure 4.7), the excluded volume effect of the ligands dominates 

the predicted values of B2, consistent with the concept of a “soft sphere” repulsive 

interaction potential between particles with an effective hard sphere diameter greater than 

the metal core diameter discussed in the literature by Korgel and coworkers.6  The 

positive values of B2, which increase with particle diameter, result from the excluded 

volume of the particles.  The fact that the measured values of B2 are significantly more 
negative than both HS2,B  and B2 calculated using the osm+vdW model indicate that the 

interparticle attraction in a good solvent is more significant than anticipated.  These 

results are in fact consistent with some recent observations of unexpectedly significant 

interparticle attractions for both silver and gold nanocrystals.6,16  

 

4.4 DISCUSSION 

To provide a rough gauge as to the extent of interparticle attraction determined 

from the scattering data, B2 was calculated and fit to the data using a square well model 

for u(r): 
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where α and ε are the potential well width and depth, respectively.  Although simplistic, 

the square-well model provides an analytic expression for the second virial coefficient: 
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which can be readily fit to the data to approximate the interparticle interactions.  We are 

mostly interested in determining how much deeper the interaction potential is than the 

predicted value based on the osm+vdW model.  Therefore, taking α to be a representative 

value of 30 Å and using an effective hard sphere diameter that includes the ligand 

excluded volume using the approach described above for calculating B2,HS, the data was 

fit to Equation (4.9) to determine values of ε consistent with the experimental data.  The 

values of ε used to fit the experimental data increase with nanocrystal size, from 0.1 kT to 

0.4 kT (Figure 4.6c).  Increasing interparticle attraction with increasing particle diameter 

is consistent with crude expectations based on the size-dependent enhancement in van der 

Waals attraction.  Comparison between the osm+vdW and square-well models is shown 

in Figure 4.7 for nanocrystals with a 40 Å diameter core.  The repulsive behavior 

calculated from the osm+vdW model is well-approximated using the effective hard 

sphere diameter to calculate the square well potential.  The square-well model, however, 

predicts a wider and slightly deeper potential well than is calculated using the osm+vdW 

model. 
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Figure 4.7.  Comparison of the pair potential models described in the text.  Shown are 
the square-well potential (dotted line) and the potential calculated from the 
van der Waals and osmotic contributions (solid line) for 40 Å nanocrystals.  
The square-well potential uses the effective hard sphere diameter, partially 
taking into account the excluded volume of the ligands.  The potentials are 
plotted as a function of center-to-center distance of the nanocrystals, r, as 
shown in the inset 

 The deeper attraction between nanocrystals in the square-well model could result 

from several factors, including a less than closest-packed ligand surface coverage.  

Although the addition of excess thiol does not change the measured second virial 

coefficient, and there does not appear to be significant ligand desorption with 

precipitation and exposure to antisolvent, it is possible that ligand fluctuations prevent a 

closest-packed thiol layer from forming on the nanocrystal surface.  The osm+vdW 

model can be used to account for the effect of ligand surface coverage on the interaction 

potential.  For straight-chain ligands extending radially from the surface of the 

nanocrystal, the volume fraction φ occupied by the ligand around the particle will depend 
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on the radius of curvature and relative surface coverage of the thiol headgroups.  The 

radial dependence of φ can be calculated from geometric arguments as21 
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where z is the radial distance from the surface of the metal core, SAthiol is the ligand cross-

sectional area (14.5 Å2) and θthiol is the surface area per thiol headgroup (16 Å2/thiol).6  

As shown in Figure 4.8, the volume fraction decreases moving away from the particle 

surface; the decrease is much more pronounced for smaller particles with larger radii of 

curvature.  The ligand density is reduced for smaller nanocrystals as a result of surface 

curvature, which allows closer surface-to-surface approach between smaller nanocrystals 

than larger particles.  Larger particles, in contrast, experience significant steric repulsion 

from the more densely packed ligands and the cores are not able to approach as closely.  

To obtain a fit of modeled B2 values to the experimental data, calculations using the 

osm+vdW model were also done in which the ligand surface coverage (i.e. φ(z=0)) was 

varied as a fitting parameter.  Figure 4.6b shows the values of φ(z=0) that provided the 

best fit of the osm+vdW model to the experimental data.  The ligand surface coverage 

ranges from approximately 30% for the small nanocrystals (< 40 Å) up to approximately 

60% or higher for the nanocrystals in the larger size range (Figure 4.4b).  For 

comparison, Korgel et al. measured the thiolate surface coverage of silver nanocrystals 

between 40 and 70 Å and found a value of 75 ± 10%.6 
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Figure 4.8.  Ligand volume fraction profiles calculated using Equation (4.10) as a 
function of radial distance from the nanocrystal surface.  Calculated profiles 
are shown for (top to bottom) full surface coverage and nanocrystal core 
diameters of 60 Å, 40 Å and 20 Å and for 20 Å particles with poor surface 
coverage (determined from the fit of the osm+vdW model to the 
experimental data for the smaller nanocrystals). 

4.5 CONCLUSIONS 

Small-angle x-ray scattering data analyzed within the framework of the Zimm 

method provides a useful, general method for determining interparticle interactions in 

dilute nanocrystal dispersions.  The measured virial coefficients were significantly more 

negative than expected for purely repulsive potentials, indicating that interparticle 

attractions can be significant between sterically-stabilized nanocrystals in good solvents 

for the ligands.  The attractive energy potential between the particles is nonetheless far 

smaller than the 3/2 kT limit that would lead to immediate flocculation.  Despite its 

simplicity, the square-well potential replicated the size-dependent virial coefficients to 

provide insight into the nature of the interparticle interactions.  Using this potential, the 
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larger particles exhibit larger interparticle attractions, as expected based on consideration 

of the size-dependent van der Waals attraction between particles.  More detailed 

calculations of the interparticle potential, accounting explicitly for the repulsive 

stabilization provided by the ligands, suggest that the nanocrystal interactions may be 

very strongly influenced by the extent of ligand surface coverage on the nanocrystals.  

Further modeling and experimental work should help to elucidate the role that solvent 

quality, nanocrystal composition and other outside forces play in dispersion stabilization 

of hydrocarbon-coated nanocrystals.  A thorough understanding of solvent mediated 

interactions should provide a basis for better control of nanoparticle self-assembly and 

phase behavior. 
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Chapter 5: Interaction and stabilization of perfluoropolyether-coated 
nanocrystals in supercritical CO2† 

5.1 INTRODUCTION 

A fundamental understanding of colloid dispersibility is important for many 

nanostructured materials, including semiconductor and metal nanocrystals, nanorods, and 

nanowires, as well as carbon nanotubes: the synthesis, purification, and use of these 

materials in applications relies on the ability to controllably disperse and precipitate them 

in various solvents.1-4  The topic of colloid stabilization has an extensive history, almost 

as old as the field of colloid chemistry itself, due to both its practical significance in a 

variety of industrial processes and its fundamental relevance to solution thermodynamics 

and interfacial phenomena.5  Once it was realized that colloidal solids were 

thermodynamically unstable‡ aggregates of smaller atomic and molecular building 

blocks, researchers naturally sought to describe the stabilizing forces that prevent colloid 

destabilization and aggregation.6-10  The conventional description, such as DLVO theory 

for charge-stabilized colloids, treats the immersing solvent as a continuum, which is 

justifiable for the well-studied cases of micrometer and sub-micrometer colloidal 

particles.  Even in the case of sterically-stabilized micrometer-size particles, the steric 

layer consists of polymeric species that are relatively large with respect to the solvent 

molecules.  However, as the particle size decreases to the nanoscale, and shorter 

stabilizing ligands with size comparable to the solvent molecules are used, continuum 
                                                 
† The contents of this chapter appear in The Journal of Physical Chemistry B 108(41), 15969-15975 (2004) 
‡ The Gibbs free energy for a spherical particle with radius R is given by 

( ) SLV RGRRG γππ )4(3/4)( 23 +∆−=∆  where ∆GV is the change in free energy per unit volume upon adding 
material onto the particle and γSL is the interfacial energy between the particle and the surrounding media.  
Particles with radii smaller than the critical radius VSLc GR ∆= /2γ  are unstable since ∆G>0.  For particles 
where R>Rc, however, ∆G decreases and becomes increasingly negative as the particle size becomes larger, 
indicating that without the presence of stabilizing forces the particles have no energetic barrier toward 
further growth. 
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models are expected to fundamentally fail, with additional effects due to the molecular 

structure of the solvent, such as oscillatory solvation forces for example, becoming 

significant.11-13  This expectation is particularly valid for nanometer-size colloids 

dispersed in supercritical fluids, where large isothermal compressibilities and free 

volumes allow for unusually large perturbations in solvent structure about solutes.14-16  In 

addition, the asymmetries in the solvent-solvent versus solvent-ligand intermolecular 

forces lead to pronounced effects of solvent density on ligand conformation17 and 

colloidal interactions/stability, as described by theory,16,18 and  SAXS19 and SANS 

measurements.20-22  The development of a predictive-level understanding of colloid 

stabilization of nanoscale particles requires both new theoretical insights and quantitative 

measurements of interparticle interactions in nanocrystal dispersions. 

 Colloid stabilization is a particularly interesting problem for nanocrystals 

dispersible in supercritical carbon dioxide (scCO2) in which the low polarizability 

relative to hydrocarbon solvents and lack of a dipole moments versus water leads to 

unique solubility properties.23  Although many hydrocarbon small molecules and 

oligimers are soluble in scCO2,24 they have not been found to provide dispersibility of 

metal nanocrystals in scCO2.25  The recent use of fluorinated ligands, however, has 

provided a means for the synthesis and stabilization of metal and semiconductor 

nanocrystals in supercritical carbon dioxide.25-29  Perfluoropolyether (PFPE) ligands in 

particular, with molar masses from a few hundred to a few thousand, have been found to 

be relatively good candidates for the steric stabilization of colloids and microemulsions in 

scCO2.22,30,31  However, the ligand stabilization decreases significantly with decreasing 

solvent density, eventually becoming a poor stabilizer: for example, the PFPE-coated 

gold nanocrystals used here did not disperse in liquid CO2.  As another illustration of this 

effect, SANS measurements from water-in-CO2 microemulstions stabilized using PFPE-
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based surfactants showed that even at a relatively high pressure of 300 bar the attractive 

interactions between 5 nm droplets are much larger than for conventional water-in-oil 

microemulsions, with decreases in pressure leading to marked increases in the attractive 

interactions that lead to instability at 200 bar.22 

This report presents experimental measurements by small angle X-ray scattering 

(SAXS) of the interparticle interactions between sterically-stabilized gold nanocrystals 

dispersed in scCO2 as a function of CO2 density.  Somewhat surprisingly, despite the 

optical clarity of the nanocrystal dispersions, the SAXS measurements indicated strong 

interparticle interactions, with relatively weak dispersion stability at all CO2 densities 

studied.  Quantitative measurements of the interparticle interactions are obtained from the 

scattering data using a model that approximates the pair interaction potential u(r), 

between nanocrystals as an attractive square well and also accounts for multiparticle 

scattering from clusters of reversibly flocculating particles.  As is expected, the 

interparticle attraction becomes stronger as the CO2 density decreases. 

 

5.2 EXPERIMENTAL SECTION 

5.2.1 Nanocrystal synthesis. 

Gold nanocrystals were synthesized using a variation of established two-phase 

arrested precipitation methods.32-34  Thiolated perfluoropolyether (PFPE-SH, 

F(CF(CF3)CF2O)3CF(CF3)CONH(CH2)2SH) was synthesized according to literature 

procedures35 using PFPE-COOH as a precursor.  PFPE-COOH was first transformed to 

acid chlorides which were then reacted with 2-aminoethanethiol hydrochloride to produce 

thiol functionality at the end of PFPE.  Toluene was obtained from Fisher Scientific; all 

other chemicals were used as received from Aldrich.  In a typical nanocrystal preparation, 

gold ions (0.50 mmol HAuCl4·3H2O in 15 ml deionized water) are transferred from an 
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aqueous phase into an organic phase using a phase transfer catalyst, tetraoctylammonium 

bromide (2.50 mmol (C8H17)4NBr in 15 ml toluene).  The organic phase is collected and 

mixed with an aqueous solution of the reducing agent, sodium borohydride (6.60 mmol 

NaBH4 in 15 ml deionized water).  After one to four hours of stirring, the aqueous phase 

is removed and 200 µL of PFPE-SH are added to the nanocrystal dispersion.  The 

particles precipitate from the organic solvent as the thiolated PFPE ligand exchanges with 

the weakly adsorbed tetraoctylammonium bromide on the particle surface.33,34  The 

PFPE-coated gold nanocrystals are isolated from the organic phase by centrifugation.  

The centrifugation step removes most of the reaction byproducts and impurities, which 

remain dissolved in the supernatant.  The nanocrystals redisperse in fluorinated solvents, 

such as Freon, for further purification and processing.  The as-synthesized nanocrystals 

are size-polydisperse and are fractionated by size-selective precipitation using 

Freon/hexane as the solvent/antisolvent pair to obtain monodisperse samples for study.1,36   

5.2.2 TEM Characterization 

The PFPE-coated gold nanocrystals are imaged by transmission electron 

microscopy (TEM) using a Phillips EM280 microscope with a 4.5 Å point-to-point 

resolution operated with an 80 kV accelerating voltage.  For imaging, the nanocrystals 

are deposited from dilute Freon dispersions onto 200 or 300 mesh carbon-coated copper 

TEM grids (Electron Microscopy Sciences). 

5.2.3 Small-angle x-ray scattering (SAXS) 

5.2.3.1 Small-angle x-ray scattering equipment 

SAXS measurements are obtained using a high pressure scattering cell equipped 

with beryllium windows and X-rays from a rotating copper anode generator (Bruker 

Nonius).  The generator is operated at 3.0 kW and the scattered photons are collected on a 

two-dimensional multiwire gas-filled detector (Molecular Metrology, Inc.).  The 
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scattering angle is calibrated from a silver behenate (CH3(CH2)20COOAg) standard, and 

corrected for absorption and background scattering from the CO2 and the windows of the 

high-pressure cell. 

5.2.3.2 High pressure equipment apparatus 

A schematic of the experimental apparatus used for the SAXS measurements in 

shown in Figure 5.1.  A variable-volume view cell is used to load the nanocrystal 

dispersions into the high pressure scattering cell.  Initially, nanocrystals are deposited into 

the front of the variable-volume view cell by evaporating several drops of a concentrated 

dispersion of gold nanocrystals in Freon.  Approximately 10 ml of liquid CO2 at room 

temperature is then pumped into the front of the cell using a manual pressure generator 

(High Pressure Equipment Co.).  The pressure is raised to 80 bar by adding CO2 to the 

back of the cell.  The temperature is raised to 35°C using heating tape that has been 

wrapped around the cell and connected to a temperature controller (Omega).  After the 

temperature stabilizes, the pressure is raised to approximately 310 bar.  The nanocrystal 

dispersion is allowed to reach equilibrium in the variable-volume cell before pumping 

into the high-pressure scattering cell, located in the evacuated SAXS sample chamber, for 

measurement.  The lab-built high-pressure SAXS cell is constructed of stainless steel 

with a path length of approximately 1 mm between the windows and a total internal 

volume of approximately 30 µL.  The windows are 1.5 mm thick, made of high-purity 

beryllium (Be) (Brush Wellman).  Be absorbs few X-rays and contributes relatively little 

to the background scattering.  A seal between the windows and the sample cell is made 

using polyetheretherketone (PEEK) o-rings.  The scattering cell is also wrapped in 

heating tape and temperature-controlled using a second Omega temperature controller 

and readings from a thermocouple inserted into a small hole in the cell body.  The solvent 

density is adjusted by controlling the pressure applied to the back of the variable volume 
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cell; measuring the pressure at isothermal conditions allows the solvent density to be 

easily calculated.  The dispersion is recirculated throughout the system and allowed to 

equilibrate for at least 30 minutes after changing the solvent conditions before subsequent 

scattering measurements are made.  The data at each solvent density is collected over a 

period of two to three hours without sample recirculation between the SAXS cell and the 

variable-volume cell.  Both constant flow and no-flow conditions were explored, and the 

scattering data was found to be independent of the flow condition used.   

 

 

Figure 5.1.  Schematic of high-pressure SAXS equipment.  The high-pressure sample 
cell is located inside the evacuated SAXS sample chamber. 

5.3 RESULTS AND DISCUSSION 

Figure 5.2 shows a TEM image of the PFPE-coated gold nanocrystals used in the 

SAXS experiments.  The nanocrystals were obtained after size-selective precipitation 
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with a diameter of 5.25 ± 0.6 nm.  For the SAXS studies reported here, it is vital to have 

relatively size-monodisperse nanocrystals, as size distributions much broader than a 

standard deviation about the mean of 25% smear the size-dependent oscillations in 

intensity. 

 

Figure 5.2.  TEM micrograph of perfluoropolyether-thiol (PFPE) capped gold 
nanocrystals.  The metal core diameter is 52.5 ± 5.9 Å based on a histogram 
of 500 particles. 

Figure 5.3 shows SAXS data obtained from PFPE-stabilized gold nanocrystals 

dispersed in scCO2 at 35°C and pressures ranging from 310 bar to 120 bar.  As the 

pressure decreases from 310 bar to 120 bar, a peak appears in the scattering curve at low 

q and evolves in intensity.  Upon increasing the pressure back to 310 bar, the peak 

decreases in intensity.  This scattering peak results from the presence of a characteristic 

interparticle spacing, and is roughly comparable to the peaks that arise in SAXS from 

Bragg scattering from ordered nanocrystal thin films36.  Such interparticle spacings in 

dispersions occur due to clustering of nanocrystals, and indicate that the nanocrystals 

exhibit relatively strong attractions on the order of kT and increase with decreasing 

solvent density.37  The formation of stable or metastable flocculates or clusters of 

particles in colloidal dispersions has also been observed using small-angle scattering for 

other systems with strong interparticle attractions, including ferrofluids of magnetic 

nanocrystals38, micellar systems39, and submicrometer charge-stabilized silica particles.40 
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Figure 5.3.  I(q) measured by SAXS for nanocrystals dispersed in supercritical CO2 at 
35°C and the experimental conditions indicated in Table 5.1.  The calculated 
shape factor, P(qR), was calculated from the nanocrystal size distribution 
measured by TEM.  The curves have been offset for clarity. 

The SAXS measurements afford a quantitative determination of the interparticle 

interactions.  The intensity of scattered radiation I(q), relates proportionally to the 

ensemble shape factor and structure factor, P(qR) and S(q), respectively: 

)()()( qSqRPqI ∝ .36,41,42  R is the particle radius and q is the wave vector, defined as 

)sin()/4( θλπ=q , where λ is the photon wavelength (1.54 Å) and 2θ is the scattering 

angle.  For dispersions of non-interacting particles, the scattered intensity depends only 

on the particle shape and size distribution such that S(q) = 1 and ))()( qRPqI ∝ .  The 
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gold nanocrystals are approximately spherical in shape, so that the shape factor for a 
single homogeneous sphere,36,41,42  ( ) ( ) ( )( ) ( )[ ]23/cossin3 qRqRqRqRqRP −=° , can be 

used to analyze the data.  The effects of sample polydispersity on the shape factor are 

easily taken into account and are related to the ensemble shape factor 
by ( ) ( )∫ °= RRqRPRNqRP d)( 6 , where N(R) is the number fraction of particles of radius 

R in the ensemble.42  The effect of interparticle interactions on I(q) are generally lumped 

into the structure factor, where values of S(q) ≠ 1 arise from multiparticle scattering.  If 

the shape factor is known for the dispersion, S(q) is readily calculated from the scattering 

data to provide quantitative information about nanocrystal clustering and structural 

organization.43 

Comparison between the SAXS data obtained at the highest scCO2 pressures 

studied here (i.e., the best solvent conditions) and expected values for the shape factor for 

non-interacting particles revealed a significant amount of multiparticle scattering from 

these dispersions.  Therefore, the shape factor could not be obtained directly from scCO2 

dispersions of the particles.  Other good solvents for dispersing PFPE-SH coated 

nanocrystals are halogenated solvents, such as Freon, which almost completely absorb 

the CuKα radiation produced by the SAXS generator (the linear absorption coefficient of 

Freon is approximately two orders of magnitude higher than that of typical hydrocarbon 

organic solvents).  For this reason it was not possible to directly measure the shape factor 

for the nanocrystals using SAXS.  Therefore, S(q) was calculated from the SAXS data 

using a shape factor generated from the core diameters of more than 500 nanocrystals 

measured from TEM images.  Figure 5.3 shows P(qR), determined from TEM, which is 

used to calculate S(q) (Figure 5.4) from the solvent density-dependent scattering curves. 
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Figure 5.4.  Experimentally measured structure factors determined from the scattering 
data in Figure 3.  The solid lines are the best fit of Equation (5.6) to the data. 

Strong deviations from unity in S(q) were observed at low q (Figure 5.4) even at 

the highest solvent density experimentally accessible in this setup.  Although by eye the 
nanocrystals appear to be well-dispersed in scCO2 at 310 bar and 35°C (

2COρ =0.935 

g/mL), giving optically transparent solutions, there is nonetheless a relatively significant 

amount of interparticle attraction and clustering over the entire range of experimental 

conditions.  Table 5.1 summarizes the solvent conditions studied.  For all of the data, as 

consistent with expectations for disordered phases and liquids, S(q) → 1 at larger values 

of q.36,44-46  
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Table 5.1.  CO2 solvent properties and parameters providing the best fit of Equation (5.6) 
to the experimental structure factor data.  The pressure was cycled from 310 
bar to 120 bar (A – D) and back to 302 bar (E, F) at 35°C. 

Experiment P (bar) ριCO2 (g/ml) φ λσ−σ (nm) ε ( kT) SM 

A 310 0.935 0.07 5.0 0.6 0.30 

B 241 0.896 0.14 5.0 0.8 0.16 

C 172 0.841 0.27 5.0 1.1 0.22 

D 120 0.769 0.39 5.0 1.3 0.15 

E 241 0.896 0.19 4.8 1.0 0.71 

F 310 0.935 0.17 5.1 0.8 0.58 

 

The structure factors obtained from the scattering data illustrate a peak shift to 

higher q with decreasing scCO2 density, along with a general increase in peak height.  

The shift in peak position indicates closer approach of the metal cores within the 

nanocrystal clusters (q is inversely proportional to the characteristic length, which in this 

case is the interparticle spacing) under conditions of weaker ligand solvation.  The peak 

intensity relates to the extent of clustering, which includes both the size and number of 

clusters.  Changing the pressure from 310 to 241 bar causes only a small increase in peak 

intensity; however, lowering the pressure to 172 bar causes the magnitude of the peak to 

nearly double.  A further decrease in pressure to 120 bar appears to lead to flocculation 

and settling of the larger particles in the sample, as the peak in S(q) decreases in intensity 

and shifts to significantly higher q.   

Apart from the flocculation of the largest particles in the system at low solvent 

densities, the nanocrystal clustering is dynamic and reversible.  As the solvent density is 

once more increased, the peak in I(q) decreases in intensity and shifts back toward 

smaller q.  Comparison of the peak intensities for the initial and final measurements at 
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310 and 241 bar show some differences.  For example, the peak is more pronounced for 

the final measurements than it was initially at the same solvent densities.  This indicates 

that the interparticle interactions are slightly stronger in the dispersion after cycling to 

lower pressure, perhaps as a result of a small amount of ligand desorption or the residual 

presence of larger flocculates formed at low densities which do not completely 

redisperse. 

The apparent compression of the interparticle separation between clustering 

nanocrystals with decreasing solvent density most likely relates to the compressibility 

and solvation of the PFPE ligands.  In the limit q → 0, S(q) relates to the isothermal 

compressibility, ( )( )TT PVV ∂∂−= //1κ , by TnkTS κ=)0( .44  The isothermal 

compressibility relates changes in volume with isothermal changes in pressure.  In the 

system of nanocrystals, the isothermal compressibility of the metal cores is expected to 

be negligible compared to ligand compressibility.  Therefore, apparent changes in κT 

from the scattering data relate only to changes in compressibility of the ligands.  From 

Figure 5.4, it is clear that S(q → 0) decreases with decreasing scCO2 density, indicating 

that the ligands are stiffer at lower solvent density.  This result meets the expectation that 

higher scCO2 density better solvates the ligands, expanding them further from each other 

and allowing more significant interpenetration, essentially making interactions between 

particles softer.17  At lower solvent density, the steric repulsion between particles is 

expected to be smaller, such that the nanocrystals experience a greater interparticle 

attraction between cores that reduces the interparticle separation and enhances the 

intervening ligand compression.  This compression is ultimately limited by the extent that 

the capping ligands may interpenetrate: at high degrees of ligand interpenetration on 

adjacent nanocrystals there is a steric and entropic barrier toward further compression, 

resulting in a transition from soft sphere to hard sphere repulsive behavior.  At the lowest 
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densities measured, the packing of ligands between particles begins to approach the 

physical packing limit and hence κT is lower than at higher densities. 

Quantitative information about the interparticle interactions can be determined by 

fitting the measured structure factor with a model incorporating information about the 

interparticle pair potential, u(r).  S(q) and u(r) can be related by introducing the direct 

correlation function c(r).  Although S(q) relates to the Fourier transform of c(r) (i.e. 
( ) ( )∫ ⋅−= drercqC i rq ) through the simple relationship ( ) ( )[ ]qnCqS −= 1/1 , where n is the 

particle number density,40,44,47 the relationship between C(q) and u(r) is complex and 

analytical relationships exist only for certain functional forms of u(r).  By approximating 

u(r) as a square well with depth ε, and an effective hard sphere diameter of σ, where 
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Sharma and Sharma47 were able to use the Mean Spherical Approximation (MSA) 

to cast C(q) in terms of the square well parameters and the volume fraction of 

nanocrystals in the dispersion φ: 
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where the constants α, β and γ relate to φ: 

 ( ) ( )[ ] ( )432 1/421 φφφφα −−++= , (5.3) 

 ( ) 422 )1(3/4122018 φφφφφβ −+−+−= , (5.4) 

and 

 ( ) ( )[ ] ( )432 12/421 φφφφηγ −−++= . (5.5) 
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φ is related to n by 6/3σπφ n= .  To account for multiparticle scattering from reversibly 

clustering nanocrystals, a Debye-Büche factor of the form ( )2221/ ξqSM +  was 

introduced into the model structure factor:40,48   

 
( )2221)(1

1)(
ξq

S
qnC

qS M

+
+

−
=   . (5.6) 

SM relates proportionally to the total volume of the flocculates (solid volume plus void 

volume) and ξ to a characteristic flocculate size.  Similar functional forms have been 

used by others to describe the scattering from clustering particles and flocculates.49,50   

Equation (5.6) was fit to the experimental data using a nonlinear least-squares 

fitting routine to obtain the values of the six fitting parameters: φ (or n), σ, λ, ε, SM and ξ. 

in the model.  Figure 5.4 shows the best fit curve for each experimental condition with 

the corresponding fitting parameters reported in Table 5.1.  Despite the use of a square-

well potential to approximate the real pair potential, the fits are excellent, suggesting that 

the model captures the relevant density-dependent behavior.  Attempts to use a simple 

hard sphere potential, for example, could not replicate the shape of the structure factor 

under any experimental condition. 

As the solvent density decreases, the ligand-solvent interactions become 

energetically less favorable relative to the ligand-ligand interactions, and the steric 

repulsion provided by the ligands becomes weaker.  From the model fits of the data, the 

well width (i.e. the range over which particle-particle interaction occurs) occurs at ~5 nm 

nearly independent of the system pressure.  The potential well deepens from 0.6 kT to 1.3 

kT as the pressure decreases from 310 bar to 120 bar.  Upon cycling the pressure back to 

the original conditions of higher solvent density, the well depth appears to be slightly 

deeper than the initial value.  For example, at the starting pressure of 310 bar, ε≈0.8 kT; 

whereas, after returning the pressure to 310 bar from 120 bar, ε≈1.0 kT.  In all cases, the 

attractive minimum in the potential well lies above -1.5 kT, which is the thermal energy 
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provided to the nanocrystals by the solvent bath, which disrupts particle “bonding”: well 

depths deeper than 1.5 kT result in irreversible flocculation and precipitation.  The 

relatively strong scattering peak and the lack of particle precipitation are consistent with 

dynamic and reversible particle sticking with nanocrystals continuously entering and 

leaving aggregated clusters of particles that are dispersed in the solvent.  The interparticle 

attractions determined from model fits to the data, ranging between -0.5 kT > ε >-1.5 kT 

under all of the conditions examined here, are consistent with expectations of “sticky” 

particles based on this observed behavior.  

Although particle clustering is a dynamic process, with nanocrystals entering and 

leaving the loosely associated aggregates, the aggregates appear to reach an equilibrium 

size with the particle packing density in the aggregates and the average aggregate size 

being determined by the solvation power of the CO2.  Even at high solvent densities 

where ligand stabilization is most effective, interparticle scattering from nanocrystals 

within the clusters provides the largest contribution to the structure factor.  Within the 

clusters themselves, the local number density of particles is much higher than in the bulk 

solution.  The bulk number density is trivially determined by dividing the number of 

particles loaded into the cell by the initial volume of CO2 introduced before 

pressurization, giving n≈3.6×10-7 nm-3.  The fitted values for φ can be used to calculate n; 

doing so predicts values ranging from n≈6.6×10-4 nm-3 at 310 bar to a maximum of 

n≈3.9×10-3 nm-3 at 120 bar.  These values are approximately four orders of magnitude 

larger than the bulk number density loaded into the cell and agree reasonably well with 

predicted values based on the number density in a random close packed solid with a 

volume fraction of φv = 0.64.51  The effect of the nanocrystal size distribution on n has 

been taken into account by Korgel and Fitzmaurice36 and can be expressed as 



 117

 

∫

∫

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ +⎟

⎠
⎞

⎜
⎝
⎛

=

RlRRN

RRN
n v

d
23

4)(

d)(
3π

φ , (5.7) 

where l is the spacing between particle surfaces.  Equation (5.7) takes into account both 

the volume occupied by the crystalline core as well that occupied by the ligands located 

in the interstices of the clusters.  Use of the size distribution and the average surface-to-

surface spacing (1.93 nm) obtained from TEM, yields an estimate of n=3×10-3 nm-3 for 

nanocrystals in the clusters, which is close to that obtained from model fits of the 

scattering data.  The fitting procedure was not successful in obtaining information about 

the overall cluster size, however, since the experimental data could be fitted nearly 

equally well using several values of ξ,, which in turn affects the fitted value of SM.  

Although scattering from larger clusters appears to affect the intensity at low q, the 

experimental setup cannot resolve sufficient information at very small scattering angles 

to provide a reliable estimate of the cluster size.  For this reason, the experimental data 

was fit by arbitrarily constraining ξ=0, and allowing SM to vary freely.   

Although the model utilizing the square-well potential is able to adequately 

replicate S(q) and provides a good estimate of the magnitude of the attraction between 

particles, it is also desirable to investigate the shape of the potential well.  Experimental 

information about the shape of u(r) is needed to refine existing models of the solvent-

mediated two-particle potential and to ensure that the appropriate physical and chemical 

phenomena are included in the model.  With this aim in mind, the Percus-Yevick (PY) 

closure approximation provides an expression for u(r) in terms of correlation functions 

which may be calculated directly from experimental data:44,45 

 ⎥
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The radial distribution function g(r), is a measure of the probability of finding a particle a 

distance r from a central, arbitrary particle and relates to a Fourier transform of S(q):44 

 ( ) ( )[ ] ( )∫ −+= qqrqSq
nr

rg dsin1
2

11 2π
. (5.9) 

The total correlation function h(r), relates to the radial distribution function, h(r) = g(r) – 

1, and measures the total influence of a particle on another separated by a distance r.  For 

a many-body system, Ornstein and Zernicke split h(r) into the direct and indirect 

correlation functions, c(r) and γ(r).45,52  The direct correlation function describes the 

direct influence of particle 1 on neighboring particle 2, while the indirect contribution 

arises from the influence of particle 1 on an arbitrary particle 3, which in turn influences 

particle 2 directly or through further indirect interactions.  The Ornstein-Zernicke 

equation is exact and defines the relationship between h(r) and c(r): 
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where the subscripts denote the particles in the fluid and the integral is taken over all 

possible particle orientations in the system.45,52  Fourier transformation of the Ornstein-

Zernicke equation results in a simple algebraic expression [ ( ) ( ) ( ) ( )qHqnCqCqH += ]; 

which when combined with the transformations of h(r) ( ( ) ( ) 1−= qSqnH ) and c(r), leads 

to an expression relating the direct correlation function to the structure factor: 
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Making use of Equations (5.9) and (5.11) in the PY closure approximation 

(Equation (5.8)) allows u(r) to be calculated from the measured structure factor.  The 

experimental S(q) data shown in Figure 5.4 was transformed to g(r) and c(r) using the 

value of n provided by the best fit of Equation (5.6) to the data; the correlation functions 

were then used to determine the form of the pair interaction potential.  Values of u(r) 
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obtained from the experimental conditions corresponding to states A – D in Table 5.1, are 

shown in Figure 5.5. 

 

 

Figure 5.5.  Values for the pair interaction potential determined using the experimentally 
measured structure factor data and the Percus-Yevick (PY) closure 
approximation.  For clarity, only experimental conditions corresponding to 
A, B, C and D are shown.  The curves occur sequentially, beginning and 
ending as shown. 

The depths of the potential wells in Figure 5.5 exhibit the same density-dependent 

trend as is predicted by the square well model, although the well depths differ slightly by 

about a tenth of a kT from those reported in Table 5.1.  Use of the PY closure predicts a 

well depth of 0.73 kT at 310 bar, which deepens to 1.1 kT at 120 bar.  Such small 

discrepancies are to be expected, given the qualitative differences in shape between those 

predicted in Figure 5.5 and a square well potential.  Slight discrepancies may also exist at 

higher particle volume fractions, where the PY approximation begins to lose 

effectiveness.  The width of the potential wells in Figure 5.5 varies between 3.5 nm and 5 
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nm, and compares well with that predicted by Equation (5.6).  The oscillations in u(r) 

arise from the truncation of the scattering data at high q: the integrals in Equations (5.9) 

and (5.11) are over all of reciprocal space, whereas our experimental setup limits the 

resolvable q range to finite values between 0.3 and 1.2 nm-1.  The period of the 

oscillations corresponds to 2π/qmax, where qmax is the largest measured value of the wave 

vector.53  The truncation error masks useful data in u(r) at large separation distances, but 

the shape of the potential well is expected to provide a reasonable estimate to the actual 

potential curve.   

 

5.4 CONCLUSION 

Gold nanocrystals, passivated with a fluorinated PFPE-based oligimer were 

dispersed in scCO2 and studied using SAXS at different solvent densities.  The 

nanocrystal interparticle interactions increase significantly as the solvent density 

decreases.  The nanocrystals exhibit significant attraction and even at the highest scCO2 

densities studied, the nanocrystals cluster into loosely associated dispersed aggregates.  

The extent of clustering increases with decreasing solvent density, with the appearance of 

decreased ligand compressibility.  By modeling S(q) with a structure factor expected for 

an attractive square well fluid with contributions to the low angle scattering from larger 

flocculates of particles, quantitative information about the interparticle interactions was 

obtained from the experimental data.  Although the data generally follow expected trends 

for sterically stabilized nanocrystals dispersed in a supercritical solvent—with increasing 

attraction with decreasing solvent density—the extent of interparticle attractions are 

surprisingly high.  Although the well depths are not greater than 1.5 kT at high solvent 

density, which would lead to irreversible flocculation and precipitation, there is 

significant interparticle sticking, and the nanocrystals cluster into loosely associated 
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aggregates, even at the highest pressures available to us in the experimental setup.  We 

anticipate that this experimental information will lead to needed refinements in current 

models of the interparticle attraction, particularly in the case of CO2, which is an 

environmentally compatible “green” solvent but exhibits qualitatively different solvation 

characteristics than both water and hydrocarbon solvents and presents significant 

challenges to its use in nanocrystal synthesis and processing.  As PFPE is considered one 

of the best colloidal stabilizers for CO2-based dispersions, this study illustrates the 

importance of improved molecular design of capping ligands for better dispersibility in 

scCO2, and the general need for a better predictive understanding of nanocrystal steric 

stabilization.   
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Chapter 6: Observation of an AB phase in bidisperse nanocrystal 
superlattices† 

6.1 INTRODUCTION 

Colloidal crystals can serve as experimental models to test predictions of phase 

behavior and self-assembly processes based on representations of molecular fluids, such 

as collections of hard spheres1,2 and soft spheres.3-6  Imaging and scattering techniques 

can be used to follow the collective structural evolution of the colloids in real time under 

different system conditions, such as concentration and temperature, which is a far more 

challenging prospect for molecules.  In this context, nanometer-size colloidal particles 

offer advantages over of submicrometer-size colloids, such as optically-clear dispersions, 

the absence of gravitational settling, and rapid diffusion rates that enable structural 

equilibration during the characteristic times typically available during solvent 

evaporation.  However, only relatively recently have synthetic advances enabled the 

general use of sterically-stabilized nanocrystals as colloidal models for studying self-

assembly and phase behavior.7,8  For instance, the assembly of  micrometer and 

submicrometer-size colloids with bimodal size distributions has been studied 

experimentally9-12 and theoretically13-18 over the course of the past two decades, yet not 

until recently has the self-assembly of superlattices of bidisperse nanocrystals been 

observed.  2D binary assemblies of gold and silver nanocrystals were first observed by 

Kiely and coworkers in 1998.19,20  And not until 2002 were isolated regions of 3D 

superlattices of nanocrystals observed (consisting of bidisperse CoPt3 nanocrystals) with 

an AB5 (hexagonal CaCu5 structure) arrangement.21  Most recently, Redl et al 

demonstrated long-range 3D superlattices of mixtures of semiconducting and magnetic 

                                                 
† The contents of this chapter appear in ChemPhysChem 6(1), 61-65 (2005) 
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nanocrystals with AB2 (hexagonal AlB2 structure), AB5, or AB13 (cubic NaZn13 structure) 

phases.22  This recent work suggests that nanostructured “metamaterials”—nanocrystal 

“solids” that exhibit unique properties arising from the combination of individual 

properties of the nanocrystals—can be formed using a bottom-up assembly method.  

Here, we report for the first time the formation of a three-dimensional AB (cubic NaCl 

structure) phase in a bidisperse nanocrystal superlattice composed of two different types 

of particles: large 13 nm diameter iron (Fe) and small 5 nm gold (Au) nanocrystals.   

The phase behavior of sterically-stabilized nanocrystals is expected to follow 

trends similar to those observed for sub-micrometer colloids; however, sterically-

stabilized nanocrystals exhibit qualitatively different interparticle interaction potentials 

than their submicrometer counterparts, which may lead to differences in phase behavior.  

In colloidal dispersions of sub-micrometer colloids, the refractive indices of the solvent 

and the particles are typically matched to suppress the van der Waals attraction and 

provide an interparticle potential that closely approximates hard spheres.9,10,12  Sterically-

stabilized nanocrystals, in contrast, interact through an attractive “soft sphere” potential 

with the relatively strong van der Waals attractions between nanocrystal cores 

counterbalanced by steric repulsion from the capping ligands, giving rise to an interaction 

potential with a shallow short-range attractive minimum.23  Although the attraction is too 

weak to induce flocculation (i.e., less than the thermal energy kT), it strongly influences 

the assembly of nanocrystal thin films.  In monolayers of polydisperse nanocrystals, for 

example, the size-dependent Hamaker interactions can lead to size-selective 

crystallization and phase separation, resulting in rafts of particles with the largest 

particles at the center and the smallest located around the periphery.24  The structural 

morphology of monodisperse nanocrystal films also relates to the interparticle 

interactions and can be tuned to some degree by varying the strength of the interaction 
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potential by choosing different solvents for the dispersion.25,26  Most strikingly, recent 

simulations of monolayers of bidisperse nanocrystals have revealed that interparticle 

attractions are in fact necessary for order to occur.5,6  Therefore, in the case of bidisperse 

nanocrystals, the phase behavior may be significantly different than what has been 

observed for hard sphere submicrometer colloids. 

Nonetheless, predictions of phase behavior based on hard sphere interactions can 

serve as an important guideline for understanding nanocrystal superlattice formation, and 

Korgel and Fitzmaurice7,27 suggested that sterically-stabilized stabilized nanocrystals can 

be considered as “soft spheres” with an “effective” hard sphere diameter to account for 

the additional excluded volume occupied by the ligands.  The structure of colloidal 

crystals of bidisperse hard spheres has been shown by several authors12,16,17 to depend on 

both the radius ratio, α=RB/RA, and the number ratio, nB/nA, between large (A) and small 

(B) particles.  Phase stability calculations based on considerations of packing density 

were performed by Murray and Sanders, who identified preliminary ranges of size ratios 

expected to lead to AB, AB2 and AB13 phases.28  Theoretical refinements have since 

allowed binary phase diagrams to be determined for a range of size and number ratios.13-

17  Based on calculations for a hard sphere system, an AB phase is expected to be stable 

for the range 0.20<α<0.42, with α=0.414 being the most stable value.17,18  Near the upper 

limits of this range, an AB phase is predicted to be stable only when an excess of large 

particles are present (i.e. nB/nA<1).17,18  Such predictions agree well with experimental 

results, as crystallization of an AB phase from hard sphere colloids was slowed or 

suppressed entirely as the number of smaller particles was increased.12  Previous reports 

of the formation of binary nanocrystal superlattices have noted that some adjustment of 

the particle number ratio around that suggested by the stoichiometry of the unit cell may 

be necessary for optimal superlattice formation.19,20,22  
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6.2 EXPERIMENTAL SECTION 

All chemicals were supplied by Aldrich Chemical Co., except toluene which was 

obtained from Fisher Scientific. 

6.2.1 Gold Nanocrystal Synthesis 

Gold nanocrystals passivated with dodecanethiol (C12H25SH) were synthesized 

using a modified version of typical two-phase arrested precipitation methods,29,30  as 

described in Chapter 2.  Briefly, hydrogen tetrachloroaurate (III) trihydrate 

(HAuCl4·3H2O) (0.38 g, 0.97 mmol) was dissolved in deionized water (36 mL) and 

added to an organic phase consisting of a phase transfer catalyst, tetraoctylammonium 

bromide ((C8H17)4NBr) (2.7 g, 4.9 mmol), in toluene (25 mL).  Transfer of the gold ions 

to the organic phase was complete after 30 minutes of vigorous stirring, during which the 

organic phase took on a deep orange color.  After removal of the aqueous phase, the gold 

ions were reduced through addition of an aqueous solution of sodium borohydride 

(NaBH4) (30 mL, 0.4 M).  The reaction mixture was allowed to stir, covered, for 24 

hours.  Dodecanethiol (240 µL, 1 mmol) was added to passivate the nanocrystal surfaces 

and the mixture was stirred for one hour.  The organic phase containing the nanocrystals 

was removed and ethanol (approximately 200 mL) was added to induce precipitation.  

Centrifugation yielded a black precipitate which was redispersed into chloroform.  Gold 

nanocrystals prepared in this way are size-monodisperse and no further size-focusing 

methods were employed.30 

6.2.2 Iron Nanocrystal Synthesis 

Iron nanocrystals were synthesized using the method of Hyeon et al.31  Dioctyl 

ether ((C8H17)2O) (10 mL) and oleic acid (C17H33COOH) (1.55 mL, 4.9 mmol) were 

heated under nitrogen to 100°C.  Ironpentacarbonyl (Fe(CO)5) (0.2 mL, 1.5 mmol) was 

injected and the solution was slowly heated to reflux.  After refluxing for one hour, the 
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solution was removed from heat and cooled to room temperature.  The oleic acid-

passivated iron nanocrystals were separated from the reaction mixture by precipitation 

with methanol and centrifugation.  After redispersing the nanocrystals in chloroform, 

they were again precipitated using methanol in order to remove excess oleic acid and 

dioctyl ether.  The iron nanocrystals were finally dispersed into chloroform for 

characterization and further processing. 

6.2.3 Superlattice Formation and Characterization 

The nanocrystals and superlattice assemblies were characterized using a Phillips 

EM280 transmission electron microscope (TEM) operated with an accelerating voltage of 

80 kV.  Samples were prepared by evaporating a small drop (~5 µL) of a chloroform 

dispersion of nanocrystals onto a carbon-coated copper TEM grid at ambient conditions.  

The approximate number density of nanocrystals in solution was controlled by weighing 

dried particles on a digital microbalance and diluting with an appropriate amount of 

solvent to redisperse them.  The weight of a single nanocrystal was approximated using 

the average diameter of the nanocrystals and bulk material values for the density of the 

core. The weight of the capping ligand was calculated by assuming a nanocrystal surface 

coverage of 75%,27,32 then using geometric arguments to determine the approximate 

number of ligands attached to the particle. 

 

6.3 RESULTS AND DISCUSSION 

For this study, Au nanocrystals are coated with dodecanethiol (C12), and Fe 

nanocrystals are coated with oleic acid (C18).  Figure 6.1 shows transmission electron 

microscope (TEM) images of the Au and Fe nanocrystals.  The particles are separated on 

the substrate by the thin organic capping layer coating the nanocrystals.  From the center-

to-center distance measured from TEM images of the pure component monolayers, such 
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as those in Figure 6.1, the effective hard sphere diameter can be estimated: the average 

effective hard sphere diameter for the Au nanocrystals is 7.1 nm, and 16.6 nm for the Fe 

nanocrystals.  These values give α=0.424, which is near the upper limit predicted for the 

formation of an AB phase.  For superlattice formation, the Au and Fe nanocrystals were 

dispersed separately in chloroform at a number density of ~1015 cm-3.  Since previous 

experimental and theoretical work,12,17,19,20 suggest that AB lattice formation is enhanced 

by the presence of a small excess of larger particles, volumes of the dispersions were 

mixed to achieve a solution with a 2:1 excess of Fe nanocrystals.  A drop of the mixed 

nanocrystal dispersion was evaporated under ambient conditions on a TEM grid, which 

occurred within a few seconds.  The nanocrystals were examined by TEM, and multiple 

regions of bidisperse superlattice appeared (Figure 6.2).  

All of the ordered regions were found to be structurally consistent with different 

lattice projections of an AB superlattice.  Figure 6.2j shows a crystallographic model of 

the superlattice built from a rock salt unit cell.  By rotating and cleaving the lattice along 

various planes (i.e. the {111}, {100}, {211} and {110} planes, Figure 6.2j) all of the 

ordered regions observed by TEM could be reproduced.  Fast Fourier transforms (FFT) of 

the TEM images (Figure 6.3a-d) and the model projections along different growth 

directions (Figure 6.3e-h) show nearly identical features, further confirming the AB 

structure of the nanocrystal superlattices.  Small differences between the FFTs of the 

model and the TEM images can be attributed to lattice defects in the real structure and the 

“transparency” of the Fe nanocrystals in the TEM (due to the low electron density), 

which gives rise to greater contrast for the Au nanocrystals in the TEM image and a 

difference in FFT spot intensities.  Measurement of interparticle spacing from the TEM 

images and the FFTs gives an average lattice constant for the superlattice of a=11.9 nm.  

This result agrees well with the predicted value of a=11.85 nm based on the measured 
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values of the center-to-center distances between nanocrystals in monodisperse close-

packed monolayers (Figure 6.1). 

 

 

Figure 6.1.  TEM micrographs of (a) dodecanethiol-passivated gold nanocrystals with a 
core diameter of 5.2 ± 0.6 nm and (b) oleic acid-capped iron nanocrystals 
with a core diameter of 13.3 ± 0.6 nm.  The scale bars represent 25 nm. 
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Figure 6.2.  TEM micrographs and models of AB nanocrystal superlattices assembled 
from 13 nm iron and 5 nm gold nanocrystals.  The TEM micrographs show 
areas of the bidisperse lattice corresponding to projections of the (a-c) 
{111}, (d, e) {100}, (f, g) {211} and (h, i) {110} planes.  The scale bar in 
each image corresponds to 25 nm.  The unit cell corresponding to a NaCl 
packing structure is shown in (j).  The models in (j) were built from the unit 
cell and were rotated and cleaved to expose the indicated lattice planes.  The 
models reproduce the structures observed in the TEM images. 

The appearance of the different lattice projections of the nanocrystal superlattice 

indicate that multiple growth directions can occur from the substrate.  This behavior is 

qualitatively different than what happens for face-center cubic (fcc) superlattices of 
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monodisperse nanocrystals, which nucleate and grow exclusively on the {111} plane;26 

however, similar crystallization behavior has been observed in AB2 and AB13 nanocrystal 

superlattices.22  Nonetheless, areas corresponding to the <111> growth direction were 

most often observed on the TEM grid (Figure 6.2a-c) and corresponded to the most 

extended ordered domains, covering up to ~0.3 µm2 regions on the substrate.  Overall, 

short-range order covered distances over several hundred nanometers.  The range of order 

could potentially be improved by further narrowing of the nanocrystal size distribution 

and achieving better control over the solvent evaporation process.  In addition to areas of 

superlattice growth from the substrate in the <111> direction, smaller regions of <100>-

directed growth were also observed (Figure 6.2d,e).  Additionally, two other directions of 

superlattice growth were observed, the <211> (Figure 6.2f,g) and <110> (Figure 6.2h,i) 

directions, though much less frequently than the <111> and <100> directions and 

typically only in thicker regions of the nanocrystal film.  Thin ordered regions of the 

nanocrystal superlattice typically consisted of at least two layers of large Fe nanocrystals 

(Figure 6.2a,b,d,g) while thicker areas which incorporated three to five layers of large 

nanocrystals (Figure 6.2c,e,f,h,i) were also observed.  Thicker regions could also be 

found in multiple areas on the TEM grid, however absorption of the electron beam by 

these lattices limited the image quality and ability to clearly resolve the structural details.  

The observable thicker regions of superlattice typically exhibited better order with fewer 

defects: compare for example the extensive order in the thicker film in Figure 6.2e with 

the numerous point defects in the thinner film in Figure 6.2d. 
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Figure 6.3.  Fast Fourier transform (FFT) images of (a-d) selected areas of TEM 
micrographs and of (e-h) projections of the model shown in Figure 6.2j.  
The FFTs correspond to projections of the (a,e) {111}, (b,f) {100}, (c,g) 
{211} and (d,h) {110} lattice planes.  The model projections were rotated to 
correspond to the orientation of the lattices in the TEM images before taking 
the FFT; the model FFTs have also been scaled to enable better comparison 
with the TEM images. 

In some cases, regions of the superlattice exhibited a grain boundary between 

domains exhibiting two different growth directions.  Figure 6.4 shows a superlattice 

where such a boundary exists between regions exposing {111} and {100} facets, giving 

rise to a polycrystalline nanocrystal solid.  The reason for growth in different directions 

has yet to be determined explicitly, but is likely caused by fluctuations in the local 

density and number ratio of particles during drying.  A local excess (supersaturation) of 

large nanocrystals would favor initial nucleation on the substrate of a close-packed 

hexagonal monolayer of Fe nanocrystals, corresponding to the (111) plane of the model 

in Figure 6.2j.  As the supersaturation of the large nanocrystals is reduced by the burst of 

superlattice nucleation, a wave of the smaller Au nanocrystals can settle into the 

interstitial positions of the basal Fe monolayer lattice.  Continued growth in this manner 

corresponds to the observed projections of the {111} plane (Figure 6.2a-c).  However, if 
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an excess of smaller particles is present locally in the dispersion, it is possible that the 

base plane nucleates as a close-packed assembly of both large and small particles, 

corresponding to the {100} plane shown in Figure 6.5a.  For such a base structure, the 

highest density packing arrangement leads to columns of alternating large and small 

nanocrystals, appearing as a projection of the {100} planes in the TEM (Figure 6.2d,e).  

If the smaller nanocrystals are much more concentrated than the larger particles, they 

could nucleate a close-packed monolayer, which would entirely disrupt the possibility of 

forming a bidisperse superlattice.  It is therefore possible that the frequency of observed 

growth directions from certain crystallographic planes (as well as the range of order) may 

be strongly influenced by the number ratio of large and small nanocrystals in the initial 

dispersion and local fluctuations of the nanocrystal concentration in the evaporating 

solvent film. 

 

 

Figure 6.4.  TEM micrograph showing a grain boundary separating two superlattice 
domains with different crystal orientations, corresponding to projections of 
the {111} and {100} planes. The scale bar represents 25 nm. 
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Although many areas of three-dimensional ordered growth could be found, only 

small and isolated areas of ordered monolayer coverage were observed.  Figure 6.5a 

shows a TEM image of an ordered monolayer corresponding to a single {100} plane 

from the three-dimensional AB superlattice.  The ordered region is surrounded by a 

region of disordered, or quasi-ordered, nanocrystals, consistent with recent simulations.6  

Geometric packing calculations for hard sphere colloids predict that an ordered AB 

monolayer is stable only over the range 0.392<α<0.414.33  Small amounts of 

polydispersity in the gold nanocrystal size distribution would certainly disrupt the 

formation of long-range order during drying.  Other isolated areas on the TEM grid show 

a different type of monolayer ordering.  As shown in Figure 6.5b, the region with two 

small gold nanocrystals located in the interstitial area of four iron nanocrystals which are 

arranged in an extended diamond lattice.  Similar structures have been predicted, though 

should be stable (with respect to other ordered phases) only for α<0.312.33   
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Figure 6.5.  (a) Isolated areas on the TEM grid were observed with monolayer packing 
corresponding to the plane of a two-dimensional AB lattice.  (b) A typical 
area of monolayer coverage, in which a small degree of order can be seen in 
the nanocrystal arrangement.  The scale bars correspond to a distance of 25 
nm. 
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6.4 CONCLUSIONS 

In conclusion, we have observed the first binary AB nanocrystal superlattice with 

the rock salt structure.  An ordered AB monolayer structure was also observed.  Two 

primary superlattice growth directions in the 3D AB superlattices were observed, <111> 

and <100>.  Each of these corresponds to the formation of a low surface energy lattice 

plane at the substrate.  The <111> growth direction implies that {111} close-packed 

planes of Fe nanocrystals nucleate the superlattice; whereas <100> growth most likely 

initiates from close-packed {100} planes consisting of an ordered monolayer of Au and 

Fe nanocrystals.  This work shows that superlattice formation, even for complex 

structures consisting of two types of nanocrystals, occurs rapidly, over the course of a 

few seconds.  Further study will reveal the precise nature of how the interparticle 

attractions influence superlattice formation. 
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Chapter 7: Inverse opal nanocrystal superlattice films† 

7.1 INTRODUCTION 

The spontaneous organization of colloidal nanocrystals in evaporating thin-film 

solutions has been an active area of research for over a decade.  These materials serve as 

simple experimental models to examine fundamental self-assembly and self-organization 

processes1-4 and have promise as nanoscale building blocks in future “bottom-up” 

nanosystems fabrication strategies.5  Although the terms “self-assembly” and “self-

organization” are often used interchangeably, a rigorous distinction can be drawn 

between the two: self-assembly refers to reversible processes that occur near equilibrium, 

whereas self-organization can occur far from equilibrium.  Both processes lead to order.  

For example, a close-packed lattice of hard spheres is a self-assembled system—this 

structure is the lowest energy configuration of an ensemble of size-monodisperse spheres.  

Self-organized structures include “coffee ring stains” and concentric ring patterns that 

occur as a colloidal dispersion evaporates on a surface,6,7 oscillating chemical reactions,8 

the hexagonal close-packing of convection cells in fluids undergoing Rayleigh-Bénard or 

Marangoni instabilities,7,9 and fractal aggregates or spinodal phase separated 

particles.4,10,11  The primary distinction between self-assembly and self-organization is 

the central role of transport processes and dynamics in self-organizing systems.  

Although very few examples have been developed in materials systems, the combination 

of self-assembly and self-organization in the same system can provide order on multiple 

length scales.  For example, Velev et al.12 demonstrated that the macroscopic shape of a 

colloidal crystal of micrometer-size spheres could be varied—obtaining spheres, discs, 

dimpled and toroidal structures—by changing evaporation conditions.   

                                                 
† Some of the contents of this chapter appear in Nano Letters 4(10), 1943-1948 (2004). 
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Here colloidal nanocrystal self-assembly and self-organization occur 

simultaneously during a single-step evaporative process to yield a porous nanocrystal 

superlattice film.  Macroporous materials with spatially-ordered uniform pores have been 

extensively fabricated using serial templating methods or etching routes that require at 

least two fabrication steps.13-18  The template removal step often requires elevated 

temperatures or harsh solvent treatments, which may damage both the macroporous film 

and the underlying substrate.  As a viable single-step deposition route, breath figure 

templating has been demonstrated in a range of evaporated polymer films.19-22  

Unfortunately, the properties of the polymer films are limited by the materials properties 

of the polymers themselves: they possess only a small range of refractive indices, and 

they are electrically insulating, non-magnetic, and chemically unreactive.  Recently, Shah 

et al. observed the formation and stabilization of breath figures in thin films of metal 

nanocrystals, formed by evaporating a nanocrystal dispersion in a humid environment.23  

Although the nanocrystals were not ordered in the film and the pore size distribution was 

large with poor translational order, the method clearly offered the potential for fabricating 

in one step a macroporous material with tunable optical, electronic, or catalytic properties 

if the nanocrystals could also be organized into a superlattice film embedded with a very 

ordered array of monodisperse holes.  In this chapter the material and process 

properties—i.e., the “design rules”— are outlined for the single-step evaporation of 

ordered macroporous nanocrystal superlattice films to achieve extensive order at both the 

nanometer and micrometer length scales. 
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7.2 EXPERIMENTAL 

7.2.1 Gold Nanocrystal Synthesis 

Gold nanocrystals passivated with fluorinated ligands were prepared using 

methods described in detail in Chapters 2 and 5.  Briefly, 18 mL of aqueous (0.027 M) 

hydrogen tetrachloroaurate (III) trihydrate was combined with 12 mL of a 0.207 M 

chloroform solution containing tetraoctylammonium bromide, a phase transfer catalyst.  

Stirring the solution for one half hour completely transferred the gold ions from the 

aqueous to the organic layer, after which the aqueous phase was removed.  Under 

vigorous stirring, the gold salt was reduced using 15 mL of an aqueous (0.441 M) 

solution of sodium borohydride.  The solution was stirred overnight, resulting in 

polydisperse gold nanocrystals with diameters between 2 and 6 nm, protected by the 

phase transfer catalyst.  The aqueous phase was removed.  Addition of a fluorinated thiol 

(either perfluoropolyether thiol (PFPE-SH) or fluorooctyl methacrylate thiol (FOMA-

SH)) causes replacement of the weakly binding amine on the gold surface with the more 

strongly binding thiol.  The fluorinated-thiol passivated nanocrystals are not soluble in 

chloroform and precipitate from solution; the nanocrystals are easily separated from the 

reaction mixture via centrifugation and can be redispersed into 1,1,2-

trichlorotrifluoroethane (Freon 113).   

Size-selection of the polydisperse nanocrystals was accomplished through the 

addition of a small amount of a miscible antisolvent (hexane) to the Freon dispersion, 

resulting in precipitation of the largest nanocrystals which could be isolated by 

centrifugation.  Repeating this procedure produced fractions of monodisperse 

nanocrystals with decreasing diameter (Figure 7.1). 
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The concentration of the dispersions was varied between 1.3 and 9.1 mg/mL by 

diluting a concentrated dispersion with pure Freon.  The concentration of each dispersion 

was determined by comparing the intensity of the plasmon peak of the gold nanocrystals 

(measured using a Cary 500 UV-Vis-NIR spectrophotometer) with a calibration curve. 

 

 

Figure 7.1.  Transmission electron micrographs of monodisperse FOMA-coated gold 
nanocrystals.  The nanocrystals were deposited from dilute Freon 
dispersions under low humidity and exhibit hexagonal close-packed 
monolayers (a).  High-resolution images (b-d) show the crystallinity of the 
gold cores; (b) shows an example of twin defects in the crystal structure 
which lead to five-fold symmetry. 

7.2.2 Porous nanocrystal superlattice film formation 

The inverse-opal structured nanocrystal films were formed by allowing a droplet 

of dispersion to evaporate under a stagnant atmosphere at controlled temperature and 

relative humidity.  All experiments were carried out at 24 °C with relative humidity 

values between 30% and 95%.  Humidity was controlled by evaporating water in a closed 
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system via mild heating until the desired conditions had been reached; the system was 

allowed to sit for at least one hour to reach equilibrium conditions. 

For analysis by TEM, 3 µL of dispersion was deposited onto a 300 mesh carbon-

coated copper grid (Electron Microscopy Sciences).  For SEM analysis, 10 µL of 

dispersion was evaporated onto glassy carbon or silicon substrates.  Laser diffraction 

experiments used 10 µL of dispersion placed on glass microscope coverslips.   

7.2.3 Characterization of Macroporous Nanocrystal Films 

TEM micrographs were acquired on a Phillips EM280 microscope with a 4.5 Å 

point-to-point resolution operated with an 80 kV accelerating voltage.  HRSEM imaging 

was performed on a LEO 1530 SEM equipped with a GEMINI field emission column 

with a thermal field emitter.   

Laser diffraction experiments were carried out using 632.8 nm (red) helium-neon 

laser (Melles Griot).  A focused beam was projected through a nanocrystal film deposited 

onto a glass microscope coverslip.  The resulting diffraction pattern was projected onto a 

thin paper screen and a digital camera was used to record images from the far side of the 

screen. 

7.2.4 Contact Angle Measurements 

Substrates were prepared by evaporating a thin layer of gold onto a silicon wafer 

and immersing the wafer into a Freon solution containing either PFPE-SH or FOMA-SH 

(1% by volume) for 18 hours.  After removal, the substrates were gently washed with 

pure Freon to remove unbound thiol and allowed to dry in air.  Contact angles for Freon 

(θF) and water (θW) on PFPE and FOMA were measured using a Ramé-hart Inc. 

goniometer. 

θW on the PFPE-coated substrate was 95°, consistent with previous 

measurements;23 repeating the measurements using FOMA-coated substrates gave a 
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lower contact angle (θW=89°), illustrating the higher wettability of FOMA compared with 

PFPE.  The Freon contact angle (θF) for both treated surfaces was 13°. 

A modified version of Young’s equation can be used to calculate θFW from the 

surface tension of water (γW) and Freon (γF): ( ) ( )( )[ ]FWFFWWFW γθγθγθ /coscoscos 1 −= − .  

For FOMA-SH, θFW=130° and for PFPE-SH θFW=159°.  The Freon-water interfacial 

tension (γFW) was previously measured using a pendent drop tensiometer.23  The energy 

required to remove a nanocrystal from the Freon-water interface into the Freon phase is 
given by ( )22 cos1 FWFWRE θγπ −= , where R is the nanocrystal radius.  For 3.2 nm 

diameter nanocrystals coated with FOMA-SH, E≈7 kT.  For similar-sized PFPE-SH 

coated nanocrystals, E would be only approximately 0.2 kT. 

 

7.3 RESULTS AND DISCUSSION 

In addition to control over the relative humidity of the system, nanometer-scale 

and micrometer-scale order depends on the use of a capping ligand (i.e., fluorooctyl 

methacrylate-thiol (FOMA-SH)) that provides (1) good dispersibility in a volatile 

nonpolar solvent (in this case, Freon-113 (1,1,2 trichlorotrifluoroethane)), essential for 

nanocrystal superlattice formation, and (2) adequate polarity for nanocrystal adsorption at 

the water-solvent interface to prevent water droplet coalescence during the evaporation 

process.  This is actually an unusual combination and one that is not satisfied by most 

commonly used ligands, e.g. dodecanethiol, oleic acid, or trioctylphosphine.  Nanocrystal 

thin films deposited using this solvent-ligand pair exhibit long-range order at both the 

micrometer and nanometer length scales, as seen in Figure 7.1.  Here, self-organization 

occurs at the micrometer length scale, as evaporative cooling at the air-solvent interface 

leads to water droplet condensation to form “breath figures” that mold the porous 

structure (Figure 7.2a-c).  Self-assembly on the other hand occurs at the nanometer length 
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scale, with size-monodisperse sterically-stabilized gold nanocrystals forming an ordered 

superlattice (Figure 7.2d).  Although others have attempted to create inverse opal 

structures of nanocrystal films,13,24 motivated by the potential for tunable optical 

properties, this is the first example of a well-ordered inverse opal structure embedded 

within a nanocrystal superlattice. 

 

 

Figure 7.2.  (a to c)  SEM images of a self-assembled inverse opal macroporous gold 
nanocrystal film formed by evaporating 5 µL of Freon-dispersed FOMA-
SH-coated Au nanocrystals at 24oC at 90% RH.  Grain boundaries separate 
ordered domains of holes approximately 1600 µm2 with occasional point 
defects. Greater than 90% of this film was occupied with ordered close-
packed holes.  The cracks appear to form during the final stages of drying.  
(d)  High-resolution SEM of nanocrystals separating the pores assembled 
into a superlattice. 
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The macroporous structures in Figure 7.2 were formed by evaporating a 

concentrated drop of Freon-113-dispersed FOMA-SH ligand-passivated gold 

nanocrystals at 24 °C and 90% relative humidity (RH).  Freon-113 is a relatively volatile 

solvent, with a vapor pressure of approximately 0.44 bar at 24 °C and a boiling 

temperature of 47 °C at atmospheric pressure.  Evaporative cooling lowers the liquid-air 

interfacial temperature by ~10 °C, which is sufficient to condense water from the 

atmosphere at a RH as low as ~55% at 24 °C.23  The water condenses onto the cold 

solvent interface to form droplets that are stabilized by the FOMA-SH-coated 

nanocrystals.  The droplets grow and organize into close-packed arrays that cast pores in 

the nanocrystal film during the final stages of solvent evaporation. 

7.3.1 Effects of humidity on pore formation 

The humidity must be high to achieve well-ordered uniform pores.  For example, 

Figure 7.3 shows porous nanocrystal films evaporated at 90% and 70% RH.  The pore 

size and density is vastly different, even though the Freon evaporation rate is the same for 

both films.  The pores formed under 90% RH (Figure 7.3a) are larger and more densely 

packed.  This is consistent with the fact that the water droplet nucleation rate is a strong 

function of supersaturation,25 and droplet growth is faster in a more humid environment 

due to a larger mass transfer driving force.  The Freon evaporation rate is approximately 

the same, regardless of the humidity; as the supersaturation of water in the air decreases, 

the formation of water nuclei on the evaporating Freon occurs less frequently, and the 

droplets grow much more slowly.  Because nucleation and growth occurs over a longer 

time window at lower humidity levels, a broad size distribution of water droplets is 

expected, compared with a sharper nucleation event at higher humidity.  The polydisperse 

sparse holes formed at 70% RH (Figure 7.3b) are captured earlier in the breath figure 

formation process, when the droplets are well-separated and grow by a diffusion-limited 
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mechanism with the droplet radius increasing with time as R ∝ t1/3.25-28  It is well-known 

that diffusion-limited growth of a collection of spherical droplets in the absence of 

coalescence will lead to a very narrow size distribution at long times, regardless of the 

initial droplet size distribution.29  Breath figures, however, generally begin to coalesce 

long before the water droplets can achieve a narrow size distribution, with the droplet 

growth kinetics crossing over to a coalescence-controlled regime where the 

polydispersity and droplet size increase rapidly.25,28  It is obvious from the very narrow 

size distributions of the holes in Figure 7.2 that the water droplets do not undergo 

coalescence-dominated growth due to the stabilization of the breath figures provided by 

the nanocrystals in the evaporating dispersion. 
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Figure 7.3.  SEM image of nanocrystal films (a) deposited under high humidity (RH = 
90%), exhibiting large areas of monodisperse, ordered holes and (b) 
evaporated at reduced relative humidity (70%), exhibiting smaller, 
polydisperse holes with poor surface coverage.  (c to e)  TEM images of 
nanocrystal films deposited under high humidity, using nanocrystal 
dispersions with concentrations of 1.3 (c), 4.4 (d) and 9.1 (e) mg/mL.  The 
structure varies from (c) disordered networks, to (d) monodisperse hexagons 
to (E) hexagonal assemblies of holes.  (f to i)  Laser light diffraction patterns 
collected using a red (632.8 nm) laser from samples deposited onto glass 
coverslips at different levels of relative humidity.  At 90% RH the patterns 
exhibit 6- or 12-fold symmetry (for diffraction from a single domain (f) or 
two domains (g), respectively) as well as higher order diffraction spots.  The 
higher order spots are reduced for samples deposited at 70% RH (h) and lost 
completely for samples deposited at 45% RH (i).  From the diffraction 
patterns, using Bragg’s law, θλ sin2/=d , where θ is the scattering angle, 
the center-to-center spacing of the holes d, were: 835 ± 40 nm (f, g), 660 ± 
60 nm (h) and 410 ± 30 nm (i). 
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7.3.2 Water droplet stabilization and assembly 

Colloidal particles can stabilize the interface between two immiscible liquids 

under certain conditions,30-33 and the energy required to remove a nanocrystal from a 

liquid-liquid interface can be quite significant.  Placing a nanocrystal at the interface 

between two immiscible liquids reduces the thermodynamically unfavorable liquid-liquid 

contact area, but results in wetting of the particle by both liquids, which may be 

thermodynamically unfavorable depending on the surface chemistry of the nanocrystal.  

The stabilization energy E, for an adsorbed nanocrystal with radius RNC, relates to the 

Freon/water interfacial tension γFW, and the equilibrium contact angle θFW, of the 
nanocrystal at the liquid-liquid interface: ( )22 cos1 FWFWNCRE θγπ −= .32  The contact 

angle θFW, shown in Figure 7.3a, drives the curvature of the interface and reflects the 

relative wettability of each liquid for the nanocrystal surface.  For example, θFW=180° 

implies that water will not wet the surface of the nanocrystal and therefore, the 

nanocrystals will not partition to the interface to stabilize the water droplets.  This is the 

case with most sterically-stabilized nanocrystals that disperse in organic solvents.  For 

example, well-dispersed dodecanethiol-capped gold nanocrystals will not stabilize breath 

figures that may form when evaporating the particles from a volatile solvent like hexane.  

Other values of θFW  can lead to stabilization and curvature of the water-solvent interface.  

For example, θFW>90° favors nanocrystal partitioning to the interface and bending of the 

interface toward the water phase; thus stabilizing water droplets in a continuous oil 

phase.  θFW<90° favors interfacial bending away from the water phase to stabilize oil 

droplets in a continuous water phase.  Due to the much higher solubility of the FOMA-

SH-coated nanocrystals in Freon versus water, the expectation is that θFW>90o.  Contact 

angle measurements of water and Freon on FOMA-SH-coated gold substrates gave a 

value of θFW=130°.  As a capping ligand, FOMA-SH is ideally suited for stabilizing 
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breath figures: it is relatively polar, and therefore partitions readily to the water-Freon 

interface while at the same time providing good nanocrystal dispersability in Freon. 

 

 

Figure 7.4.  (a) The nanocrystals stabilize the water-Freon interface to prevent water 
droplet coalescence.  The energy needed to remove a nanocrystal from the 
interface relates to the equilibrium contact angle θFW, of a particle at the 
liquid-liquid interface, which depends on the relative wettability of the 
particle by each liquid phase.  As the surface coverage of the water droplets 
increases, droplet organization transitions from random arrangement to the 
formation of hexagonal arrays.  (b to d)  SEM images of water droplet 
“replicas”—the collapsed shells of nanocrystals that had stabilized the 
droplets prior to evaporation.  The nanocrystals appear lightly colored on the 
dark substrate. 
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For 3.2 nm diameter Au nanocrystals coated with FOMA-SH ligands, the energy 

required to remove a nanocrystal from the interface is ~7 kT.  Figures 7.3b-d show 

HRSEM images of water droplet “replicas” made up of nanocrystals that had formed a 

stabilizing shell around each water droplet prior to evaporation.  In these experiments, the 

nanocrystal concentration is not high enough to form a continuous film and the 

nanocrystals partition selectively to the Freon/water interface.  The donut-shape of the 

aggregates reflects the absence of particles on the top of the water droplet at the water-air 

interface as the Freon level drops below the water level.  After complete evaporation of 

the water droplet, the nanocrystal shell collapses to the substrate forming the ring of 

particles.  The relative absence of nanocrystals in the solvent separating the water 

droplets shows that there is a strong tendency for these nanocrystals to partition to the 

Freon-water interface, despite their good solubility in Freon.  In previous work,23 Shah et 

al. only observed breath figure formations by using “overwashed” 

trioctylphosphine/trioctylphosphine oxide-coated or perfluoropolyether thiol (PFPE-SH)-

coated nanocrystals.  Ligand stripping was necessary to partially expose the underlying 

inorganic core and provide limited aqueous wettability of the nanocrystals.  This method 

is undesirable, as poorly stabilized nanocrystals cannot form superlattices and are prone 

to precipitation and aggregation, which can severely limit the quality of breath figure 

organization.  The FOMA-SH ligands do not require overwashing or stripping, providing 

well-dispersed nanocrystals with the ability to self-assemble into a superlattice in the 

interstitial space separating the holes.   

In addition to enabling superlattice formation, nanocrystal dispersibility is 

especially important for stabilizing well-ordered breath figures.  Droplet mobility late in 

the drying process is crucial for forming ordered arrays of holes.  Towards the end of the 

drying process, when the Freon film height falls below the water droplet diameter (~800 



 154

nm), lateral immersion capillary forces pull the droplets together.  When the droplets are 

size-monodisperse and the density is high, they self-organize into a hexagonal lattice, as 

seen in Figure 7.4d.  If the nanocrystals precipitate late in the drying stages, the fluidity 

of the interface is eliminated, and the water droplets become locked into disordered 

structures with reduced pore ordering in the film.23  The extent of lateral droplet mobility 

can be assessed in films with a low surface density of water droplets.  If the surface 

density of water droplets at the Freon interface is low, as in Figure 7.2b, a size-dependent 

separation of water droplets can be observed in the film despite the significant separation 

between droplets.  As the solvent height decreases and approaches the droplet diameter, 

the larger droplets induce a curvature at the solvent interface and experience an attraction 

before the smaller droplets experience such a force, which leads to an “aggregation” of 

large droplets.32  The observed size separation in Figure 7.2b reveals that the droplets 

must have a relatively high surface mobility in the evaporating solvent film, with 

diffusion lengths greater than tens of micrometers. 

Some interesting structural features can appear in the films.  For example in 

Figure 7.4d, a bimodal assembly of voids has developed (exhibiting a structure 

comparable to the (001) plane of an AB5 lattice) with the larger voids resulting from 

incomplete nanocrystal coverage at the air-water interface of the droplet, and the smaller 

voids resulting from the relative absence of nanocrystals in the interstitial area between 

close-packed droplets.  In many of the porous structures, the thin layer of particles 

separating neighboring droplets in the array have collapsed to leave a networked porous 

array of semispherical cavities under a nearly continuous film of nanocrystals.  The 

visible holes exposed on the surface of the nanocrystal film, as in Figures 7.5a-c for 

example, are significantly smaller than the actual voids within the center of the film.  In 

fact, the top nanocrystal layer is supported only by a hexagonal array of thin pillars of 
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colloidal nanocrystals.  Figures 7.5a-c show the underside of the film exposed at crack 

edges.  The condensed water droplets pack together very tightly in the film prior to 

evaporation, with only a relatively thin layer of nanocrystals separating them.  Most of 

the nanocrystals in the film end up in the interstitial “pillars” and the thick nanocrystal 

layer covering the holes. 

 

 

Figure 7.5.  SEM images of a film tilted (a) 60° and (b) 45° from normal across cracks in 
the film.  Pillars of nanocrystals can be seen through the holes in the film.  
(c)  SEM image showing the bottom structure of a film after removing the 
top nanocrystal layer with adhesive tape.  The self-assembled water droplets 
are pinned to the substrate with only a very thin layer of nanocrystals near 
the substrate, with thick deposits of nanocrystals surrounding the droplets.  
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7.3.3 Effect of dispersion concentration on pore formation 

The structural order of the pores in the film also depends strongly on the 

nanocrystal concentration in the dispersion.  Figures 7.3c-e show nanocrystal films 

evaporated at three different concentrations under 90% RH at 24oC: 1.3 mg/mL, 4.4 

mg/mL, and 9.1 mg/mL.  At the lowest concentration (1.3 mg/mL, Figure 7.3c), water 

droplet coalescence is not prevented and a networked structure of nanocrystals organized 

around a polydisperse disordered network of holes results.  At higher concentrations (4.4 

mg/mL, Figure 7.3d), hexagonal packing of holes appears in the film; however, there is 

still a small amount of droplet coalescence leading to a somewhat polydisperse pore size 

distribution.  At the highest nanocrystal concentration (9.1 mg/mL, Figure 7.3e), the 

pores are very well ordered with a narrow size distribution. 

7.3.4 Laser light scattering measurements 

Laser light scattering provides another quantitative measure of the hole size and 

range of order in the films complementary to microscopy.  It probes a large ensemble of 

holes to give statistically meaningful information about the hole size distribution and 

order; whereas electron microscopy provides limited statistical information from 

counting individual holes in spatially limited regions of the films.  Figure 7.3 shows laser 

light scattering data using a red laser (λ = 632.8 nm) focused to a circular spot with a 

diameter of approximately 50 µm projected through gold nanocrystal films deposited on 

glass microscope coverslips.  Films deposited at 90% RH show both first- and second-

order diffraction spots characteristic of a hexagonal close-packed array of holes with 

long-range order.  Shifting the sample so that the laser straddles a grain boundary 

changes the diffraction pattern from its characteristic 6-fold symmetry to 12-fold 

symmetry (Figure 7.3f and g, respectively).  Films deposited at lower humidity (RH = 

70%) produced diffraction patterns with weaker diffraction spots that appeared at slightly 
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higher scattering angle (Figure 7.3h).  The range of order and the average hole size 

decreased in these films.  Further decreases in humidity to less than ~50%, gave films 

that produced only a few diffraction spots that were very diffuse (Figure 7.3i), indicating 

that these films had only very small holes widely dispersed across the surface.  Consistent 

with the expected relationship of decreasing pore size with decreasing humidity, the laser 

diffraction measurements gave pore sizes of 835 ± 40 nm (90% RH), 660 ± 60 nm (70% 

RH) and 410 ± 30 nm (45% RH). 

7.3.5 Focused Ion Beam (FIB) etching 

Interest in macroporous materials and thin films with pore sizes comparable to the 

wavelength of light have been actively pursued for various photonic applications, 

including the single-chip integration of electronic and photonic technologies, due to their 

optical diffraction characteristics.  The domain size and order in the macroporous 

nanocrystal films suggest that these films could potentially be used in optical wave guide 

applications.  One key characteristic needed for such applications is sufficient mechanical 

stability to form channels within the structure.  As a preliminary demonstration of the 

feasibility of using these structures for such device applications, hypothetical optical 

wave guide structures using focused ion beam (FIB) etching (Figure 7.6) were fabricated.  

The macroporous films are quite mechanically stable, supporting the test structures that 

had been cut between two and 10 micrometers wide with very well-defined edges.  

Additionally, although the film could be mechanically deformed through pressure or 

scraping, no film deformation or collapse as the result of typical handling or SEM sample 

preparation was observed.  Ultimately, these porous structures could incorporate different 

nanocrystal materials that possess a desired index of refraction for tunable optical 

characteristics of the channel structures. 

 



 158

 

Figure 7.6.  The inverse opal structure suggests the possibility of using these films as 
self-assembled wave-guide materials.  (a)  Using focused ion beam etching, 
large channels could be created in the film.  (b)  The channels can be written 
to extend for several millimeters while maintaining very sharp edges. 

7.3.6 Porous films of semiconductor nanocrystals 

The above technique produces inverse opal nanocrystal superlattice films with 

excellent ordering, both at the nanometer and micrometer lengthscales.  The use of other 

types of nanocrystals, aside from FOMA-coated gold nanocrystals, however, would allow 

further tuning of the film properties.  This would be especially critical for waveguide 

applications, for example, where other materials with a higher index of refraction than 
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gold could be used to increase the effectiveness; similarly, the optical properties 

(absorbance and emission) could be tuned with judicious choice of semiconductor 

nanocrystals.  Conversely, the choice of nanocrystals could also be used to influence the 

film morphology; the use of magnetic nanocrystals in a strong field could lead to 

anisotropic pore formation.  Early work by Shah et al. also made use of fluorinated thiol-

coated gold nanocrystals, but also had limited success with trioctylphosphine-passivated 

InMnAs nanocrystals.23  Recent results by Li et al. have demonstrated good pore 

formation using dispersions of dodecanethiol-coated gold nanocrystals in toluene,34 

although they found that it was necessary to force humid air onto the evaporating films in 

order to grow breath figures. 

The technique described above was also attempted using FOMA-coated CdTe 

nanocrystals.  The spherical semiconductor particles were synthesized as described in 

Chapter 3 and were initially capped with trioctylphosphine and trioctylphosphine oxide.  

A dispersion of clean nanocrystals in chloroform was stirred for several hours with a 

small amount of FOMA-SH ligand; the nanocrystals gradually precipitated from solution 

and could not be redispersed in chloroform.  Instead, the particles were dispersible in 

Freon, indicating that at least a partial ligand exchange had been accomplished.  The 

CdTe nanocrystals maintained their luminescent properties (by eye), although the 

quantum yield and stability degraded over several weeks, and appeared to be 

approximately as monodisperse as the original sample (Figure 7.7).  This ligand exchange 

is likely also applicable for nanocrystals with weakly bound ligands such as TOP and 

TOPO, but is not likely to be generally successful with all types of nanocrystals, 

particularly those with a very strong ligand-core binding strength. 
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Figure 7.7.  CdTe nanocrystals after ligand exchange.  FOMA-SH was used to replace 
the original TOP/TOPO capping ligands. 

A dispersion of FOMA-coated CdTe nanocrystals in Freon was deposited onto a 

glassy carbon substrate at high humidity, under similar conditions (described above) used 

for the formation of macroporous films using gold nanocrystals.  The resulting films, 

Figure 7.7, did not exhibit “good” film formation, however.  Some regions (Figure 7.8a) 

appear qualitatively similar to those in Figure 7.4, in which there are not enough particles 

to form a complete film.  It does appear that in these areas, however, that water droplets 

were stabilized to allow a reasonably monodisperse size to be reached, and the 

beginnings of self-assembly to occur.  In thicker areas (Figure 7.8b) though, the resulting 

pores are polydisperse and show little order.  It is likely that the deposition conditions – 

nanocrystal concentration, in particular, as well as the amount of free ligand in the sample 

– could be modified to produce ordered inverse opal films of semiconductor nanocrystals. 
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Figure 7.8.  Examples of films deposited using FOMA-coated CdTe nanocrystals. 

7.4 CONCLUSIONS 

The single-step self-organization of nanocrystal superlattice films infused with 

spatially ordered arrays of micrometer-size pores was described.  In a humid atmosphere, 

water droplets condense on the surface of evaporating thin-film solutions of nanocrystals.  

Nanocrystals coated with the appropriate ligands stabilize the water droplets, allowing 

them to grow to uniform size and ultimately pack into very ordered arrays.  The droplets 

provide a temporary template that casts an ordered macroporous nanocrystal film.  The 

inclusion of pores into a nanocrystal superlattice provides a material organized on two 

different length scales—the individual nanocrystals with their unique size-tunable 

properties (i.e., optical, electronic, magnetic, catalytic, etc.) and the micrometer-size 

pores that would give rise to a very high surface area “composite” with unique electronic, 

optical and mechanical properties.  Uniform size control in these superstructures, at both 

the nanometer and micrometer length scales, is vital for all of these applications.  This 

single-step evaporation approach to ordered macroporous nanocrystal superlattice films 

provides a viable “bottom-up” fabrication route to the materials with hierarchal structural 

order for single-chip integration of photonic and electronic technologies. 
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Chapter 8: Influence of polymer interfacial activity on breath figure 
templated polymer films† 

8.1 INTRODUCTION 

“Breath figures”—the term used to describe the structures made by condensed 

water vapor on a cold surface—have been studied since the early 20th century by Lord 

Rayleigh,1,2 Aitken3 and Baker,4 who reported qualitative differences in water 

condensation on substrates with various chemical or physical treatments.  Many of the 

fundamental principles of breath figure nucleation and growth kinetics on solid5-9 and 

immiscible fluid surfaces9-12 are now relatively well understood, largely based on the 

work of Knobler, Beysens and coworkers in the 1980’s and early 1990’s.  Within the past 

decade, materials scientists have had relatively good success utilizing breath figure 

structures as self-organized templates to build ordered macroporous films of polymers 

and nanocrystals.13-28  A hydrophobic solution of polymer (or nanocrystals) can be 

evaporated on a substrate in a humid environment such that evaporative cooling forces 

water droplet condensation at the air/liquid interface.  The polymer stabilizes the water 

droplets and prevents their coalescence.  As the solvent continues to evaporate, the 

droplets grow and self-organize into an array dispersed in the polymer solution.  When 

the solvent evaporates completely, a polymer film is cast around the water droplets, 

which eventually evaporate to reveal a porous film. 

To utilize breath figure templating to fabricate ordered macroporous materials, the 

solute (i.e., the polymer or nanocrystals) must be chemically designed to prevent water 

droplet coalescence.  This requirement has been relatively easy to meet, and a wide range 

of colloidal materials, including polymers with various degrees of branching and 

                                                 
† The contents of this chapter have been submitted for publication. 
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chemical composition,13-23 nanocrystals,24-26 and blends of organic and inorganic 

materials,27,28 have been cast into ordered porous films with breath figures. 

François and coworkers observed the first ordered porous solid films templated by 

breath figures: they evaporated a block copolymer, polystyrene-b-polyparaphenylene, 

from carbon disulphide in a humid atmosphere.13  Since then, a wide variety of block 

copolymers, homopolymers, and polymer blends, in several different solvents, have been 

cast into ordered 2D13-16,18-23,29,30 and 3D17,30 porous films.  Three alternative theories 

about the role of the polymer and mechanism of the breath figure templating process have 

been suggested.†  François and coworkers initially proposed that their block copolymers 

formed a gel at the water-solvent interface due to evaporative cooling, resulting in a 

semi-rigid stabilizing polymer layer that would prevent coalescence,13 although they later 

presented experimental evidence suggesting polymer precipitation occurs at the fluid-

fluid interface instead.15  The sol-gel transition depends strongly on the polymer 

concentration and morphology, and it has been demonstrated that gel formation is 

unlikely to occur under the typical conditions used for breath figure formation.15  

Polymer precipitation at the liquid-liquid interface depends strongly on the solubility in 

the solvent, which may vary widely among different systems—not all polymers used to 

form porous films from breath figures meet this criterion.  Researchers have also argued 

that breath figure templating depends only weakly on the interaction between the polymer 

and the fluid phases and that other stabilizing mechanisms, such as thermocapillary 

action17 or the slow draining of a viscous polymer dispersion from between droplets,22 

can occur.  It is unclear, however, if these alternative mechanisms could stabilize droplets 

for the duration of the evaporation process (tens to hundreds of seconds).  In fact, many 

polymers are surface active, which would tend to stabilize the condensing water droplets 

                                                 
† The mechanism of breath figure stabilization by solid particles is discussed in Chapter 7. 
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against coalescence.  Surface active groups, either polar functional groups on the repeat 

units of the polymer or polar groups at the chain ends, can induce polymer segregation to 

the water-solvent interface, thus reducing the fluid/fluid interfacial tension.16,18 

Past experimental work has led to a few empirical design rules to manipulate the 

pore size distribution in the templated films.  For example, the size of condensed droplets 

increases with higher relative humidity18,23,25,29 due to the larger concentration gradient 

from the gas phase to the air/solvent interface that speeds diffusive transport and 

condensation.  Increased polymer molecular weight has generally given larger pore sizes 

as well.13,23,29  Furthermore, since the time available for water droplet growth is directly 

related to the time for solvent evaporation, varying the dispersion volume placed on the 

substrate can affect the final pore size.31  Despite these useful guidelines, there remains a 

lack of quantitative understanding of droplet nucleation, growth and stabilization 

mechanisms in these films, which would be useful for designing interfacially active 

polymers to control the pore structure.  To achieve such an understanding, it would be 

desirable to design a series of block copolymers with various block lengths to vary the 

interfacial properties of the system systematically.   

Here, we demonstrate that the interfacial activity of an amphiphilic block 

copolymer, polyethylene-b-polyfluorooctylmethacrylate (PEO-b-PFOMA) (Figure 8.1a), 

plays a central role in determining the pore size distribution and order in porous breath 

figure templated films.  Polymers were studied with PEO block lengths of 2 kDa and 

PFOMA block lengths that ranged from 1 kDa to 140 kDa.32  Each polymer was 

dispersed in Freon and evaporated on a substrate under high humidity.  The hydrophilic-

hydrophobic balance of the surfactant greatly affected the quality of the porous films and 

the relative pore size.  Measurements of the water/polymer-Freon interfacial tension 

showed that increasing hydrophilicity (i.e., lower PFOMA molecular weight) lowered the 
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water droplet interfacial tension, consistent with a previous measurements of water/CO2 

interfacial tensions of similar polymers.33-35  This decrease, along with a reduction in the 

nonequilibrium water/air interfacial tension, correspondingly gave films with decreasing 

pore size.  Films with the highest range of order were formed from polymers with a mid-

range hydrophobic-hydrophilic balance (2 kDa-70 kDa PEO-b-PFOMA).  Polymers that 

were extremely hydrophilic (e.g., with the PFOMA block below 10 kDa) were relatively 

insoluble in the evaporating Freon phase and did not stabilize the water droplets 

sufficiently to give good films.  For Freon-soluble polymers that were less hydrophilic, 

(PFOMA molecular weights from 10 kDa to 25 kDa), the final pore size was small with 

relatively well ordered pores; whereas, very large fluorinated block molecular weights (> 

140 kDa) inhibited water droplet nucleation and organization.  Analysis of the moments 

of the pore size distribution function reveal that droplets grow predominantly by 

diffusion-limited condensation with little coalescence over time, indicating that changes 

in the pore sizes obtained from the polymers with PFOMA molecular weights ranging 

from 10 kDa to 140 kDa do not directly relate to differences in the ability of the 

surfactant to stabilize the water droplets—all of these polymers prevent coalescence.  

Rather, the resulting pore size appears to be a function of the initial nucleation rate, 

which depends strongly upon the influence of the surfactant on the water-Freon and 

water-air interfacial tensions. 
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Figure 8.1.  (a) Chemical structure of the PEO-b-PFOMA copolymer.  The PEO block 
has a molecular weight of 2 kDa (m≈45), with PFOMA blocks which are 
varied from 1 kDa to 140 kDa (n≈2 to 300).  (b) Illustration of polymer-
stabilized water droplets floating on a more dense Freon-polymer 
dispersion.  The hydrophilic PEO blocks segregate to the water-Freon 
interface, while the PFOMA blocks remain in the Freon phase.  Surface 
tension-driven flow may force some surfactant to the top of the water 
droplets to decrease the water-air interfacial tension. 

8.2 EXPERIMENTAL METHODS 

Poly(ethylene oxide)-block-poly(1H,1H,2H,2H-perfluorooctyl methacrylate) 

(PEO-b-PFOMA; Figure 8.1a) block copolymers were synthesized with PEO block 

molecular weights of 2 kDa and different PFOMA block molecular weights using 

previously reported procedures.32  Polymers with PFOMA block molecular weights of 1, 

2, 5, 10, 25, 70 or 140 kDa were studied.   

PEO-b-PFOMA was dissolved in 1,1,2-trichlorotrifluoroethane (Freon; Aldrich, 

99%) at 0.1 wt% concentration.  Polymer films were formed by drop casting 10 µL of the 
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0.1 wt% polymer-Freon solution on oxidized silicon substrates at 25 °C under a stagnant 

atmosphere with 90~95% relative humidity.  The polymer films were imaged with a 

Hitachi S-4500 field emission scanning electron microscope (SEM) by coating with a 

thin (~2 nm) layer of gold prior to imaging. 

The Freon-water interfacial tension γFW, was measured using pendant-drop 

tensiometry.  A drop of 0.1 wt% polymer-Freon dispersion was introduced into a 

continuous aqueous phase from an n-octyltriethoxysilane surface-modified silica 

capillary (Western Analytical Products) (180 µm outer diameter, 50 µm inner diameter).  

A CCD camera recorded the shape of the drop, which was analyzed using a software 

package (KSV Instruments Ltd.) that solves the Laplace equation to determine the 

interfacial tension.36  The densities of pure water (0.997 g/mL) and pure Freon (1.57 

g/mL) at 25 °C were used in the calculating the interfacial tension. 

 

8.3 RESULTS 

When Freon solutions of PEO-b-PFOMA are drop cast under a humid 

atmosphere, evaporative cooling at the solvent interface leads to water droplet 

condensation.  Under certain conditions, the polymers stabilize these water droplets and 

prevent their coalescence, providing time for the droplets to grow and order into a close-

packed array driven by lateral capillary attractions between the droplets.11,12  The 

polymer imprints a mold around these assembled water droplets as the Freon evaporates.  

Ultimately, evaporative cooling ceases, the film returns to the ambient temperature, and 

the water droplets evaporate from the substrate to leave behind a macroporous film.  

Figure 8.2 shows porous polymer films formed by the breath figure templating process: 

the PEO block molecular weight was 2 kDa in all cases and the PFOMA block molecular 

weight was varied. 
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The size polydispersity and packing order of the pores in the PEO-b-PFOMA 

films varied significantly with the PFOMA block molecular weight.  PEO-b-PFOMA 

polymers with PFOMA block molecular weights smaller than 10 kDa exhibited poor 

solubility in Freon and tended to precipitate; their poor solubility prevented water droplet 

stabilization, and pores were never observed in films cast from polymers with the 

PFOMA block smaller than 10 kDa.  In contrast, diblock copolymers with PFOMA 

molecular weights of 10, 25, 70 or 140 kDa dissolved well in Freon.  Figure 8.2 shows 

films cast from these polymers—they are porous, indicating that the polymers stabilized 

the condensing water droplets.  The pore size distributions of the films are summarized in 

Table 8.1 for the different PFOMA block molecular weights.  Films formed from the 

lower PFOMA block molecular weights of 10 kDa and 25 kDa (Figure 8.2a,b) exhibited 

less monodisperse pores with poorer translational order.  The next larger fluorophilic 

block molecular weight that was studied (70 kDa) gave macroporous films with size-

monodisperse pores and extended hexagonal close-packed order (Figure 8.2c).  Figure 

8.3 shows an extended region of a porous polymer film formed from the 2 kDa-70 kDa 

PEO-b-PFOMA diblock copolymer.  The larger PFOMA block of 140 kDa gave films 

with polydisperse pores that were well separated and poorly ordered (Figure 8.2d). 
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Table 8.1.  Pore size distribution analysis of PEO-b-PFOMA films and interfacial tension 
measurements 

 Moments and mean radii of pore size distribution  
Mw of 

PFOMA 
blocka 
(kDa) 

Arithmetic 
mean 

radius, R1 
(nm) 

Standard 
deviation, 

σ (nm) 

Cube 
mean 

radius, 
R3 (nm) 

Harmonic 
mean 

radius, Rh 
(nm) 

µ1 µ3 
γFW 

b 
(mN/m) 

10 48 15 (33%) 53 43 1.21 0.914 15.1 ± 0.6 

25 85 19 (23%) 89 79 1.12 0.952 17.3 ± 0.4 

70 354 25 (7%) 356 352 1.01 0.995 22.5 ± 0.7 

140 134 65 (24%) 142 125 1.14 0.947 25.6 ± 0.5 

a The PEO block in each sample had a molecular weight of 2 kDa. 
b The surface tension of the pure Freon-water system is 28 mN/m. 

 

 

Figure 8.2.  SEM images of PEO-b-PFOMA films cast from 0.1 wt% Freon dispersions 
under high humidity.  The molecular weight of the PFOMA block was 
varied from (a) 10 kDa, (b) 25 kDa, (c) 70 kDa, (d) 140 kDa, while the 
weight of the PEO block was kept constant at 2 kDa. 
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Figure 8.3.  Overview of a 2k-70k PEO-b-PFOMA film, illustrating the monodispersity 
and long range order of the pores. 

The polymer interfacial activity is expected to play an important role in water 

droplet nucleation and growth on the evaporating Freon-polymer dispersion.  The Freon-

water interfacial tension FWγ , was measured using a pendent drop tensiometer with 0.1 

wt% PEO-b-PFOMA dissolved in the Freon phase.  FWγ  depended significantly on the 

PFOMA molecular weight, decreasing from the value for pure Freon ( FWγ =28 mN/m) as 

the PFOMA block molecular weight was decreased (Table 8.1).  PEO-b-PFOMA is 

amphiphilic, with hydrophilic and hydrophobic blocks, and appears to act as a surfactant, 

segregating to the water/Freon interface to reduce FWγ .  Decreasing the PFOMA block 

length makes the copolymer increasingly hydrophilic and more likely to adsorb to the 

water/Freon interface, thus decreasing FWγ  with decreasing PFOMA molecular weight.  

For PEO-b-PFOMA (2 kDa-10 kDa), FWγ =15 mN/m, which is approximately half the 

pure Freon/water interfacial tension. 

The evaporation rate and temperature drop of 0.1 wt% Freon-polymer solutions 

were also measured and found to be independent of the PFOMA molecular weight.  A 
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clean thermocouple was placed in the evaporating Freon drop to measure the temperature 

change during evaporation and the rate of temperature rise back to room temperature 

after the solvent was completely evaporated.  The rates and magnitude of the temperature 

changes were the same for all polymers studied.  Evaporation of pure Freon did register a 

slightly larger temperature drop and faster evaporation rate than the polymer solutions. 

 

8.4 DISCUSSION 

8.4.1 Breath figure formation and growth 

As Freon evaporates in a humid atmosphere, the Freon-air interface cools below 

the dew point temperature and water droplets nucleate at the interface.  Once the 

nucleation event occurs and Freon continues to evaporate, water condenses 

heterogeneously onto existing water droplets floating at the Freon-air interface.  Because 

PEO is hydrophilic and PFOMA is hydrophobic, PEO-b-PFOMA tends to orient near the 

water-Freon interface with PEO exposed to the water phase and PFOMA to the Freon 

phase.  Lower PFOMA molecular weight polymers have a greater tendency to partition to 

the water/Freon interface.  However, polymers with PFOMA molecular weights less than 

10 kDa do not form porous films primarily because the polymer is not sufficiently soluble 

in Freon.  Polymers with significant hydrophobicity (with the PFOMA block molecular 

weight above 10 kDa) are very soluble in Freon and also stabilize at the water-Freon 

interface. 

Other researchers have observed a similar trend in breath figure templated 

polymer films, with good film quality occurring at intermediate polymer molecular 

weights and deteriorating quality with increased or decreased molecular weight.18,29  This 

trend has been attributed by some to the increased dispersion viscosity for high molecular 

weight polymers, where a high solution viscosity is suggested to provide good droplet 
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stability.  While the solution viscosity certainly influences droplet mobility at later stages 

in the breath figure formation process, severely retarding droplet self-assembly in the 

case of very high molecular weight (as in Figure 8.2d for example), changes in viscosity 

alone cannot explain the differences in observed pore diameter in Figure 8.2.  If solutions 

with a low viscosity do not stabilize water droplets very well, there should be a strong 

tendency for the growing droplets to coalesce and become larger—thus, the lower 

molecular weight polymers would be expected to cast films with larger pore sizes.  

Instead, Figure 8.2 reveals the opposite trend: the pore size increased as the polymer 

molecular weight increased.  Differences in solution viscosity cannot explain the 

observed trends in how the polymer molecular weight affects the pore size. 

Water droplet growth may occur through two mechanisms: (1) by water vapor 

condensation onto existing drops (diffusion-limited growth) or (2) coalescence of 

neighboring drops.  These growth mechanisms need not be distinct, but may also occur in 

parallel.  Diffusion-limited growth leads to a narrowing of the size distribution, whereas 

coalescence, or coagulative growth, broadens the distribution.  Previous studies of breath 

figure growth on fluid surfaces in the absence of stabilizing polymers have demonstrated 

that water droplets grow primarily through condensation immediately following 

nucleation.11,12  As the water droplets increase in size, diffusion-limited growth leads to 

drops with a narrow size distribution, which then pack together into arrays on the liquid 

surface.  As growth continues in these systems, neighboring droplets fuse, which quickly 

destroys order and causes the size distribution to broaden significantly.  Qualitatively, 

based upon the relatively narrow pore size distributions observed in the PEO-b-PFOMA 

films, coalescence does not appear to be a significant mechanism for water droplet 

growth, indicating that the PEO-b-PFOMA stabilizes the water droplets over the time 

required for Freon to evaporate.   
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A quantitative measure of the relative contributions of diffusion-limited growth 

and coalescence to the particle size distribution can be estimated by examining the 

moments µ1=R3/Rh and µ3=R1/R3 of the pore size distributions in each film.  
( ( ) NRR i /1 ∑=  is the arithmetic mean radius, ( )3 3

3 / NRR i∑=  is the cube mean 

radius and ( )∑= ih RNR /1/  is the harmonic mean radius, where Ri is the radius of pore 

i, and N is the total number of pores).  For systems in which condensation and 

coagulation may both occur simultaneously, Pich, Friedlander and Lai determined that 

values of µ1<1.25 and µ3>0.905 indicate that diffusion-limited condensation controls 

growth.37  Values of the mean radii and the moments of the pore size distributions for the 

films in Figure 8.2 are reported in Table 8.1.  In each film, µ1 and µ3 indicate that water 

droplets grow primarily by diffusion-limited condensation.  These results confirm that 

PEO-b-PFOMA polymers, with FOMA-block molecular weights between 10 kDa and 

140 kDa stabilize the water droplets against aggregation until the continuous phase 

becomes sufficiently viscous to reduce droplet mobility.   

The ability of various PFOMA-b-PEO surfactants to stabilize water droplets 

against coalescence has also been observed in water/CO2 emulsions.33-35  In those studies, 

polymers with less than 20 wt% EO in the block copolymer—similar to those studied 

here—favored the nonaqueous CO2 phase and stabilized water/carbon dioxide (rather 

than carbon dioxide/water) emulsions.  Surfactant adsorption at the water/CO2 interface 

was sufficient to prevent coalescence in some cases for more than one day.33,35  The very 

weak interactions between solvated PFOMA chains34 that encourage steric stabilization 

of water droplets in low viscosity CO2 also occur in Freon.   
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8.4.2 Relationship between pore surface coverage and nucleation 

The pores in the polymer film in Figure 8.2c exhibit hexagonal close-packing and 

ordering, and the films in Figure 8.2a and 8.2b are nearly close-packed.  Because water is 

less dense than Freon, the water droplet layer floats at the Freon-air surface and creates 

the two-dimensional layer of close-packed pores observed in Figures 8.2a-c.  A 
hexagonal close-packed layer of disks has a (2D) surface coverage poresθ , of 91%.  

Therefore, the 2D surface coverage of the pores in each film in Figure 8.2a-c is 

approximately the same (the only difference between the films is the total number of 

pores per area).  Assuming the droplets are confined to two dimensions and cannot 
overlap during growth, which is clearly the case in Figure 8.2a-c, poresθ  relates to the 

final pore size and the number of nuclei.  poresθ  can be written explicitly in terms of the 

nucleation rate at time 't  (in units of #/cm2 sec) ( )'tJ n , and the area occupied by pore n 

(nucleated at time 't ) at time t, ( )2', ttRnπ :38 

 ( ) ( )∫=
t

nnpores dttRtJ
0

2',' τπθ  (8.1)  

In each of the films in Figure 8.2a-c, the pore sizes are relatively monodisperse, such that 

( )2', ttRnπ  is approximately equal for each pore in each film.  In order to have a 

monodisperse collection of pores, the nucleation event must occur at a reasonably 

discrete time early in the evaporation process, making 't  approximately the same for each 

pore in each film.  Since poresθ  is approximately the same for all the polymer films in 

Figure 8.2a-c (i.e., ~0.91), one can therefore consider two ordered porous polymer films 

made from different polymer molecular weights, denoted by the superscripts ' and ", each 

with different nucleation rates and final area/droplet.  Rewriting Equation (8.1) gives: 

 ( ) ( ) ( ) ( )∫∫ ===
21

0

2

0

2 ',"'"','''"'
t

nn

t

nnextext dttRtJdttRtJ τπτπθθ  (8.2) 
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The evaporation rates of the polymer films were approximately equal regardless of the 

PFOMA molecular weight, which implies 21 tt ≈ .  In order for one film to have a smaller 

final pore size, it must have a higher nucleation rate.  In other words, the pore size 

difference in the polymer films in Figure 8.2a-c results from different water droplet 

nucleation rates early in the Freon evaporation process. 

 

8.4.3 Breath figure nucleation rate 

In the beginning of the solvent evaporation process, water droplets nucleate 

heterogeneously on the air/Freon interface.  Nucleation, or the nucleation flux J (#/cm2 

sec), can be considered to have an activation energy of ∆Ω , such that39,40 

 ⎟
⎠
⎞

⎜
⎝
⎛ ∆Ω−

=
kT

JJ exp0 , (8.3) 

where ∆Ω  is the work required to form a nucleus, k is Boltzmann’s constant and T is the 

temperature.  Neglecting line tension effects, the capillary approximation gives the work 

of formation for a spherical cap (the shape of the heterogeneously nucleated water 

droplet):40 

 
( )

( )2

3

3
16

P
f FWairW

∆
=∆Ω − θπγ

 (8.4) 

Here, P∆  is the difference in water partial pressure in the gas phase and vapor pressure at 

the liquid surface and airW −γ  is the water-air surface tension.  ( )FWf θ  is a geometrical 

factor that follows from the spherical cap shape of the water droplet and is a function of 

the Freon-water contact angle, FWθ :8,39,40 

 ( )
4

coscos32 3
FWFW

FWf
θθ

θ
+−

=   . (8.5) 

The nucleation rate depends much more strongly on the exponential than the pre-

exponential factor and hence39 
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3
16

exp
θπγ

. (8.6) 

From Equation (8.6), it is evident that the nucleation rate depends on the wettability of the 

Freon liquid surface.5,39  The nucleation rate increases as the contact angle at the water-

Freon-air interface decreases, i.e. as the interactions between the water droplets and the 

Freon-polymer solution become more energetically favorable, and as airW −γ  decreases.  

This behavior has in fact been observed experimentally for breath figure formation (i.e., 

water droplet condensation) on solid surfaces of increasing hydrophobicity by Zhao and 

Beysens, who observed a decrease in the droplet nucleation rate as the substrate became 

more hydrophobic.8  The nucleation rate in Equation (8.6) also depends on the water 

vapor supersaturation (∆P).  Our findings that the temperature drop and evaporation 

kinetics are independent of the PFOMA molecular weight suggest that the 

supersaturation does not measurably vary with changes in surfactant, and hence the 

nucleation rate is primarily a function of the surfactant-mediated surface tensions. 

The Freon/water contact angle FWθ  relates to FWγ  through Young’s equation: 

 FWairWFWairF θγγγ cos−− =−   , (8.7) 

where airF −γ  is the Freon-air surface tension and airW −γ  is the water-air surface tension.  

The decrease in the measured values of FWγ  with a decrease in PFOMA molecular 

weight will lower FWθ , according to Equation (8.7).  The polymer does not significantly 

affect airF −γ ; since the surface tension of pure Freon is already quite low and there is only 

a small driving force for the polymer to arrange itself at the Freon-air interface.  In 

addition to modifying the Freon-water interfacial tension (Table 8.1) the presence of 

surfactant may also modify airW −γ .  There is a large surface tension gradient between the 

top of the water droplet ( airW −γ =72 mN/m for pure water) and the Freon/water interface.  

Even though the polymers are water insoluble, Marangoni flow may drive polymer onto 
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the top of the condensing water droplets (see Figure 8.1b) to decrease the water-air 

surface tension.41  A decrease in airW −γ  produced by coverage of the upper part of the 

droplets with a monolayer of surfactant will further cause a decrease in FWθ . 

Whereas FWγ  has been measured explicitly at equilibrium for a known 

concentration of surfactant in Freon, the determination of airW −γ  is more complex.  

Pendant drop tensiometry may not be used to measure the range of lowering of airW −γ  of 

interest, since the surfactant is extremely insoluble in water.32  Furthermore, the value of 

airW −γ  for a monolayer of surfactant on top of the nucleating droplets is a non-equilibrium 

value influenced by Marangoni flow.  However, airW −γ  may be estimated qualitatively 

from the observed lowering of a similar property, the water-CO2 interfacial tension, γWC.  

CO2.  At 35 °C, the equilibrium values of γWC  decreased from 10 mN/m for a surfactant 

with 10 wt% EO to less than 1 mN/m for 20 wt.% EO, for 7 kDa PFOMA and 2 kDa 

PEO.33-35  These decreases are relatively large, and it is very likely that the non-

equilibrium value of airW −γ  will also decrease significantly relative to a clean water/air 

interface, favoring more rapid nucleation.  Furthermore, the relative values of airW −γ  

resulting from the presence of the polymer will be higher for larger PFOMA molecular 

weight polymer, similar to the trend observed for these surfactants at the water-Freon 

interface in Table 8.1, and at the water/CO2 interface.33  Thus, decreases in PFOMA 

molecular weight should decrease both FWθ  (from reductions in both FWγ  and airW −γ ) 

and airW −γ , leading to faster nucleation according to Equation (8.6).  This prediction of 

Equation (8.6) is exactly what is observed in Figure 8.2 in that the number of droplets per 

area increases with a decrease in PFOMA molecular weight, as a consequence of a 

decrease in FWθ  and in airW −γ . 
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8.5 CONCLUSIONS 

The water droplet size formed during breath figure templating of polymer films 

depends strongly on the interfacial activity of the polymer molecules.  The primary factor 

controlling the pore size and size distribution in the case of the PEO-b-PFOMA polymers 

studied here appears to be the relative water droplet nucleation rates.  The PEO-b-

PFOMA polymer lowers FWθ  from reductions in FWγ  and airW −γ , making the Freon/air 

interface more wettable.  With a decrease in the PFOMA block length, or likewise an 

increase in surfactant hydrophilicity, water droplet nucleation rates increased consistent 

with theory, on the basis of reductions in FWγ  and airW −γ , and consequently FWθ .  After a 

burst of water droplet nucleation, heterogeneous condensation—that is, condensation on 

existing water droplets at the Freon interface—takes over and nucleation ceases.  Water 

molecules may diffuse directly from the gas phase to the droplet surface or adsorb 

molecularly on the Freon surface and diffuse across the surface;6 either mechanism leads 

to a sharp water droplet size distribution regardless of the initial distribution.42  Taking 

into account that the Freon evaporation rate and temperature drop due to evaporative 

cooling do not depend significantly on the PFOMA block molecular weight, the total 

amount of water condensed on the evaporating films must be approximately the same.  

The difference in pore size therefore relates to the differences in nucleation density—

higher nucleation densities provide more diffusion “sinks” to absorb the condensing 

water and result in smaller final droplet size.  When the PFOMA block is too large 

relative to the PEO block, water droplet nucleation is largely prohibited due to the poor 

wettability of the Freon/air interface.  As a result, very few pores form in these polymer 

films, as observed in Figure 8.2d. 

The hydrophobic/hydrophilic balance of the polymer is important in stabilizing 

water droplets and preventing their coalescence, however, the polymer must also have 
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good solubility in the hydrophobic solvent.  Tuning the hydrophobic/hydrophilic balance 

of block copolymers appears to be a promising way to produce porous films with 

different pore sizes and spacing. 
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Chapter 9: Conclusions and future research directions 

9.1 CONCLUSIONS 

9.1.1 Nanocrystal synthesis and shape control 

The physical properties of nanocrystals depend strongly upon the particle size and 

shape; exploration of the fundamental physics that link particle morphology and 

properties, and incorporation of particles into future technologies hence relies upon a 

thorough understanding of how growth occurs and how the growth process can be 

manipulated.  Chapters 2 and 3 explore the growth process, and how it can be modified, 

for metal and semiconductor nanocrystals.  In both studies, it is found that control over 

the rate of growth or the shape of the nanocrystal is possibly through the understanding 

and careful manipulation of the growth kinetics. 

The growth of tetraoctylammonium-stabilized gold nanocrystals via a two-phase, 

arrested precipitation mechanism is discussed in Chapter 2.  Small angle X-ray scattering 

(SAXS) was used to measure the time-dependent evolution of the nanocrystal size 

distribution under different preparation conditions.  The initial nanocrystal growth 

mechanism was varied by controlling the rate of addition of reducing agent (NaBH4) to 

the ionic gold precursor solution.  Slow (drop-wise) addition of sodium borohydride leads 

to a high Au0 monomer supersaturation and provides relatively discrete nucleation and 

growth events.  This preparation method leads to a narrowing of the particle size 

distribution over short reaction times, and a rapid increase in the particle size.  In 

contrast, it was found that fast addition of reducing agent leads to slow particle growth, 

and very broad initial particle size distributions that begin to narrow only after the first 

few hours of the reaction.  Interestingly however, for the reaction conditions discussed in 

Chapter 2, after 24 hours the nanocrystals grow to 5 nm in diameter with a very narrow 
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size distribution regardless of the initial growth kinetics.  Analysis of the reaction and 

transport rates within the system reveal that nanocrystal growth is limited by the surface 

reaction rate of monomer addition to the crystal surface – i.e., the addition of monomer to 

the nanocrystal surface occurs much more slowly than the rate of diffusion of monomer 

from the bulk reaction mixture to the particle surface.  The final size of the gold 

nanocrystals is theorized to be thermodynamically metastable, with the system free 

energy – which included the gold surface tension and the binding energy of the ligand in 

the present analysis – reaching a local minimum.  The size of the nanocrystal was also 

found to vary inversely with the binding strength of the capping ligand present during 

growth, in agreement with expectations, allowing the average particle diameter to be 

tuned between approximately 2 nm and 5 nm. 

Chapter 3 reports results the development of a general synthetic method for the 

formation of shape-controlled CdS, CdSe and CdTe nanocrystals and mixed-

semiconductor heterostructures.  In the general reaction setup, a solution of chalcogen 

powder dissolved in trioctylphosphine was injected into a hot growth solution of a 

coordinating solvent, and an organometallic complex formed between a phosphonic acid 

and cadmium.  It was found that the crystal growth kinetics can be manipulated by 

changing the injection rate of the chalcogen precursor, allowing the particle shape – 

spherical or rod-like – to be tuned without changing the underlying chemistry.  A single 

injection of precursor resulted in isotropic spherical growth, whereas multiple injections 

promoted epitaxial growth along the length of the c-axis.  CdSe nanorods with lengths of 

15 nm, CdTe nanorods with lengths of 100 nm, and CdS nanorods with lengths of up to 

300 nm were produced using this method.  In each case, the nanorods had very narrow 

diameters, and exhibited good luminescence properties.  By extending this method of 

epitaxial growth, it was possible to grow CdS extensions onto CdTe nanorod cores 
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(producing Type I heterostructures), and to grow CdTe extensions onto CdSe nanorod 

cores (producing Type II heterostructures). 

9.1.2 Interparticle interactions 

The phase behavior of colloidal nanocrystals, both in solution and during the self-

assembly process, depends upon the balance between attractive and repulsive forces that 

nanocrystals experience in solution.  Attractive forces arise primarily due to van der 

Waals interactions between the metal or semiconductor nanocrystal cores, while the 

repulsive steric forces are due to the interactions of the protective ligands at the 

nanocrystal surface interacting with each other and with the solvent.  The magnitude of 

the van der Waals forces are primarily determined by the material properties of the 

nanocrystals, and the nanocrystal size and shape, and to a lesser extent by the electronic 

properties of the solvent.  While the attractive forces tend to vary only a small amount for 

a given system, the steric repulsion (essentially, how well the particles are stabilized) can 

vary strongly with the solvent properties.  The influence of nanocrystal size on the 

strength of interparticle interactions between hydrocarbon-stabilized gold nanocrystals in 

an organic solvent is discussed in Chapter 4, while the effect of the solvent on the 

stability of nanocrystals dispersed in supercritical carbon dioxide is discussed in Chapter 

5. 

Even in dilute nanocrystal systems, interactions between nanocrystals may be 

significant, manifesting themselves during certain types of measurements as departures 

from an “ideal” system.  Chapter 4 details the use of SAXS for studying dispersions of 

dodecanethiol-coated gold nanocrystals (2 to 6 nm in diameter) dispersed in toluene.  

Here, the scattering from a dispersion of interacting particles leads to measurable 

differences when compared to the expected scattering from a model non-interacting 

system.  By keeping the solutions “dilute” (less than a few mg/mL), it was possible to 
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treat the interactions as arising primarily from two nanocrystals, and multi-body 

interactions could be ignored.  Because the nanocrystals are extremely stable, the 

interactions only cause a small deviation from ideality in the measured scattering data.  A 

modified Zimm analysis was used to determine the second virial coefficient B2 from 

concentration-dependent small-angle X-ray scattering data.  The magnitude of B2 

indicates the strength of interactions, while the sign indicates whether the nanocrystals 

exhibit primarily attractive or repulsive interactions, in comparison with an ideal solution 

of non-interacting zero-volume particles.  The variation in B2 was measured as a function 

of the nanocrystal diameter and compared to theoretical predictions.  The measured 

values of B2 were more negative than those expected for hard spheres, indicating that 

interparticle attractions are significant in this system, even though the particles are 

dispersed in good solvents for the ligands.  The data was fit using two different models 

for the interparticle pair potential: a square well model, or a model which includes 

contributions from both the van der Waals and steric forces specific to the system.  The 

square well model could be used to fit that data, utilizing size-dependent well depths 

ranging between 0.1 and 0.4 kT and a range of interaction (the width of the potential well) 

of 3 nm.  These values are close to those expected from a simple steric stabilization 

model accounting for the core-core van der Waals attraction modified by an osmotic 

repulsion between adsorbed chains in the larger particle size range (i.e., >5 nm diameter).  

Smaller particles, however, exhibit significantly deeper attraction between particles than 

expected from this simple model, which could possibly be due decreased ligand surface 

coverage at the smaller nanocrystal sizes. 

The role the solvent plays in nanocrystal interparticle interactions was studied 

using a tunable solvent – supercritical CO2 (scCO2).  Gold nanocrystals were again used 

as a model system in this study, which is discussed in Chapter 5.  Here, however, 
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monodisperse particles (5 nm diameter) were used, and the particles were coated with a 

thiolated perfluoropolyether (PFPE) ligand in order to render the nanocrystals soluble in 

scCO2.  Due to the high compressibility of CO2, the particle dispersibility was found to 

be a strong function of solvent density, with higher interparticle attraction and increased 

aggregation at lower densities.  Using SAXS, the interparticle interactions between 

PFPE-coated nanocrystals in scCO2 were measured as a function of pressure (from 310 

bar to 120 bar) under isothermal conditions (35 °C).  The observation of a small peak at 

low angles in the scattering curve, which increased in intensity as the CO2 density is 

decreased, was found to be due to interparticle clustering.  A model that approximates the 

nanocrystal interactions with an attractive square well potential and also accounts for the 

scattering contribution from clustering particles provided excellent agreement with the 

data.  For 5.25 nm diameter gold nanocrystals dispersed in scCO2 at 35 °C, the depth of 

the square well-potential decreased from -0.6 to -1.3 kT as the pressure is lowered from 

310 bar to 120 bar.  These studies provide the basis for future work which will enable the 

controlled deposition and manipulation of nanocrystals based on tuning the interparticle 

interactions, either through a chemical approach or by tailoring the solvent conditions. 

9.1.3 Self-assembly and self-organization 

The assembly of nanocrystals during solvent evaporation to form ordered 

superlattices strongly depends on interparticle interactions, which were studied in 

Chapters 4 and 5.  The disorder-order transition of nanocrystals during the deposition 

process depends both on the energetics of the interactions between nanocrystals and the 

entropic stabilization that may result from the formation of an ordered phase.  This is 

especially true in the case of co-assembly – the assembly of two different sizes of 

nanocrystals to form ordered complex phases.  Chapter 6 discusses the formation of one 
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such phase, a rock salt (NaCl) phase formed from gold and iron nanocrystals, and 

characterizes the binary superlattices. 

The self-assembly process, which is often considered to be occurring near-

equilibrium, can also be combined with non-equilibrium processes to produce materials 

with hierarchal ordering.  The use of breath figure templating, a non-equilibrium process, 

to form ordered macroporous nanocrystal superlattice films is demonstrated in Chapter 7.  

Some of the influences on breath figure nucleation, stabilization and growth are presented 

in Chapter 8, in which different diblock copolymers were used to affect nucleation and 

growth processes. 

9.1.3.1 Binary self-assembly 

The co-assembly of different sizes and types of nanocrystals into ordered arrays 

provides an opportunity to explore how the combination of materials affects the 

properties of the nanocrystal solid.  The work in Chapter 6 was the first experimental 

realization of a bidisperse three-dimensional nanocrystal superlattice with an AB (rock 

salt, or NaCl) structure; areas of monolayer ordering were also found.  The ordered 

superlattices were formed by drying a dispersion of small gold nanocrystals (5.2 nm core 

diameter) and large iron nanocrystals (13.3 nm core diameter) from chloroform.  The size 

ratio of the nanocrystals, including the capping ligands surrounding the nanocrystals, was 

0.424, at the upper edge of the predicted range of size ratios for a stable AB phase; the 

iron nanocrystals were present at twice the number density as the gold nanocrystals.  Two 

primary superlattice growth directions in the three-dimensional AB superlattices were 

observed – along the <111> and <100> directions.  Despite the short solvent evaporation 

time of only a few seconds, ordered regions covering areas of up to 0.3 µm2 were 

observed, indicating that the assembly process even for superlattices with complex 

structures can occur very rapidly. 
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9.1.3.2 Macroporous nanocrystal and polymer films 

The single-step self-organization of nanocrystal superlattice films infused with 

spatially ordered arrays of micrometer-size pores is described in Chapter 7.  As a 

dispersion of nanocrystals in Freon is allowed to dry, evaporative cooling at the Freon-air 

interface lowers the temperature by several degrees.  If this process takes place in a 

humid atmosphere, water droplets (“breath figures”) condense on the surface of 

evaporating nanocrystal dispersion.  Nanocrystals coated with the appropriate ligands – 

thiolated perfluorooctylmethacrylate (FOMA-SH), in this case – stabilize the water 

droplets by strongly adsorbing to the water-Freon interface.  Although the nanocrystals 

do not significantly affect the Freon-water surface tension, they do reduce the 

energetically unfavorable interfacial area.  In fact, the energy to remove a nanocrystal 

from the interface may be significant – calculations for the FOMA-coated gold 

nanocrystals indicate an energy several times the thermal energy kT.  Because the water 

droplets are stabilized against coalescence, they grow to uniform size and ultimately pack 

into very ordered hexagonal arrays.  The droplets provide a temporary template that casts 

an ordered macroporous nanocrystal film.  The effects of changing the relative humidity 

in the atmosphere were examined using transmission electron microscopy, and laser light 

diffraction; a relative humidity of greater than 90% was necessary for the formation of 

monodisperse pores and long-range order.  The concentration of nanocrystals was also 

varied; electron microscopy of the resulting films showed that a minimum concentration 

of particles is necessary to completely protect the water droplets and prevent aggregation.  

The resulting films are mechanically stable, and could be patterned using focused ion 

beam etching, to create structures similar to waveguides in inverse opal films. 

Chapter 8 describes a similar set of experiments, in which polymer films with 

ordered pores were prepared by evaporating polyethylene oxide-b-
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polyfluorooctylmethacrylate (PEO-b-PFOMA) diblock copolymers from Freon in a 

humid atmosphere.  Here, the ratio of the block lengths was found to strongly influence 

the size and ordering of the pores in the polymer films.  The hydrophilic block (PEO) was 

kept constant, with a molecular weight of 2 kDa, while hydrophobic (PFOMA) block 

lengths from 1 kDa to 140 kDa were studied.  Polymers that had a very short PFOMA 

block were relatively insoluble in Freon and precipitated from solution before the breath 

figures could be stabilized.  Above PFOMA molecular weights of 10 kDa, however, the 

polymers stabilized the water droplets and prevented coalescence.  Changes in the 

hydrophobic/hydrophilic balance of the copolymer led to differences in the interfacial 

activity of the polymer, and hence changed the ability of the nucleating water droplets to 

wet the air/Freon dispersion surface.  As the polymer became increasingly hydrophobic, 

the nucleation rate of water droplets decreased, which strongly affected the final pore 

size.  This work demonstrates that the morphology of breath figure templated polymer 

films can be varied through understanding and properly choosing polymers with different 

interfacial properties. 

 

9.2 FUTURE RESEARCH DIRECTIONS  

9.2.1 Nanocrystal synthesis – control of shape and composition 

The ability to synthesize nanostructures with controlled shape an composition 

offers a number of interesting possibilities for future research.  Certainly, there are many 

fundamental questions surrounding the method of shape control that remain to be 

answered.  It is likely, based on our results and those from other research groups, that 

control of the growth rate can be used to manipulate the shape of a wide variety of 

materials, but the extent of this generality is not known.  It should be relatively easy to 

extend (or at least test the applicability of) the methods described in Chapter 3 to other II-
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VI materials, such as zinc and mercury chalcogenides.  Doing so would provide a wide 

range of materials, with different combinations of shared cations or anions, for studying 

how material properties affect growth.  The use of a syringe pump for carrying out these 

experiments will be very beneficial, and allow injection rates to be varied reproducibly 

and precisely.   

The physical properties of the anisotropic particles made using these methods are 

expected to be very interesting – particularly optical properties such as blinking, 

luminescence polarization, etc, measured using single particle or time-resolved 

spectroscopy.  Preliminary single particle studies of CdTe nanorods, carried out in 

collaboration with Dr. Paul Barbara’s group in Chemistry, indicated that higher quantum 

yields will be necessary for detailed studies.  This should be achievable through coating 

of the nanorod surface with a wide bandgap semiconductor, or modification of the 

reaction chemistry.  The CdS rods, in particular, offer an interesting platform for studying 

these properties: they can be synthesized in relatively high yield, with narrow diameter 

distributions, and the length can be tuned from tens to hundreds of nanometers. 

9.2.2 Interparticle interactions 

While second virial coefficient measurements are a potentially useful way to 

study non-ideal behavior in dispersions of weakly interacting nanocrystals, as in Chapter 

4, in reality the measurements are time consuming and are often frustrating, relying as 

much on the expertise of the investigator as on the varying condition of the SAXS 

instrument.  Any similar projects in the future should be chosen carefully.  There are a 

few studies that might yield interesting results within a reasonable amount of time.  It 

would be interesting to compare the measured values of second virial coefficients 

obtained using scattering versus those obtained using osmometry.  For such experiments, 

it would be worthwhile to use a material that can be obtained with a high yield of 
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monodisperse particles, such as magnetic or semiconducting particles, rather than the 

noble metals which require size-selecting and hence have relatively low yields.  It would 

also be very interesting to study interactions between anisotropic particles, such as 

nanorods, and compare with nanocrystals of similar diameter or volume. 

Studies using supercritical fluids as solvents likely offer the most potential for 

studying interparticle interactions.  The ability to easily tune the solvent properties makes 

these systems attractive candidates for studying the phase behavior of nanocrystals.  As 

an extension of the work using supercritical carbon dioxide in Chapter 5, the author plans 

to study a series of ligands with similar chemistry but different chain geometries, to 

determine the effects on steric stabilization of nanocrystals.  One additional interesting 

solvent would be supercritical ethane.  The lower linear absorption coefficient of ethane, 

compared with carbon dioxide, would greatly speed data acquisition.  Further, fluorinated 

“specialty” ligands are not required for ethane as they are with carbon dioxide; 

“common” aliphatic ligands could be used which would vastly increase the range of 

materials which could be studied.  For carrying out such studies, there are a few minor 

changes to the equipment setup which would be beneficial.  In particular, reducing the 

volume of the variable-volume view cell would allow a wider range of concentrations to 

be studied (and would also speed data collection); a volume of approximately 5 mL 

should be appropriate for these studies.  A redesign of the high pressure SAXS cell might 

also be useful, particularly the consideration of diamond pressure windows; switching 

materials from beryllium to diamond might allow the use of thinner windows, and would 

allow more of the X-ray beam to be transmitted through the cell. 

9.2.3 Nanocrystal assembly 

While several groups have now demonstrated the ability to form ordered binary 

nanocrystal structures, a detailed study of the properties of these nanocrystal solids has 
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not been reported.  It would be very interesting to study the transport properties of these 

materials, or the electroluminescent properties for mixed assemblies of nanocrystals 

under different conditions.  The two-dimensional phase behavior of bimodal nanocrystals 

would also be interesting to explore.  Recent theoretical work by Bonnecaze et al. has 

demonstrated the stability of several different ordered phases which have not yet been 

observed experimentally; attempts to experimentally map out a 2D phase diagram would 

be very useful. 

There are several opportunities for further study of the inverse opal nanocrystal 

films.  Some of the design rules for a model system were outlined in Chapter 7, and it 

would be interesting to extend this approach to incorporate semiconducting or magnetic 

nanocrystals into the films.  Fluorinated ligands can easily be exchanged with the loosely 

bound ligands that passivated most semiconductor nanocrystals, but there may be 

significant challenges involved in obtained magnetic nanocrystals which are soluble in 

fluorinated solvents.  Therefore, the design of systems which do not require fluorinated 

solvents would be extremely interesting, and would allow other materials to be 

incorporated into this process more easily.  Fundamentally, it would be of interest to 

explore how the presence of nanocrystals affects the water droplet nucleation rate.  The 

presence of polymers affects the rate by changing how easily the water droplets wet the 

surface, but it is unclear how nanocrystals (which do not significantly change the 

interfacial tension between water and solvent) would affect the nucleation behavior. 



 195

Bibliography 

Ahmad, J.; Hansen, R. S., "Simple quantitative treatment of the spreading of monolayers 
on thin liquid films," J. Coll. Interface Sci. (1972), 38(3), 601-4. 

Aitken, J., Nature (1911), 86, 516. 

Alivisatos, A. P., "Semiconductor clusters, nanocrystals, and quantum dots," Science 
(1996), 271(5251), 933-7. 

Amokrane, S., "Influence of attractive forces on the solvent mediated potential of mean 
force between colloidal particles," J. Chem. Phys. (1998), 108(17), 7459-7468. 

Avrami, M., "Kinetics of phase change. I. General theory," J. Chem. Phys. (1939), 7, 
1103-12. 

Baker, T. J., "Breath Figures," Phil. Mag. (1922), 44(262), 752-65. 

Balet, L. P.; Ivanov, S. A.; Piryatinski, A.; Achermann, M.; Klimov, V. I., "Inverted 
Core/Shell Nanocrystals Continuously Tunable between Type-I and Type-II 
Localization Regimes," Nano Letters (2004), 4(8), 1485-1488. 

Bartlett, P.; Ottewill, R. H.; Pusey, P. N., "Superlattice formation in binary mixtures of 
hard-sphere colloids," Phys. Rev. Lett. (1992), 68(25), 3801-3804. 

Beesley, J. E., "Colloidal Gold: A New Revolution in Marking Cytochemistry," Proc. 
Roy. Micr. Soc. (1985), 20, 187-196. 

Beysens, D., "Formation of dew," Atmos. Res. (1995), 39(1-3), 215-37. 

Beysens, D.; Knobler, C. M., "Growth of Breath Figures," Phys. Rev. Lett. (1986), 
57(12), 1433-1436. 

Beysens, D.; Knobler, C. M.; Schaffar, H., "Scaling in the growth of aggregates on a 
surface," Phys. Rev. B (1990), 41(14), 9814-18. 

Binks, B. P., "Particles as surfactants - similarities and differences," Curr. Opin. Colloid 
Interface Sci. (2002), 7(1,2), 21-41. 

Boeker, A.; Lin, Y.; Chiapperini, K.; Horowitz, R.; Thompson, M.; Carreon, V.; Xu, T.; 
Abetz, C.; Skaff, H.; Dinsmore, A. D.; Emrick, T.; Russell, T. P., "Hierarchical 
nanoparticle assemblies formed by decorating breath figures," Nature Materials 
(2004), 3(5), 302-306. 



 196

Borbely, S., "Aggregate Structure in Aqueous Solutions of Brij-35 Nonionic Surfactant 
Studied by Small-Angle Neutron Scattering," Langmuir (2000), 16(13), 5540-
5545. 

Brennecke, J. F.; Chateauneuf, J. E., "Homogeneous Organic Reactions as Mechanistic 
Probes in Supercritical Fluids," Chem. Rev. (1999), 99(2), 433-452. 

Brust, M.; Fink, J.; Bethell, D.; Schiffrin, D. J.; Kiely, C., "Synthesis and reactions of 
functionalized gold nanoparticles," J. Chem. Soc., Chem. Commun. (1995), (16), 
1655-6. 

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R., "Synthesis of thiol-
derivatized gold nanoparticles in a two-phase liquid-liquid system," J. Chem. 
Soc., Chem. Commun. (1994), (7), 801-2. 

Calvo, L.; Holmes, J. D.; Yates, M. Z.; Johnston, K. P., "Steric stabilization of inorganic 
suspensions in carbon dioxide," J. Supercrit. Fluids (2000), 16(3), 247-260. 

Campbell, M.; Sharp, D. N.; Harrison, M. T.; Denning, R. G.; Turberfield, A. J., 
"Fabrication of photonic crystals for the visible spectrum by holographic 
lithography," Nature (2000), 404(6773), 53-56. 

Chen, C.-Y.; Cheng, C.-T.; Yu, J.-K.; Pu, S.-C.; Cheng, Y.-M.; Chou, P.-T.; Chou, Y.-H.; 
Chiu, H.-T., "Spectroscopy and Femtosecond Dynamics of Type-II CdSe/ZnTe 
Core-Shell Semiconductor Synthesized via the CdO Precursor," J. Phys. Chem. B 
(2004), 108(30), 10687-10691. 

Chen, S.; Templeton, A. C.; Murray, R. W., "Monolayer-Protected Cluster Growth 
Dynamics," Langmuir (2000), 16(7), 3543-3548. 

Chikan, V.; Kelley, D. F., "Size-Dependent Spectroscopy of MoS2 Nanoclusters," J. 
Phys. Chem. B (2002), 106(15), 3794-3804. 

Cho, K.-S.; Talapin, D. V.; Gaschler, W.; Murray, C. B., "Designing PbSe Nanowires 
and Nanorings through Oriented Attachment of Nanoparticles," J. Am. Chem. Soc. 
(2005), 127(19), 7140-7147. 

Collier, C. P.; Vossmeyer, T.; Heath, J. R., "Nanocrystal superlattices," Annu. Rev. Phys. 
Chem. (1998), 49, 371-404. 

Connolly, S.; Fullam, S.; Korgel, B. A.; Fitzmaurice, D., "Time-Resolved Small-Angle 
X-ray Scattering Studies of Nanocrystal Superlattice Self-Assembly," J. Am. 
Chem. Soc. (1998), 120(12), 2969-2970. 

Cordente, N.; Amiens, C.; Chaudret, B.; Respaud, M.; Senocq, F.; Casanove, M. J., 
"Chemisorption on nickel nanoparticles of various shapes: Influence on 
magnetism," J. Appl. Phys. (2003), 94(10), 6358-6365. 



 197

Cottin, X.; Monson, P. A., "Substitutionally ordered solid solutions of hard spheres," J. 
Chem. Phys. (1995), 102(8), 3354-60. 

Courty, A.; Mermet, A.; Albouy, P. A.; Duval, E.; Pileni, M. P., "Vibrational coherence 
of self-organized silver nanocrystals in f.c.c. supra-crystals," Nature Mater. 
(2005), 4(5), 395-398. 

Cui, L.; Wang, H.; Ding, Y.; Han, Y., "Tunable ordered droplets induced by convection 
in phase-separating P2VP/PS blend film," Polymer (2004), 45(24), 8139-8146. 

Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober, 
R.; Jensen, K. F.; Bawendi, M. G., "(CdSe)ZnS Core-Shell Quantum Dots: 
Synthesis and Optical and Structural Characterization of a Size Series of Highly 
Luminescent Materials," J. Phys. Chem. B (1997), 101(46), 9463-9475. 

Dahmouche, K.; Carlos, L. D.; Santilli, C. V.; de Bermudez, V.; Craievich, A. F., "Small-
Angle X-ray Scattering Study of Gelation and Aging of Eu3+-Doped Sol-Gel-
Derived Siloxane-Poly(oxyethylene) Nanocomposites," J. Phys. Chem. B (2002), 
106(17), 4377-4382. 

Davis, H. T., Statistical Mechanics of Phases, Interfaces and Thin Films. VCH 
Publishers, Inc.: New York, 1995; p 752 pp. 

De Gennes, P. G., "Polymers at an interface; a simplified view," Adv. Colloid Interface 
Sci. (1987), 27(3-4), 189-209. 

Debye, P.; Anderson, H. R., Jr.; Brumberger, H., "Scattering by an inhomogeneous solid. 
II. The correlation function and its application," J. Appl. Phys. (1957), 28, 679-83. 

Derjaguin, B.; Landau, L., "Theory of the stability of strongly charged lyophobic sols and 
of the adhesion of strongly charged particles in solutions of electrolytes," Acta 
Physicochim. URSS (1941), 14, 633-62. 

DeSimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; McClain, J. B.; Romack, T. J.; 
Combes, J. R., "Dispersion polymerizations in supercritical carbon dioxide," 
Science (1994), 265(5170), 356-9. 

Dickson, J. L.; Ortiz-Estrada, C.; Alvarado, J. F. J.; Hwang, H. S.; Sanchez, I. C.; Luna-
Barcenas, G.; Lim, K. T.; Johnston, K. P., "Critical flocculation density of dilute 
water-in-CO2 emulsions stabilized with block copolymers," J. Coll. Interface Sci. 
(2004), 272(2), 444-456. 

Dickson, J. L.; Psathas, P. A.; Salinas, B.; Ortiz-Estrada, C.; Luna-Barcenas, G.; Hwang, 
H. S.; Lim, K. T.; Johnston, K. P., "Formation and Growth of Water-in-CO2 
Miniemulsions," Langmuir (2003), 19(12), 4895-4904. 



 198

Doty, R. C.; Bonnecaze, R. T.; Korgel, B. A., "Kinetic bottleneck to the self-organization 
of bidisperse hard disk monolayers formed by random sequential adsorption," 
Phys. Rev. E (2002), 65(6-1), 061503/1-061503/6. 

Doty, R. C.; Sigman, M. B., Jr.; Stowell, C.; Shah, P. S.; Saunders, A. E.; Korgel, B. A., 
Synthesis and Fabrication of Metal Nanocrystal Superlattices. In Semiconductor 
and Metal Nanocrystals: Synthesis, Electronic and Optical Properties, Klimov, 
V. I., Ed. Marcel Dekker: New York, 2003. 

Dylla, R. J.; Korgel, B. A., "Temporal organization of nanocrystal self-assembly directed 
by a chemical oscillator," ChemPhysChem (2001), 2(1), 62-64. 

Eastoe, J.; Bayazit, Z.; Martel, S.; Steytler, D. C.; Heenan, R. K., "Droplet Structure in a 
Water-in-CO2 Microemulsion," Langmuir (1996), 12(6), 1423-4. 

Eberbeck, D.; Lange, A.; Hentschel, M., "Identification of aggregates of magnetic 
nanoparticles in ferrofluids at low concentrations," J. Appl. Crystallogr. (2003), 
36(4), 1069-1074. 

Eldridge, M. D.; Madden, P. A.; Frenkel, D., "A computer simulation investigation into 
the stability of the AB2 superlattice in a binary hard sphere system," Molec. Phys. 
(1993), 80(4), 987-95. 

Eldridge, M. D.; Madden, P. A.; Frenkel, D., "Entropy-driven formation of a superlattice 
in a hard-sphere binary mixture," Nature (1993), 365(6441), 35-7. 

Eldridge, M. D.; Madden, P. A.; Frenkel, D., "The stability of the AB13 crystal in a 
binary, hard-sphere system," Molec. Phys. (1993), 79(1), 105-20. 

Eldridge, M. D.; Madden, P. A.; Pusey, P. N.; Bartlett, P., "Binary hard-sphere mixtures: 
a comparison between computer simulation and experiment," Molec. Phys. 
(1995), 84(2), 395-420. 

Englert, B. C.; Scholz, S.; Leech, P. J.; Srinivasarao, M.; Bunz, U. H. F., "Templated 
ceramic microstructures by using the breath-figure method," Chem. Eur. J. 
(2005), 11(3), 995-1000. 

Erdogan, B.; Song, L.; Wilson, J. N.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. F., 
"Permanent Bubble Arrays from a Cross-Linked Poly(para-phenyleneethynylene): 
Picoliter Holes without Microfabrication," J. Amer. Chem. Soc. (2004), 126(12), 
3678-3679. 

Faraday, M., Philos. Trans. R. Soc. London (1857), 147, 145. 

Fink, J.; Kiely, C. J.; Bethell, D.; Schiffrin, D. J., "Self-Organization of Nanosized Gold 
Particles," Chem. Mater. (1998), 10(3), 922-926. 



 199

Finkle, P.; Draper, H. D.; Hildebrand, J. H., "The theory of emulsification," J. Am. Chem. 
Soc. (1923), 45, 2780-8. 

Frenkel, D., "Order through disorder: entropy strikes back," Phys. World (1993), 6(2), 
24-25. 

Fritter, D.; Knobler, C. M.; Roux, D.; Beysens, D., "Computer Simulations of the Growth 
of Breath Figures," J. Stat. Phys. (1988), 52(5/6), 1447-1459. 

Fulton, J. L.; Pfund, D. M.; McClain, J. B.; Romack, T. J.; Maury, E. E.; Combes, J. R.; 
Samulski, E. T.; DeSimone, J. M.; Capel, M., "Aggregation of Amphiphilic 
Molecules in Supercritical Carbon Dioxide: A Small Angle X-ray Scattering 
Study," Langmuir (1995), 11(11), 4241-9. 

Ge, G.; Brus, L., "Evidence for Spinodal Phase Separation in Two-Dimensional 
Nanocrystal Self-Assembly," J. Phys. Chem. B (2000), 104(41), 9573-9575. 

Ge, G.; Brus, L. E., "Fast surface diffusion of large disk-shaped nanocrystal aggregates," 
Nano Letters (2001), 1(4), 219-222. 

Gelbart, W. M.; Ben-Shaul, A., "The "New" Science of "Complex Fluids"," J. Phys. 
Chem. (1996), 100(31), 13169-13189. 

Ghezelbash, A.; Korgel, B. A., "Nickel Sulfide and Copper Sulfide Nanocrystal Synthesis 
and Polymorphism," Langmuir (2005), 21(21), 9451-9456. 

Ghezelbash, A.; Sigman, M. B., Jr.; Korgel, B. A., "Solventless Synthesis of Nickel 
Sulfide Nanorods and Triangular Nanoprisms," Nano Letters (2004), 4(4), 537-
542. 

Glatter, O.; Kratky, O., Small Angle X-ray Scattering. Academic Press Inc.: New York, 
1982. 

Goodwin, J. W., Colloidal Dispersions. Royal Society of Chemistry: London, 1982. 

Gray, J. J.; Harley Klein, D.; Bonnecaze, R. T.; Korgel, B. A., "Nonequilibrium Phase 
Behavior during the Random Sequential Adsorption of Tethered Hard Disks," 
Phys. Rev. Lett. (2000), 85(21), 4430-4433. 

Gray, J. J.; Klein, D. H.; Korgel, B. A.; Bonnecaze, R. T., "Microstructure Formation and 
Kinetics in the Random Sequential Adsorption of Polydisperse Tethered 
Nanoparticles Modeled as Hard Disks," Langmuir (2001), 17(8), 2317-2328. 

Grebinski, J. W.; Hull, K. L.; Zhang, J.; Kosel, T. H.; Kuno, M., "Solution-Based Straight 
and Branched CdSe Nanowires," Chem. Mater. (2004), 16(25), 5260-5272. 



 200

Gu, H.; Yang, Z.; Gao, J.; Chang, C. K.; Xu, B., "Heterodimers of Nanoparticles: 
Formation at a Liquid-Liquid Interface and Particle-Specific Surface Modification 
by Functional Molecules," J. Am. Chem. Soc. (2005), 127(1), 34-35. 

Gu, H.; Zheng, R.; Zhang, X.; Xu, B., "Facile One-Pot Synthesis of Bifunctional 
Heterodimers of Nanoparticles: A Conjugate of Quantum Dot and Magnetic 
Nanoparticles," J. Am. Chem. Soc. (2004), 126(18), 5664-5665. 

Guinier, A.; Fournet, G., Small-Angle Scattering of X-Rays. Wiley: New York, 1955; p 
268. 

Hamaker, H. C., "The London-van der Waals attraction between spherical particles," 
Physica (The Hague) (1937), 4, 1058-72. 

Hanrath, T.; Korgel, B. A., "Nucleation and Growth of Germanium Nanowires Seeded by 
Organic Monolayer-Coated Gold Nanocrystals," J. Am. Chem. Soc. (2002), 
124(7), 1424-1429. 

Hanrath, T.; Korgel, B. A., "Supercritical fluid-liquid-solid (SFLS) synthesis of Si and 
Ge nanowires seeded by colloidal metal nanocrystals," Adv. Mater. (2003), 15(5), 
437-440. 

Hansen, J. P.; McDonald, I. R., Theory of Simple Liquids. Academic Press: New York, 
1976; p 395. 

Harfenist, S. A.; Wang, Z. L.; Alvarez, M. M.; Vezmar, I.; Whetten, R. L., "Highly 
Oriented Molecular Ag Nanocrystal Arrays," J. Phys. Chem. (1996), 100(33), 
13904-13910. 

Haupt, M.; Miller, S.; Sauer, R.; Thonke, K.; Mourran, A.; Moeller, M., "Breath figures: 
Self-organizing masks for the fabrication of photonic crystals and dichroic 
filters," J. Appl. Phys. (2004), 96(6), 3065-3069. 

Henglein, A., "Small-particle research: physicochemical properties of extremely small 
colloidal metal and semiconductor particles," Chem. Rev. (1989), 89(8), 1861-73. 

Hines, M. A.; Guyot-Sionnest, P., "Synthesis and Characterization of Strongly 
Luminescing ZnS-Capped CdSe Nanocrystals," J. Phys. Chem. (1996), 100(2), 
468-71. 

Holmes, J. D.; Bhargava, P. A.; Korgel, B. A.; Johnston, K. P., "Synthesis of Cadmium 
Sulfide Q-Particles in Water-in-CO2 Microemulsions," Langmuir (1999), 15, 
6613-6615. 

Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B. A., "Control of thickness and 
orientation of solution-grown silicon nanowires," Science (2000), 287(5457), 
1471-1473. 



 201

Hornyak, G. L.; Patrissi, C. J.; Oberhauser, E. B.; Martin, C. R.; Valmalette, J. C.; 
Lemaire, L.; Dutta, J.; Hofmann, H., "Effective medium theory characterization of 
Au/Ag nanoalloy-porous alumina composites," Nanostruct. Mater. (1997), 9(1-8), 
571-574. 

Horsch, M. A.; Zhang, Z.; Glotzer, S. C., "Self-Assembly of Polymer-Tethered 
Nanorods," Phys. Rev. Lett. (2005), 95(5), 056105/1-056105/4. 

Hu, J.; Li, L.-s.; Yang, W.; Manna, L.; Wang, L.-w.; Alivisatos, A. P., "Linearly 
polarized emission from colloidal semiconductor quantum rods," Science (2001), 
292(5524), 2060-2063. 

Hunt, N.; Jardine, R.; Bartlett, P., "Superlattice formation in mixtures of hard-sphere 
colloids," Phys. Rev. E (2000), 62(1-B), 900-913. 

Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, H. B., "Synthesis of Highly Crystalline 
and Monodisperse Maghemite Nanocrystallites without a Size-Selection Process," 
J. Am. Chem. Soc. (2001), 123(51), 12798-12801. 

Imhof, A.; Pine, D. J., "Ordered macroporous materials by emulsion templating," Nature 
(1997), 389(6654), 948-951. 

Islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, A. G., "High Weight 
Fraction Surfactant Solubilization of Single-Wall Carbon Nanotubes in Water," 
Nano Letters (2003), 3(2), 269-273. 

Israelachvili, J., Intermolecular & Surface Forces. 2nd ed.; Academic Press: San Diego, 
1992. 

Jana, N. R.; Gearheart, L. A.; Obare, S. O.; Johnson, C. J.; Edler, K. J.; Mann, S.; 
Murphy, C. J., "Liquid crystalline assemblies of ordered gold nanorods," J. Mater. 
Chem. (2002), 12(10), 2909-2912. 

Jang, E.; Jun, S.; Chung, Y.; Pu, L., "Surface Treatment to Enhance the Quantum 
Efficiency of Semiconductor Nanocrystals," J. Phys. Chem. B (2004), 108(15), 
4597-4600. 

Ji, M.; Chen, X.; Wai, C. M.; Fulton, J. L., "Synthesizing and dispersing silver 
nanoparticles in a water-in-supercritical carbon dioxide microemulsion," J. Am. 
Chem. Soc. (1999), 121(11), 2631-2632. 

Johnston, K. P.; Harrison, K. L.; Clarke, M. J.; Howdle, S. M.; Heitz, M. P.; Bright, F. 
V.; Carlier, C.; Randolph, T. W., "Water-in-carbon dioxide microemulsions: an 
environment for hydrophiles including proteins," Science (1996), 271(5249), 624-
6. 



 202

Jose-Yacaman, M.; Rendon, L.; Arenas, J.; Puche, M. C. S., "Maya blue paint: an ancient 
nanostructured material," Science (1996), 273(5272), 223-225. 

Kan, S.; Mokari, T.; Rothenberg, E.; Banin, U., "Synthesis and size-dependent properties 
of zinc-blende semiconductor quantum rods," Nat. Mater. (2003), 2(3), 155-158. 

Karthaus, O.; Maruyama, N.; Cieren, X.; Shimomura, M.; Hasegawa, H.; Hashimoto, T., 
"Water-Assisted Formation of Micrometer-Size Honeycomb Patterns of 
Polymers," Langmuir (2000), 16(15), 6071-6076. 

Kiely, C. J.; Fink, J.; Brust, M.; Bethell, D.; Schiffrin, D. J., "Spontaneous ordering of 
bimodal ensembles of nanoscopic gold clusters," Nature (1998), 396(6710), 444-
446. 

Kiely, C. J.; Fink, J.; Zheng, J. G.; Brust, M.; Bethell, D.; Schiffrin, D. J., "Ordered 
colloidal nanoalloys," Adv. Mater. (2000), 12(9), 640-643. 

Kim, F.; Song, J. H.; Yang, P., "Photochemical Synthesis of Gold Nanorods," J. Am. 
Chem. Soc. (2002), 124(48), 14316-14317. 

Kim, H.; Achermann, M.; Balet, L. P.; Hollingsworth, J. A.; Klimov, V. I., "Synthesis 
and Characterization of Co/CdSe Core/Shell Nanocomposites: Bifunctional 
Magnetic-Optical Nanocrystals," J. Am. Chem. Soc. (2005), 127(2), 544-546. 

Kim, S.; Fisher, B.; Eisler, H.-J.; Bawendi, M., "Type-II Quantum Dots: 
CdTe/CdSe(Core/Shell) and CdSe/ZnTe(Core/Shell) Heterostructures," J. Am. 
Chem. Soc. (2003), 125(38), 11466-11467. 

Klimov, V. I., Semiconductor and Metal Nanocrystals: Synthesis and Electronic and 
Optical Properties. Marcel Dekker: New York, 2003. 

Knobler, C. M.; Beysens, D., "Growth of Breath Figures on Fluid Surfaces," Europhys. 
Lett. (1988), 6(8), 707-712. 

Korgel, B. A.; Fitzmaurice, D., "Condensation of Ordered Nanocrystal Thin Films," 
Phys. Rev. Lett. (1998), 80(16), 3531-3534. 

Korgel, B. A.; Fitzmaurice, D., "Small-angle x-ray-scattering study of silver-nanocrystal 
disorder-order phase transitions," Phys. Rev. B (1999), 59(22), 14191-14201. 

Korgel, B. A.; Fullam, S.; Connolly, S.; Fitzmaurice, D., "Assembly and Self-
Organization of Silver Nanocrystal Superlattices: Ordered "Soft Spheres"," J. 
Phys. Chem. B (1998), 102(43), 8379-8388. 

Kovtyukhova, N. I.; Kelley, B. K.; Mallouk, T. E., "Coaxially gated in-wire thin-film 
transistors made by template assembly," J. Am. Chem. Soc. (2004), 126(40), 
12738-9-12739. 



 203

Kudera, S.; Carbone, L.; Casula, M. F.; Cingolani, R.; Falqui, A.; Snoeck, E.; Parak, W. 
J.; Manna, L., "Selective Growth of PbSe on One or Both Tips of Colloidal 
Semiconductor Nanorods," Nano Letters (2005), 5(3), 445-449. 

Kwon, K.-W.; Shim, M., "γ-Fe2O3/II-VI Sulfide Nanocrystal Heterojunctions," J. Am. 
Chem. Soc. (2005), 127(29), 10269-10275. 

La Mer, V. K., "Kinetics in phase transitions," J. Ind. Eng. Chem. (1952), 44, 1270-7. 

La Mer, V. K.; Dinegar, R. H., "Theory, production, and mechanism of formation of 
monodispersed hydrosols," J. Am. Chem. Soc. (1950), 72, 4847-54. 

Lee, C. T., Jr.; Johnston, K. P.; Dai, H. J.; Cochran, H. D.; Melnichenko, Y. B.; Wignall, 
G. D., "Droplet Interactions in Water-in-Carbon Dioxide Microemulsions Near 
the Critical Point: A Small-Angle Neutron Scattering Study," J. Phys. Chem. B 
(2001), 105(17), 3540-3548. 

Leff, D. V.; Ohara, P. C.; Heath, J. R.; Gelbart, W. M., "Thermodynamic Control of Gold 
Nanocrystal Size: Experiment and Theory," J. Phys. Chem. (1995), 99(18), 7036-
41. 

Lewis, J. E.; Biswas, R.; Robinson, A. G.; Maroncelli, M., "Local Density Augmentation 
in Supercritical Solvents: Electronic Shifts of Anthracene Derivatives," J. Phys. 
Chem. B (2001), 105(16), 3306-3318. 

Li, J.; Peng, J.; Huang, W.; Wu, Y.; Fu, J.; Yang, C.; Xue, L.; Han, Y., "Ordered 
Honeycomb-Structured Gold Nanoparticle Films with Changeable Pore 
Morphology: From Circle to Ellipse," Langmuir (2005), 21(5), 2017-2021. 

Li, L.-S.; Alivisatos, A. P., "Semiconductor nanorod liquid crystals and their assembly on 
a substrate," Adv. Mater. (2003), 15(5), 408-411. 

Li, L.-s.; Marjanska, M.; Park, G. H. J.; Pines, A.; Alivisatos, A. P., "Isotropic-liquid 
crystalline phase diagram of a CdSe nanorod solution," J. Chem. Phys. (2004), 
120(3), 1149-1152. 

Li, L.-s.; Walda, J.; Manna, L.; Alivisatos, A. P., "Semiconductor Nanorod Liquid 
Crystals," Nano Lett. (2002), 2(6), 557-560. 

Lide, D. R., CRC Handbook of Chemistry and Physics. 84th ed.; 2004; Vol. 126, p 1586. 

Likos, C. N.; Henley, C. L., "Complex alloy phases for binary hard-disk mixtures," Phil. 
Mag. B (1993), 68(1), 85-113. 

Lim, K. T.; Lee, M. Y.; Moon, M. J.; Lee, G. D.; Hong, S.-S.; Dickson, J. L.; Johnston, 
K. P., "Synthesis and properties of semifluorinated block copolymers containing 



 204

poly(ethylene oxide) and poly(fluorooctyl methacrylates) via atom transfer radical 
polymerization," Polymer (2002), 43(25), 7043-7049. 

Lin, S.-Y.; Hwang, H.-F., "Measurement of Low Interfacial Tension by Pendant Drop 
Digitization," Langmuir (1994), 10(12), 4703-9. 

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 (2001), 105(17), 3353-3357. 

Lin, X. M.; Sorensen, C. M.; Klabunde, K. J., "Digestive ripening, nanophase segregation 
and superlattice formation in gold nanocrystal colloids," J. Nanopart. Res. (2000), 
2(2), 157-164. 

Lin, Y.; Skaff, H.; Emrick, T.; Dinsmore, A. D.; Russell, T. P., "Nanoparticle Assembly 
and Transport at Liquid-Liquid Interfaces," Science (2003), 299(5604), 226-229. 

Link, S.; El-Sayed, M. A., "Optical properties and ultrafast dynamics of metallic 
nanocrystals," Annu. Rev. Phys. Chem. (2003), 54, 331-366. 

Lu, W.; Gao, P.; Jian, W. B.; Wang, Z. L.; Fang, J., "Perfect Orientation Ordered in-Situ 
One-Dimensional Self-Assembly of Mn-Doped PbSe Nanocrystals," J. Am. 
Chem. Soc. (2004), 126(45), 14816-14821. 

Lu, X.; Hanrath, T.; Johnston, K. P.; Korgel, B. A., "Growth of single-crystal silicon 
nanowires in supercritical solution from tethered gold particles on a silicon 
substrate," Nano Letters (2003), 3(1), 93-99. 

Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.; Ober, R., 
"Characterization of CdSe nanocrystalline dispersions by small angle x-ray 
scattering," J. Chem. Phys. (1996), 105(22), 9890-9896. 

Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.; Ober, R., "Properties of 
CdSe nanocrystal dispersions in the dilute regime: Structure and interparticle 
interactions," Phys. Rev. B (1998), 58(12), 7850-7863. 

Maye, M. M.; Zheng, W.; Leibowitz, F. L.; Ly, N. K.; Zhong, C.-J., "Heating-Induced 
Evolution of Thiolate-Encapsulated Gold Nanoparticles: A Strategy for Size and 
Shape Manipulations," Langmuir (2000), 16(2), 490-497. 

McClain, J. B.; Londono, D.; Combes, J. R.; Romack, T. J.; Canelas, D. P.; Betts, D. E.; 
Wignall, G. D.; Samulski, E. T.; DeSimone, J. M., "Solution Properties of a CO2-
Soluble Fluoropolymer via Small Angle Neutron Scattering," J. Am. Chem. Soc. 
(1996), 118(4), 917-18. 

McLeod, M. C.; McHenry, R. S.; Beckman, E. J.; Roberts, C. B., "Synthesis and 
Stabilization of Silver Metallic Nanoparticles and Premetallic Intermediates in 



 205

Perfluoropolyether/CO2 Reverse Micelle Systems," J. Phys. Chem. B (2003), 107, 
2693-2700. 

McQuarrie, D. A., Statistical Thermodynamics. Harper & Row: New York, 1973; p 343 
pp. 

Meredith, J. C.; Johnston, K. P., "Density Dependence of Homopolymer Adsorption and 
Colloidal Interaction Forces in a Supercritical Solvent: Monte Carlo Simulation.," 
Langmuir (1999), 15(23), 8037-8044. 

Mie, G., "Contributions to the Optics of Turbid Media, Especially Colloidal Metal 
Solutions," Ann. Physik (1908), 25, 377-445. 

Milliron, D. J.; Hughes, S. M.; Cui, Y.; Manna, L.; Li, J.; Wang, L.-W.; Alivisatos, A. P., 
"Colloidal nanocrystal heterostructures with linear and branched topology," 
Nature (2004), 430(6996), 190-195. 

Millo, O.; Katz, D.; Cao, Y.; Banin, U., "Imaging and Spectroscopy of Artificial-Atom 
States in Core/Shell Nanocrystal Quantum Dots," Phys. Rev. Lett. (2001), 86(25), 
5751-5754. 

Mokari, T.; Banin, U., "Synthesis and Properties of CdSe/ZnS Core/Shell Nanorods," 
Chem. Mater. (2003), 15(20), 3957-3962. 

Mokari, T.; Rothenberg, E.; Popov, I.; Costi, R.; Banin, U., "Selective growth of metal 
tips onto semiconductor quantum rods and tetrapods," Science (2004), 304(5678), 
1787-1790. 

Moriarty, P.; Taylor, M. D. R.; Brust, M., "Nanostructured Cellular Networks," Phys. 
Rev. Lett. (2002), 89(24), 248303/1-248303/4. 

Murray, C. B.; Kagan, C. R.; Bawendi, M. G., "Synthesis and characterization of 
monodisperse nanocrystals and close-packed nanocrystal assemblies," Annu. Rev. 
Mater. Sci. (2000), 30, 545-610. 

Murray, C. B.; Norris, D. J.; Bawendi, M. G., "Synthesis and characterization of nearly 
monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor 
nanocrystallites," J. Am. Chem. Soc. (1993), 115(19), 8706-15. 

Murray, M. J.; Sanders, J. V., "Close-packed structures of spheres of two different sizes. 
II. The packing densities of likely arrangements," Phil. Mag. A (1980), 42(6), 
721-40. 

Narayanan, S.; Wang, J.; Lin, X.-M., "Dynamical self-assembly of nanocrystal 
superlattices during colloidal droplet evaporation by in situ small angle x-ray 
scattering," Phys. Rev. Lett. (2004), 93(13), 135503/1-135503/4. 



 206

Nguyen, V. X.; Stebe, K. J., "Patterning of Small Particles by a Surfactant-Enhanced 
Marangoni-Benard Instability," Phys. Rev. Lett. (2002), 88(16), 164501/1-
164501/4. 

Nishikawa, T.; Nishida, J.; Ookura, R.; Nishimura, S.-I.; Wada, S.; Karino, T.; 
Shimomura, M., "Mesoscopic patterning of cell adhesive substrates as novel 
biofunctional interfaces," Mat. Sci. Eng. C (1999), C10(1-2), 141-146. 

Ohara, P. C.; Gelbart, W. M., "Interplay between Hole Instability and Nanoparticle Array 
Formation in Ultrathin Liquid Films," Langmuir (1998), 14(12), 3418-3424. 

Ohara, P. C.; Leff, D. V.; Heath, J. R.; Gelbart, W. M., "Crystallization of opals from 
polydisperse nanoparticles," Phys. Rev. Lett. (1995), 75(19), 3466-9. 

O'Neill, M. L.; Cao, Q.; Fang, M.; Johnston, K. P.; Wilkinson, S. P.; Smith, C. D.; 
Kerschner, J. L.; Jureller, S. H., "Solubility of Homopolymers and Copolymers in 
Carbon Dioxide," Ind. Eng. Chem. Res. (1998), 37(8), 3067-3079. 

Park, M. S.; Kim, J. K., "Breath Figure Patterns Prepared by Spin Coating in a Dry 
Environment," Langmuir (2004), 20(13), 5347-5352. 

Pena, D. J.; Mbindyo, J. K. N.; Carado, A. J.; Mallouk, T. E.; Keating, C. D.; Razavi, B.; 
Mayer, T. S., "Template Growth of Photoconductive Metal-CdSe-Metal 
Nanowires," J. Phys. Chem. B (2002), 106(30), 7458-7462. 

Peng, J.; Han, Y.; Yang, Y.; Li, B., "The influencing factors on the macroporous 
formation in polymer films by water droplet templating," Polymer (2004), 45(2), 
447-452. 

Peng, X.; Manna, U.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A. 
P., "Shape control of CdSe nanocrystals," Nature (2000), 404(6773), 59-61. 

Peng, X.; Manna, U.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; Allvisatos, A. 
P., "Shape control of CdSe nanocrystals," Nature (2000), 404(6773), 59-61. 

Peng, X.; Wickham, J.; Alivisatos, A. P., "Kinetics of II-VI and III-V Colloidal 
Semiconductor Nanocrystal Growth: "Focusing" of Size Distributions," J. Am. 
Chem. Soc. (1998), 120(21), 5343-5344. 

Peng, Z. A.; Peng, X., "Formation of high-quality CdTe, CdSe, and CdS nanocrystals 
using CdO as precursor," J. Am. Chem. Soc. (2001), 123(1), 183-184. 

Peng, Z. A.; Peng, X., "Mechanisms of the Shape Evolution of CdSe Nanocrystals," J. 
Am. Chem. Soc. (2001), 123(7), 1389-1395. 

Perry, R. H.; Green, D. W., Perry's Chemical Engineers' Handbook. 7th ed.; 1998. 



 207

Pich, J.; Friedlander, S. K.; Lai, F. S., "The Self-Preserving Particle Size Distribution for 
Coagulation by Brownian Motion. III.," Aerosol Sci. (1970), 1, 115-126. 

Pickering, S. U., "Emulsions," J. Chem. Soc. (1908), 91, 92, 2001-21. 

Pitois, O.; Francois, B., "Crystallization of condensation droplets on a liquid surface," 
Coll. Polymer Sci. (1999), 277(6), 574-578. 

Pitois, O.; Francois, B., "Formation of ordered micro-porous membranes," Eur. Phys. J. 
B (1999), 8(2), 225-231. 

Pontoni, D.; Narayanan, T.; Petit, J. M.; Grubel, G.; Beysens, D., "Microstructure and 
dynamics near an attractive colloidal glass transition," Phys. Rev. Lett. (2003), 
90(18), 188301/1-188301/4. 

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 
(2002), 18(20), 7515-7520. 

Prasad, B. L. V.; Stoeva, S. I.; Sorensen, C. M.; Klabunde, K. J., "Digestive-Ripening 
Agents for Gold Nanoparticles: Alternatives to Thiols," Chem. Mater. (2003), 
15(4), 935-942. 

Psathas, P. Relationship between interfacial properties and formation of microemulsions 
and emulsions of water and supercritical carbon dioxide. Ph.D. thesis, The 
University of Texas at Austin, Austin, Texas, USA, 2001. 

Puntes, V. F.; Zanchet, D.; Erdonmez, C. K.; Alivisatos, A. P., "Synthesis of hcp. Co 
nanodisks," J. Am. Chem. Soc. (2002), 124(43), 12874-12880. 

Pusey, P. N.; Van Megen, W., "Phase behavior of concentrated suspensions of nearly 
hard colloidal spheres," Nature (1986), 320(6060), 340-2. 

Pusey, P. N.; Van Megen, W.; Bartlett, P.; Ackerson, B. J.; Rarity, J. G.; Underwood, S. 
M., "Structure of crystals of hard colloidal spheres," Phys. Rev. Lett. (1989), 
63(25), 2753-6. 

Qian, C.; Kim, F.; Ma, L.; Tsui, F.; Yang, P.; Liu, J., "Solution-Phase Synthesis of 
Single-Crystalline Iron Phosphide Nanorods/Nanowires," J. Am. Chem. Soc. 
(2004), 126(4), 1195-1198. 

Rabani, E.; Egorov, S. A., "Interactions between passivated nanoparticles in solutions: 
Beyond the continuum model.," J. Chem. Phys. (2001), 115(8), 3437-3440. 

Rabani, E.; Egorov, S. A., "Integral Equation Theory for the Interactions between 
Passivated Nanocrystals in Supercritical Fluids: Solvophobic and Solvophilic 
Cases," J. Phys. Chem. B (2002), 106(26), 6771-6778. 



 208

Rabani, E.; Egorov, S. A., "Solvophobic and Solvophilic Effects on the Potential of Mean 
Force between Two Nanoparticles in Binary Mixtures.," Nano Letters (2002), 
2(1), 69-72. 

Rabani, E.; Reichman, D. R.; Geissler, P. L.; Brus, L. E., "Drying-mediated self-
assembly of nanoparticles," Nature (2003), 426(6964), 271-274. 

Rabideau, B. D.; Bonnecaze, R. T., "Computational Study of the Self-Organization of 
Bidisperse Nanoparticles," Langmuir (2004), 20(21), 9408-9414. 

Rayleigh, L., Nature (1911), 86, 416. 

Rayleigh, L., "Breath Figures," Nature (1912), 90(2251), 436-438. 

Redl, F. X.; Cho, K. S.; Murray, C. B.; O'Brien, S., "Three-dimensional binary 
superlattices of magnetic nanocrystals and semiconductor quantum dots," Nature 
(2003), 423(6943), 968-971. 

Reiss, H., "The growth of uniform colloidal dispersions," J. Chem. Phys. (1951), 19, 482-
7. 

Romero-Cano, M. S.; Puertas, A. M.; de las Nieves, F. J., "Colloidal aggregation under 
steric interactions: Simulation and experiments," J. Chem. Phys. (2000), 112(19), 
8654-8659. 

Saunders, A. E.; Korgel, B. A., "Observation of an AB Phase in Bidisperse Nanocrystal 
Superlattices," ChemPhysChem (2005), 6(1), 61-65. 

Saunders, A. E.; Shah, P. S.; Sigman, M. B., Jr.; Hanrath, T.; Hwang, H. S.; Lim, K. T.; 
Johnston, K. P.; Korgel, B. A., "Inverse Opal Nanocrystal Superlattice Films," 
Nano Letters (2004), 4(10), 1943-1948. 

Saunders, A. E.; Sigman, M. B., Jr.; Korgel, B. A., "Growth Kinetics and Metastability of 
Monodisperse Tetraoctylammonium Bromide Capped Gold Nanocrystals," J. 
Phys. Chem. B (2004), 108(1), 193-199. 

Shabaev, A.; Efros, A. L., "1D Exciton Spectroscopy of Semiconductor Nanorods," Nano 
Letters (2004), 4(10), 1821-1825. 

Shah, P. S.; Holmes, J. D.; Doty, R. C.; Johnston, K. P.; Korgel, B. A., "Steric 
Stabilization of Nanocrystals in Supercritical CO2 Using Fluorinated Ligands.," J. 
Am. Chem. Soc. (2000), 122(17), 4245-4246. 

Shah, P. S.; Holmes, J. D.; Johnston, K. P.; Korgel, B. A., "Size-Selective Dispersion of 
Dodecanethiol-Coated Nanocrystals in Liquid and Supercritical Ethane by 
Density Tuning," J. Phys. Chem. B (2002), 106(10), 2545-2551. 



 209

Shah, P. S.; Husain, S.; Johnston, K. P.; Korgel, B. A., "Role of Steric Stabilization on 
the Arrested Growth of Silver Nanocrystals in Supercritical Carbon Dioxide," J. 
Phys. Chem. B (2002), 106(47), 12178-12185. 

Shah, P. S.; Novick, B. J.; Hwang, H. S.; Lim, K. T.; Carbonell, R. G.; Johnston, K. P.; 
Korgel, B. A., "Kinetics of Nonequilibrium Nanocrystal Monolayer Formation: 
Deposition from Liquid Carbon Dioxide," Nano Letters (2003), 3(12), 1671-1675. 

Shah, P. S.; Sigman, M. B., Jr.; Stowell, C. A.; Lim, K. T.; Johnston, K. P.; Korgel, B. 
A., "Single-step self-organization of ordered macroporous nanocrystal thin films," 
Adv. Mater. (2003), 15(12), 971-974. 

Sharma, R. V.; Sharma, K. C., "The structure factor and the transport properties of dense 
fluids having molecules with square well potential, a possible generalization," 
Physica A (1977), 89A(1), 213-18. 

Shenhar, R.; Rotello, V. M., "Nanoparticles: Scaffolds and Building Blocks," Acc. Chem. 
Res. (2003), 36(7), 549-561. 

Shevchenko, E.; Talapin, D.; Kornowski, A.; Wiekhorst, F.; Kotzler, J.; Haase, M.; 
Rogach, A.; Weller, H., "Colloidal crystals of monodisperse FePt nanoparticles 
grown by a three-layer technique of controlled oversaturation," Adv. Mater. 
(2002), 14(4), 287-290. 

Shevchenko, E. V.; Talapin, D. V.; O'Brien, S.; Murray, C. B., "Polymorphism in AB13 
Nanoparticle Superlattices: An Example of Semiconductor-Metal Metamaterials," 
J. Am. Chem. Soc. (2005), 127(24), 8741-8747. 

Shevchenko, E. V.; Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller, H., 
"Colloidal synthesis and self-assembly of CoPt3 nanocrystals," J. Am. Chem. Soc. 
(2002), 124(38), 11480-11485. 

Shi, C.; Li, J.; Beckman, E. J.; Enick, R. M., "The recovery of fine gold particles from a 
slurry of minerals using liquid carbon dioxide," J. Supercrit. Fluids (2000), 17(1), 
81-90. 

Shinto, H.; Miyahara, M.; Higashitani, K., "Evaluation of interaction forces between 
macroparticles in simple fluids by molecular dynamics simulation," J. Coll. 
Interface Sci. (1999), 209(1), 79-85. 

Sigman, M. B., Jr.; Ghezelbash, A.; Hanrath, T.; Saunders, A. E.; Lee, F.; Korgel, B. A., 
"Solventless Synthesis of Monodisperse Cu2S Nanorods, Nanodisks, and 
Nanoplatelets," J. Am. Chem. Soc. (2003), 125(51), 16050-16057. 

Sigman, M. B., Jr.; Korgel, B. A., "Solventless Synthesis of Bi2S3 (Bismuthinite) 
Nanorods, Nanowires, and Nanofabric," Chem. Mater. (2005), 17(7), 1655-1660. 



 210

Sigman, M. B., Jr.; Saunders, A. E.; Korgel, B. A., "Metal Nanocrystal Superlattice 
Nucleation and Growth," Langmuir (2004), 20(3), 978-983. 

Sigsbee, R. A., Vapor to Condensed-Phase Heterogeneous Nucleation. In Nucleation, 
Zettlemoyer, A. C., Ed. Marcel Dekker, Inc.: New York, 1969; pp 151-224. 

Sirard, S. M.; Gupta, R. R.; Russell, T. P.; Watkins, J. J.; Green, P. F.; Johnston, K. P., 
"Structure of End-Grafted Polymer Brushes in Liquid and Supercritical Carbon 
Dioxide: A Neutron Reflectivity Study," Macromolecules (2003), 36(9), 3365-
3373. 

Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. P., "Cation Exchange Reactions in 
Ionic Nanocrystals," Science (2004), 306(5698), 1009-1012. 

Song, L.; Bly, R. K.; Wilson, J. N.; Bakbak, S.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. 
F., "Facile microstructuring of organic semiconducting polymers by the breath 
figure method: Hexagonally ordered bubble arrays in rigid-rod polymers," Adv. 
Mater. (2004), 16(2), 115-118. 

Soper, A. K., "Maximum entropy methods in neutron scattering: application to the 
structure factor problem in disordered materials," Institute of Physics Conference 
Series (1989), 97(Adv. Neutron Sources 1988), 711-20. 

Srinivasarao, M.; Collings, D.; Philips, A.; Patel, S., "Three-dimensionally ordered array 
of air bubbles in a polymer film," Science (2001), 292(5514), 79-83. 

Steigerwald, M. L.; Brus, L. E., "Semiconductor crystallites: a class of large molecules," 
Acc. Chem. Res. (1990), 23(6), 183-8. 

Steiner, D.; Katz, D.; Millo, O.; Aharoni, A.; Kan, S.; Mokari, T.; Banin, U., "Zero-
Dimensional and Quasi One-Dimensional Effects in Semiconductor Nanorods," 
Nano Letters (2004), 4(6), 1073-1077. 

Steiner, D.; Mokari, T.; Banin, U.; Millo, O., "Electronic Structure of Metal-
Semiconductor Nanojunctions in Gold CdSe Nanodumbbells," Phys. Rev. Lett. 
(2005), 95(5), 056805/1-056805/4. 

Steyer, A.; Guenoun, P.; Beysens, D., "Hexatic and fat-fractal structures for water 
droplets condensing on oil," Phys. Rev. E (1993), 48(1), 428-31. 

Steyer, A.; Guenoun, P.; Beysens, D.; Knobler, C. M., "Two-dimensional ordering during 
droplet growth on a liquid surface," Phys. Rev. B (1990), 42(1), 1086-1089. 

Stoeva, S. I.; Prasad, B. L. V.; Uma, S.; Stoimenov, P. K.; Zaikovski, V.; Sorensen, C. 
M.; Klabunde, K. J., "Face-Centered Cubic and Hexagonal Closed-Packed 
Nanocrystal Superlattices of Gold Nanoparticles Prepared by Different Methods," 
J. Phys. Chem. B (2003), 107(30), 7441-7448. 



 211

Stowell, C.; Korgel, B. A., "Self-Assembled Honeycomb Networks of Gold 
Nanocrystals," Nano Letters (2001), 1(11), 595-600. 

Striolo, A.; Ward, J.; Prausnitz, J. M.; Parak, W. J.; Zanchet, D.; Gerion, D.; Milliron, D.; 
Alivisatos, A. P., "Molecular Weight, Osmotic Second Virial Coefficient, and 
Extinction Coefficient of Colloidal CdSe Nanocrystals," J. Phys. Chem. B (2002), 
106(21), 5500-5505. 

Stucke, D. P.; Crespi, V. H., "Predictions of New Crystalline States for Assemblies of 
Nanoparticles: Perovskite Analogues and 3-D Arrays of Self-Assembled 
Nanowires," Nano Letters (2003), 3(9), 1183-1186. 

Sugimoto, T., "Preparation of monodispersed colloidal particles," Adv. Colloid Interface 
Sci. (1987), 28(1). 

Sugimoto, T., Fine Particles: Synthesis, Characterization, and Mechanisms of Growth. 
2000; Vol. 92. 

Talanquer, V.; Oxtoby, D. W., "Nucleation on a solid substrate: A density functional 
approach," J. Chem. Phys. (1996), 104(4), 1483-92. 

Talapin, D. V.; Koeppe, R.; Goetzinger, S.; Kornowski, A.; Lupton, J. M.; Rogach, A. L.; 
Benson, O.; Feldmann, J.; Weller, H., "Highly emissive colloidal CdSe/CdS 
heterostructures of mixed dimensionality," Nano Letters (2003), 3(12), 1677-
1681. 

Talapin, D. V.; Mekis, I.; Goetzinger, S.; Kornowski, A.; Benson, O.; Weller, H., 
"CdSe/CdS/ZnS and CdSe/ZnSe/ZnS Core-Shell-Shell Nanocrystals," J. Phys. 
Chem. B (2004), 108(49), 18826-18831. 

Talapin, D. V.; Shevchenko, E. V.; Kornowski, A.; Gaponik, N.; Haase, M.; Rogach, A. 
L.; Weller, H., "A new approach to crystallization of CdSe nanoparticles into 
ordered three-dimensional superlattices," Adv. Mater. (2001), 13(24), 1868-1871. 

Talapin, D. V.; Shevchenko, E. V.; Murray, C. B.; Kornowski, A.; Foerster, S.; Weller, 
H., "CdSe and CdSe/CdS Nanorod Solids," J. Am. Chem. Soc. (2004), 126(40), 
12984-12988. 

Tanaka, S.; Nishiyama, N.; Oku, Y.; Egashira, Y.; Ueyama, K., "Nano-Architectural 
Silica Thin Films with Two-Dimensionally Connected Cagelike Pores 
Synthesized from Vapor Phase," J. Am. Chem. Soc. (2004), 126(15), 4854-4858. 

Tang, Z.; Kotov, N. A.; Giersig, M., "Spontaneous organization of single CdTe 
nanoparticles into luminescent nanowires," Science (2002), 297(5579), 237-240. 



 212

Tang, Z.; Wang, Y.; Sun, K.; Kotov, N. A., "Spontaneous transformation of stabilizer-
depleted binary semiconductor nanoparticles into selenium and tellurium 
nanowires," Adv. Mater. (2005), 17(3), 358-363. 

Teranishi, T.; Hasegawa, S.; Shimizu, T.; Miyake, M., "Heat-induced size evolution of 
gold nanoparticles in the solid state," Adv. Mater. (2001), 13(22), 1699-1701. 

Thomas, K. G.; Zajicek, J.; Kamat, P. V., "Surface Binding Properties of 
Tetraoctylammonium Bromide-Capped Gold Nanoparticles," Langmuir (2002), 
18(9), 3722-3727. 

Trizac, E.; Eldridge, M. D.; Madden, P. A., "Stability of the AB crystal for asymmetric 
binary hard sphere mixtures," Molec. Phys. (1997), 90(4), 675-678. 

Tucker, S. C., "Solvent Density Inhomogeneities in Supercritical Fluids," Chem. Rev. 
(1999), 99(2), 391-418. 

Velev, O. D.; Lenhoff, A. M.; Kaler, E. W., "A class of microstructured particles through 
colloidal crystallization," Science (2000), 287(5461), 2240-2243. 

Velev, O. D.; Tessier, P. M.; Lenhoff, A. M.; Kaler, E. W., "Materials: A class of porous 
metallic nanostructures," Nature (1999), 401(6753), 548. 

Velikov, K. P.; Christova, C. G.; Dullens, R. P. A.; van Blaaderen, A., "Layer-by-layer 
growth of binary colloidal crystals," Science (2002), 296(5565), 106-109. 

Verwey, E. J. W.; Overbeek, J. T. G., Theory of the Stability of Lyophobic Colloids. 
Elsevier: Amsterdam, 1948; p 216 pp. 

Vincent, B.; Edwards, J.; Emmett, S.; Jones, A., "Depletion flocculation in dispersions of 
sterically-stabilized particles ("soft spheres")," Coll. Surf. (1986), 18(2-4), 261-81. 

Viovy, J. L.; Beysens, D.; Knobler, C. M., "Scaling description for the growth of 
condensation patterns on surfaces," Phys. Rev. A (1988), 37(12), 4965-70. 

Vlasov, Y. A.; Yao, N.; Norris, D. J., "Synthesis of photonic crystals for optical 
wavelengths from semiconductor quantum dots," Adv. Mater. (1999), 11(2), 165-
169. 

Vollet, D. R.; Donatti, D. A.; Ibanez Ruiz, A., "A SAXS study of kinetics of aggregation 
of TEOS-derived sonogels at different temperatures," J. Non-Cryst. Solids (2001), 
288(1-3), 81-87. 

West, J., L.; Halas, N., J., "Engineered nanomaterials for biophotonics applications: 
improving sensing, imaging, and therapeutics," Annu. Rev. Biomed. Eng. (2003), 
5, 285-92. FIELD Reference Number:15 FIELD Journal Code:100883581 FIELD 
Call Number:. 



 213

Whetten, R. L.; Gelbart, W. M., "Nanocrystal Microemulsions: Surfactant-Stabilized Size 
and Shape," J. Phys. Chem. (1994), 98(13), 3544-9. 

Whetten, R. L.; Shafigullin, M. N.; Khoury, J. T.; Schaaff, T. G.; Vezmar, I.; Alvarez, M. 
M.; Wilkinson, A., "Crystal Structures of Molecular Gold Nanocrystal Arrays," 
Acc. Chem. Res. (1999), 32(5), 397-406. 

Widawski, G.; Rawiso, M.; Francois, B., "Self-organized honeycomb morphology of 
star-polymer polystyrene films," Nature (1994), 369(6479), 387-9. 

Wijnhoven, J. E. G. J.; Vos, W. L., "Preparation of photonic crystals made of air spheres 
in Titania," Science (1998), 281(5378), 802-804. 

Witten, T. A., Jr.; Sander, L. M., "Diffusion-limited aggregation, a kinetic critical 
phenomenon," Phys. Rev. Lett. (1981), 47(19), 1400-3. 

Xu, Y.; Zhu, B.; Xu, Y., "A study on formation of regular honeycomb pattern in 
polysulfone film," Polymer (2005), 46(3), 713-717. 

Yang, P.; Deng, T.; Zhao, D.; Feng, P.; Pine, D.; Chmelka, B. F.; Whitesides, G. M.; 
Stucky, G. D., "Hierarchically ordered oxides," Science (1998), 282(5397), 2244-
2247. 

Yin, M.; Gu, Y.; Kuskovsky, I. L.; Andelman, T.; Zhu, Y.; Neumark, G. F.; O'Brien, S., 
"Zinc Oxide Quantum Rods," J. Am. Chem. Soc. (2004), 126(20), 6206-6207. 

Yu, H.; Buhro, W. E., "Solution-liquid-solid growth of soluble GaAs nanowires," Adv. 
Mater. (2003), 15(5), 416-419. 

Yu, H.; Chen, M.; Rice, P. M.; Wang, S. X.; White, R. L.; Sun, S., "Dumbbell-like 
Bifunctional Au-Fe3O4 Nanoparticles," Nano Letters (2005), 5(2), 379-382. 

Yu, H.; Gibbons, P. C.; Kelton, K. F.; Buhro, W. E., "Heterogeneous seeded growth. A 
potentially general synthesis of monodisperse metallic nanoparticles," J. Am. 
Chem. Soc. (2001), 123(37), 9198-9199. 

Yu, H.; Li, J.; Loomis, R. A.; Gibbons, P. C.; Wang, L.-W.; Buhro, W. E., "Cadmium 
selenide quantum wires and the transition from 3D to 2D confinement," J. Am. 
Chem. Soc. (2003), 125(52), 16168-16169. 

Yu, H.; Li, J.; Loomis, R. A.; Wang, L.-W.; Buhro, W. E., "Two- versus three-
dimensional quantum confinement in indium phosphide wires and dots," Nat. 
Mater. (2003), 2(8), 517-520. 

Zamora, P. C.; Zukoski, C. F., "Interactions and Phase Behavior of Nanosized Particles," 
Langmuir (1996), 12(15), 3541-3547. 



 214

Zeng, H.; Li, J.; Liu, J. P.; Wang Zhong, L.; Sun, S., "Exchange-coupled nanocomposite 
magnets by nanoparticle self-assembly," Nature (2002), 420(6914), 395-8. 

Zhao, H.; Beysens, D., "From Droplet Growth to Film Growth on a Heterogeneous 
Surface: Condensation Associated with a Wettability Gradient," Langmuir (1995), 
11(2), 627-34. 

Zhao, X.; Cai, Q.; Shi, G.; Shi, Y.; Chen, G., "Formation of ordered microporous films 
with water as templates from poly(D,L-lactic-co-glycolic acid) solution," J. Appl. 
Polym. Sci. (2003), 90(7), 1846-1850. 

Zhong, C.-J.; Maye, M. M., "Core-shell assembled nanoparticles as catalysts," Adv. 
Mater. (2001), 13(19), 1507-1511. 

Zhu, J.; Li, M.; Rogers, R.; Meyer, W.; Ottewill, R. H.; Russel, W. B.; Chaikin, P. M., 
"Crystallization of hard-sphere colloids in microgravity," Nature (1997), 
387(6636), 883-885. 

Zimm, B. H., "Apparatus and methods for measurment and interpretation of the angular 
variation of light scattering; preliminary results on polystyrene solutions," J. 
Chem. Phys. (1948), 16, 1099-1116. 

Zimm, B. H., "The scattering of light and the radial distribution function of high-polymer 
solutions," J. Chem. Phys. (1948), 16, 1093-9. 

  



 215

Vita 

 

Aaron Edward Saunders was born in Madison, Wisconsin, on January 21, 1979, 

to Edward and Jeanne Saunders.  After graduating from Dowling High School in West 

Des Moines, Iowa, in 1997, he entered Iowa State University in Ames, Iowa.  Aaron 

graduated with distinction and with Honors in May of 2001, with a Bachelor of Science 

in Chemical Engineering.  He entered graduate school in August of 2001 at the 

University of Texas at Austin in the Department of Chemical Engineering.  Aaron 

obtained his Ph.D. studying nanocrystal synthesis, interactions and assembly, under the 

supervision of Prof. Brian A. Korgel. 

 

 

 

Permanent address:  660 Avalon Place, Coralville, Iowa 52241 

This dissertation was typed by the author. 

 

 
 

 

 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


