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Supercritical and compressed solvents provide a unique medium for 

nanocrystal synthesis and assembly as their tunable solvation strength and favorable 

wetting characteristics have the potential to overcome current processing limitations.  

Here we examine nanocrystal dispersibility, separation, synthesis and organization 

with compressed solvents.  Gold and silver nanocrystals were dispersed in carbon 

dioxide and ethane by using the appropriate capping ligands.  Larger nanocrystals, 

which exhibit stronger core attractions, required better solvent conditions (higher 

densities) than smaller nanocrystals in order to form a dispersion.  Lowering the 

solvent density precipitated the largest nanocrystals demonstrating density tunable 

colloidal separations in supercritical fluids.  Silver, iridium and platinum nanocrystals 

were synthesized in supercritical CO2 by reducing a miscible organometallic 

precursor.  By reducing the precursor in the presence of a thiol, particle growth was 

quenched and the nanocrystals could be collected, cleaned and redispersed in 

compatible solvents.  Tuning solvent density and ligand type allowed the nanocrystal 

growth mechanism to be controlled from a mix of coagulation and condensation at 

conditions of strong steric stabilization, leading to small monodisperse particles, to 

coagulation at poor stabilization conditions, leading to large polydisperse particles. 
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Superlattice formation was examined by assembling gold nanocrystals from 

liquid carbon dioxide.  The resulting structures varied from disorganized liquids at 

fast evaporation rates to hexatic states with highly ordered regions at slower 

evaporation rates.  Comparison with a computer simulated reference state showed that 

the crystallization kinetics were slower than diffusion limited, likely due to ensemble 

rearrangement during the late stages of assembly.  Finally, gold and indium 

manganese arsenide nanocrystal dispersions were drop-cast from volatile solvents 

under humid conditions to form macroporous nanocrystal thin films.  The porous 

structures were templated by condensed water droplets as a result of solvent 

evaporation.  Prevention of droplet coalescence by interfacially active nanocrystals, 

which adsorbed onto the surface of the droplets, led to the formation of highly 

ordered pore structures.     
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Chapter 1 

 

Introduction 

 
 

 

Nanocrystals, 20–100 Å in diameter, exhibit unique size-dependent optical, 

catalytic, magnetic, and electronic properties compared to their bulk counterparts and 

could enhance a variety of technologies1-3.  However, the ability to impact these 

technologies requires control over nanocrystal size and spatial orientation as both can 

impact the material properties.  Overcoming these limitations requires improvements 

in synthetic methods as well as separations and assembly techniques.  Although 

significant strides have been made in these areas, processing challenges still remain 

and the area of nanocrystal synthesis and assembly are still under development.  

Supercritical fluids (SCF) offer potential advantages over conventional solvents for 

nanocrystal processing as they exhibit characteristics of both liquids and gases, with 

sufficient densities (and thus solvent strengths) required for ligand solvation, but with 

much lower viscosities and higher diffusivities4.  SCF density, which is a measure of 

its solvation power, can be altered through modest changes in pressure and 

temperature5,6.  Compressed solvents also offer unique interfacial properties which 

can enhance particle assembly.  However, due to dispersibility challenges, few 

examples of nanocrystal systems in SCFs exist and a better fundamental 

understanding of the possibilities and limitations is needed.   

 

1.1 Nanocrystal Motivation 

As the dimensional restrictions for current devices shrink, the possibility of 

utilizing nanocrystalline materials as “building blocks” continues to increase.  At 

adequately small dimensions, the physical properties of the material start to deviate 
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from the bulk and can lead to size-dependent optical, electronic and magnetic 

properties1-3.  For example, decreasing the size of semiconductor nanocrystals leads 

to an increase in the band gap energy, resulting in size dependent photoluminescence 

as seen for CdSe1,2, CdS1,2 and silicon7.  In addition, the behavior of assemblies of 

nanocrystals depends on both the nanocrystal size and coupling between particles.  

The degree of ordering8 and the particle separation distance9 can cause silver 

nanocrystal assemblies to go from insulating to metallic in behavior.   

The ability to collect, separate and deposit nanocrystals after synthesis is 

essential to effectively utilize their size-dependent properties.  To realize these 

capabilities, nanocrystals rely on a passivating layer of organic ligands bound to the 

surface, shown in Figure 1.1.  These nanocrystals can be thought of as classical 

colloids, only the size is considerably smaller.  Tightly binding ligand head groups 

allow adequate ligand adsorption and thereby quench the growth10,11.  The ligand tail 

acts as a steric stabilizer, allowing dispersibility when the tail is well solvated.  

Typical nanocrystals use short alkane tails (octane, dodecane) which allow 

dispersibility in organic solvents such as hexane or chloroform2,3.  The addition of 

polar solvents such as ethanol, which are not compatible with the alkane tails, leads to 

a loss in nanocrystal dispersibility.  By using ethanol as an anti-solvent, alkane 

stabilized nanocrystals can be size separated into monodisperse samples, capable of 

forming close packed structures3,12. 

An area of continued interest is the synthesis of crystalline particles in the 

required nanometer size range.  The most popular method to synthesize metal 

nanocrystals is a two phase arrested precipitation developed by Brust et al2, which 

relies on alkanethiol based ligands to passivate the particle surface during growth.  

The strength of this method is that highly crystalline particles of both gold and silver 

can be synthesized with relative ease (see Figure 1.2)2,12,13.  However, typical 

synthesis leads to polydisperse nanocrystal samples and post-synthetic separations are 

required to meet the requirements of the most demanding applications3.  Although the 

use of a miscible anti-solvent is the most popular separation technique, more exotic 
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Figure 1.1 

Schematic of silver nanocrystal with bound layer of perfluorodecanethiol ligands. 
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Figure 1.2 

Representative transmission electron micrograph (TEM) of polydisperse gold 

nanocrystals. 
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methods such as heat induced particle annealing14 and size exclusion 

chromatography15 are continually being explored.  

In addition to synthesis and separations, the effective usage of nanocrystals 

requires particle assembly.  The formation of useful macroscopic structures out of 

nanocrystals is of significant interest, the most common being ordered assemblies 

(superlattices).  Superlattice formation can be achieved either through drop-casting 

monodisperse nanocrystals onto a substrate12,16 or by using Langmuir-Blodgett 

troughs9.  The critical requirement for achieving long-range order is using 

monodisperse nanocrystals, anything greater than ~10% polydispersity will not form 

a close packed structure12.  In addition to superlattices, more complex structures are 

also of interest for catalytic and optical applications.  For example, organized 

hexagons made of nanocrystals can be formed due to Marangoni instabilities in 

evaporating dispersions17,18.  Nanocrystals are also being incorporated into colloidal 

crystal templates to synthesize photonic materials19,20. 

 

1.2 Supercritical Fluid Properties 

A supercritical fluid (SCF) is defined as a substance above its critical 

temperature (Tc) and pressure (Pc).  As seen in Figure 1.3, the critical point 

determines the end of the vapor-liquid coexistence curve, and beyond this point only 

a single phase fluid exists.  One of the potential advantages of using SCFs is that they 

exhibit characteristics of both liquids and gases.  In the supercritical region, the 

physical properties of the fluid can be controlled explicitly through modest changes in 

pressure and temperature4.  Shown in Figure 1.4 is CO2 density as a function of 

pressure at various temperatures.  Above the critical point, the density follows a 

smooth transition from vapor-like to liquid-like conditions.  Solvent densities, which 

relate to solvent strength, can mimic those of conventional liquid solvents while the 

viscosity and diffusivity remain intermediate to liquids and vapors5,6.  The 

intermediate transport properties of SCFs allow for faster diffusion-limited reactions. 
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Figure 1.3 

Schematic pressure-temperature phase diagram showing the triple point, critical point 

and the supercritical region (SCF). 
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Figure 1.4 

CO2 density as a function of pressure at various temperatures.  The critical 

temperature and pressure of CO2 are 31°C and 71 bar respectively. 
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Additionally, the tunable solvation strength allows for novel extractions and 

separations, including colloidal separations21 as shown in this thesis.  Since SCFs are 

single phase fluids, the liquid-vapor interface does not exist, thereby eliminating 

surface tension driven Laplace pressures and wettability limitations.  Even sub-

critical fluids like liquid CO2 can have interfacial tensions that are much lower than 

conventional solvents making them very well suited for deposition.  The ability to 

have such fine tuned control of the physical properties make SCFs an intriguing 

solvent choice for chemical reactions and processes.   

However, significant challenges remain in using SCFs in place of 

conventional solvents.  Solubility in conventional solvents follows upper critical 

solution temperatures (UCST), where phase separation is enthalpically driven and 

increasing the temperature enhances solubility.  However, SCFs typically exhibit 

lower critical solution temperatures (LCST).  Differences in compressibility between 

the solute and the solvent lead to an entropically driven phase separation and 

increasing the temperature can lower solubility22.  This is overcome by pressurizing 

the solvent to increase solvent density, thereby reducing the difference in 

compressibility.  To simplify analysis, solubility in SCFs is thought of in terms of an 

upper critical solution density (UCSD), where increasing the solvent density increases 

solubility23. 

 

1.2.1 Supercritical Carbon Dioxide 

Compared to other SCFs, carbon dioxide (CO2) offers a variety of attractive 

features. CO2 is non-flammable, essentially non-toxic and environmentally benign, 

and its low critical temperature and pressure of 31°C and 71 bar, are easily accessible.  

However, CO2 offers significant challenges as a solvent.  CO2 has a low polarizability 

per volume (and refractive index) resulting in far weaker van der Waals forces than 

those of hydrocarbon solvents, making it more like a fluorocarbon21,23-26.  Because of 

this, most non-volatile compounds are insoluble in CO2.  Due to the lack of soluble 

compounds, the focus has turned to using polymeric stabilizers to disperse 
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compounds of interest in colloidal form.  The key to stabilizing CO2-based colloidal 

dispersions of organic27 and inorganic28 solids, and water-in-CO2 emulsions29 and 

microemulsions30, has been the design of surfactants with suitable "CO2-philic" 

molecular groups to provide the steric barrier to aggregation.  Polymers made up of 

fluoroethers, fluoroacrylates, siloxanes and branched hydrocarbons have proven to be 

the most soluble as their weak van der Waals forces are consistent with those of 

CO2
23. 

Recently, a significant focus has turned to the synthesis and processing of 

nanocrystals in SCFs.  Silver31 and cadmium sulfide32 nanocrystals were synthesized 

in water-in-CO2 microemulsions.  Additionally, copper nanocrystals were synthesized 

in water-in-ethane microemulsions33.  In these systems, it can be challenging to 

recover the particles from the microemulsions without irreversible aggregation 

because the surfactant is not chemically bound to the nanocrystal surface.  Methods 

involving rapid expansion of a supercritical solvent (RESS) have also been explored 

to produce nanocrystals34.  However, due to the unique challenges in dispersing 

colloids in SCFs, to date, very little work has been done involving sterically stabilized 

nanocrystal dispersions in SCFs. 

 

1.3 Colloid Dispersibility 

Since nanocrystals are sterically stabilized colloids, understanding colloid 

dispersibility is essential.  Colloidal dispersion stability is based on the balance 

between attractive and repulsive forces between particles35,36.  Attractive van der 

Waals interactions favor flocculation of the dispersion.  In high dielectric constant 

solvents, particles with excess surface charge exhibit electrostatic repulsions which 

prevent flocculation36.  However, in low dielectric constant solvents, such as CO2, 

electrostatic stabilization is ineffective, and a different stabilization mechanism is 

needed.  In such cases, long chain molecules, such as polymers, can be adsorbed to 

the particle surface to provide a steric barrier to aggregation35,36.  As shown 
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schematically in Figure 1.5, in good solvents the highly extended steric barrier 

provides a strong repulsion, preventing flocculation.  However, the steric repulsion is 

solvent quality dependent, and lowering solvent quality causes the repulsion to 

become ineffective35,37, allowing for particle flocculation. 

 

1.3.1 van der Waals Attraction 

The van der Waals interactions between colloids are the macroscopic result of 

dipole induced dipole interactions and dependent on the properties of both the 

particles and the dispersing medium36.  For like materials dispersed in a solvent the 

van der Waals forces are always attractive, and can be calculated as shown for two 

equally sized spheres36:   
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Here, R is the particle radius and d is the center-to-center separation distance.  The 

van der Waals attraction increases with increased particle size and decreases with 

increased separation distance.  However, the key parameter is the Hamaker constant, 

A131, which is the measure of the strength of attraction between the particles of 

substance 1 interacting across solvent of substance 3.  The Hamaker constant can be 

estimated using a simplification developed by Lifshitz36,38.   
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In this case, ε is the dielectric constant, n is the refractive index, h is Planck's 

constant, kb is Boltzmann’s constant, T is temperature and υe is the maximum 

electronic ultraviolet adsorption frequency, typically taken to be 3×1015 s-1.  Note that 

the density dependence of the refractive index and dielectric constant must be 

accounted for when using SCFs as the solvent.  
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Figure 1.5 

Schematic depiction of the transition from a good solvent (stable dispersion) to a poor 

solvent (unstable dispersion).  The loss of tail solvation leads to stabilizer collapse 

and flocculation of the colloids. 
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1.3.2 Steric Repulsion 

Countering the van der Waals attraction is a steric repulsion associated with 

adsorbed polymer layers, or in the case of nanocrystals, stabilizing ligands.  The steric 

repulsion consists of an osmotic (Φosm) and an elastic (Φelas) contribution.  The 

solvent quality dependence of the steric repulsion can be found in the osmotic term, 

which is a result of the energetic balance between solvent-tail and tail-tail 

interactions.  The form of the osmotic repulsion can be split into two parts, depending 

on the interparticle separation distance37,39.   
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In this case, νsolv is the molecular volume of the solvent, φ is the volume fraction 

profile of the stabilizer extending from the particle surface.  The solvent condition χ 

and tail length l largely control the strength of the repulsion.  A discussion about 

determining the solvent condition (χ) is given later.   

In addition to the osmotic repulsion, at short separation distances, there is an 

additional elastic repulsion, Φelas, which originates from the entropy loss that occurs 

upon compression of the stabilizing polymers.  This repulsion is solvent quality 

independent, and only important at interparticle separations in the range, 

lRd <− 2 37,39: 
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Here, ρ and MW2 represent the ligand density and molecular weight.  Typically, 

dispersion stability is controlled by the osmotic term since it becomes effective at the 
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onset of stabilizer overlap ( lRd 22 <− ) and the elastic term does not contribute 

significantly until the compression of the stabilizers ( lRd <− 2 ). 

 

1.3.3 Flocculation and Stability 

Colloidal dispersibility is based on a balance between the van der Waals 

attraction and the steric repulsion provided by the adsorbed stabilizer.  Dispersion 

stability can be determined by considering the overall particle interaction, 

elasosmvdWtotal Φ+Φ+Φ=Φ , as shown in Figure 1.6.  Typically, an attractive well 

lower than -3/2 kbT is considered an unstable dispersion and flocculation will occur.  

The challenge in nanocrystal systems, especially in SCFs is maintaining adequate 

ligand solvation to retain a strong steric repulsion. 

 

1.3.4 Solvent Condition 

As seen in Eqns. (1.3) and (1.4), the solvent condition, represented by χ, is 

critical to the stability of a colloidal dispersion.  For conventional solvents and 

polymers, χ represents the interaction parameter between the polymer segments and 

the solvent.  The condition χ = ½ represents the boundary between a good solvent (χ 

< ½) and poor solvent (χ > ½).  The solvent condition can be related to the 

Hildebrand solubility parameters or the cohesive energy density of the polymer 

segments and the solvent40.  For conventional UCST systems, where solubility is 

enthalpically controlled, this is an effective way to measure the energetic mismatch 

between the solvent and the stabilizer.  However, since SCFs exhibit LCSTs simply 

determining the solubility parameter can be an ineffective measure of the solvent 

strength because the mismatch in compressibility is ignored.  Additionally, it has been 

predicted that up to 20% of the CO2 solubility parameter is due to its quadrupole 

moment, making it a much weaker solvent than the solubility parameter would 

predict23.  Although, sophisticated models exist to calculate effective χ parameters, 

the determination of good solvent conditions for SCFs is still a challenge.   
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Figure 1.6 

Total interparticle interaction (Φtotal) for silver nanocrystals (90 Å diameter) in 

supercritical ethane (276 bar and 35°C).  The effect of the van der Waals attraction 

(ΦvdW), elastic repulsion (Φelas) and osmotic repulsion (Φosm) on the total interaction 

energy (in bold) are shown. 
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1.4 Objectives 

The objective of this thesis is to achieve stabilization, synthesis and assembly 

of nanocrystals in supercritical fluids, with an emphasis on CO2.  The initial focus is 

on studying temperature and pressure dependent steric stabilization of nanocrystals in 

compressible solvents (CO2 and ethane).  Since the density of the solvent will dictate 

ligand-solvent interactions, understanding conditions for stabilization with respect to 

ligand chemistry is a high priority.  To accomplish this, new ligands with unique 

structures, branched hydrocarbons and fluorinated thiols, are explored for CO2 

compatibility.  This knowledge is then applied to nanocrystal synthesis and assembly.  

Synthesis of nanocrystals in CO2 is explored with an emphasis on developing robust 

particles adequately protected from uncontrolled growth.  By using the ligands from 

the stabilization studies, nanocrystals are synthesized which can be collected and 

redispersed without loss in quality.  Additionally, the effect of interparticle 

interactions, specifically steric repulsion, on the growth mechanism is studied by 

varying solvent condition.  Using the highly CO2-philic ligands, nanocrystals 

dispersible in liquid CO2 at the vapor pressure are deposited onto substrates by 

evaporation of the solvent.  The degree of ordering is found to be dependent on the 

evaporation rate, with liquid to hexatic transitions possible.  Finally, CO2-dispersible 

nanocrystals are drop-cast from Freon 113 to form macroporous ordered thin films 

templated by condensed water drops.  The unique fluorinated ligand architecture 

results in interfacially active nanocrystals which allow water droplet ordering by 

preventing coalescence.   

 

1.5 Dissertation Outline 

Chapter 2 represents the first example of sterically stabilized nanocrystals in 

pure CO2.  Since typical alkanethiol capped nanocrystals are not dispersible in sc-

CO2, novel perfluorodecanethiol capped silver nanocrystals were synthesized.  A 

single-phase arrested growth mechanism, based on the conventional Brust method, 
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was developed using acetone and water as the solvents.  In-situ UV/VIS absorbance 

measurements were taken to verify nanocrystal dispersibility in CO2 as well as polar 

solvents such as acetone.  The absorbance measurements indicated a reduced electron 

mean free path for the fluorinated thiol capped nanocrystals compared to their 

hydrocarbon capped analogues, likely due to the low dielectric coating.  The 

fundamentals of sterically stabilized nanocrystals developed in this chapter were later 

applied to issues of nanocrystal synthesis and self-assembly. 

Chapter 3 examines the effect of supercritical fluid density on the steric 

repulsion between silver and gold nanocrystals.  Dodecanethiol capped nanocrystals 

were dispersed in supercritical ethane at various temperatures and pressures.  

Nanocrystal dispersibility was verified using in-situ UV/VIS absorbance 

spectroscopy.  It was found that nanocrystal dispersibility increased with increasing 

ethane density and that temperature and pressure could both be used as tuning 

parameters.  Since the van der Waals attraction between the cores increases with size, 

better solvent conditions, higher ethane density, were needed to disperse the largest 

nanocrystals.  At lower ethane densities, the largest nanocrystals precipitated out of 

solution leaving the smaller ones dispersed, thus allowing size selectivity.   The 

strength of the dodecanethiol solvation was calculated in terms of the cohesive energy 

densities of ethane and dodecane.  It was found that calculated good and poor solvent 

regions matched well with the observed data.  The concept of density dependent steric 

repulsion was later applied to the synthesis of nanocrystals in supercritical CO2. 

In Chapter 4, the first synthesis of nanocrystals in a single supercritical CO2 

phase is presented.  Silver, iridium and platinum nanocrystals were synthesized using 

perfluorooctanethiol as the stabilizing ligand.  The reaction was an arrested 

precipitation which relied on the reduction of soluble organometallic precursors by 

hydrogen.  The reduction of the precursor, typically silver acetylacetonate, results in 

the supersaturation of silver atoms in solution.  The atoms nucleate and grow into 

crystalline particles until they are quenched by the fluorinated thiol, which strongly 

binds to the nanocrystal surface.  The effective capping of the thiol allowed for the 
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nanocrystals to be collected, cleaned and redispersed in compatible solvents after 

depressurization without any loss in particle quality.  At these conditions, it was 

found that nanocrystal growth occurs through coagulation, leading to relatively 

polydisperse final products.  Additionally, it was found that nanocrystal size could be 

controlled by the precursor concentration, with higher loadings leading to larger 

particle sizes.  Although the shorter perfluorooctanethiol ligand was capable of 

passivating the nanocrystals during the growth, dispersibility in CO2 was not possible 

as the tail was not long enough to overcome the significant van der Waals attractions. 

 Chapter 5 is a follow-up study to Chapter 4, in which the stabilizing ligand 

was changed to perfluorodecanethiol, used in Chapter 2.  In this case the ligand was 

capable of providing adequate steric stabilization at high solvent densities.  This 

allowed for a fundamental study of the effect of steric repulsion during nanocrystal 

growth.  The synthetic method used was the same as Chapter 4, relying on the 

reduction of silver acetylacetonate by hydrogen in the presence of the thiol.  

However, in this case, the nanocrystal size and growth mechanism were dependent on 

solvent condition.  At high solvent density, the nanocrystals were smaller and more 

monodisperse than the previous study.  Additionally, the effect of precursor 

concentration was no longer present.  However, at low solvent densities, conditions 

where adequate stabilization was not achieved, the nanocrystal size and 

polydispersity was increased, along with the precursor concentration becoming an 

important tuning variable.  It was found that the effect of coagulation on nanocrystal 

growth, which leads to larger and more polydisperse particles, could be weakened by 

increasing the steric repulsion between the cores. 

 Chapter 6 shows the first example of nanocrystal assembly from CO2.  Gold 

nanocrystals capped with fluorooctylmethacrylate based thiols were dispersed in 

liquid CO2 at the vapor pressure.  The nanocrystals were deposited onto TEM grids 

by solvent evaporation.  It was found that the by controlling the evaporation rate 

assembled structures could be varied from a highly disorganized liquid state to a 

hexatic state with regions of close packing.  The slower than diffusion limited kinetics 
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of superlattice formation required reasonably slow evaporation rates to achieve 

ordered films.  Using liquid CO2 for deposition limited thin film dewetting 

instabilities, even under fast evaporation conditions, leading to conformal disordered 

films.   

Chapter 7 examines the formation of ordered macroporous thin films of 

nanocrystals capped with trioctylphosphine or perfluoropolyether based thiols.  The 

films form by evaporation from volatile solvents, such as chloroform and Freon 113.  

The ordered structures are due to condensed water droplets which act as templates 

around which the nanocrystal film solidifies.  The key parameter to obtaining the 

ordered structures is prevention of coalescence between the templating water 

droplets, achieved in this case by the adsorption of interfacially active nanocrystals at 

the solvent-water interface.  The interfacial activity of the nanocrystals is dependent 

on the ligands used to passivate the surface.  In this case weakly bound surfactants are 

easily desorbed during the cleaning step leading to partially passivated nanocrystals 

with increased interfacial activity. 

The thesis conclusions along with future recommendations are presented in 

Chapter 8.  Supporting information for Chapter 5 is shown in Appendix A, while 

supplementary information for Chapter 7 is shown in Appendix B. Numerous 

specialty ligands were used to cap nanocrystals and test their dispersibility in sc-CO2.  

The results of those experiments are given in Appendix C.   
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Chapter 2 

 

Steric Stabilization of Nanocrystals in Supercritical CO2 Using 

Fluorinated Ligands  
 

 

 

A single-phase arrested growth method was developed to prepare 55 Å diameter 

silver nanocrystals capped with perfluorodecanethiol ligands.  The presence of the 

fluorinated ligand was verified with FTIR spectroscopy.  The fluorocarbon-coated 

nanocrystals disperse readily in carbon dioxide at pressures as low as 62 bar and 25°C 

and polar solvents such as acetone.  This is the first example of nanocrystals sterically 

stabilized in pure CO2.  Compared to hydrocarbon stabilized nanocrystals, 

nanocrystals coated with the fluorinated ligands exhibit a reduced electron mean free 

path as indicated by peak broadening in the absorbance spectra.  This broadening is 

most likely due to the low dielectric constant coating provided by the fluorinated 

ligand. 

Reproduced with permission from Shah, Parag S.; Holmes, Justin D.; Doty, R. 
Christopher; Johnston, Keith P.; Korgel, Brian A., J. Am. Chem. Soc., 2000, 122, 
4245-4246.  Copyright 2000 American Chemical Society. 
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2.1 Introduction 

Hydrocarbon monolayer-passivated silver nanocrystals consist of a metal core 

coated by an adsorbed layer of alkanethiol capping ligands, and can readily be 

dispersed in a variety of hydrocarbon solvents1-3.  Carbon dioxide has far weaker van 

der Waals forces than hydrocarbons as reflected in the low polarizability per volume 

and refractive index4-7.  The key to designing surfactants suitable for stabilizing 

water-in-CO2 microemulsions8,9 and for dispersions in CO2 of organic10 and 

inorganic11 solids has been to find a suitable "CO2-philic" molecular group that 

provides a steric barrier to aggregation.  To date, surfactants with fluorinated tails 

have proven to be the most effective stabilizers.  Nanocrystals were recently 

synthesized in water-in-CO2 microemulsions9,12.  Holmes et al. found the CdS 

particles were not redispersible in CO2 without water due to weak surfactant binding 

to the nanocrystal surface9.  Here, we report a new synthetic method to make robust 

fluorocarbon-coated nanocrystals that disperse in liquid and supercritical (sc) CO2.  

This is the first account of sterically stabilized nanocrystals in pure sc-CO2.  

Furthermore, these fluorinated ligands provide steric stabilization in acetone, a polar 

solvent with significantly different dielectric properties than sc-CO2.  

 

2.2 Experimental 

2.2.1 Synthesis 

Silver nanocrystals were synthesized at room temperature using a single-phase 

arrested growth method in a polar solvating medium.  A thiolated fluorocarbon 

molecule, 1H, 1H, 2H, 2H-Perfluorodecanethiol from Oakwood Products Inc., 

(C10H5F17S) was used as the stabilizing ligand.  Water was deionized before use.  

Initially, 36 mL of an aqueous silver ion solution (0.03 M AgNO3) was combined 

with 24.5 mL of an acetonic solution of phase transfer catalyst (0.20 M (C8H17)4NBr).  

After stirring the solution vigorously for one hour, 250 µL of perfluorodecanethiol 

was added and stirred for five minutes.  Thirty mL of an aqueous sodium borohydride 
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solution (0.44 M NaBH4) was then added.  After stirring overnight, the capped silver 

nanocrystals flocculated in the water/acetone solution.  The precipitate was isolated 

and re-dispersed in acetone.  The phase transfer catalyst was required in the synthesis 

to obtain nanocrystals that were redispersible.  Size selective precipitation using 

acetone/water as the solvent/non-solvent pair narrowed the particle size 

distribution2,13.   

 

2.2.2 Dispersibility 

The fluorinated thiol-capped silver nanocrystals could be re-dispersed in 

acetone and liquid and sc-CO2.  Dispersibility measurements in carbon dioxide were 

performed in a temperature-controlled stainless steel, high-pressure variable volume 

view cell equipped with sapphire windows in the front and on opposing sides.  CO2 

was used as received from Matheson Gas Products.  Nanocrystals were loaded into 

the cell by evaporating a drop of the particle suspension.  The cell was then sealed 

and filled with a known volume of CO2 using an ISCO Model 100DX computer 

controlled syringe pump and pressurized externally.  Particle dispersibility was 

verified when the CO2 inside the cell became yellow.  The fluorocarbon-coated 

particles dispersed in liquid CO2 at pressures as low as 62 bar and 25°C.  

 

2.3 Results and Discussion 

2.3.1 Transmission Electron Microscopy 

Figure 2.1 shows a typical transmission electron micrograph (TEM) of the 

fluorocarbon-coated silver nanocrystals on a carbon-coated copper TEM grid.  The 

average particle diameter is 55 Å.  The fluorocarbon coating prevents the silver 

surfaces from touching and maintains an edge-to-edge interparticle separation of 22 

Å.  This is significantly larger than what is found for decanethiol-coated silver 

nanocrystals (~12.5 Å)2, most likely due to the rigidity of self-assembled 

fluorocarbon monolayers (FSAMs)14.  The capping molecules cannot flex and bend as 
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Figure 2.1 

TEM image of silver nanocrystals coated with fluorinated ligands.  TEM images were 

obtained using a Phillips EM 208 transmission electron microscope with 4.5 Å point 

to point resolution operating with an 80 kV accelerating voltage. (dp ≈ 55 Å, δ ≈ 22 

Å) 
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effectively as the hydrocarbons to accommodate nanocrystal core packing in the 

monolayer2. 

 

2.3.2 Fourier Transform Infra-Red Spectroscopy 

Fourier Transform Infra-Red (FTIR) spectroscopy confirmed the presence of 

the fluorinated ligands on the particle surfaces (see Figure 2.2).  FTIR spectra were 

recorded using a Perkin Elmer Spectrum 2000 spectrometer at 20°C by depositing 

silver nanocrystals onto a ZnSe IR window.  Prior to performing these measurements, 

the samples were thoroughly washed to remove all unbound ligands.  The four peaks 

in the dodecanethiol capped nanocrystals correspond to the asymmetric and 

symmetric methylene stretching modes—νa(CH2) = 2928 cm-1 and νs(CH2) = 2855 

cm-1, respectively—and to the asymmetric in-plane and symmetric stretching modes 

of the terminal methyl groups—νa(CH3,ip) = 2954.5 cm-1 and νs(CH3,FR) = 2871 cm-

1, respectively15.  For the fluorinated thiol capped nanocrystals, the νs(CH3,FR) and 

the νa(CH3,ip) stretches are not present and other features appear, possibly as a result 

of the increased electronegativity near the neighboring C-H and C-F bonds of the –

(CH2)2(CF2)7CF3 group that could affect their vibrational motion.  The νs(CF3) 

stretches appear as expected in the range from 1300 cm-1 to 1500 cm-1 14.  The 

hydrocarbon ligands do not give rise to stretching frequencies in this range.   

 

2.3.3 Steric Stabilization 

The key to sterically stabilized systems is to have well-solvated ligand tails 

that extend out into the solvent and provide the necessary repulsive force to overcome 

the van der Waals attraction between the nanocrystals16-18.  The dispersibility of the 

partially fluorinated nanocrystals in polar solvents such as acetone and ethanol can be 

rationalized in terms of the large dipole moment of the CH2—CF2 group, which 

produces substantial dipole-dipole interactions with polar solvents leading to chain 

extension from the particle surfaces19.  In terms of dipole moment and refractive 
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Figure 2.2 

FTIR spectra of silver nanocrystals capped with (i) fluorinated ligands and (ii) 

dodecanethiol. 

Wavenumber (cm-1) 
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index, sc-CO2 is very different from acetone, yet the fluorocarbon-coated 

nanocrystals also dispersed in sc-CO2.  O’Neill et al. showed that polymer solubility 

in CO2 correlates with the surface tension of the polymer, γ, which is a measure of the 

cohesive energy density20.  Since hydrocarbon molecules, such as decane, dissolve in 

sc-CO2
21, one might expect that the hydrocarbon-coated nanocrystals would exhibit at 

least minimal dispersibility.  However, dodecanethiol-capped silver nanocrystals did 

not disperse in sc-CO2.  It was found that by adding hexane in significant quantities as 

a cosolvent to sc-CO2 (volume fractions greater than 50%) dodecanethiol-capped 

nanocrystals could be dispersed.  This finding is consistent with the expectation that 

the lower surface tension of perfluorodecane (14.0 mN/m) relative to dodecane (24.5 

mN/m) leads to much greater dispersibility of fluorocarbon-coated nanocrystals than 

hydrocarbon-coated nanocrystals in CO2.  The surface tension can be estimated using 
2
024/ πδγ A= , where δ0  is a "universal constant" determined to be 0.165 nm in Ref. 

[18] and A is the Hamaker constant in vacuum18.  A for silver in vacuum is 2.2 eV18.  

To calculate A131 for silver interacting across CO2, the relationship 

( )2

3311131 AAA −≈  was used18: A11 is silver in vacuum and A33 is CO2 in vacuum. 

 

2.3.4 UV/VIS Spectroscopy 

UV/VIS absorbance measurements of silver nanocrystals dispersed in sc-CO2 

were taken using the variable volume view cell setup described above.  The windows 

on the cell were made of sapphire with a path length of 3 cm, and all of the 

measurements were taken on a Beckman DU-40 UV-VIS Spectrophotometer.  The 

peak in the absorbance spectra (Figure 2.3) corresponds to the lowest order surface 

mode resulting from a plasma oscillation with uniform polarization across the volume 

of a nanocrystal22.  The resonant frequency of this oscillation, called the Fröhlich 

frequency ωF , depends on particle size, the dielectric properties of the surrounding 

medium, and the plasmon energy for silver, ωP .  In the limit of small particle size, 

ωF  relates to the optical dielectric constant of the surrounding medium (which is the 
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Figure 2.3 

UV-visible absorbance spectra of 55 Å diameter silver nanocrystals (i) coated with 

fluorinated ligands dispersed in acetone; (ii) coated with hydrocarbon ligands 

dispersed in hexane; (iii) coated with fluorinated ligands dispersed in sc-CO2. 
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refractive index squared), by the following equation: ωF
2 = ωP

2 1+ 2εm .  Based on 

the fact that εm (hexane)>εm (acetone)>εm (CO2), maxλ  is expected to be the lowest for 

CO2 suspensions, followed by acetone and then hexane.  However, maxλ  was largest 

for nanocrystals dispersed in sc-CO2.  This peak shift to longer wavelength is 

characteristic of an increase in particle size.  TEM measurements, however, showed 

that the primary nanocrystal size did not increase after suspension in sc-CO2.  

Reversible particle “sticking” resulting from slight interparticle attractions in sc-CO2 

most likely explains the increase in maxλ 2,22,23.  The absorbance peak for 

fluorocarbon-coated silver nanocrystals in acetone was significantly broader than the 

peak for similarly-sized hydrocarbon-coated nanocrystals in hexane.  Using the Drude 

free electron model as a guideline, the absorbance peak width for silver nanocrystals 

relates inversely to the free electron path length22.  This seems to indicate that the 

electronegative fluorocarbon coating decreases the electron mean free path in the 

silver nanocrystals.  

 

2.4 Conclusions 

In conclusion, fluorocarbon-coated nanocrystals disperse in CO2 at moderate 

temperatures and pressures, providing an environmentally benign medium for 

nanocrystal processing and synthesis.  The use of fluorinated ligands could prove to 

be important for memory storage applications, for example, where the low dielectric 

constant material helps to insulate active charge-storing device structures.  

Additionally, these fluorocarbon-coated nanocrystals might prove to be very useful 

for coatings applications due to their unique wettability.   
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Chapter 3 

 

Size-Selective Dispersion of Dodecanethiol Coated Nanocrystals in 

Liquid and Supercritical Ethane by Density Tuning 

 
 

 

Silver and gold nanocrystals, sterically stabilized with dodecanethiol ligands, were 

dispersed in supercritical ethane. Nanocrystal dispersibility was measured as a 

function of solvent density—with pressures and temperatures ranging from 138 to 

414 bar and 25°C to 65°C, respectively—using UV/visible absorbance spectroscopy 

and transmission electron microscopy (TEM).  Dispersibility depends strongly on the 

nanocrystal size and solvent density.  Higher density reduces the effective χ 

interaction parameter for dodecane in ethane, which leads directly to increased steric 

repulsion between nanocrystals.  Since the van der Waals attraction between the 

nanocrystal cores increases significantly with size, an increase in ethane density and 

thus solvent strength disperses larger nanocrystals with size selectivity. A reduction in 

ethane density precipitates the nanocrystals, again with size selectivity.   Furthermore, 

the ethane density could be cycled to reversibly precipitate and disperse sterically 

stabilized nanocrystals selectively.  Calculations of ligand tail solvation in terms of 

the cohesive energy densities of ethane and dodecane capture the essential physics of 

density tuning of the size of the dispersed nanocrystals.   

 

Reproduced with permission from Shah, Parag S.; Holmes, Justin D.; Johnston, 
Keith P.; Korgel, Brian A., J. Phys. Chem. B, 2002, 106, 2545-2551.  Copyright 
2002 American Chemical Society. 
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3.1 Introduction 

The manipulation of the density and thus the solvent strength of a supercritical 

fluid can be used to tune reaction and separation processes1, one example is the 

morphology control of silicon nanowires2.  A number of studies have shown that 

colloid steric stabilization in supercritical (SCFs) depends on solvent density3-7.  

However, little attention has been given to density tuning of colloidal stability for 

particle size control in supercritical fluids, e.g. for metal nanoparticles in 

microemulsions8, metal nanoparticles in CO2
9,  polymer latexes10,11 and water-in-

carbon dioxide microemulsions12.  The density of an SCF strongly influences the 

interactions between solvent molecules and the surfactant tails directly responsible for 

steric stabilization13-15, with higher densities leading to improved solvation and 

enhanced colloid stability.  For polymer latexes16 and water-in-CO2 microemulsions, 

a critical flocculation density has been identified, below which nearly all of the 

particles flocculate and settle.  Since the SCF density can be altered through modest 

pressure and temperature changes, SCFs should prove suitable for reversible and 

tunable stabilization and destabilization of colloidal dispersions. 

Organic ligand-coated nanocrystals, 20–100 Å in diameter, are an important 

class of colloids.  These particles exhibit a variety of size-dependent optical and 

electronic properties that could be used in future technologies including coating, 

environmental, chemical processing, medical, electronic, and sensing applications17-

19.  Post-synthesis separation methods generally have been necessary to isolate 

relatively size-monodisperse dispersions.  The most effective method to date has 

proven to be anti-solvent based size selective precipitation19.  For alkanethiol-capped 

nanocrystals, size selective precipitation relies on the addition of a miscible polar 

anti-solvent to nanocrystals dispersed in an organic solvent.  The anti-solvent 

decreases ligand solvation, which reduces steric stabilization.  Since the van der 

Waals attraction between nanocrystal cores increases with nanocrystal size, the 

largest nanocrystals flocculate and precipitate at lower solvent polarity than the 



 

35 

smallest nanocrystals.  By carefully adjusting the solvent polarity, nanocrystals with 

size distributions having standard deviations of ~±5% can be isolated19-21.  Reversible 

tuning of ligand solvation by varying the solvent/anti-solvent composition is 

challenging, however, with near-critical and supercritical fluids this can be achieved 

by varying the solvent density.   

Clarke et al. showed recently that dodecanethiol-coated gold nanocrystals, no 

larger than 17Ǻ in diameter, could be dispersed in supercritical (sc) ethane22.  

However, the ethane density for these experiments was relatively low at 170 bar and 

40°C and there was no attempt to increase the density through pressure or 

temperature changes to disperse larger gold nanocrystals.   

Here we demonstrate density-tunable size-dependent dispersibility of 

dodecanethiol-coated gold and silver nanocrystals in sc-ethane, as verified by in situ 

spectroscopic measurements, and TEM images of nanocrystal fractions isolated at 

various solvent densities.  Both isobaric variations in temperature and isothermal 

variations in pressure are shown to lead to significant changes in steric stabilization 

and the average size of the dispersed nanocrystals.  We show that temperature and 

pressure may be cycled to disperse and precipitate particles of different sizes 

reversibly.  The ligand tail solvation is calculated in terms of the cohesive energy 

densities of ethane and dodecane to describe the density tuning of the size of the 

dispersed nanocrystals.  Application of the calculated tail-solvent interaction strength 

into a steric stabilization model described by Vincent et al.23,24 is shown to capture the 

essential physics of the size dependent stabilization.      

 

3.2 Theory 

The stability of nanocrystal dispersions depends on the balance between van 

der Waals attraction between nanocrystal cores and steric repulsive forces provided 

by adsorbed ligands.  The van der Waals attraction ΦvdW, between two nanocrystals is 
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proportional to the Hamaker constant A, and increases with larger particles of radius 

R, and decreased center-to-center separation d25,26: 
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The Hamaker constant A131, for silver (subscript 1) interacting across ethane 

(subscript 3) can be determined using the following relationship27: 
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Here, A11 and A33 are the values for silver and ethane, respectively, interacting across 

vacuum.  The tabulated value for bulk silver is A11 = 2.185 eV27.  A33 can be estimated 

using a simplification of Lifshitz theory:27   

 
( )
( ) 2

322
3

222
3

2

3

3
33 216

3
4
3

vacuum

vacuume

vacuum

vacuum
b

nn

nnh
TkA

+

−
+








+
−

=
υ

εε
εε

 (3.3) 

In this case, ε is the dielectric constant, n is the refractive index, h is Planck's 

constant, kb is Boltzmann’s constant, T is temperature, υe is the maximum electronic 

ultraviolet adsorption frequency typically taken to be 3×1015 s-1, and εvacuum = 1 and 

nvacuum = 1.  In sc-ethane, ε3 and n3 are temperature and pressure sensitive, and can be 

determined using equations of state28.   A131 for silver in ethane ranges from 1.178 eV 

to 1.325 eV as shown in Table 3.1, increasing with decreased ethane density.  These 

values are 30% to 40% larger than Hamaker constants for silver in conventional 

solvents under ambient conditions, such as hexane where A131 = 0.91 eV.  The large 

Hamaker constants for metal nanocrystals result from the extremely high 

polarizabilities of metals.  Consider for example that the Hamaker constant for 

polystyrene across water is 0.087 eV and for mica across water is 0.125 eV27.  

Therefore, despite their small nanometer size, values for ΦvdW can be significant 

compared to kBT as revealed in Figure 3.1.  ΦvdW for silver nanocrystals in ethane at 

414 bar and 35°C (A131=1.195 eV) increases dramatically with increased size.  

Increased ethane density decreases ΦvdW.  Note that, although it is beyond the scope 
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T      
(°C)

P      
(bar)

ρ       
(gm/ml)

n ε
A 131        

(eV)
h ig          

(kJ/mol)
h        

(kJ/mol)
v 1       

(L/mol)
δ 1        

(J/cm3).5 χ

35 138 0.385 1.230 1.500 1.325 20.65 10.41 0.0781 10.59 0.894
35 207 0.411 1.243 1.542 1.276 20.65 10.28 0.0731 11.29 0.632
35 276 0.430 1.255 1.571 1.242 20.65 10.30 0.0700 11.79 0.485
35 299 0.435 1.258 1.579 1.232 20.65 10.31 0.0691 11.93 0.447
35 322 0.440 1.261 1.587 1.223 20.65 10.34 0.0684 12.06 0.414
35 345 0.444 1.263 1.593 1.216 20.65 10.37 0.0677 12.18 0.386
35 368 0.448 1.266 1.599 1.209 20.65 10.41 0.0671 12.29 0.360
35 391 0.452 1.268 1.605 1.202 20.65 10.46 0.0665 12.40 0.337
35 414 0.456 1.271 1.612 1.195 20.65 10.52 0.0660 12.49 0.317
45 414 0.446 1.265 1.596 1.213 21.19 11.32 0.0675 12.23 0.374
55 414 0.436 1.258 1.580 1.230 21.74 12.14 0.0690 11.98 0.436
65 414 0.426 1.252 1.565 1.248 22.31 12.97 0.0706 11.73 0.504
25 414 0.466 1.277 1.628 1.178 20.11 9.73 0.0646 12.75 0.266

 
 

 

 

 

 

 

Table 3.1 

Ethane temperature and pressure dependent silver-ethane-silver Hamaker constants 

(A131) and ethane-dodecane interaction parameters (χ).  Hamaker constants 

determined using Eq. (3.2) and (3.3), interaction parameter determined using Eq. 

(3.9) and (3.10).  
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Figure 3.1 

Attractive interaction energy (ΦvdW/kbT) of silver nanocrystals in sc-ethane, 414 bar 

and 35°C.  Nanocrystal sizes shown: 30 Å, 60 Å, 90 Å, 120 Å and 150 Å in diameter 

respectively. 
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of this paper, if the nanocrystal size dependence of the Hamaker constant were to be 

included, the smaller particles would feel a smaller core-core attraction leading to an 

even more significant size dependence than the one shown in Figure 3.129.  The most 

accurate method to determine the Hamaker constant for metal nanocrystals requires 

evaluating the dielectric constant of the material at imaginary frequencies [ε(iν)].  

Based on a Kramers-Kronig relationship and through simplification using the Drude 

model, the dielectric constant along the imaginary frequencies can be rewritten as: 

ε(iν) ≈ 1 + ωp
2/[ω(ω+ωτ)].  In this case ωp is the plasmon frequency and ωτ is the 

collision frequency.  As nanocrystals shrink to dimensions below the free electron 

path length (520 Å for silver), the increase in collision frequency will decrease ε(iν) 

resulting in an overall decrease in the total Hamaker constant. 

According to a theory developed by Vincent et al.23,24, the total steric 

repulsive energy consists of osmotic Φosm, and elastic Φelas, contributions.  

 elasosmvdWtotal Φ+Φ+Φ=Φ  (3.4) 

The total interaction energy Φtotal, between nanocrystals depends on the nanocrystal 

size, ligand composition, length and graft density, and solvent condition23,24.  The 

osmotic term Φosm, results from the energetic balance between solvent-ligand tail and 

tail-tail interactions.  The solvent conditions and ligand length l, largely control Φosm, 

which can be expressed as a function of particle radius R, and the center-to-center 

separation distance d,   
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In Eqs. (3.5) and (3.6), νsolv is the molecular volume of the solvent, φ is the volume 

fraction profile of the stabilizer extending from the particle surface, and χ is the 
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Flory-Huggins interaction parameter.  In Flory-Huggins theory, χ = ½ typically 

represents the boundary between a good solvent (χ < ½) and a poor solvent (χ > ½).   

The elastic repulsive energy Φelas, originates from the entropy loss that occurs 

upon compression of the stabilizing ligands, which is only important at interparticle 

separations in the range, lRd <− 2 23,24: 
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In Eq. (3.8), ρ and MW2 represent the ligand density and molecular weight.  Since the 

elastic term represents the physical compression of the stabilizer, this term is 

repulsive at all the solvent conditions.  The dispersion stability is essentially 

controlled by the osmotic term since it becomes effective as soon as the ligands start 

to overlap, lRdl 22 <−< , and the elastic term does not contribute significantly to 

Φtotal until the ligands are forced to compress, i.e., when lRd <− 2 . 

χ relates to the Hildebrand solubility parameters δi (or the cohesive energy 

density, ci  = δi
2) of the ligand (i=2) and the solvent (i=1): 

 ( )2
21

1 δδχ −=
RT
v  (3.9) 

In this case iv  is the molar volume.  The cohesive energy density of the solute and 

solvent30,31 is given by  
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Here, hi,ig is the ideal gas enthalpy at a given temperature, and hi is the actual 

enthalpy.  Table 1 shows δ1 and χ calculated at various ethane temperatures and 

pressures32.  Since the temperature range used in this study is much lower than the 

boiling point of dodecane, δ2 was taken as the ambient value, δ2 = 16.0 (J/cm3)1/2, for 
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all temperatures and pressures shown in Table 1.  Figure 3.2 shows the χ-parameter 

as a function of ethane pressure at various temperatures.  At higher temperatures, a 

higher pressure is required to reach the good solvent regime for the ethane dodecane 

system.  It should be noted that the most important parameter in this case is the 

density; if the data in Figure 3.2 is converted to density rather than pressure, the data 

overlap and the ethane density defining the good solvent and poor solvent conditions 

(χ = ½ at ρ = ρo) occurs at ρo = 0.428 g/mL.  At ρ > ρo, χ < ½ and ethane is a good 

solvent for the capping ligands. 

The ligand volume fraction profile extending from the nanocrystal surface can 

be determined for good solvent conditions in which the ligands are fully extended.  

Figure 3.3 shows φ determined using measured values for the ligand binding density 

for silver nanocrystals and literature values of the dodecane facial area21.  Moving 

away from the surface, φ decreases significantly due to the dramatic curvature of the 

nanocrystals.  This decrease is further exaggerated in smaller nanocrystals with 

greater surface curvature.   

Figure 3.4 shows the calculated pressure-dependence of Φtotal for 90 Å 

diameter silver nanocrystals in sc-ethane at 35°C.  These calculations show that 

pressures ~276 bar or greater are required to stabilize the nanocrystals.  The density 

dependence of Φtotal is also illustrated in Figure 3.5, which shows Φtotal for 90 Å silver 

nanocrystals as a function of temperature at 414 bar.  The nanocrystals experience 

significant steric repulsion below 65°C, when (χ < ½).  Figure 3.6 shows Φtotal 

calculated at 35°C and 276 bar as a function of particle size.  At these conditions the 

steric repulsion between 30 Å diameter nanocrystals overwhelms the core-core 

attraction.  However, larger particles exhibit significant van der Waals attraction.  For 

example, the core-core attraction between 150 Å diameter nanocrystals pushes the 

minima in Φtotal below -3/2 kbT, the energy provided by Brownian motion, and the 

nanocrystals will flocculate and precipitate.  At 90 Å, the potential minima is greater 
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Figure 3.2 

χ-interaction parameter for ethane-dodecane system as a function of pressure.  

Temperature isotherms shown: 25°C, 35°C, 45°C, 55°C and 65°C.  
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Figure 3.3 

Ligand volume fraction profile (φ) for silver nanocrystals 30 Å, 60 Å, 90 Å, 120 Å 

and 150 Å in diameter respectively. 
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Figure 3.4 

Total interaction energy (Φtotal/kbT) of silver nanocrystals, 90 Å in diameter, in sc-

ethane at 35°C.  Solvent pressures shown: 138 bar, 207 bar, 276 bar, 345 bar and 414 

bar. 
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Figure 3.5 

Total interaction energy (Φtotal/kbT) of silver nanocrystals, 90 Å in diameter, in sc-

ethane at 414 bar.  Solvent temperatures shown: 25°C, 35°C, 45°C, 55°C and 65°C. 
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Figure 3.6 

Total interaction energy (Φtotal/kbT) of silver nanocrystals in sc-ethane at 35°C and 

276 bar, χ = 0.485.  Nanocrystal sizes shown: 30 Å, 60 Å, 90 Å, 120 Å and 150 Å in 

diameter respectively. 
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than -3/2 kbT, and dispersions of these nanocrystals should therefore be relatively 

stable.  

 

3.3 Experimental 

3.3.1 Materials 

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

deionized.  Silver nitrate (99+% purity) (AgNO3), hydrogen tetrachloroaurate (III) 

trihydrate (HAuCl4 · 3H2O), tetraoctylammonium bromide (98% purity), 

dodecanethiol (C12H25SH), chloroform and ethanol were obtained from Aldrich 

Chemical Company.  Sodium borohydride was obtained from Fisher Chemical.  

Ethane was used as received from Matheson (La Porte, Texas).   

 

3.3.2 Nanocrystal Synthesis 

Dodecanethiol-stabilized silver and gold nanocrystals were synthesized using 

two-phase arrested growth methods similar to those developed by Brust, et al18,21.  

Initially, 36 mL of an aqueous AgNO3 solution (0.03 M) was combined with 24.5 mL 

of a 0.20 M chloroformic solution of tetraoctylammonium bromide, and stirred for 

approximately one hour.  The organic phase was collected.  240 µL of dodecanethiol 

was added to the stirring organic phase.  After five minutes, 30 mL of aqueous 

sodium borohydride solution (0.44 M) was added and stirred overnight.  The organic 

phase, rich in nanocrystals, was subsequently collected.  The nanocrystals were 

washed with ethanol to remove the phase transfer catalyst (tetraoctylammonium 

bromide) and any reaction byproducts, and then resuspended in chloroform.  Gold 

nanocrystals, ~18 Å in diameter, were synthesized by substituting HAuCl4 · 3H2O for 

AgNO3 in the method described above.  Larger gold nanocrystals, ~42 Å in diameter, 

were synthesized by adding the reducing agent prior to the thiol, which was added 5 

seconds after NaBH4 addition.   
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3.3.3 UV-visible Absorbance Spectroscopy 

The UV-visible absorbance spectra were measured in a high-pressure 

variable-volume view cell (Figure 3.7) equipped with sapphire windows on opposing 

sides with an optical path length of 3 cm.  Nanocrystals were deposited into the cell 

by evaporating a drop of chloroform-dispersed nanocrystals into the front section of 

the cell.  Ethane at 25°C and 138 bar was added to the front of the cell using a manual 

pressure generator (High Pressure Equipment Co.).  The cell was subsequently 

pressurized using a computer controlled syringe pump by adding carbon dioxide to 

the back of the cell.  Temperature control was obtained by wrapping the cell with 

heating tape connected to an Omega CN76000 temperature controller.  The 

absorbance measurements were acquired on a Beckman DU-40 UV-VIS 

Spectrophotometer at 1 nm intervals from 200–800 nm.  Absorbance spectra for 

nanocrystals in SCFs are normalized as Absorbance/Density, to correct for the 

effective change in nanocrystal concentration with changes in ethane density resulting 

from variations in the temperature and pressure.  

 

3.3.4 Sample Collection 

Nanocrystals were collected for TEM imaging through an 800µL collection 

loop attached to the front of the variable volume view cell via a six-port valve 

(Valco), as shown in Figure 3.7.  In these experiments, the apparatus was immersed 

(including the collection loop), into a water bath to control the temperature.  Once the 

desired temperature and pressure were reached, the collection loop was opened to the 

front of the cell, forcing supernatant from the cell into the loop.  Constant pressure 

was maintained by leaving the back of the cell open to a computer controlled syringe 

pump.  After the system equilibrated, the loop was isolated from the cell.  The 

pressure in the loop was dropped to ambient, causing the nanocrystals to precipitate 

onto the inside of the collection loop.  The nanocrystals were then collected by 

passing chloroform through the loop.  The loop was cleaned and dried for subsequent  
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Figure 3.7 

Schematic of high-pressure UV-visible spectroscopy apparatus with opposing side 

windows and attached collection loop.  For UV-visible spectroscopy, the collection 

loop was not attached to the cell allowing the cell to be placed inside a 

spectrophotometer.  A cell without the side windows was used when collecting silver 

samples from the supernatant. 
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collections.  The cell was then reset to a new collection condition, and the process 

was repeated.   

 

3.3.5 Transmission Electron Microscopy (TEM) 

TEM images were obtained using a JEOL 2010 microscope with 1.7 Å point-

to-point resolution operating with a 200 kV accelerating voltage and GATAN digital 

photography system for imaging.  Nanocrystals were deposited from chloroform onto 

200 mesh carbon coated copper TEM grids.  Average particle size and polydispersity 

were determined using Scion Image for Windows software.  Approximately 200 

nanocrystals were measured to determine the average size of the gold nanocrystals, 

while at least 350 nanocrystals were measured for each of the silver samples.   

 

3.4 Results and Discussion  

Immediately after pressurizing the cell, a slight yellow color could be visually 

detected at pressures above ~345 bar and 35°C.  Figures 3.8 and 3.9 show the UV-

visible absorbance spectra of dodecanethiol-coated silver nanocrystals dispersed in 

ethane at various densities.  The absorbance peaks in Figures 3.8 and 3.9 corresponds 

to the lowest order surface mode resulting from a plasma oscillation with uniform 

polarization across the volume of the silver particle33.  The absorbance spectra in 

Figure 3.8 were obtained at 35°C by sequentially lowering the system pressure, 

beginning from the highest ethane density and allowing the system to equilibrate at 

each reported pressure.  Figure 3.9 shows the absorbance spectra at constant pressure 

of 414 bar as the sample temperature was raised from 25oC to 55oC, while allowing 

the system to equilibrate at each reported temperature.  In both sets of spectra, the 

total absorbance decreases with decreasing ethane density, as an increasing 

proportion of particles precipitate from solution.  The same trend of improved 

nanocrystal dispersibility with increased pressure occurs at 45°C.  These data clearly 

show that reduced ethane density decreases the dispersibility of dodecanethiol-coated 
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Figure 3.8 

Absorbance curve for silver nanocrystals in sc-ethane at 35°C and various pressures.  

The drop in the absorbance curve indicates precipitation of the largest nanocrystals. 
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Figure 3.9 

Absorbance curve for silver nanocrystals in sc-ethane at 414 bar and various 

temperatures.  The drop in the absorbance curve indicates precipitation of the largest 

nanocrystals. 
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silver nanocrystals.  In fact, the trends measured experimentally for silver nanocrystal 

dispersibility in ethane agree semi-quantitatively with model predictions.  At 35ºC, 

the absorbance nearly disappears at pressures below 299 bar (Figure 3.8), consistent 

with a flocculation pressure of ~268 bar determined by the theory (χ = 0.5, Figure 

3.2).  At 414 bar, there is no distinguishable absorbance at temperatures above 55ºC 

(Figure 3.9), consistent with the theoretical prediction of poor solvent conditions (χ > 

½) at 414 bar and 65ºC (Figure 3.2).   

The lower critical solution temperature (LCST) phase behavior exhibited by 

the nanocrystals is often found for low molecular weight solutes in supercritical 

fluids1,34 and also for polymers dissolved in SCFs, and results from compressibility 

differences between the polymer and the solvent31.  As the temperature is increased or 

the pressure is decreased, the solvent prefers to leave the solute to increase its volume 

and entropy.  The same mechanism that governs phase separation in supercritical 

fluids also drives flocculation of two surfaces with steric stabilizers, as has been 

shown with theory4 and simulation5.  For low molecular weight solutes such as 

dodecane, a decrease in solvent density can lead to phase separation due to a growth 

in the asymmetry of the solute and solvent cohesive energy densities as reflected in 

increased χ. 

TEM was used to measure the size distribution of the dispersed nanocrystals 

as a function of ethane density.  Figure 3.10 shows the pressure-dependence of the 

silver nanocrystal size distribution in sc-ethane at 35°C.  Nanocrystals dispersed at 

414 bar were collected and examined by TEM.  The pressure was lowered to 317 bar 

and a second sample was collected.  The as-synthesized nanocrystal dispersion is 

relatively polydisperse in size.  After suspending the nanocrystals in ethane at 414 bar 

(Figure 3.10b) the histogram still exhibits a broad distribution with a similar size 

range compared to the original preparation, however, it shifts slightly to favor the 

smaller nanocrystals less than 40 Å in diameter, and the average diameter drops from 

53 Å to 37 Å.  Nanocrystals collected at 317 bar exhibit a significantly smaller size 
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Figure 3.10 

Histogram of silver nanocrystals showing average nanocrystal size and polydispersity 

– a) original sample; b) sample collected at 414 bar and 35ºC; c) sample collected at 

317 bar and 35ºC. 
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with a narrower size distribution.  The average diameter of dispersed dodecanethiol-

capped silver nanocrystals decreases considerably with ethane density, from 53 Å 

prior to dispersion in ethane, to 37 Å at 414 bar, and 24 Å at 317 bar.  As shown in 

Figure 3.6, nanocrystals exhibit strongly size-dependent Φtotal.  A pressure decrease 

from 414 bar to 317 bar results in a 3% decrease in 1δ , from 12.49 (J/cm3)1/2 to 12.02 

(J/cm3)1/2, which increases χ from 0.317 to 0.423.  This slight loss of ligand solvation 

forces the average nanocrystal size to drop by 13 Å.  As seen in Figure 3.10c, at 35oC 

particles larger than 60 Å in diameter do not disperse in ethane at 317 bar.  At 414 

bar, Figure 3.10b, the cutoff size increases to ~80 Å.  Higher solvent densities provide 

enhanced ligand tail solvation necessary to suspend larger particles.  

Unlike silver, gold nanocrystals exhibit a clear optical signature that correlates 

with particle size.  For example, dispersions of 42 Å nanocrystals appear red, while 

18 Å nanocrystal dispersions are brown.  Figure 3.11 illustrates the size-dependent 

surface plasmon resonance of gold nanocrystals: the 18 Å gold nanocrystals do not 

exhibit a distinct peak, whereas the 42 Å particles exhibit a peak at ~510 nm.  To test 

the size-dependence of the nanocrystal dispersibility in sc-ethane as a function of 

density, small (~18±5 Å diameter) and large (~42±10 Å diameter) dodecanethiol-

coated gold nanocrystals were combined to form a 1:1 bimodal dispersion.  Figure 

3.12 shows the absorbance spectra of the bimodal mixture of gold nanocrystals 

dispersed in ethane at 25°C as a function of pressure.  Spectra were acquired by 

increasing the pressure stepwise from 138 bar.  The spectrum acquired at 138 bar 

matches that of the 18 Å nanocrystals.  As the pressure increases toward 414 bar, the 

plasmon resonance at 510 nm associated with the 42 Å nanocrystals becomes 

prominent.  These experiments demonstrate the ability to tune the ethane density to 

separate nanocrystals by size.  At 35°C, the absorbance peak at 510 nm could not be 

detected, even at the highest pressure studied of 414 bar, indicating that the 

supercritical ethane density of 0.456 g/mL is still too low to disperse the larger gold 

nanocrystals at this temperature.   
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Figure 3.11 

UV-VIS spectra of small gold nanocrystals (d = 18±5 Å) and large gold nanocrystals 

(d = 42±10 Å).  Only the larger nanocrystals exhibit a plasmon peak at λ = ~510 nm 

as shown. 
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Figure 3.12 

Absorbance curve for bimodal gold nanocrystals (18 and 42 Å diameter) in sc-ethane 

at 25°C and various pressures.  The pressures shown are 138 bar (0.403 g/mL), 172 

bar (0.416 g/mL), 207 bar (0.426 g/mL), 241 bar (0.434 g/mL), 276 bar (0.442 g/mL), 

310 bar (0.449 g/mL), 345 bar (0.455 g/mL), 379 bar (0.460 g/mL) and 414 bar 

(0.466 g/mL).  The plasmon peak at ~510 nm, visible at 414 bar, is indicative of the 

larger gold nanocrystals dispersed in the solvent. 
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It is important to note that although χ values provide insight into the 

dispersibility of nanocrystals as a function of solvent density, the gold nanocrystals 

on the small end of the size distribution dispersed despite having values of χ > ½.  

For the silver nanocrystals, under conditions where χ > ½, the nanocrystals did not 

disperse.  For example, the absorbance spectra in Figure 3.12 show that gold 

nanocrystals have dispersed at 138 bar and 25°C, even though χ = 0.720.  The steric 

stabilization model could break down for particles in this size range for several 

reasons.  Approximately 30% of the small gold nanocrystals examined are less than 

15 Å in diameter, which is smaller than the length of the stabilizing ligands.  When 

the nanocrystal size approaches that of the fully extended ligand, the extreme 

curvature of the particles may cause the Derjaguin approximation used to arrive at the 

expression for Φosm to fail27.  These nanocrystals represent the smallest sizes 

examined, and appear to define the point at which the assumptions of the model are 

no longer valid.  The additional chemical effect of ligand desorption from the 

nanocrystals could occur to provide free thiol which would serve as a co-solvent.  The 

addition of even a small volume fraction of co-solvent could have a reasonably large 

contribution to the overall tail-solvent interaction and χ values35.  Therefore, it is 

possible for ligand desorption to enable nanocrystal dispersibility at (apparently) poor 

solvent conditions.   

Finally, the precipitation and redispersion of the silver nanocrystals was found 

to be nearly reversible.  After precipitating the largest nanocrystals of a polydisperse 

dispersion by depressurizing the system from 414 bar to 276 bar, and then 

repressurizing to 414 bar, 90% of the silver nanocrystals redispersed.  Reversible 

nanocrystal flocculation has potential value in fine-tuning size-dependent separations 

with minor variations in pressure.  Reversible solvation conditions are difficult to 

achieve using a conventional anti-solvent approach. 
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3.5 Conclusions 

SCFs exhibit properties characteristic of both liquids and gases, with 

sufficient densities (and thus solvent strengths) required for ligand solvation, but with 

much lower viscosities and higher diffusivities allowing for faster separations1.  Gold 

and silver nanocrystals capped with dodecanethiol ligands readily disperse in sc-

ethane.  Dispersibility depends on nanocrystal size and solvent density.  Larger 

nanocrystals require greater densities for stabilization.  As the solvent density is 

lowered, the steric repulsion weakens as a result of decreased ligand solvation.  The 

stronger core-core van der Waals attraction between larger particles leads to 

precipitation at better solvent conditions (lower χ) compared to those for smaller 

particles.  Therefore, sc-ethane, or other SCFs, provide size-dependent density-

tunable dispersibility.  Since the ethane density can be reversibly controlled through 

accurate pressure and temperature changes, nanocrystals can be reversibly suspended 

and precipitated.  The density-dependent solvation characteristics of supercritical 

fluids allow for potentially difficult colloidal separations, which may not be 

achievable using conventional solvents.  For example, consider the solubility 

parameter for sc-ethane at 276 bar (11.79 (J/cm3)1/2 ) and 414 bar (12.49 (J/cm3)1/2) at 

35°C.  The  6% increase in δ1 produces a large  change in particle dispersibility, as 

predicted in the model, since the nanocrystal sizes are close together.  Minute changes 

in solvent quality, which are easily achievable using SCFs, afford the opportunity for 

fine control of size-selective fractionation that is difficult to achieve with 

conventional solvents.  The model system studied here provides a framework for 

future applications of supercritical fluids in the area of colloidal separation. 
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Chapter 4 

 

Nanocrystal Arrested Precipitation in Supercritical Carbon Dioxide 
 

 

 

Fluorocarbon-coated silver, iridium, and platinum nanocrystals ranging in size from 

20 to 120 Å in diameter are synthesized in supercritical (sc)-CO2 by arrested 

precipitation from soluble organometallic precursors.  The synthesis is performed in a 

single CO2 phase by reduction with H2 at elevated temperatures ranging from 60°C to 

100°C.  Precursor degradation and particle nucleation occur in the presence of 

stabilizing perfluorooctanethiol ligands, which bind to the surface of the metal 

agglomerates and quench particle growth.  The ligands are sufficiently solvated by 

CO2 to provide a steric barrier to uncontrollable aggregation during synthesis.  The 

particles redisperse in acetone and fluorinated solvents.  The dominant mechanism to 

particle growth is through cluster agglomeration followed by ligand passivation, 

leading to self-similar size distributions with a standard deviation of ±47%.  

Additionally, the nanocrystal size is tunable with precursor concentration, with higher 

precursor loadings resulting in larger nanocrystal sizes. 

Reproduced with permission from Shah, Parag S.; Husain, Shabbir; Johnston, 
Keith P.; Korgel, Brian A., J. Phys. Chem. B, 2001, 105, 9433-9440.  Copyright 
2001 American Chemical Society. 
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4.1 Introduction 

Nanocrystals, 20–100 Å in diameter, exhibit unique size-dependent optical, 

catalytic, magnetic, and electronic properties compared to their bulk counterparts and 

could enhance a variety of technologies including coating, environmental, chemical 

processing, medical, electronic, and sensing applications1-3.  Arrested precipitation 

has proven to be one of the most successful approaches for synthesizing nanocrystals 

in this size range.  This wet chemical synthetic method relies on organic ligands to 

passivate particle surfaces during growth to provide size control and colloid 

stabilizaton.  Supercritical fluids (SCF) offer potential advantages over conventional 

solvents for arrested precipitation synthesis and nanocrystal processing: they exhibit 

characteristics of both liquids and gases, with sufficient densities (and thus solvent 

strengths) required for ligand solvation, but with much lower viscosities and higher 

diffusivities4.  SCF density can be altered through modest changes in pressure and 

temperature.  The solvent density strongly influences the interactions between 

surfactant tails and solvent molecules that are directly responsible for steric 

stabilization5-7 making SCF solvation characteristics highly tunable.  Indeed, lattice-

fluid theory8,9, Monte Carlo10 simulation, light scattering11 and neutron scattering12 

have confirmed that colloid steric stabilization in supercritical fluids varies with 

solvent density.  A tunable SCF solvent could provide reversible stabilization and 

destabilization of colloidal dispersions, which could improve many aspects of 

nanocrystal processing, such as size-selective separations, synthesis and self-

assembly.   

Compared to other supercritical fluids, carbon dioxide (CO2) offers a variety 

of attractive features. CO2 is non-flammable, essentially non-toxic and 

environmentally benign, and its low critical temperature and pressure of 31°C and 71 

bar, respectively, are easily accessible.  There are, however, significant challenges in 

using sc-CO2 for arrested precipitation of nanocrystals.  CO2 has a low polarizability 

per volume (and refractive index) resulting in far weaker van der Waals forces than 
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those of hydrocarbon solvents, which makes it more like a fluorocarbon13-16.  Thus, 

the key to stabilizing CO2-based colloidal dispersions of organic17 and inorganic 

solids18, and water-in-CO2 microemulsions,19 has been the design of surfactants with 

suitable "CO2-philic" molecular groups to provide the steric barrier to aggregation.  

Surfactants with fluorinated tails—for example fluoro- acrylates, alkanes and 

ethers—have proven to be highly effective, as the weak van der Waals forces are 

consistent with those of CO2.   

Recently, silver20 and cadmium sulfide21 nanocrystals were synthesized in 

water-in-CO2 microemulsions.  In these systems, it can be challenging to recover the 

particles from the microemulsions without irreversible aggregation because the 

surfactant is not chemically bound to the nanocrystal surface.  Silicon nanowires have 

been formed in supercritical hexane at 500°C by utilizing gold seed crystals stabilized 

by thiol ligands22.  Shah, et al. showed that nanocrystals capped with partially 

fluorinated thiols—synthesized in an acetone/water mixture using a modification of 

the biphasic synthesis developed by Brust and coworkers2—disperse in both liquid 

and supercritical carbon dioxide23.  Although arrested precipitation has been studied 

extensively in conventional organic solvents, we have utilized this approach to 

synthesize sterically-stabilized monolayer protected nanocrystals in CO2 for the first 

time.    

Here, we report a single-phase sc-CO2 based arrested precipitation synthesis 

of silver, platinum and iridium nanocrystals, 20 to 120 Å in diameter.  Hydrogen is 

used to reduce an organometallic precursor (silver acetylacetonate (Ag(acac)) for 

example) in the presence of perfluorooctanethiol, a CO2-philic capping ligand.  The 

thiolate binds to the nanocrystal surface and carbon dioxide solvates the partially 

fluorinated hydrocarbon chains.  The monolayer of adsorbed ligands surrounding 

each particle provides steric stabilization of the nanocrystals.  The particles can be 

collected and redispersed in acetone or fluorinated solvents without significant 

aggregation or increase in particle size.  Recently, Watkins and coworkers showed 
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that reduction of organometallic precursors with hydrogen in carbon dioxide leads to 

highly uniform thin metal films24-26. 

 

4.2 Experimental Section 

4.2.1 Synthesis 

Silver nanocrystals were synthesized in sc-CO2 by reducing a soluble 

precursor, silver acetylacetonate (Ag(acac)), Aldrich Chemical Co.), with hydrogen at 

slightly elevated temperatures ranging from 60°C to 100°C.  Iridium and platinum 

nanocrystals were synthesized using methylcyclopentadienyl (1,5-

cyclooctadiene)iridium (I) and dimethyl (1,5-cyclopentadiene)platinum (II), 

respectively (Strem Chemicals, Inc.).  A thiolated fluorocarbon molecule, 1H, 1H, 

2H, 2H-Perfluorooctanethiol (Oakwood Products Inc.), (C6F13C2H4SH) was used as 

the stabilizing ligand.  Carbon dioxide (purity > 99.99%) (Matheson Gas Products) 

and hydrogen (purity > 99.999%) (Praxair, Inc.) were used as received.  All reactions 

were carried out in a temperature-controlled stainless steel, high-pressure variable 

volume view cell equipped with a piston and a sapphire window in the front and an 

inside diameter of 1.75 cm. 

In a typical experiment, 5.9 - 16.0 mg of Ag(acac), was loaded into the 

reaction cell with a working volume (volume with piston in cell) of 27 mL.  The cell 

was sealed and filled with 14 to 18 mL of CO2 at 138 bar and 20°C.  The cell was 

then pressurized to 276 bar with carbon dioxide on the back side of the piston, using a 

Dionex Model 501 Computer Controlled Syringe Pump, and heated to the reaction 

temperature with heating tape attached to an Omega CN76000 temperature controller.  

The precursor does not decompose under these conditions.  Fluorinated thiol (162 to 

324 mg) and hydrogen (6.22 mg) were simultaneously introduced into the reaction 

vessel with a high-pressure injection pump through two six-port rotary valves 

positioned in series (Valco) with attached sample loops.  A schematic of the apparatus 

is shown in Figure 4.1.  The reaction temperature was verified with a thermocouple 
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Figure 4.1 

Schematic of reaction apparatus. 
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inserted into the reaction cell, and the pressure was held constant throughout the 

reaction.  The reaction proceeded for 3 hours to ensure completion, although visual 

observation indicated that the inside of the cell reached its darkest after approximately 

1 hour.  After the reaction, the cell was cooled to room temperature and 

depressurized.  CO2 was then vented as a vapor from the top of the cell, leaving most 

of the other components other than H2 in the cell.  The nanocrystals were collected 

from the cell using Omnisolv spectrophotometry grade acetone (EM Science).  After 

collection, the nanocrystals were precipitated using an anti-solvent, heptane, to 

separate unreacted precursor, unbound capping ligands, and undesired reaction 

byproducts that remained suspended in the supernatant, from the nanocrystals.  

Nanocrystals were then redispersed in acetone for further analysis. The nanocrystals 

were also dispersible in fluorinated solvents, such as Fluorinert Brand Electronic 

Liquid and 1,1,2 trichlorotrifluoroethane (Freon 113). 

 

4.2.2 Characterization 

Transmission electron microscopy (TEM) images of the nanocrystals were 

obtained using a JEOL 2010 high-resolution transmission electron microscope with a 

1.7 Å point-to-point resolution operating with a 200 kV accelerating voltage and 

GATAN digital photography system.  TEM images were obtained by depositing the 

nanocrystals on 200 mesh carbon coated copper grids.  Particle size and size 

distributions were determined using Scion Image for Windows software.  At least 400 

nanocrystals were measured for each sample.  Energy dispersive X-ray spectroscopy 

(EDS) was performed in situ on a JOEL 2010 TEM equipped with an Oxford Link 

ISIS EDS instrument.  

 

4.3. Results 

Silver nanocrystals were synthesized in sc-CO2 by reducing Ag(acac) at 

elevated temperatures in the presence of hydrogen and perfluorooctanethiol (See 
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Table 4.1).  The reaction proceeds with hydrogen aiding Ag(acac) reduction to silver, 

followed by the formation of silver-silver bonds in nucleated clusters of silver atoms.  

The reaction temperatures listed in Table 4.1 (60 – 100 °C) are significantly lower 

than those typically used (~140°C) for chemical vapor deposition of metal films using 

similar precursors27.  The reactivity at low temperatures is a manifestation of the very 

high solubility of hydrogen and organometallic precursors in CO2
28,29.  

Perfluorooctanethiol provides steric stabilization and particle size control by binding 

to the surface of the growing silver particles.  Nanocrystals ranged from 26 Å to 107 

Å in average diameter, depending on the precursor concentration (see discussion 

below).  Figure 4.2a shows a representative TEM image of the silver nanocrystals 

synthesized in sc-CO2.  Although the particle size distribution was relatively broad 

with standard deviations about the mean diameter of ±47%, extended regions of 

hexagonal close packing could still be found in the sample without size fractionation, 

as seen in Figure 4.2b.  As revealed in the high resolution TEM image in Figure 4.2c, 

the silver nanocrystal cores are crystalline, with the {111} lattice planes visible. 

Figure 4.3 shows the average particle size and polydispersity plotted as a 

function of initial precursor concentration.  Under the conditions explored for the 

particle growth experiments, the average particle diameter depended strongly on the 

precursor concentration.  As shown on Table 4.1, the average particle diameter 

increases from 25 Å to 107 Å with only a two-fold increase in Ag(acac) 

concentration, thus allowing the nanocrystal size to be methodically tuned with 

changes in the precursor concentration. The polydispersity, however, remained 

relatively independent of the precursor concentration and average nanocrystal 

diameter with a standard deviation about the mean diameter of ±47%.  Figure 4.4 

shows the average particle size and polydispersity as a function of temperature for 

Experiments D – G.  All four of these experiments were done at approximately the 

same precursor concentration and thiol/precursor ratio.  Based on these results, it can 

be seen that neither the final particle size nor the polydispersity are greatly affected 
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Experiment

Precursor 
Conc. 

(millimolar)

Thiol/Prec. 
Ratio 

(mole/mole)
Temp.       
(°C)

Average 
Nanocrystal 
Diameter (Å)

Standard 
Deviation    

(Å)
% Standard 

Deviation
A 1.8 14.9 60 39 18 46%
B 2.2 10.3 90 26 11 45%
C 2.9 8.2 70 50 23 45%
D 3.4 5.7 90 55 27 49%
E 3.4 6.0 100 59 31 52%
F 3.4 6.0 80 61 40 65%
G 3.6 5.8 70 56 22 40%
H 3.9 6.4 70 69 34 49%
I 4.9 11.0 70 107 40 38%

 
 

 

 

 

 

 

 

 

 

 

 

Table 4.1 

Experimental conditions and results. 
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Figure 4.2 

a) TEM image of silver nanocrystals coated with C6F13C2H4SH ligands synthesized in 

CO2.  b) TEM image of hexagonally close packed array of silver nanocrystals.  c) 

HRTEM image of silver nanocrystal with visible lattice fringes. 
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Figure 4.3 

Average nanocrystal diameter versus initial precursor concentration for silver 

nanocrystals.  Error bars correspond to the sample polydispersity, not the uncertainty 

of the size measurement technique.  Nanocrystals synthesized at 60°C (■), 70°C (●), 

80°C (▼), 90°C (   ) and 100°C (▲). 
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Figure 4.4 

Average nanocrystal diameter versus reaction temperature for Experiments D - G.  

Error bars correspond to the sample polydispersity, not the uncertainty of the size 

measurement technique. 
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Figure 4.5 

a - i) Silver nanocrystal size distributions for Experiments A – I. 
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by the reaction temperature. 

It is worth noting that the thiol/precursor ratios, which ranged from 6:1 to 

15:1, had little effect on the particle size.  The thiol/precursor ratios used here are 

much higher than what is typically used in conventional solvents2,30,31.  Previous 

studies using the biphasic approach have used thiol/precursor ratios less than 1 [ref 

30].  Additionally, Brust found that well capped gold nanocrystals, 10 - 30 Å in 

diameter, had a final thiol/gold ratio of 1:3 [ref 2].  Work by Leff showed that 

thermodynamic control over particle size could be obtained at thiol/precursor ratios 

between 1:1 and 6:1 [ref 30].  This indicates that even at our lowest thiol/precursor 

ratio, there is an obvious molar excess of thiol.  These experiments were performed in 

the presence of a large excess of thiol.  The large excess of thiol was used to ensure 

complete surface coverage of the synthesized silver nanocrystals due to the 

significant challenges in stabilizing particles in sc-CO2 (see discussion section).  A 

more intensive study would be required to determine the effect of the thiol/precursor 

ratio on particle size, which is beyond the scope of this work.   

The nanocrystals could be repeatedly redispersed in acetone and fluorinated 

solvents as a result of tight binding of the fluorinated ligands on the nanocrystal 

surface23.  The organic molecules maintain a separation between the nanocrystals of 

approximately 20 Å in the TEM images (Fig. 4.2a for example).  The EDS spectra of 

the silver nanocrystals (Figure 4.6) confirms the presence of carbon, fluorine, sulfur, 

and silver in the sample.  The interparticle spacing of the perfluorocarbon-coated 

nanocrystals is significantly larger than the interparticle edge-to-edge separation 

found for silver nanocrystals coated with octanethiol (~10 Å).31  Self-assembled 

fluorocarbon monolayers (FSAMs) have been found to be more rigid than 

hydrocarbon monolayers (SAMs)32 due to the bulkiness of the fluorine groups.  This 

rigidity decreases the ability of the capping molecules to flex and bend as two 

nanocrystal cores come together, which leads to larger interparticle separations for 

fluorocarbon-coated nanocrystals.   
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Figure 4.6 

EDS spectra of silver nanocrystals coated with perfluorooctanethiol ligand. 
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The absorbance spectrum of perfluorooctanethiol-capped silver nanocrystals 

formed in sc-CO2 shows the characteristic silver surface plasmon resonance (Figure 

4.7) with a maximum absorbance peak at 400 nm33.  This spectrum is similar to the 

absorbance spectrum of perfluorodecanethiol capped silver nanocrystals synthesized 

by reducing silver nitrate in an acetone/water solution23.  The difference in peak width 

between the two spectra results from a difference in particle size between the two 

samples;33 the nanocrystals formed in acetone are slightly smaller, d = 55 Å, 

compared to the nanocrystals made in CO2, d = 59 Å.  More distinctly however, the 

fluorocarbon-coated nanocrystals exhibit a much broader absorbance peak than 

dodecanethiol-capped silver nanocrystals approximately equal in size.  Most likely, 

the extremely high electronegativity of the fluorine groups surrounding the 

nanocrystals gives rise to a shorter electron mean free path relative to the 

hydrocarbon-coated particles23. 

Iridium and platinum nanocrystals were synthesized using 

methylcyclopentadienyl (1,5-cyclooctadiene)iridium (I) and dimethyl (1,5-

cyclopentadiene)platinum (II), respectively.  The reactions in both cases were carried 

out at 80°C and 276 bar.  For iridium, the precursor concentration was 3.3 mM and 

the thiol/precursor ratio was 7.6:1.  In the case of platinum, the precursor 

concentration was 3.6 mM and the thiol/precursor ratio was 6.6:1.    Figures 4.8a and 

4.8b show TEM images of the iridium and platinum nanocrystals, respectively.  Like 

the silver nanocrystals, these particles exhibit crystalline cores. 

 

4.4. Discussion 

4.4.1 Steric stabilization in CO2 

Sterically stabilized nanocrystals must exhibit a repulsive force sufficient to 

overcome the long-range attractive van der Waals force ΦvdW, between particle cores 

to maintain stability:34,35. 
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Figure 4.7 

UV-VIS absorbance spectra of silver nanocrystals.  (i) Nanocrystals formed by 

Ag(acac) decomposition in sc-CO2 with C6F13C2H4SH, dispersed in acetone. (ii) 

Nanocrystals formed by AgNO3 reduction in water/acetone solution with 

C8F17C2H4SH, dispersed in acetone.  (iii) Nanocrystals formed by AgNO3 reduction 

in water/chloroform biphasic solution with C12H25SH, dispersed in hexane. 
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Figure 4.8 

TEM image of a) iridium nanocrystals coated with C6F13C2H4SH  and b) platinum 

nanocrystals coated with C6F13C2H4SH . 
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Equation (4.1) is valid for two particles of equal radius R, interacting across a 

medium with an edge-to-edge separation d.  The most important parameter in this 

equation is the Hamaker constant A, which represents the core-core interaction 

strength.  The Hamaker constant depends on the dielectric constant (ε) and refractive 

index (n) of the particles and the nature of the solvating medium. The Hamaker 

constant can be estimated using a simplification of Lifshitz theory36.   
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The subscript 1 represents the particles, while 2 represents the solvent medium; h is 

Planck's constant and νe is the maximum electronic ultraviolet adsorption frequency 

typically assumed to be 3 × 1015 s-1.  Using equation (4.2), CO2 interactions across a 

vacuum can be determined by setting ε2 and n2 to 1.  The dielectric constant of silver 

nanocrystals is size dependent, however a reasonable estimate can be found by 

substituting a known value for bulk silver interacting across a vacuum of 2.2 eV36.  

Once these two values are determined, the following relationship can be used to 

determine the Hamaker constant for silver interaction in CO2
36: 

 ( )2

3311131 AAA −≈  (4.3) 

A131 is for the interaction of two silver cores across CO2, A11 is for silver in a vacuum 

and A33 is for CO2 across a vacuum.  Silver interactions in CO2 are very strong due to 

the large polarizability of the metal and the extremely low polarizability of the 

solvent.  The Hamaker constant for silver in sc-CO2 at 25°C is 1.4 eV, compared to 

0.93 eV in acetone.  Therefore, silver nanocrystals experience nearly 50% stronger 

attraction in CO2 than they do in acetone.  The increased core-core attraction makes 

nanocrystal stabilization more difficult in CO2 than in conventional solvents. 
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Ligand tails must be well solvated to provide steric stabilization.  The chains 

must protrude into the solvent to enable the molecular fluctuations that give rise to 

steric repulsion between particles.  Fluorination of the hydrocarbon chain induces 

ligand solvation in CO2.  The repulsive force must overcome ΦvdW to eliminate 

aggregation, thus the chain length of the capping ligand is very important for 

stabilization.  In Ref. 23, C10 perfluorocarbon (C8F17C2H4SH) stabilizing ligands were 

used, with eight fluorinated carbons and two hydrocarbons adjacent to the thiol.  

These chains were long enough to enable dispersion of nanocrystals in pure CO2.  In 

the present study, C8 perfluorocarbon molecules (C6F13C2H4SH) were used to 

stabilize the nanocrystals.   These chains were sufficient to control particle growth, 

and flocculation did not occur during the synthesis.  However, after collection and 

washing, the nanocrystals would not redisperse in pure CO2, despite the fact that they 

could be redispersed in acetone and fluorocarbon solvents and were well-capped as 

observed by TEM.  It would appear that the perfluorooctanethiol (eight carbons) is 

simply not long enough to provide redispersibility in CO2.    

The limited stability with C6F13C2H4SH is somewhat unexpected given that 

octanethiol has been used successfully to sterically stabilize silver nanocrystals in 

conventional solvents37. Consider, however, that it is the fluorinated segment of the 

ligand that CO2 most effectively solvates, not the CH2 groups.  The fluorinated part of 

the perfluorooctanethiol ligand is twenty percent shorter than in the 

perfluorodecanethiol ligand.  In a sense, this is like capping the nanocrystals with a C6 

chain, which simply does not provide sufficient spatial separation (or large enough 

low cohesive energy density domains) between the particles after removing the 

solvent to enable redispersion.  Hexanethiol capped silver nanocrystals, for example, 

are not easily dispersed in conventional organic solvents; therefore, it is not surprising 

that perfluorooctanethiol capped particles, which only have six fluorocarbons, are not 

easily dispersed in CO2 which induces even stronger core-core interactions.  In polar 

solvents, however, the steric repulsion provided by the chains appropriately reflects 
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the complete chain length.  In acetone and ethanol for example, the large dipole-

dipole interactions between the solvent and the CH2—CF2 group, which has a 

substantial dipole moment, provides the necessary solvation properties for 

redispersion38.  

 

4.4.2 Growth Mechanism 

Hydrogen decomposes the organometallic precursor to metal atoms in the 

presence of perfluorooctanethiol.  Chen, et al. describe the mechanism for monolayer-

protected nanocrystal formation in solution as a three-step process involving 

nucleation, growth, and passivation39.  For example, silver nanocrystal nucleation 

occurs as the solution reaches supersaturation and continues until the concentration of 

silver atoms falls below the saturation limit.  Nucleation relieves the excess free 

energy in the supersaturated solution.  The nucleation and growth steps must be 

temporally separated in order to achieve narrow particle size distributions, and in 

batch systems, rapid nucleation followed by particle growth typically occurs3,39-41.   

Once nucleated, the particles may grow by a combination of essentially two different 

mechanisms: (1) reactant diffusion limited growth (silver atom condensation on 

existing particles); or (2) by core fusion (coagulation).  The organic ligands bind to 

the particle surfaces and halt particle growth at long times, stabilizing nanometer-size 

particles.  At long times relative to the nucleation event, the particle size distribution 

reaches a self-preserving form that depends on the growth mechanism, independent of 

the initial size distribution of the particle nuclei42.     

Figure 4.3 shows that the average nanocrystal size increases with increasing 

precursor concentration.  To determine if the precursor concentration affects the 

particle growth mechanism, the size distribution (shown in Fig. 4.5) can be plotted in 

a reduced form to determine if they exhibit self-preserving behavior42-44.  Friedlander 

et al. showed that a convenient similarity transformation using a nondimensional 

distribution function, ( ) ( )
21

∞

=
N

vn φηψ  (where n(v) is the concentration of particles with 
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volume v, and ∞Nφ  is the average particle volume), can be plotted to compare size 

distributions between different systems.  The total number of particles N∞, and total 

volume of particles φ , are calculated using the relationships ∫
∞

∞ =
0

)( dvvnN  and 

∫
∞

=
0

)( dvvvnφ .  Figure 4.9 shows ( )ηψ 1  plotted as a function of 
φ

η ∞=
vN

, the 

dimensionless particle volume fraction.   The particle diameter data determined 

experimentally from TEM were converted to volumes by assuming spherical 

particles.  For all of the samples studied, ( )ηψ 1  exhibits self-similar behavior, which 

indicates that the precursor concentration does not affect the particle growth 

mechanism. 

For certain limiting cases of particle growth mechanism, ( )ηψ 1  has been 

calculated and can be compared directly with experimental results.  Essentially, two 

growth mechanisms, coagulation and condensation, compete to broaden or sharpen 

the size distribution.  Growth by condensation, also known as diffusion limited 

growth, narrows the particle size distribution at long times41,45,46.  Coagulation, on the 

other hand, leads to broad particle size distributions.  Essentially, we are interested in 

determining the extent to which coagulation and condensation control particle 

growth.  The high degree of polydispersity seen in these samples, (standard deviation 

of 47%) along with the log-normal shape of the size distributions indicate a 

coagulation-controlled growth process.  Quantitatively, the moments of the size 

distribution function hrr31 =µ  and 313 rr=µ  can be used to determine the 

significance of coagulative growth relative to condensation.  The parameter r1 is the 

arithmetic mean radius defined as ∞∑ Nri , r3 is the cube-mean radius defined as 

3 3
∞∑ Nri  and rh is the harmonic mean radius defined as ∑∞

ir
N 1 .  For a 

completely monodisperse sample, r1 = r3 = rh, and µ1 = µ3 = 1.  In our case, the 
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Figure 4.9 

ψ1(η) versus η.  Experiments A (○), B (□), C ( ), D ( ), E (●), F (■), G ( ), H (▲) 

and I (▼).   
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average value for µ1 is 1.48 and µ3 is 0.82.  Values of µ1 > 1.25 and µ3 < 0.905 

indicates that coagulation controls growth.  

An effective method of comparing size distributions is to compare the non-

dimensional distribution function, ( ) ∫
∞

∞
==

η

ηψηψ dvN
Nv )(12 .   Nv represents the 

total number of particles larger than v: ∫
∞

=
v

v dvvnN )( .  In Figure 4.10 ψ2(η) are 

plotted as a function of η.  Again, the data exhibits a high degree of self-similarity.  

The theoretically calculated values for ψ2(η) for Brownian coagulative growth at long 

times, assuming a particle sticking probability of 1, are also plotted in Figure 4.10.   

The model calculations agree well with the data apart from a slight variation in the 

middle of the size distribution.  The data skews slightly to a higher average volume.  

The deviation from the model curve can be interpreted as an indication that the 

particle sticking probability is less than 1.  Given that the particles, particularly at 

long times, are coated with the organic ligands, a sticking probability less than one is 

expected.  Certainly, the sticking probability must decrease essentially to values of 

zero in order to maintain stable particles.   

Figure 4.11 shows TEM images of polycrystalline silver nanocrystals with 

multiple misaligned lattice fringes.  The internal crystalline domains possibly relate to 

the initial particle nuclei prior to the coagulation.  It is important to note, however, 

that the majority of the particles examined appear to be single crystals, as seen in 

Figure 4.2c.  Although one might expect all of the particles to be polycrystalline in a 

system dominated by coagulation, Yacamán and coworkers recently observed atomic 

reorganization and restructuring in gold particles as large as 70 Å in diameter after 

coagulation47.  In our system, it appears that crystal planes can realign within the 

nanocrystal core, however, the polycrystallinity resulting from the coagulative growth 

process persists in some particles.   
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Figure 4.10 

ψ2(η) versus η.  Experiments A (○), B (□), C ( ), D ( ), E (●), F (■), G ( ), H (▲) 

and I (▼).  ψ2theory (▬) represents the theoretical coagulation solution. 
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Figure 4.11 

TEM images of polycrystalline silver nanocrystals coated with C6F13C2H4SH ligands 

synthesized in CO2.  a - c) Multiple misaligned lattice fringes visible in nanocrystal 

core.  d) Coagulated nanocrystal with partial realignment of crystal planes. 
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4.5 Conclusions 

Fluorocarbon-coated silver, iridium, and platinum nanocrystals ranging in size 

from 20 to 120 Å in diameter were synthesized in sc-CO2 by arrested precipitation.  

These fluorocarbon-coated nanocrystals represent the first synthesis of nanocrystals 

in pure CO2.  The nanocrystals can be redispersed in acetone and fluorinated solvents. 

Due to the wide variety of available organometallic precursors soluble in sc-

CO2, and the large solubility of hydrogen, many different types of metal and 

semiconductor nanocrystals can feasibly be synthesized. The most effective 

precursors dissolve easily in CO2, are stable at moderate temperatures, and must 

decompose quickly to the base metal with the addition of hydrogen.  If hydrogen 

cannot reduce the precursor at moderate conditions, then higher temperatures or 

stronger reducing agents become necessary for particle formation.  The nature of the 

binding group on the stabilizing ligand must also be considered when applying these 

methods to other materials.  The stabilizing ligand must interact with the solvent to 

provide protection against irreversible aggregation and exhibit a binding strength 

weak enough to allow particle growth, yet strong enough to arrest particle growth in 

the nanometer size range. 

Under the reaction conditions explored here, the precursor concentration 

predominantly determines the nanocrystal size with higher Ag(acac) concentrations 

giving rise to larger particles.  The average diameter ranged from as small as 26 Å to 

as large as 107 Å.  The polydispersity, however, remained constant, independent of 

nanocrystal size.  Nondimensional analysis of the particle size distributions showed a 

self-similar solution, indicating consistency in the reaction mechanisms between the 

experiments.  The lognormal shape of the size distributions, along with the 

polydispersity of the samples and the first and third moments of the size distributions 

indicate a growth mechanism that is dominated by coagulation between the 

nanocrystal cores.  The perfluorooctanethiol capping ligand used in this study is 

unable to provide redispersibility in pure sc-CO2 due to its length.  The extremely low 
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polarizability of sc-CO2 results in approximately 50% larger van der Waals 

attractions for silver as compared with the case in conventional solvents.  Partially 

because of this factor, C8F17C2H4SH ligands stabilize silver nanocrystals in pure CO2 

much more effectively than C6F13C2H4SH.  In conclusion, the reaction method 

described here provides a pathway to the synthesis of metal nanocrystals with unique 

dispersibility characteristics in an environmentally benign solvent. 
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Chapter 5 

 

Role of Steric Stabilization on the Arrested Growth of Silver 

Nanocrystals in Supercritical Carbon Dioxide 

 
 

 

Perfluorodecanethiol stabilized silver (Ag) nanocrystals were synthesized in 

supercritical (sc)-CO2 through arrested precipitation, by reducing silver 

acetylacetonate (Ag(acac)) with hydrogen in the presence of fluorinated thiol.  The 

CO2 density used during synthesis controls the particle size and polydispersity.  At 

high solvent densities (P>250 bar, T=80°C), the ligands provide a strong steric barrier 

that maintains small particles with 20 Å diameter.  At lower solvent densities (P<250 

bar, T=80°C), the osmotic repulsions between capping ligands are weak, resulting in 

40 Å diameter nanocrystals with higher polydispersity.  At early stages in the growth 

process, metal core coagulation competes with ligand adsorption.  Conditions 

effective for steric stabilization, such as long ligands and high solvent density, quench 

nanocrystal growth at relatively low ligand binding densities, which leads to smaller 

nanocrystals.  Under poor solvent conditions, particles grow to larger sizes before the 

coverage of capping ligand is sufficient to prevent coagulation of metal particles.  

Perfluorodecanethiol coated silver nanocrystals, synthesized in either good or poor 

solvent conditions, readily redisperse in acetone, fluorinated solvents and sc-CO2 (at 

high density).  The precursor concentration, thiol:precursor ratio and reaction time do 

not affect the nanocrystal size appreciably, although these parameters do affect the 

polydispersity.  

Reproduced with permission from Shah, Parag S.; Husain, Shabbir; Johnston, 
Keith P.; Korgel, Brian A., J. Phys. Chem. B, 2002, 106, 12178-12185.  Copyright 
2002 American Chemical Society. 
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5.1 Introduction 

Nanocrystals ranging from 20 to 100 Å in diameter represent a unique class of 

colloids, capable of exhibiting a variety of size-dependent optical and electronic 

properties that could be used in a variety of technologies, including coatings, 

environmental, chemical processing, medical, electronic, and sensing applications1-3.  

To effectively utilize their size-dependent properties, the nanocrystal size and 

polydispersity must be controlled.   For this purpose, organic stabilizing ligands with 

proper binding strengths for the substrate4,5 are often used to passivate the nanocrystal 

surfaces and quench particle growth2.  The functional group that binds to the metal 

has a dramatic impact on the nanocrystal size.  The binding must be strong enough to 

induce ligand sticking, however, binding must be sufficiently reversible to allow for 

particle growth.  Various metals require a mixture of capping ligands to achieve these 

properties.  For example FePt nanocrystals require a mixture of oleic acid and oleyl 

amine [Ref. 5] while Co nanocrystal growth requires a mixture of oleic acid and alkyl 

phosphines [Ref. 4].  The ligands determine the particle dispersibility and enable 

post-synthesis separation techniques, such as anti-solvent based size selective 

precipitation.  After evaporating the solvent, the stabilizing ligands control the edge-

to-edge separation between the metal cores and permit redispersion.  In some cases, 

the capping ligands can affect the nanocrystal shape6.   

Recently, nanocrystals have been synthesized in supercritical fluids (SCFs)7-

10.  SCFs provide a unique reaction medium with density-tunable solvation properties, 

which in some cases can be exploited to manipulate nanocrystal and nanowire 

morphology through temperature and pressure changes in the reaction medium11,12.  

Nanocrystal dispersibility in SCFs can be tuned as well, since the ligand-solvent 

interaction strength, which is responsible for colloid stabilization, relates directly to 

the solvent density13,14.  Supercritical carbon dioxide (sc-CO2) provides a potentially 

useful environment for nanocrystal synthesis, as it is non-toxic, non-flammable and 

environmentally benign.  However, the low polarizability per volume of CO2 gives 
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rise to weak van der Waals forces and sterically stabilized systems in sc-CO2 require 

“CO2-philic” groups with low cohesive energy densities to provide favorable 

energetic interactions with the solvent15-18.  Although examples of colloids stabilized 

by hydrocarbon surfactants in sc-CO2 exist19,20, generally, fluorinated groups are 

needed21,22.  To minimize solvation challenges, several groups have now utilized 

water-in-CO2 microemulsions as nanoreactors for synthesizing various types of 

nanocrystals7,8.  However, these approaches yield particles with weakly bound 

surfactants and the resulting nanocrystals cannot be collected without irreversible 

flocculation; the CdS nanocrystals developed by Holmes et al. are an exception to this 

case7.  Recently, we showed that silver nanocrystals capped with partially fluorinated 

ligands (1H,1H,2H,2H-perfluorodecanethiol) are redispersible in sc-CO2
23

.  

Subsequently, we demonstrated arrested precipitation in pure CO2 using hydrogen to 

reduce an organometallic precursor in the presence of fluorinated ligands 

(1H,1H,2H,2H-perfluorooctanethiol)9; however, the particles formed in these studies 

were relatively large (~55 Å) and very polydisperse (~47%).  Furthermore, although 

these nanocrystals were well-capped with the ligand and dispersed in acetone, the 

nanocrystals did not redisperse in sc-CO2, as their chain lengths were too short to 

overcome the relatively strong van der Waals attraction between metal particles of 

this size in sc-CO2.  Previously, high quality thin films have been formed by using a 

hybrid chemical fluid deposition (CFD) technique in which organometallic precursors 

dissolved in sc-CO2 are reduced by hydrogen24,25.   

Herein, we reveal that longer chain lengths (1H,1H,2H,2H-

perfluorodecanethiol; C10 vs. C8) produce small nanocrystals, 20 Å in diameter with 

37% polydispersity under good solvent conditions (i.e., high CO2 density).  The 

nanocrystal size and polydispersity depend sensitively on the supercritical solvent 

conditions.  Low solvent density yields large nanocrystals with very broad size 

distributions.  The size and size distribution of the nanocrystals synthesized under 

“poor” solvent conditions match those obtained earlier9 using the shorter C8 

stabilizing ligands at high CO2 density.  These observations are consistent with the 
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model for nanocrystal steric stabilization presented in Ref. 14.  High ligand capping 

density provides a thick steric barrier that prevents metal core coagulation under both 

good and poor solvent conditions.  However, strong osmotic repulsions between 

ligands in good solvent conditions slow nanocrystal growth at a much lower capping 

density.  Long ligands and high solvent density produce small nanocrystals; 

ineffective stabilization at low CO2 density leads to larger more polydisperse 

nanocrystals.  Our model for particle coagulation as a function of ligand binding 

density reveals that relatively low ligand surface coverages dramatically slow 

coagulation under conditions providing effective steric stabilization. 

 

5.2 Experimental Section 

5.2.1 Materials 

The silver precursor, silver acetylacetonate (Ag(acac), Aldrich Chemical Co.), 

1H,1H,2H,2H-perfluorodecanethiol (Oakwood Products Inc.), heptane (Aldrich 

Chemical Co.) and Omnisolve spectrophotometry grade acetone (EM Science) were 

used as received.  High-grade carbon dioxide (purity > 99.99%, Matheson Gas 

Products) and hydrogen (purity > 99.999%, Praxair Inc.) were used.   

 

5.2.2 Nanocrystal Synthesis 

In a typical experiment, 12 to 15 mg of Ag(acac) were loaded into the front of 

a variable volume view cell.  The front of the cell was filled with pressurized liquid 

CO2 (138 bar and 21°C) using a manual pressure generator (High Pressure Equipment 

Corp.) until reaching the desired precursor concentration.  CO2 was added into the 

back of the cell using a computer controlled syringe pump (Dionex Model 501) to 

increase the system pressure.  The system was heated by wrapping the cell with 

heating tape attached to an Omega CN76000 temperature controller.  Once the cell 

reached the desired reaction conditions, 1H,1H,2H,2H-perfluorodecanethiol and 

hydrogen were added to the cell through two injection loops attached in series to the 
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front of the cell.  Injection loops of various lengths were used to control the volume 

of added thiol from 7.6 to 150 µL.  The hydrogen pressure was varied from 21 to 69 

bar in an 800 µL injection loop to maintain a fixed hydrogen:precursor concentration 

of 30:1.  Typical reaction times were 3 hours.  Then the cell was cooled and 

depressurized by venting the CO2 from the back of the cell.  CO2 was slowly vented 

from the front of the cell, leaving only the nanocrystals, excess thiol and reaction by-

products.  The nanocrystals were collected from the cell using acetone.  To remove 

reaction byproducts and excess thiol, heptane was added as an antisolvent to 

precipitate the nanocrystals, which were subsequently isolated by centrifugation.  The 

nanocrystals could then be redispersed in acetone, sc-CO2 or fluorinated solvents 

(Fluorinert or Freon 113). 

 

5.2.3 Transmission Electron Microscopy 

High-resolution TEM images were obtained using a JEOL 2010F microscope 

with 1.4 Å point-to-point resolution equipped with a GATAN digital photography 

system for imaging and operating with a 200 kV accelerating voltage.  Low-

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

point-to-point resolution operating with an 80 kV accelerating voltage.  For imaging, 

the nanocrystals were deposited from acetone onto 200 mesh carbon coated copper 

TEM grids.  Average particle size and polydispersity were determined using Scion 

Image for Windows software.  At least 300 nanocrystals were measured to determine 

the average nanocrystal size, standard deviation, the arithmetic mean radius, 

∑ ∞= Nrr i1 , cube-mean radius, 3 3
3 ∑ ∞= Nrr i , and harmonic mean radius, 

( )∑∞= ih rNr 1 , where N∞  is the total number of particles.  The moments of the 

size distribution, µ1 = r3/rh and µ3 = r1/r3 were determined from these measurements.   
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5.2.4 UV-visible Absorbance Spectroscopy 

UV-visible absorbance spectra were measured in a high-pressure optical cell 

equipped with sapphire windows on opposing sides with an optical path length of 0.9 

cm with a 1.75 cm aperture.  The cell was loaded with nanocrystals by evaporating a 

drop of an acetone dispersion into the cell.  CO2 was slowly added to the cell using a 

computer controlled syringe pump (ISCO Corp.) until reaching the desired pressure.  

An inline ball check valve (High Pressure Equipment Corp.) was used to prevent 

nanocrystal diffusion back into the pump.  The cell was wrapped with heating tape 

connected to an Omega CN76000 temperature controller.  The absorbance 

measurements were acquired on a Beckman DU-40 UV-VIS Spectrophotometer at 1 

nm intervals from 200–800 nm.  It was not feasible to measure spectra during 

reaction due to the absorbance of the organic moieties in the precursor.  

 

5.2.5 Perfluorodecanethiol Cloud Point Measurements 

The solubility of perfluorodecanethiol in sc-CO2 was determined using a high-

pressure variable volume view cell equipped with a front-facing sapphire window.  

Initially, 1 mL of perfluorodecanethiol was added to the cell.  The thiol concentration 

was controlled by the addition of CO2 to the cell using a computer controlled syringe 

pump (ISCO Corp.).  After reaching the desired concentration, the cell was 

pressurized to 172 bar by filling the back of the cell with CO2.  Temperature was 

controlled by immersing the cell into an 80ºC water bath.  After allowing the cell to 

equilibrate, it was depressurized at ~7 bar/min until reaching the cloud point.  The 

cloud point was defined as the pressure at which the piston was no longer visible.  

Cloud point determinations were repeated three times for accuracy.  Carbon dioxide 

was then added to the front of the cell to dilute the thiol concentration and the process 

was repeated. 
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5.3 Results 

Perfluorodecanethiol stabilized silver nanocrystals were synthesized at 80°C 

in sc-CO2 by reducing Ag(acac) with hydrogen at a variety of precursor and thiol 

concentrations and pressures.  The reaction conditions explored in this study are 

summarized in Table 5.1.  The nanocrystals were generally well-passivated by the 

ligands.  They redisperse in acetone and fluorinated solvents such as Freon 113 and 

fluorinert, which are good solvents for the ligands.  The TEM images show distinct 

particles separated by the adsorbed ligands.  For example, the perfluorodecanethiol 

coated silver nanocrystals in Figure 5.1 are separated by an average edge-to-edge 

distance of 21 Å.  This interparticle separation is larger than what is found for 

hydrocarbon-stabilized nanocrystals (decanethiol gives ~12.5 Å26), due to the 

increased stiffness of the fluorinated ligand27.  The lattice spacing in the high-

resolution TEM images in Figure 5.1 of 2.3 Å corresponds to the d111 spacing in 

silver. 

The significant finding in this paper is the distinct dependence of the 

nanocrystal size and polydispersity on the solvent density during particle formation.  

Well-passivated silver nanocrystals could be synthesized at a wide range of solvent 

pressures, from 207 to 345 bar.  However, they do not redisperse at pressures less 

than 276 bar (at 80oC)—as observed in the UV-visible absorbance spectra in Figure 

5.2.  Figure 5.3 shows the size and polydispersity of nanocrystals synthesized at 80ºC, 

3.5 mM Ag(acac), and thiol:precursor ratio of 2.5.  Above 276 bar, the particles 

exhibit an average diameter of 20 Å and the synthesis pressure does not noticeably 

affect the nanocrystal size or polydispersity.  However, below 276 bar, both the 

nanocrystal size and polydispersity increase with decreasing pressure (Figure 5.4).  

Nanocrystals synthesized below the dispersibility limit of 276 bar are still well-

passivated by the ligands and redisperse in acetone, fluorinated solvents, and sc-CO2 

at 80°C and pressures greater than 276 bar.   
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Exp. 
No.

Prec. 
Conc. 
(mM)

Thiol/Prec 
Ratio 

(mol/mol)
Temp. 
(°C)

Press. 
(bar)

Density 
(g/mL)

React 
Time  
(hrs)

Ave. 
Diam. 

(Å)

Stan. 
Dev. 
(Å)

% 
Stan. 
Dev. µ 1 µ 3

A 3.5 2.4 80 345 0.786 3 17 6 33% 1.2 0.9
B 3.5 2.5 80 276 0.720 3 18 7 38% 1.3 0.9
C 3.5 2.4 80 259 0.698 3 17 11 66% 1.9 0.7
D 3.5 2.3 80 241 0.674 3 24 22 91% 3.1 0.6
E 3.5 2.6 80 223 0.643 3 34 21 62% 1.8 0.7
F 3.5 2.5 80 207 0.610 3 40 21 52% 1.8 0.8
G 0.8 2.6 80 276 0.720 3 19 4 21% 1.1 1.0
H 1.8 2.5 80 276 0.720 3 12 4 34% 1.3 0.9
I 0.9 2.2 80 207 0.610 3 27 14 51% 1.5 0.8
J 1.7 2.5 80 207 0.610 3 27 18 65% 1.8 0.7
K 3.5 2.4 80 276 0.720 6 17 15 92% 2.6 0.6
L 3.5 2.5 80 276 0.720 12 18 11 61% 1.8 0.7
M 3.5 0.3 80 276 0.720 3 18 7 37% 1.3 0.9
N 3.4 0.5 80 276 0.720 3 12 4 37% 1.3 0.9
O 3.5 4.9 80 276 0.720 3 14 6 39% 1.3 0.9
P 3.5 5.0 80 276 0.720 3 20 10 52% 1.5 0.8

 
 

 

 

 

 

 

Table 5.1 

Summary of the conditions used for nanocrystal growth 
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Figure 5.1 

Representative TEM images of silver nanocrystals capped with perfluorodecanethiol 

synthesized in sc-CO2.  (a) and (b) show images of nanocrystals grown at 80°C and 

276 bar (Experiment B) which have formed rafts of close packed particles.  (c)-(e) 

show high-resolution TEM images exhibiting crystalline cores.  
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Figure 5.2 

UV-visible absorbance measurements of silver nanocrystals dispersed in sc-CO2 at 

80°C and pressures of 207 bar, 241 bar, 276 bar, 310 bar and 345 bar.  The decrease 

in peak intensity with decreased pressure indicates reduced solubility of the particles. 



 

103 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

0.5

0.75

1

1.25

1.5

1.75

2

175 200 225 250 275 300 325 350 375

D
ia

m
et

er
 (Å

)

Size D
istribution M

om
ent

Pressure (bar)
 

 

 

 

Figure 5.3 

The data points correspond to experiments A – F.  (a) Average nanocrystal diameter 

(●) and size distribution moments, µ1 (▲) and µ3 (▼), of perfluorodecanethiol-coated 

silver nanocrystals synthesized at 80°C, with a precursor concentration of 3.5 mM 

and thiol:precursor ratio of 2.5 as a function of solvent pressure.  The error bars 

represent the standard deviation of the samples.  µ1 for experiment D (3.1) has not 

been shown for clarity. 



 

104 

 

 

 

 

 

 

0 20 40 60 80 100

Fr
eq

ue
nc

y/
M

ax
 F

re
qu

en
cy

Diameter (Å)

207 bar

223 bar

241 bar

259 bar

276 bar

345 bar

 
 

 

 

 

 

 

Figure 5.4 

The data points correspond to experiments A – F.  Particle size distributions as a 

function of solvent density.  The size distribution histograms have been normalized 

(Frequency/Max Frequency) and offset for clarity. 
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The size distribution moments, µ1  and µ3, reflect the particle growth 

mechanism.  Nanocrystals formed through condensation of free atoms, or small 

oligomers, onto growing metal cores are relatively monodisperse with µ1 = µ3 = 1; 

whereas, coagulative growth results in broad size distributions with µ1 > 1.25 and µ3 

< 0.90528.  The size distribution moments indicate that particles grow by coagulation 

at pressures below 276 bar.  Nanocrystals in this size range that form via coagulation 

still exhibit crystalline cores, as internal lattice reorientation occurs readily in metal 

particles to eliminate energetically unfavorable crystallographic mismatches29,30.  

Above 276 bar, µ1 and µ3 approach 1, revealing that growth occurs through a 

combination of both coagulation and condensation.  These results indicate that high 

solvent density slows particle aggregation, which largely prevents coagulation and 

stabilizes particles in the small size range.  At lower solvent density, where ligand 

solvation is poor, particles grow primarily by coagulation. 

Since colloid stability is provided by the adsorbed ligands, understanding 

ligand solvation is very important.  As particles collide, well solvated ligands repel 

each other through osmotic forces.  In order to stabilize the nanocrystal dispersion, 

these forces must overcome the long range attraction between particles due to van der 

Waals forces.  For colloids in conventional solvents which exhibit upper critical 

solution temperatures (UCST), good and bad solvent regions are defined by the theta 

temperature, which relates to the critical flocculation temperature.  Analogously, 

colloids in SCFs exhibit lower critical solution temperatures (LCST), and the strength 

of the steric repulsion is most closely related to the density of the solvent31,32.  The 

cohesive energy density of the solvent is higher at increased solvent density, resulting 

in better ligand-solvent interactions15.  In SCFs, the critical flocculation density 

(CFD) defines the solvent conditions where the dispersion is no longer stable. Monte 

Carlo simulations have shown that the CFD in SCFs corresponds to the density where 

the stabilizer ligand is soluble at all concentrations, defined as the upper critical 

solution density (UCSD)33-35.  The UCSD for perfluorodecanethiol in sc-CO2 was 
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determined to be ~135 bar at 80°C, as shown in Figure 5.5.  Figure 5.2, however, 

reveals that pressures greater than ~276 bar are required for nanocrystal stabilization, 

indicating that the CFD does not correspond to the UCSD.  It is important to note that 

the simulation results in Ref. 34 do not account for colloidal core-core attractions, 

which are relatively strong for metal nanocrystals.  For polydisperse systems, the 

CFD can be blurred, due to the fact that larger particles have stronger core-core 

attractions than smaller particles13.  As shown in Figure 5.2, the absorbance peak is 

greatest at the highest pressure, indicating the most nanocrystals have dispersed in 

CO2
36.  The peak height decreases as the pressure is lowered, indicating that the 

largest nanocrystals have flocculated at that condition.  As the pressure decreases 

below 276 bar, the absorbance disappears altogether, as the steric repulsion has 

become so weak that none of the particles are stabilized at this condition. 

At good solvent conditions, 276 bar and 80°C, the reaction time and 

thiol:precursor ratio do not affect the average nanocrystal size.  Increased reaction 

time simply leads to a slight broadening of the particle size distribution, perhaps as 

the result of Ostwald ripening (see Appendix B Figures B.1 and B.2).  Therefore, the 

reaction times studied here were limited to 3 hours.  The thiol:precursor ratio could be 

varied widely, from 1:3 to 5:1 (thiol:precursor mole ratio) with little effect on the 

nanocrystal size and size distribution (Appendix B Figure B.3).  The thiol:precursor 

ratio needed for total surface coverage of 20 Å diameter silver nanocrystals, assuming 

an average area per thiol of 16 Å2, is approximately 1:326,2.  Thiol diffusion to the 

nanocrystal surface does not appear to be size-limiting.   

The precursor concentration, however, can affect the nanocrystal size and size 

distribution.  Under poor solvent conditions, both the size and polydispersity are 

affected.  Under good solvent conditions, only the size distribution appears affected 

by the precursor concentration—higher precursor concentration leads to broader size 

distributions.  Figure 5.6 plots the particle size and polydispersity for nanocrystals 

synthesized under poor solvation conditions.  As the precursor concentration  
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Figure 5.5 

Cloud point measurements of perfluorodecanethiol in sc-CO2 at 80°C. 
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Figure 5.6 

Average diameter (●) and size distribution moments, µ1 (▲) and µ3 (▼), of 

perfluorodecanethiol stabilized silver nanocrystals grown at 80°C with a 

thiol:precursor ratio of 2.5:1, as a function of precursor concentration.  The closed 

symbols correspond to 276 bar and experiments B, G and H, while the open symbols 

correspond to 207 bar and experiments F, I and J.  The error bars represent the 

standard deviation of the samples. 
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increases, µ1 and µ3 deviate increasingly from 1, signifying that these conditions favor 

coagulation.  Higher precursor concentration increases the initial concentration of 

silver nuclei, which increase collision rates at early times in the growth process.  At 

lower solvent density, increased precursor concentration results in larger nanocrystals 

as the number of initial collisions increases.  The size distribution moments indicate 

that coagulative growth is greater at lower pressure for all precursor concentrations.   

 

5.4 Discussion 

Based on the fact that µ1 and µ3 deviate significantly from 1 under all of the 

reaction conditions studied, nanocrystal coagulation is clearly an important growth 

mechanism to understand.  Coagulative nanocrystal growth requires interparticle 

collisions that bring the metal cores close enough to promote metal fusion37.  Particles 

with complete ligand surface coverage do not fuse because the metal cores are 

sterically prevented from touching--even in a poor solvent (or no solvent for that 

matter). Therefore, almost certainly at very early times in the particle formation 

process, nanocrystals are only partially coated with ligands in order for coagulation to 

occur. To gain an appreciation for the combined influences of ligand surface coverage 

and solvent strength on the growth process, the coagulation rate between particles can 

be calculated.  Based on the obvious influence of coagulation, it is assumed that at 

very early times in the particle formation process, nanocrystals will be only partially 

coated with ligands and particle coagulation will compete with ligand adsorption.  

Although the ligand adsorption rate or ligand binding constants between thiols and 

silver in sc-CO2 are unknown, the coagulation rate between particles can be 

calculated with respect to particle size, solvent strength and ligand surface coverage 

in order to better understand the growth process. 

The nanocrystal coagulation rate (J12) of particles of size “1” with particles of 

size “2” depends on their initial concentrations, N1 and N2: 211212 NNKJ = 38.  12K  is 

the coagulation coefficient.  Considering the simplest case when particle collisions 
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occur through Brownian motion, ( )( )21211212 4 DDRRKK Brownian ++== π .  The cluster 

diffusivities Di, can be estimated using the Stokes-Einstein equation, ii RkTD πµ6= , 

where k is Boltzmann’s constant, T is the temperature, and µ is the CO2 viscosity.  

For equally sized silver particles in sc-CO2 at 80ºC and 276 bar, BrownianK12 =2.2 × 10-10 

cm3/sec.  Note that BrownianK12  is independent of the core radius when equally sized 

particles are considered.  Attractive or repulsive interactions with energy Φ(x), where 

x is the center-to-center separation distance, affect the collision rate and must be 

accounted for using a correction factor W 38: 

 ( ) ( )
∫
∞

+







 Φ

+=
21

221 exp
RR

dx
x

kTxRRW  (5.1) 

Subsequently, WKK Brownian
1212 = .  

The van der Waals interaction between two equally sized particles of radius R 

depends on the Hamaker constant A121, for silver acting across CO2:37 
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A121 relates directly to the Hamaker constants for CO2 and silver across vacuum, A11 

and A22, respectively: ( )2

2211121 AAA −≈ .  A22 has been determined to be 2.2 eV37.  

A11 can be determined using equations of state for the density dependent dielectric 

constant ε1, and refractive index n1, for CO2
39 and Lifshitz theory37,40: 
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In Eqn (5.3), h is Planck’s constant and νe is the maximum electronic ultraviolet 

adsorption frequency, typically assumed to be 3 × 1015 s-1.  The Hamaker constant for 

silver across sc-CO2 at 276 bar and 80ºC is 1.5 eV37.  Taking A121=1.5 eV, 71.0=W  

to give  seccm 101.3 310
1212

−×== WKK Brownian . 
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Of course, sterically stabilized nanocrystals undergo many collisions without 

coagulation and particle growth.  Therefore, steric stabilization must be properly 

accounted for to determine the coagulation rate.  As a general guideline, the metal 

cores fuse if they approach to within 5 Å (δc) of each other37.  Since the interparticle 

separation for perfluorodecanethiol-coated nanocrystals in the absence of solvent is 

21 Å, well-passivated nanocrystals are protected from fusion and coagulative growth 

under all solvent conditions.  Partially passivated nanocrystals, however, have the 

possibility of fusing into larger clusters if the cores approach to within δc upon 

collision.  Early in the growth process, particle coagulation competes with ligand 

adsorption.  Therefore, to prevent coagulative nanocrystal growth—which leads to 

large particle sizes and polydispersity—the solvent must enable the ligands to fully 

extend and prevent cluster coagulation between partially capped cores until capping 

becomes sufficiently high.  The repulsive force between particles provided by the 

ligands can be included in W using a model for steric stabilization. 

Vincent, et al., proposed that steric interactions between particles results from 

osmotic and elastic repulsions41,42.  The osmotic repulsive energy (Φosm) results from 

the unfavorable exclusion of solvent between colliding nanocrystals and the elastic 

term evolves from the mechanical compression of the layer that prevents the metal 

cores from touching.  Φosm depends on the particle radius R, and the center-to-center 

separation distance x:   
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In Eqs. (5.4) and (5.5), vsolv is the molecular volume of the solvent, φ is the volume 

fraction profile of the stabilizer extending from the particle surface.  Important 

parameters in Eqs. (5.4) and (5.5) include the ligand length l, and the Flory-Huggins 

interaction parameter χ, between the ligand and the solvent.  In Flory-Huggins theory, 
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χ = ½ typically represents the boundary between a good solvent (χ < ½) and poor 

solvent (χ > ½).  Φosm can be significant even at low surface coverage of ligand in a 

good solvent.  When χ > ½, Φosm becomes attractive due to the poor solubility of the 

ligands.  To determine solvent conditions in SCFs, the compressibility must be 

accounted for and effective (density dependent) χ -parameters can be used43,44.  For 

sc-CO2, however, the density dependence of χ is not well known.  Therefore, in the 

analysis presented here, χ-parameters simply provide guidelines for understanding 

how good, theta and poor solvent conditions affect particle growth, rather than 

providing an explicit relationship to the CO2 density.  Although more sophisticated 

models have been developed for solvent-tail interactions in supercritical fluids to 

include effects of compressibility33-35, the simpler model presented below captures 

many of the key features needed to explain the trends in coagulation rates in this 

paper. 

The volume fraction profile (φ) of the stabilizing ligands decreases radially 

from the metal surface and depends on the particle size and “footprint” area per head 

group.  The radial decay of the volume fraction profile increases with decreasing 

particle size due to the increased interfacial curvature, as shown in Figure 5.7.  The φ 

curves in Figure 5.7 were calculated using the geometric equation for cylinders with 

ligand cross section area (SAthiol) of 14.5 Å2 26, extending radially from a curved 

surface with radius Rp + z: 

 ( ) ( )zR
RSA

z
pthiol

pthiol

+
=

θ
φ  (5.6) 

θthiol is the surface area per thiol head group, which represents the binding density, 

and z is the radial distance from the metal surface.  Coagulation rates are plotted as a 

function of the ligand volume fraction at the metal surface, φs=φz=0 in Figures 5.8 and 

5.9, taking the close packed layer to have a density of 16 Å2 / thiol26.   

Low molecular weight alkane and fluoroalkane stabilizers undergo only a very 

slight amount of compression, as the only ligand mobility is rotation around a few 
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Figure 5.7 

Ligand volume fraction profiles as a function of radial distance from particle surface.  

Particle sizes shown are 20 Å diameter ( ), 40 Å diameter and ( ), 60 Å ( ) 

in diameter at full surface coverage θthiol = 16 Å2.  Also shown are volume fraction 

profiles for 20 Å nanocrystals at varying surface coverages, θthiol = 16 Å2, θthiol = 24 

Å2 , θthiol = 36 Å2
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Figure 5.8 

K12 for 20 Å diameter perfluorodecanethiol stabilized silver nanocrystals as a function 

of thiol surface coverage (φs) at varying solvent conditions (χ).  Solvent conditions 

shown are χ = 0, 0.125, 0.25, 0.375, 0.5 (theta), 0.75 and 1.0.  Brownian limit 

corresponds to the coagulation coefficient determined without any interparticle 

interactions (2.2 × 10-10 cm3/sec).  The van der Waals limit corresponds to the 

coagulation coefficient with the incorporation of interparticle van der Waals 

attractions (3.1 × 10-10 cm3/sec), without any steric effect from the ligand.  The hard 

sphere limit is the surface coverage necessary to prevent core fusion (separation 

distance > 5 Å).   
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Figure 5.9 

Coagulation coefficient (K12) as a function of thiol surface coverage (φs) at varying 

particle sizes, 20 Å diameter ( ), 40 Å diameter ( ), 60 Å diameter ( ).  

Solvent conditions shown are χ = 0, 0.25 and 0.5 (theta).  The hard sphere limits 

correspond to the surface coverage needed to prevent core fusion (separation distance 

> 5 Å). 
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carbon-carbon bonds.  For this reason, the elastic term given by Vincent is not 

applicable; instead a modified hard sphere model is used to represent the repulsion 

due to high packing density of thiol on the nanocrystal surface.  The metal surfaces of 

colliding particles cannot approach closer than a minimum separation distance xmsd, at 

which point the ligand volume fraction in the interfacial region φtotal, reaches 1.  The 

volume fraction profile in the interfacial region is determined by using the volume 

fraction profiles of opposing particles at a given separation distance, determined using 

Eqn (5.6), and adding the volume fractions in the region of ligand overlap.  xmsd can 

be thought of as an effective hard sphere separation distance between colliding 

particles.  Figure 5.7 shows that xmsd increases with higher binding density and 

increasing diameter.  If the metal cores approach to within the critical fusion distance 

δc, they will fuse.  If xmsd ≥ δc, nanocrystal aggregation will not lead to fusion and the 

coagulative growth will stop.  The ligand surface coverage (φs) when this occurs in a 

theta solvent (χ = ½) is called the hard sphere limit, denoted as HSs ,φ .  Note that even 

at poor solvent conditions, the hard-sphere repulsion provided by the adsorbed ligand 

can protect the cores from fusion.  Notice in Figure 5.9 that HSs,φ  decreases with 

increasing particle diameter.  In other words, θthiol at the hard sphere limit for 

coagulation is considerably less for larger particles than for smaller particles. 

 Figure 5.8 shows 12K  calculated for 20 Å diameter perfluorodecanethiol 

stabilized silver nanocrystals as a function of φ s by inserting osmvdwtotal Φ+Φ=Φ  into 

Eqn. (5.1).  In a good solvent (χ < ½), 12K  decreases as φ s increases due to the 

improved steric barrier between nanocrystals.  When χ = ½, 0=Φ osm  and 12K  does 

not depend on φs until reaching the hard sphere limit at 69.0, =HSsφ .  Note at 

complete coverage 91.0=sφ .  When χ > ½, the poorly solvated ligands increase the 

interparticle attractions and 12K  increases with higher φs, until reaching the hard 

sphere limit when coagulative growth stops.  At all solvent conditions, nanocrystal 
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coagulation terminates at the hard sphere limit.  However, nanocrystal growth in a 

good solvent terminates at ligand surface coverages significantly lower than HSs,φ .  φs 

required to prevent particle coagulation increases significantly as the solvent quality 

decreases due to the loss of osmotic repulsion between the nanocrystals.  Under ideal 

solvent conditions (χ = 0), coagulative nanocrystal growth is quenched at φs=0.42.  

 Figure 5.9 shows 12K  calculated as a function of nanocrystal size and solvent 

condition.  The value of φs necessary to stop nanocrystal growth is lower for larger 

nanocrystals for all χ.  For example, in a χ = 0 solvent, 20 Å particles require a 

surface coverage of φs=0.42, while 60 Å particles require only φs=0.36.  Larger 

particles exhibit less surface curvature than smaller particles, which enhances the 

steric repulsion between particles.   

Consistent with the nanocrystal absorbance spectra in Figure 5.2, χ decreases 

as the solvent density increases.  In fact, the system is below the CFD at the lowest 

pressures.  Therefore, provided that ligand binding rates do not vary significantly with 

pressure, nanocrystal coagulation terminates earlier in the growth process when using 

higher pressures; thus, leading to smaller particles with lower polydispersity.   

In Ref. 10, silver nanocrystals were synthesized in CO2 using 

perfluorooctanethiol (C8) as a capping ligand.  The particles were relatively large and 

polydisperse and did not redisperse in CO2, even at high density. At a precursor 

concentration of 3.5 mM, the average particle diameter was 57 ± 28 Å (polydispersity 

of ~47%) for perfluorooctanethiol, while it was only 16 ± 6 Å (polydispersity of 39%) 

for perfluorodecanethiol.   µ1 = 1.5 and µ3 = 0.8 for the particles coated with for 

perfluorooctanethiol, compared to values of µ1 = 1.3 and µ3 = 0.9 for the particles 

capped with perfluorodecanethiol.  The C8 chains are much less effective as a steric 

stabilizer compared with the C10 chains, and particle coagulation dominates growth 

when using the shorter chains.  The transition from coagulation-dominated particle 

growth to controlled growth and stabilization of particles in the small size range 

occurs when going from low CO2 density to high CO2 density and from increasing the 
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ligand chain length from C8 to C10.  For example, when osmotic steric stabilization is 

lost at a reaction pressure of 207 bar, the average particle diameter increases to 40 ± 

21 Å, which is much closer to the sizes synthesized in Ref. 10.  The longer ligand, 

which also has a greater ratio of CF2 to CH2 groups, is more effective at preventing 

coagulative collisions between particle cores.  However, fully passivated cores are 

protected from irreversible flocculation even at conditions where the ligand cannot 

provide dispersibility—consider for example the deposited nanocrystals in the TEM 

images and the fact that well-capped nanocrystals of all sizes can be flocculated and 

precipitated using anti-solvents without irreversible coagulation or change in 

nanocrystal size3,26.  These results show the importance of steric stabilization during 

the growth stage on maintaining control over particle size and polydispersity. 

 

5.5 Conclusions 

Silver nanocrystals have been synthesized in sc-CO2 by reducing a CO2-

miscible organometallic precursor with hydrogen in the presence of 

perfluorodecanethiol capping ligands.  The ligands effectively bind to the nanocrystal 

surface, allowing them to be collected, cleaned and redispersed in acetone, fluorinated 

solvents and sc-CO2.  The unique density-tunable solvation characteristics of SCFs 

provide a means to examine the effect of steric stabilization on the arrested 

precipitation of nanocrystals. 

At high solvent densities, the ligands are adequately solvated and capable of 

preventing coagulative collisions between growing clusters with relatively low ligand 

surface coverage.  The resulting nanoparticles are in the range of 20 Å.  Decreasing 

the solvent pressure to conditions where the ligands are no longer capable of 

stabilizing the nanocrystals causes the average particle size to increase significantly.  

The growth mechanism becomes coagulation dominated and a much higher ligand 

surface coverage is needed to provide the thick steric layer necessary to prevent 

fusion between metal cores.  Coagulation during the time it takes to achieve this 
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higher surface coverage results in larger particles with higher polydispersity.  The 

large differences for silver nanocrystal size and redispersibility for the 

perfluorooctanethiol versus perfluorodecanethiol ligand results from the improved 

steric stabilization provided by the latter.  In addition to solvent quality, other 

parameters typically found to affect particle size, were examined.  In contrast with 

our previous study with perfluorooctanethiol9, the average particle size is independent 

of precursor concentration under good solvent conditions.  Lowering the ratio 

thiol:precursor ratio does not increase the particle size, indicating that thiol diffusion 

to the nanocrystal surface is rapid.  The influence of effective ligand stabilization as 

described by the experimental data and model in this study should be universal for all 

single-phase nanocrystal synthesis, even in conventional solvents. 
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Chapter 6 

 

Freezing Kinetics of Nonequilibrium Nanocrystal Monolayers 

Deposited from Liquid Carbon Dioxide

 
 

 

We observe the time-dependent structural reorganization (i.e., the nonequilibrium 

freezing kinetics) of monolayers of fluorocarbon coated gold nanocrystals deposited 

at various evaporation rates from liquid carbon dioxide.  Compressed carbon dioxide 

does not exhibit the dewetting instabilities prevalent to conventional solvents during 

rapid evaporation, thus permitting the deposition of spatially continuous monolayers 

with controlled surface coverage.  Comparison of the translational and orientational 

correlation functions and a translational order parameter with a computer simulated 

equilibrium state indicates that the two-dimensional nanocrystal freezing kinetics are 

slower than expected for a diffusion limited assembly process, and are likely 

dominated by ensemble reorganization.  The long times required for this 

reorganization suggest that evaporation rates in typical organic solvents are at least 

one order of magnitude too fast to produce equilibrium structures. 

      

The contents of this chapter are being prepared for a manuscript. 
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6.1 Introduction 

If an external parameter of a system—such as the density of an ensemble of 

particles—changes instantaneously (i.e., much faster than the collective response 

time), the system will initially be in a nonequilibrium state that mirrors the 

unperturbed state.  This quenched system will then structurally evolve as interparticle 

collisions drive the system towards equilibrium.  When the perturbation carries the 

system across a phase boundary, such as a freezing transition, particle reorganization 

can be observed through a structural order parameter.  Studies of the reorganization 

kinetics of quenched two-dimensional systems are rare—despite the significant 

fundamental interest in understanding the unique nature of freezing and order in 

reduced dimensions1.   

Here, we present an approach for observing the nonequilibrium freezing 

kinetics of a quenched two-dimensional system of nearly hard sphere particles.  

Colloidal nanocrystal monolayers were deposited on a substrate from liquid carbon 

dioxide (l-CO2) at carefully controlled evaporation rates.  By changing the 

evaporation rate, the monolayer was structurally locked at different stages of the 

organization process and then analyzed.  In this system, the nanocrystals are brought 

to the surface and then allowed to organize in a thin layer of solvent towards their 

equilibrium structure until the solvent completely evaporates.  Unlike organic 

solvents, l-CO2 does not undergo the thin film instabilities that lead to hole formation 

and other dewetting processes that disrupt the continuity of the deposited monolayer.  

The nanocrystals provide an experimental snapshot of the time-dependent 

reorganization of a collection of nearly hard spheres as they proceed through a 

disorder-order transition.  Quantitative measurement of the structural evolution using 

a translational order parameter leads to an estimate of the structural relaxation time 

for a nanocrystal monolayer deposited from an evaporating solvent.   

Sterically-stabilized nanocrystals are made up of metal or semiconductor 

cores, typically 10 nm in diameter or smaller, surrounded by organic capping ligands 
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which allow dispersibility in compatible solvents.  Adequately solvated ligands allow 

the nanocrystals to disperse like molecules in solvents, essentially unaffected by 

gravity and exhibiting fast diffusion rates (only one order of magnitude smaller than 

those of molecules).  If the polydispersity of the nanocrystals is less than 

approximately 10%, they organize into superlattices at high volume fractions.  Due to 

their fast diffusion, nanocrystal superlattice structures produced by drop casting have 

been generally evaluated as near-equilibrium structures2-4.  This assumption, 

however, has not been rigorously tested—How fast are the freezing kinetics of a 

nanocrystal superlattice?  An estimate of the mean square displacement of an isolated 

nanocrystal after the solvent evaporates one particle diameter in thickness is much 

greater than several particle diameters—the nanocrystal can easily sample many 

configurations in space before locking into place upon final drying.  However, 

researchers have shown that in some cases the structural order can be increased by 

lowering the solvent evaporation rate5, indicating that superlattice formation occurs 

through a kinetically-limited non-equilibrium process.  When a system is quenched to 

high density, in particular across a fluid-solid phase boundary, the collective 

rearrangement of particles determines the ordering kinetics, which can be orders of 

magnitude slower than the nanocrystal collision rate in the ensemble.  Herein, we find 

that at a surface coverage of 0.7, the monolayer requires ~2611 µsec to reach 90% 

crystallinity, which is over an order of magnitude slower than the evaporation of a 

thin film of a conventional solvent. 

 

6.2 Volatile Film Dewetting 

A key to this study is the use of l-CO2 as a dispersing solvent for the 

nanocrystals.  Although organic solvents completely wet a variety of substrates, 

including carbon, evaporation renders these volatile solvents susceptible to thin film 

instabilities and dewetting6-8.  The free energy cost ∆G, of forming a hole of radius R 

in a thin solvent film with thickness t depends on the three-phase vapor-liquid-
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substrate Hamaker constant A132, the spreading coefficient S, and the difference in 

chemical potential between the liquid and the vapor phases ∆µ:  

 µππγπ ∆
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In Eqn (6.1), Ω is the molecular volume and γ is the surface tension.  The spreading 

coefficient, S, is defined as slsS γγγ −−=  where γs is the substrate surface tension, 

γsl is the solid-liquid interfacial tension and γ is the vapor-liquid surface tension.  The 

three phase Hamaker constant A132 can be calculated from 
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maximum electronic ultraviolet adsorption frequency (typically assumed to be 3 × 

1015 s-1)9. The critical radius of the minimum stable hole size (Rcrit) and the energetic 

penalty for hole formation (∆Gmax) can be determined by minimizing the free energy 

with respect to hole radius, 0=∂∆∂ RG : 
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Even when the polar and dispersion interactions favor wetting (positive spreading 

coefficients and negative Hamaker constants), as in the case of organic solvents like 

hexane and chloroform on carbon substrates6-8, the volatility creates a chemical 

potential difference, ( )ivap
B PPTk ln=∆µ , that always favors hole formation (Pvap is 

the solvent vapor pressure, Pi is the partial pressure in the vapor phase, and Bk  is 
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Boltzmann’s constant; 410≈ivap PP  for a hydrocarbon solvent evaporating at room 

temperature into an ambient atmosphere7) (see Table 6.1).  Fluid dewetting leads to 

the formation of holes that carry the dispersed nanocrystals at the expanding 

solvent/air interface until they finally deposit as discontinuous films or 

macrostructures such as rings on the substrate5,7,10,11.  

By comparison, pressurization of CO2 to its vapor pressure leads to a 

compressed liquid and a corresponding vapor head with only a weak evaporative 

driving force.  Relative to organic solvents, the chemical potential difference between 

the liquid and vapor of a compressed fluid like l-CO2 at a system pressure only 

slightly below the vapor pressure ( vapP =57.3 bar at 20°C, iP =55.3 bar, 1≈ivap PP ) 

contributes very little to ∆G; under the experimental conditions, ∆µ is nearly 4 orders 

of magnitude less than ∆µ for a drop cast organic solvent.  As seen in Table 6.1, Rcrit 

for a 15 nm thick film of chloroform or hexane is ~0.1 nm, while the thin film of l-

CO2 is stable.  Furthermore, the liquid-vapor surface tension is much lower (Table 

6.1) for l-CO2, making the wetting characteristics considerably more favorable than 

for conventional solvents, which enables continuous nanocrystal monolayers to be 

deposited for the examination of the assembly kinetics.   

 

6.3 Dispersibility in Liquid Carbon Dioxide 

The main practical limitation to using compressed fluids, such as CO2, for 

monolayer deposition results from the poor solvation strength of the fluid for the 

stabilizing ligands, which scales as solvent density and significantly improves at 

pressures exceeding the vapor pressure.  This challenge is magnified in CO2, due to 

its low polarizability which gives rise to enhanced core-core interparticle attraction 

and a greater tendency towards aggregation relative to organic solvents.  We found 

that gold and silver nanocrystals stabilized with highly fluorinated ligands, 

perfluorodecanethiol12, and gold nanocrystals greater than 30 Å in diameter coated 

with perfluoropolyether thiols (PFPE-SH), that disperse at high pressures in CO2, do  
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ρ γ S A 132 ∆µ R crit

(gm/mL) (mN/m) (mN/m)  (eV) P sat /P i (eV)  (nm)
Hexane 0.66 18.4 13.9 -0.057 1.0E+05 0.23 0.11

Chloroform 1.48 27.2 5.6 -0.013 1.0E+05 0.23 0.10
l -CO2 0.77 1.2 23.2 -0.071 1.04 9.0E-04 -

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1. 

Spreading coefficient, Hamaker constant and chemical potential difference for 

hexane, chloroform and l-CO2 used to determine critical hole radius. 
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not disperse at the CO2 vapor pressure.  Although very small 16 Å diameter PFPE-SH 

coated silver nanocrystals that exhibit weak core-core attractions due to their size 

could be dispersed at the vapor pressure and deposited, these nanocrystals did not 

form ordered lattices due to the bulky ligand chain length relative to the hard core 

diameter and could not be used to study the disorder-order transition.  We were 

therefore forced to identify other ligands to stabilize the nanocrystals in CO2 at its 

vapor pressure.  

Based on observed dispersibility trends for water-in-CO2 emulsions, 

polyfluorooctylmethacrylate (p-FOMA) was expected to provide better nanocrystal 

stabilization, as PFPE stabilized emulsions always flocculate due to weak steric 

repulsion13, whereas p-FOMA had produced non-flocculated dilute emulsions14 and 

stable polymer latexes15.  Fluorooctylmethacrylate thiol (FOMA-SH) was found to 

provide dispersibility of 35 Å diameter gold nanocrystals in l-CO2 at the vapor 

pressure.  Nonetheless, dispersibility was limited and the surface coverages examined 

here represent the maximum coverage possible due to the solubility limitations of the 

particles.   

 

6.4 Experimental 

6.4.1 Nanocrystal Synthesis 

The FOMA-SH (1H,1H,2H,2H-tridecafluorooctyl 3-mercaptopropionate) was 

synthesized by attaching 3-mercaptopropionic acid to 1H,1H,2H,2H-tridecafluoro-1-

octanol.  The PFPE-SH (PFPE-CONHCH2CH2SH) was synthesized by converting the 

carboxylic acid head group of PFPE-COOH to a thiol.  Monodisperse gold 

nanocrystal were synthesized using a modification of the two phase Brust method as 

described previously16,17.  The highly fluorinated surfactants were not effectively 

solvated by the organic solvent causing the nanocrystals to flocculate out of solution 

upon adequate capping of the metal cores.  The nanocrystals were then separated out 
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and redispersed in Freon 113 (1,1,2 trichlorotrifluoroethane) and washed and size 

selected into monodisperse samples using ethanol as the miscible antisolvent.   

 

6.4.2 Monolayer Formation 

Nanocrystal monolayers were deposited from l-CO2 in a high-pressure cell 

equipped with sapphire windows.  A 245 µL glass vial was loaded with nanocrystals 

by evaporating 25 µL of a dispersion in Freon 113 (1,1,2 trichlorotrifluoroethane).  A 

200 mesh carbon coated copper TEM grid was placed at the bottom of this vial to be 

placed inside the high pressure cell.  The cell was filled with CO2 at room 

temperature using a computer controlled syringe pump (ISCO Corp.) until reaching 

the vapor pressure.  At that point, the glass vial was filled with l-CO2, while allowing 

the pressure to equilibrate and the nanocrystals to disperse.  The CO2 vapor was then 

slowly vented from the cell causing the l-CO2 in the vial to evaporate.  Evaporation 

rates were controlled using a pneumatic pressure relief valve and verified optically 

using a CCD camera attached to Scion Image for Windows software (Figure 6.1).  

After complete evaporation of the liquid, the cell was completely vented.  The grid 

was then collected and examined by transmission electron microscopy (TEM).   

 

6.5 Results 

6.5.1 Transmission Electron Micrographs 

Figure 6.2 shows TEM images of 35 Å diameter FOMA-SH capped gold 

nanocrystals deposited at the evaporation rates reported in Table 6.2.  Visual 

inspection of the TEM image of the nanocrystal monolayer deposited at the slowest 

evaporation rate examined (which was limited by the experimental apparatus) reveals 

regions of local packing order.  At the fastest evaporation rate (Experiment A; Figure 

6.2A), the nanocrystals appear randomly oriented in a disordered glassy state.  

Systematic decreases in the evaporation rate (Experiments B and C; Figures 6.2B and 

6.2C), lead to increasing regions of hexagonally ordered close packing intermingled 
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Figure 6.1 

Image of deposition vial with visible l-CO2 meniscus.   



 

132 

 

 

 

 

    

    
 

Figure 6.2 

Transmission electron microscopy images of FOMA-SH capped gold nanocrystals 

deposited at various evaporation rates: (A) 1.027 µL/sec; (B) 0.809 µL/sec; (C) 0.388 

µL/sec; (D) 0.201 µL/sec. 
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Evap. Rate 
(µ L/sec)

τ          
(µ sec) φ ϕ

A 1.027 41 0.709 0.261
B 0.809 53 0.677 0.377
C 0.388 111 0.653 0.48
D 0.201 215 0.711 0.528

 
 

 

 

 

 

 

 

 

 

 

 

Table 6.2 

Evaporation rates, interfacial evaporation time, surface coverage and degree of 

equilibrium ordering for the experiments.  For comparison the evaporation rate for 

pure chloroform was measured at 0.125 µL/sec and pure hexane was 0.194 µL/sec.  
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with areas of random packing.  The edge-to-edge separation distance for the FOMA-

SH determined from the ordered regions in Figure 6.2D was 26 Å, significantly 

higher than typical hydrocarbon ligands which exhibit 12 to 15 Å separations, which 

has been attributed to the increased stiffness of the linear fluorocarbon ligand 

compared to a hydrocarbon analog12,18.  Clearly, the extent of monolayer 

crystallization increases as the evaporation rate decreases and structural evolution 

reflects the nonequilibrium kinetics of the process; however, a meaningful analysis of 

the crystallization kinetics requires a quantitative measure of the order in the layer. 

 

6.5.2 Correlation Functions 

The monolayer structure can be classified rigorously by calculating the 

translational and orientational correlation functions, g(r) and g6(r) respectively, from 

the TEM images of the monolayers.  Using these two correlation functions, one can 

even discern between hexagonal close-packed and hexatic phases, which is of 

significance in two-dimensional freezing.  g(r) is the normalized particle density as a 

function of radial distance from a reference particle: 

 
aven
rn

rg
)(

)( =  , (6.4) 

where n(r) is the particle density at distance r and nave is the average particle density.  

The brackets indicate the average over all the particles.  g6(r) is determined using an 

order parameter )(
6

jψ , that measures the orientation angle θjk, between a reference 

particle j, and its z nearest neighbors, labeled k: 

 ∑=
k

jk
j i

z
)6exp(1)(

6 θψ  . (6.5) 

The neighbors are defined as being within 3 7.0 φ=r , where φ is the surface 

coverage (surface area fraction).  For perfect hexagonally packed crystals, each 

particle has 6 nearest neighbors each with orientation angles differing by 60° to give 

1)(
6 =jψ .  g6(r) is defined in terms of )(

6
jψ  as 
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 )()0()( 6
*
66 rrg ψψ=   . (6.6) 

The star indicates the complex conjugate and the brackets indicate the average over 

all particles19. 

Figure 6.3 shows g(r) for Experiments A through D, in which nanocrystal 

monolayers were deposited with a surface coverage of ~0.7 at different evaporation 

rates.  The average nanocrystal density (i.e., nave) needed to calculate g(r) and g6(r) 

was determined by including the space occupied by both the particle core and capping 

ligand: the effective particle radius was taken as Rp = 30.5 Å.  Table 6.3 lists the peak 

positions determined in Figure 6.3.  The qualitative difference in the range of order 

appears as an increase in the number of distinguishable peaks at decreased 

evaporation rate.  Five peaks in g(r) can be distinguished in Experiment D, each 

spaced by two particle radii as expected for an ordered assembly.  Additionally, there 

is a slight splitting in the second order peak, which is generally taken as an indication 

of the onset of long-range order through a transition to either a hexatic or crystalline 

phase19.  For Experiments B and C, three and four peaks can be distinguished 

respectively.  However, the 2R peak spacing is lost for the third peak indicating only 

short-range order.  Experiment A exhibits only a single peak, indicating a disordered 

liquid-like structure with only short-range excluded volume packing effects. 

Figure 6.4 shows g6(r) calculated for Experiments A through D from TEM 

images such as those shown in Figure 6.2.   The structure of the system can be 

determined from the scaling of the orientational correlation function: liquids with 

g6(r)~exp(-ξr), a hexatic phase with g6(r)~r-ξ and crystalline systems with 

g6(r)~constant, where ξ  represents the inverse of the range of order19.  On a log-log 

scale, Experiments A through C follow a faster than linear decay, indicating liquid-

like order in the monolayer.  It is worth noting that short-range close-packed 

structures do appear to be present in the TEM images in Fig. 6.2B and 6.2C, and the 

g(r) calculations indicate that the range of order is increasing with decreasing 

evaporation rate, however, these monolayers are still rigorously classified as  
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Figure 6.3 

Translational correlation function for Experiments A – D.  
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Peak Position r/Rp
A B C D

1 2 2.1 2.1 2.1
2a  - 4 4 3.9
2b  -  -  - 4.3
3  - 5.8 5.8 6
4  -  - 7.6 8
5  -  -  - 9.9

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3 

Peak positions from the translational correlation function. 
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Figure 6.4 

Orientational correlation function for Experiments A – D.  The dashed lines are 

guides to determine the linearity of the slope. 
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“disordered”.   Experiment D, however, displays a sharp contrast in structure, with 

g6(r)~r-ξ as it follows a linear decay on the log-log plot indicating hexatic order.  

Visually, the monolayer appears to be in the hexatic phase as close-range hexagonal 

packing is apparent with the characteristic twist in lattice orientation.  Interestingly, 

the hexatic phase has been predicted by Gray, et al. to be the equilibrium phase for a 

slightly polydisperse close-packed monolayer of hard spheres19.   

 

6.6 Discussion 

From the correlation functions reported in Figures 6.3 and 6.4, the evaporation 

rate clearly affects the range of order of the monolayer.  In order to determine the 

freezing kinetics, we need to quantify the extent of crystallinity as reorganization 

proceeds.  Truskett and coworkers have utilized the total correlation function, 

( ) ( ) 1−= rgrh , and its relationship to the characteristic length of ordered regions in a 

lattice (which goes to zero when ( ) 0→rh ) to quantify the extent of order in random 

close-packed and amorphous structures.  A translation order parameter T, can be 

defined20: 

 
pc

R

R

RR

rrg

T

c

p

−

∂−

=
∫ 1)(

 , (6.7) 

where the integral is evaluated from the particle radius Rp, to a cutoff distance 

Rc=12Rp.  Comparison of T with the translational order parameter for a reference state 

Tref, determined the extent of crystallinity: refTT=ϕ .  The structure of a simulated 

hexatic close-packed monolayer of hard disks with 7% polydispersity (compared to 

the experimental 6.7% for the nanocrystals used here) was chosen as the reference 

state to calculate Tref 19.   

The kinetics of superlattice formation were determined from a scaling 

relationship between the degree of crystallinity and the reorganization time, often 

referred to as the Avrami equation:  
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 ( ) nkτϕ −=−1ln , (6.8) 

where τ is the interfacial evaporation time.  The interfacial evaporation time used in 

the analysis was taken to be the time that the solvent evaporates 61 Å in thickness, or 

one particle diameter (including the capping ligand thickness)—this corresponds to 

the time provided to the nanocrystals to structurally reorganize in the monolayer 

during the final stage of drying.  In Eqn(6.8), n is the time exponent and k is the 

kinetic factor.  The kinetic factor can also be converted to a corresponding relaxation 

time: n
r k /1−=τ .   From the fit to the Avrami equation shown in Figure 6.5, τr = 372 

µsec and n = 0.429.   

The scaling exponent n has a physical significance related to the 

dimensionality and the mechanism of the freezing process.  If all the crystallization 

nuclei are formed instantaneously, n equals the dimensionality d, of the system, n=d.  

The exponent determined experimentally in Figure 6.5 is much less than the expected 

value of 2.  However, the mechanism of the freezing process affects the value of n as 

well.  For example, when the number of nuclei increase with time, n = d + 1, and 

when crystallization proceeds by diffusion limited growth, n = d/2 21.  Therefore, 

assuming an instantaneous nucleation event and diffusion limited growth, 

crystallization of a two-dimensional superlattice is expected to lead to n = 1.  The 

lower calculated time exponent (n = 0.429) indicates that the crystallization kinetics 

are slower than expected for a diffusion limited growth process.  Low values of n near 

½ have been found for fragile supercooled glasses22, and other small values of n have 

been attributed to decreased mobility of the crystallizing units in a dense glassy 

continuous matrix23 and the reorientation of pre-formed crystalline regions in the 

system24.  These same limitations could clearly apply to the monolayers examined 

here, particularly in the late stages of crystallization when the reorganization kinetics 

is expected to be controlled by the rearrangement and motions of the ensemble as 

opposed to individual nanocrystals.  Caging effects that trap particles and slow their 

dynamics have been shown to reduce the mobility of colloidal particles in dense  
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Figure 6.5 

Degree of crystallinity as a function of interfacial evaporation time and Avrami fit to 

the data. 
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dispersions25.  These cages, or ordered dense clusters, can actually be observed in the 

TEM images shown in Figure 6.2B and 6.2C.  Increases in crystallinity in the 

monolayers in Experiment C appear to require these clusters to either disintegrate or 

reorient, both processes would be much slower than single particle diffusion rates.   

Based on the apparently sluggish kinetics of superlattice formation, increases 

in the crystallinity require significant increases in the evaporation time.  According to 

the Avrami fit, 90% crystallinity (ϕ = 0.9) requires decreased evaporation rates, 0.017 

µL/sec, over an order of magnitude lower than that used typically in conventional 

solvents.  Our experimental setup could not explore these very slow evaporation 

times.  The only example of extremely slow evaporation rates utilized to form very 

extended monolayers that we are aware of were conducted by Lin, et al. using a small 

addition of nonvolatile co-solvent, dodecanethiol, which eliminated thin solvent film 

dewetting and increased the evaporation time to hours, to achieve extremely long-

range translational order with very few defects5. 

 

6.7 Conclusions 

In summary, we have observed experimentally the nonequilibrium 

crystallization kinetics of a two-dimensional array of nearly hard sphere nanocrystal 

colloids.  Using compressed liquid carbon dioxide as a solvent, dewetting instabilities 

prevalent to conventional volatile organic solvents are avoided; thus, providing the 

deposition of continuous monolayers at various evaporation rates.  By varying the 

evaporation rate, the structural rearrangement of the monolayers as a function of 

evaporation time could be examined for the first time.  The extent of crystallinity in 

the nanocrystal monolayers was quantified using the translational and orientational 

correlation functions and a translational order parameter compared to a simulated 

reference state.  A scaling analysis of the crystallinity with reorganization time using 

the Avrami equation provided a quantitative estimate of the freezing kinetics, 

revealing kinetics much slower than expected for diffusion limited growth.  This 
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indicates that superlattice formation is limited by the collective rearrangement of the 

ensemble of particles in the monolayer, either as the result of mobility limitations due 

to the formation of nanocrystal clusters or the reorganization rate of groups of 

particles.  In summary, the evaporation time during the drop casting of nanocrystal 

monolayers using conventional organic solvents is approximately one order of 

magnitude too fast to achieve true equilibrium structures.   
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Chapter 7 

 

Single Step Self-Organization of Ordered Macroporous Nanocrystal 

Thin Films 

 
 

 

Nanocrystals, 20 to 100 Å in diameter, exhibit unique size dependent electronic, 

optical and magnetic properties1,2.  Assembly with spatial control on various length 

scales presents a critical challenge in nanocrystal processing.  Although translational 

order on the nanometer and submicron-scale is readily achieved in self-organized 

superlattices3, some applications such as photonics, separations, catalysis, and 

sensors, require organization into more spatially complex macroporous structures 

where the lattice parameter is on the order of a micron or more.  Herein we show the 

formation of ordered macroporous thin films of nanocrystals by dispersion 

evaporation of a volatile solvent in a relatively humid environment.  Water droplets 

condense on the evaporating dispersion and self-organize into an ordered array that 

templates the deposition of the hydrophobic nanocrystals.  Upon complete 

evaporation, an ordered macroporous thin film made of close-packed nanocrystals 

remains.  Interfacially active nanocrystals that adsorb at the solvent-water interface 

prevent water droplet coalescence and preserve the structure of the macroporous film 

during drying.  The ligands and the nanocrystals cores may be chosen independently 

to form a wide variety of novel porous films. 

Reproduced with permission from Shah, Parag S.; Sigman Jr., Michael B.; 
Stowell, Cynthia A.; Lim, Kwon T.; Johnston, Keith P.; Korgel, Brian A., Adv. 
Mater., 2003, 15, 971-974.  Copyright 2003 Wiley-VCH. 
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7.1 Introduction 

Macroporous materials are typically fabricated in a three-step process of 

template formation, matrix infusion, and template disintegration.  Prefabricated 

templates of colloidal crystals4, emulsions5 or microemulsions6 are infused with a 

material of choice, such as metals7, semiconductors8, inorganics4 and polymers9, and 

then subsequently removed to reveal arrays of holes.  In some cases, nanocrystals 

have been infused into colloidal crystal templates7,8.  Often the collapse, or loss of 

shape, of the templated media occurs during thermally or chemically harsh template 

removal steps.   The evaporative self-assembly of macroporous nanocrystal films 

demonstrated here represents a single step method to achieve films with ordered 

micron size holes.  The nanocrystals in the films remain as distinct individual 

particles with the potential to retain their size-dependent properties. 

 

7.2 Results 

Figure 7.1 shows scanning electron microscopy (SEM) images of 

macroporous gold nanocrystal thin films consisting of a continuous network of 

perfluoropolyether thiol-coated (PFPE-SH, (F(CF(CF3)CF2O)3CF(CF3)CONH(CH2)2-

SH)) 5 nm diameter gold nanocrystals.  The self-organized porous array of submicron 

size holes extends over thousands of µm2 of substrate.  The films in Figure 7.1 were 

formed by drop casting the PFPE capped Au nanocrystals in Freon 113 (1,1,2 

Trichlorotrifluoroethane) under ambient conditions at 60% relative humidity.   The 

Freon 113 evaporates quickly due to its high vapor pressure leading to a significant 

temperature drop and water condensation at the air-liquid interface.  The water 

droplets grow by molecular condensation until reaching a self-limiting narrow size 

distribution10 and ultimately organize at high surface coverage into a hexagonally 

close-packed lattice.  Continued drying casts the nanocrystals around the self-

assembled water droplets to form an ordered porous film consisting of tightly packed, 

yet distinct nanocrystals (Figure 7.1d).  The spatially ordered micron-size pores 
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Figure 7.1 

a-c) SEM images of macroporous films of PFPE-coated Au nanocrystals.  The 

nanocrystals were drop cast from Freon 113 (1,1,2 Trichlorotrifluoroethane) under 

ambient conditions at 60% relative humidity.  The holes are 486±27 nm in diameter 

with a center-to-center distance of 806±26 nm.  d) HRSEM of the macroporous film 

reveals individual nanocrystals. 
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produce bright colored reflections under a conventional light microscope (Figure 7.2).  

Color variations across the film result from differences in pore size, spacing and 

orientation. 

The pore-forming process also applies to other nanocrystal systems.  For 

example, macroporous thin films of trioctylphosphine (TOP) coated indium 

manganese arsenide (InMnAs) nanocrystals were deposited from chloroform at 60% 

relative humidity (Figure 7.3a).  Large regions of polydisperse disordered holes, 

considerably larger (0.5-3.5 µm) than in the PFPE/gold nanocrystal films, formed 

under these conditions.  The hole size and polydispersity indicate coagulative water 

droplet growth, possibly due to the slower evaporation of chloroform relative to 

Freon 113.  An inverted region of the film (Figure 7.3b) shows the water droplets 

residing primarily below the film surface.  The nanocrystal “membrane” between 

pores grows thinner below the film surface, indicating that the templating water 

droplets come into close contact. 

 

7.3 Discussion  

Water droplet condensation on cold solid surfaces, known as “breath figures”, 

has been studied11, and it is well-known that evaporation of volatile organic liquids 

can lead to condensation of water droplets in the sub-micron size range12.  Solvent 

evaporation decreases the air-liquid interfacial temperature.  If the temperature falls 

below the dew point, water droplets condense on the surface.  Both Freon 113 and 

chloroform are relatively volatile, and evaporation of 5 µL of either solvent decreases 

the interfacial temperature by approximately 10°C.  Deposition at room temperature 

(22 to 23°C) and 60% relative humidity lowers the temperature below the 

corresponding dew point of 14°C. 

Monodisperse droplets can condense and assemble into spatially organized 

arrays (Figure 7.4a-b).  After nucleation, the average water droplet radius R , grows 

by molecular condensation12 as R ~t1/3, where t is the evaporation time.  Provided 
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Figure 7.2 

a) An ordered macroporous film of PFPE coated Au nanocrystals imaged under an 

optical microscope.  b) SEM image of the region of the film shown in (a). 
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Figure 7.3 

a) SEM image of TOP capped InMnAs nanocrystals showing large holes ranging 

from 0.5 to 3.5 µm in diameter.  A second layer of holes appears below the surface 

(inset).  b) SEM of the underside of a section of the film. 
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Figure 7.4 

Schematic of the water droplet growth and self-assembly process.  a) Evaporation of 

volatile solvent leads to small randomly organized water droplets.  b) Self-limiting 

condensation growth leads to monodisperse self-assembled droplets.  c) Droplet 

coalescence is inhibited by nanocrystals adsorbed onto the water-solvent interface.  d) 

Illustration of the nanocrystal-dependent Freon 113-water contact angle.  Decreasing 

θFW enhances nanocrystal adsorption at the interface, which strengthens the barrier to 

droplet coalescence.  
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there is a distinct nucleation event, condensation-limited growth results in narrow 

droplet size distribution10, a prerequisite for self-organization.  Once the droplet 

surface coverage exceeds a critical value (θ > 0.73513), the water droplets order into a 

lattice.  The nanocrystal concentration increases as the solvent evaporates, eventually 

undergoing a transition to a viscous nanocrystal glass that locks into place the water 

droplet array3.  Spatially organized porous films require the nanocrystal solidification 

event to occur after droplet self-organization prior to droplet coagulation.  Once the 

water droplets begin to coagulate, both the droplet size ( R ~ t) and polydispersity 

increase rapidly12, disrupting the water droplet array.  For example, Figure 7.5 shows 

a PFPE-coated gold nanocrystal film evaporated from Freon 113 in a sealed chamber 

at 100% humidity.  The high humidity provided a large driving force for water 

droplet condensation while the sealed chamber slowed the overall solvent evaporation 

rate, resulting in increased water droplet growth.  In this case, regions of self 

assembly and droplet coalescence can be seen. 

Droplet-droplet attraction and convective currents in the evaporating solvent 

enhance water droplet self-assembly14, and can also promote coalescence.  The thin 

organic liquid film surrounding the droplets provides a weak repulsive capillary force 

that in the absence of surfactants or other solutes temporarily inhibits coalescence12.  

Ordered macroporous polymer films formed by evaporative self-assembly under 

humid conditions appear to rely on thin polymer films surrounding condensed water 

droplets to prevent uncontrolled coalescence (although the underlying mechanisms 

for film formation and condensation of water droplets remain subjects of debate)15-17.  

In the case of the macroporous nanocrystal films presented here, the mechanism 

clearly relies on water droplet condensation and self-assembly, and the ability of the 

nanocrystals to partition to the solvent-water interface to stabilize the water droplet 

template. 

We determined that PFPE-coated Au nanocrystals do not reduce the 

interfacial tension between Freon 113 and water (γFW).  The ability of adsorbed 
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Figure 7.5 

SEM image of PFPE capped Au nanocrystals deposited at approximately 100% 

relative humidity.  a) The porous nanocrystal film exhibits different water droplet 

condensation and growth regimes: (Left) Large polydisperse holes formed from 

coalesced droplets; (Middle) Monodisperse self-assembled holes; (Right) Randomly 

packed holes prior to self-assembly.  b) Nanocrystals surround monodisperse holes 

that are in the process of ordering into lattices, reflecting the early stages of droplet 

self-assembly in the film. 
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nanoparticles to stabilize the water-solvent interface without a change in the 

interfacial tension is known to take place in a “Pickering” emulsion18,19.  Nanocrystal 

interfacial adsorption relates to the contact angle (θFW) of a particle of radius R at the 

Freon 113-water interface, as shown in Figure 7.4d18.  When 180°>θFW>90°, the 

nanocrystal induces interfacial curvature of Freon 113 around water (water-in-Freon 

113 emulsion).  The emulsion stability relates to the energy needed to remove a 

nanocrystal from the interface18: ( )22 cos1 FWFWR RE θγπ −= .  θFW was calculated 

from the water (γW) and Freon 113 (γF) surface tensions using a modification of 

Young’s equation, ( )( )FWFFWWFW γθγθγθ )cos()cos(cos 1 −= − , where the water-in-

air and Freon 113-in-air contact angles (θW and θF) were measured on a model PFPE-

thiol monolayer-coated gold substrate.  Fresh PFPE-treated gold gave θW = 94°.  

Rinsing the surface with ethanol and Freon 113 removed some of the PFPE ligand 

reducing θW to 83°.  Freon 113 wet both the unwashed and washed surfaces to give θF 

≈ 0°.  Calculations for 5 nm diameter particles for as-prepared and rinsed substrates 

gave respective values of θFW = 153° (ER = 1.5 kbT) and θFW = 112° (ER = 50.3 kbT), 

indicating that nanocrystals stabilize water-in-Freon 113 droplets with heavily 

washed, poorly-capped particles exhibiting the stronger droplet stabilization. 

Multiple precipitations of the PFPE-coated Au nanocrystals with antisolvent 

prior to deposition yielded films with the highest degree of hole monodispersity and 

order.  The decrease in θFW for poorly capped particles results from the increased 

nanocrystal surface hydrophilicity, which enhances partitioning to the Freon 113-

water interface that stabilizes the water droplets.  This type of nanocrystal 

stabilization of the water droplets is vital to the formation of ordered arrays of holes.  

For instance, TOP capped InMnAs nanocrystals were not redispersible after drying—

desorption of the weakly bound ligand enhances nanocrystal adsorption (larger ER) at 

the solvent-water interface.  Nanocrystals with more stable monolayers, such as 
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dodecanethiol, do not form porous structures as they do not partition at the water-

solvent interface if it should form. 

 

7.4 Conclusions 

Ordered macroporous nanocrystal films form in a single drop casting step 

upon evaporation of a volatile solvent such as Freon 113 that induces water 

condensation from a relatively humid environment.  Hydrophobic partially capped 

nanocrystals must adsorb at the water-solvent interface to stabilize the condensed 

water droplet array.  The nanocrystals mold themselves around the water droplet 

template and can exhibit long-range spatial order.  The capping ligand length and 

nanocrystal size may be adjusted to potentially tune the optical properties of the 

ordered macroporous matrix.  Other templating methods that require harsh chemical 

or thermal treatment usually fuse the nanocrystal cores and eliminate the unique size-

dependent properties of the individual particles.  Ultimately, it may be possible to 

tune the hole size by carefully controlling the evaporative environment, particle 

concentration, humidity, ligand and interfacial activity.    

 

7.5 Experimental 

7.5.1 Nanocrystal Synthesis 

Gold nanocrystals were synthesized using a two-phase (organic-water) 

arrested precipitation as described previously20, with the exception that the PFPE-SH 

(F(CF(CF3)CF2O)3CF(CF3)CONH(CH2)2SH) was used as the capping ligand.  

Initially, 18 mL of aqueous (0.03 M) hydrogen tetrachloroaurate (III) trihydrate 

(HAuCl4·3H2O) was combined with 12.5 mL of 0.20 M chloroform solution of phase 

transfer catalyst, tetraoctylammonium bromide.  After stirring for 1 hour, the organic 

phase, with the transferred gold, was collected.  The gold salt was then reduced using 

15 mL of an aqueous sodium borohydride (NaBH4) solution (0.44 M) resulting in 

gold nanocrystals dispersed in chloroform, protected by the phase transfer catalyst.  
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Upon addition of the 200 µL of PFPE thiol, the nanocrystals aggregated out of 

chloroform, and could not be dispersed in conventional hydrocarbon-based organic 

solvents.  However, the PFPE-stabilized nanocrystals could readily be dispersed in 

fluorinated solvents such as Freon 113 and Fluorinert.  A miscible antisolvent 

(ethanol) was added to the nanocrystal dispersion to wash the particles.  By 

centrifuging the nanocrystals, the particles could be collected and redispersed in 

Freon 113 for further processing or continued washing. 

Indium Manganese Arsenide (InMnAs) nanocrystals capped with 

trioctylphosphine were synthesized using a modification of a previously described 

synthesis technique21.  Initially, 0.9 mL of a stock solution of (0.09 M) 

tristrimethylsilylarsine ([(CH3)3Si]3As), (0.17 M) indium chloride (InCl3), (0.18 M) 

manganese bromide (MnBr2), and the coordinating solvent, trioctylphosphine (TOP), 

was injected into a stainless steel reactor cell in a nitrogen environment.  The reaction 

was carried out at 280 °C for 3 hours after which the reactor contents were extracted 

and cleaned by adding excess ethanol and centrifuging.  The nanocrystals were 

further purified by redispersing in chloroform and subsequently precipitating by 

adding ethanol as an antisolvent. 

 

7.5.2 Film Formation 

Macroporous films were formed by evaporating ~5 µL of dispersion at 

ambient conditions (22-23°C and ~60 % relative humidity) on glassy carbon 

substrates.  High humidity conditions were achieved by placing the glassy carbon 

substrates in a sealed chamber half filled with water.  After allowing adequate time to 

equilibrate, the nanocrystal dispersion was drop cast on the surface.  Dispersions were 

evaporated inside a glove box under a dry atmosphere (0% relative humidity), 

however they did not produce macroporous structured nanocrystal films. 
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7.5.3 Contact Angle and Interfacial Tension Measurements 

Contact angles, θF and θW, were measured using a Ramé-hart Inc. goniometer.  

A thin layer of gold was evaporated onto a glass slide and then immersed in an 

ethanol solution of PFPE-thiol (0.5% by volume) for 1 hour.  The slide was then dried 

overnight.   After measuring θF and θW on the as-treated surfaces, the slides were 

sprayed-washed with ethanol and Freon 113 and then dried using an air gun.  This 

surface-washing step simulates the excessive exposure of the nanocrystals to 

antisolvent.  The Freon 113-water interfacial tension was measured using a pendant 

drop tensiometer consisting of a light source, an optical rail and a CCD camera 

attached to a software package (KSV Ltd.) to solve the Laplace equation.  A drop of 

Freon 113 was introduced into the continuous aqueous phase using an n-

octyltriethoxysilane surface-modified silica capillary (180µm O.D. 50µm I.D.). 

 

7.5.4 Characterization 

SEM images were acquired on a LEO 1530 SEM equipped with a GEMINI 

field emission column with a thermal field emitter operating at a 1 kV accelerating 

voltage.  Images were digitally acquired using an Inlens detector and LEO 32 

software system.  Optical light micrographs of the thin films were taken using a 

Thermomicroscopes optical microscope attached to Dazzle video imaging software.  

All microscopy was performed using films formed on glassy carbon substrates. 
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Chapter 8 

 

Conclusions and Recommendations 

 
 

 

8.1 Conclusions 

8.1.1 Nanocrystal Dispersibility in Supercritical Fluids 

Gold and silver nanocrystals capped with dodecanethiol were dispersed in 

ethane at various temperatures and pressures as verified by in-situ UV/Visible 

absorbance spectroscopy.  Increasing ethane density led to increased nanocrystal 

dispersibility, with both temperature and pressure effective as tuning variables.  

Larger nanocrystals, which exhibit stronger van der Waals attractions between the 

cores, required better solvent conditions, higher densities, than smaller nanocrystals.  

Lowering solvent density precipitated the largest nanocrystals demonstrating the 

density tunable separation capability of supercritical fluids.  The attractive van der 

Waals1,2 and repulsive steric interactions3,4 were calculated as a function of solvent 

density and nanocrystal size.  Higher solvent densities led to better solvent conditions 

as demonstrated by the reduction in the difference in cohesive energy densities 

between dodecane and ethane5.  Calculated good and bad solvent conditions matched 

the experimental data for silver nanocrystals.   

 

8.1.2 Nanocrystal Stabilization in Carbon Dioxide 

Nanocrystals were dispersed for the first time in pure carbon dioxide by using 

fluorinated capping ligands such as perfluorodecanethiol, perfluoropolyether thiol 

(PFPE-SH) and flouorooctylmethacrylate thiol (FOMA-SH).  Although short 

hydrocarbons such as dodecane are completely miscible with CO2
6, alkanethiol 

capped nanocrystals could not be dispersed without the use of ~50% hexane as a co-
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solvent.  Due to the solubility differences between the fluorinated thiols and the 

hydrocarbon thiols, multiple modifications of the Brust synthetic method7 were used 

to synthesize the nanocrystals.  Like the ethane system, nanocrystal dispersibility 

increased with increased solvent density with both temperature and pressure capable 

of tuning dispersibility.  FOMA-SH was the most effective stabilizer, capable of 

dispersing 35 Å gold nanocrystals in room temperature liquid CO2 at the vapor 

pressure.  PFPE-SH allowed dispersibility at the vapor pressure for only the smallest 

silver nanocrystals, diameter less than 16 Å, however, increasing solvent density 

dispersed the larger nanocrystals.  Perfluorodecanethiol was the weakest ligand 

always requiring high densities for dispersibility, however, it was the only 

commercially available ligand that worked in CO2.  Since increasing the degree of 

branching for hydrocarbons increases the CO2 solubility8, nanocrystal dispersibility 

was attempted with numerous branched hydrocarbon based thiols.  However, as listed 

in Appendix C, dispersibility could not be achieved at pressures up to 345 bar and 

65°C. 

 

8.1.3 Nanocrystal Synthesis in Supercritical Carbon Dioxide 

Nanocrystals were synthesized for the first time in a single supercritical CO2 

phase.  A miscible organometallic precursor was reduced using hydrogen leading to 

the supersaturation of free metal atoms.  The atoms nucleated into clusters, which 

grew by condensation of free silver atoms and coagulation with other nuclei.  The 

reduction was conducted in the presence of a fluorinated thiol, which bound to the 

surface of the growing clusters quenching further growth.  The ligands allowed for 

the nanocrystals to be collected, cleaned and redispersed in compatible solvents 

without any change in particle size or polydispersity.  Additionally, using the 

appropriate precursors allowed for the synthesis of silver, iridium and platinum 

nanocrystals. 

Steric repulsion provided by adsorbed capping ligands, tuned by solvent 

density and capping ligand choice, affected both the growth mechanism and the final 
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particle size and polydispersity.  Strong steric repulsion, perfluorodecanethiol at high 

solvent densities, grew nanocrystals through a mix of coagulation and condensation 

leading to small, relatively monodisperse particles.  Final nanocrystal size was 

independent of precursor concentration, thiol:precursor ratio and reaction time.  

However, poor steric repulsion, perfluorooctanethiol or perfluorodecanethiol at low 

solvent densities, grew nanocrystals dominated by coagulation leading to larger more 

polydisperse particles.  Here, nanocrystal size depended on precursor concentration 

with higher precursor loadings leading to larger nanocrystals.  Strong steric repulsion 

reduced the coagulation rate between partially capped cores weakening the effect of 

coagulation on nanocrystal growth.   

 

8.1.4 Nanocrystal Assembly from Compressed Liquids 

 Gold nanocrystals capped with fluorooctylmethacrylate thiols (FOMA-SH) 

were assembled onto TEM grids from liquid CO2 at the vapor pressure by solvent 

evaporation.  Compared to conventional solvents, the liquid CO2 was less susceptible 

to thin film dewetting during evaporation9,10, allowing for fast evaporation rates to be 

examined.  Decreasing the evaporation rate resulted in increased ordering, with 

structures varying from highly disorganized liquids to hexatic states.  The relative 

degree of ordering was quantified using translational and orientational correlation 

functions and comparing with a computer simulated reference state11.  The two-

dimensional superlattice formation kinetics was found to be relatively slow, 

compared to theoretically predicted diffusion limited growth12.  The sluggish nature 

of the assembly process was attributed to ensemble rearrangement during the last 

stages of assembly.  It was also determined that significant increases in the degree of 

ordering would require decreasing the evaporation rate by approximately an order of 

magnitude below typical solvents. 
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8.1.5 Formation of Macroporous Nanocrystal Thin Films 

Gold nanocrystals capped with perfluoropolyether thiols (PFPE-SH) and 

indium manganese arsenide nanocrystals capped with trioctylphosphine (TOP) were 

organized into macroporous thin films by drop casting under humid conditions from 

volatile solvents such as Freon 113 or chloroform.  Solvent evaporation cooled the 

solvent-air interface leading to the condensation of water droplets that formed a 

template around which the nanocrystals deposited.  Upon complete evaporation of the 

solvent the temperature returned to ambient conditions evaporating the water droplets 

and resulting in the formation of a porous nanocrystal thin film.  In the absence of 

coalescence, droplets assembled into ordered arrays resulting in highly organized 

pore structures.  However, if coalescence could not be prevented, droplets became 

polydisperse leading to nanocrystal films with disordered pores. 

Droplet coalescence was prevented by the adsorption of interfacially active 

nanocrystals at the solvent-water interface13.  Interfacial activity of the nanocrystals 

depends on the ligands used to passivate the surface, with weakly bound ligands like 

PFPE-SH and TOP exhibiting greater interfacial activity.  Interfacial activity could 

also be increased by excessive washing of the nanocrystals which led to ligand 

desorption and more ordered pores.  PFPE-SH binds weaker to nanocrystal surfaces 

than typical alkanethiols, making desorbing ligands and therefore increasing 

interfacial activity easier. 

 

8.2 Recommendations 

8.2.1 Hydrocarbon Stabilized Nanocrystals in Carbon Dioxide 

Nanocrystal dispersibility was achieved in carbon dioxide using fluorinated 

ligands, however, significant interest remains in using more conventional 

hydrocarbon based ligands as steric stabilizers.  Highly branched polymers show 

increased solubility in carbon dioxide8 with branched hydrocarbon surfactants found 

effective in forming water-in-CO2 microemulsions14.  During the course of this thesis, 
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numerous branched hydrocarbon based thiols were tested for dispersibility in carbon 

dioxide without any success.  However, branched thiols with longer backbones or 

groups with specific CO2 interactions, such as sugar acetates15, could provide 

adequate steric repulsion to achieve dispersibility.  Another possibility is to use 

nanocrystal cores that exhibit weaker van der Waals attractions, such as 

semiconductors, which should disperse at weaker solvent conditions than 

corresponding metals.   

 

8.2.2 Nanocrystal Assembly onto Patterned Substrates 

Previous results showed that controlling the evaporation rate of liquid CO2 

allowed for both disordered and ordered nanocrystal deposition.  There is currently 

increased interest in directed deposition of nanocrystals onto pre-patterned substrates.  

Regions of a substrate can be functionalized through lithographic techniques to either 

enhance or limit nanocrystal deposition on that section.  Additionally, high aspect 

ratio lines or grooves can be patterned onto a substrate for multilayered deposition.  

Liquid CO2 provides an advantageous solvent for assembly as the extremely low 

interfacial tension and the controlled volatility decrease dewetting making the thin 

film more stable9,10.  However, the only nanocrystals capable of organized structures 

from CO2 are FOMA-SH capped gold, and dispersibility was still limited.  To achieve 

robust concentrated dispersions at the vapor pressure requires better capping ligands, 

stronger steric repulsion, or semiconductor cores, weaker core-core attractions.   
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Appendix A 

 

Effect of Reaction Time and Thiol:Precursor Ratio on the Growth of 

Silver Nanocrystals in Supercritical Carbon Dioxide 

 
 

 

These results relate to perfluorodecanethiol capped silver nanocrystals 

synthesized in supercritical CO2, as described in Chapter 5.  The specific experiments 

are listed in Table 5.1. 

 

A.1 Reaction Time 

Figure A.1 shows the average nanocrystal diameter and size distribution 

moments as a function of reaction time.  The average diameter was unaffected by 

increased reaction time from 3 hours to 12 hours (3.5 mM Ag(acac), thiol:precursor 

ratio 2.5, 80ºC and 276 bar).  However, the polydispersity increased significantly with 

longer reaction times.  After 3 hours of particle growth (Experiment B) the 

polydispersity is relatively narrow (~38%) and the moments of the size distribution 

indicate that both diffusion and coagulation contribute to particle growth.  In contrast, 

increased reaction time (Experiments K and L) led to a large increase in 

polydispersity, with µ1 and µ3 deviating significantly from 1, indicating coagulation 

dominated growth.  However, since the average particle size does not increase, it 

seems unlikely that the growth mechanism would change at longer reaction times.  

Closer inspection of the number average particle size distributions in Figure A.2, 

reveals that the dominant peak in size shifts to lower values with increased reaction 

Reproduced with permission from Shah, Parag S.; Husain, Shabbir; Johnston, 
Keith P.; Korgel, Brian A., J. Phys. Chem. B, 2002, 106, 12178-12185, 
Supplementary Information.  Copyright 2002 American Chemical Society. 
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Figure A.1 

Average diameter (●) and size distribution moments, µ1 (▲) and µ3 (▼), of 

perfluorodecanethiol stabilized silver nanocrystals grown at 80°C and 276 bar with a 

precursor concentration of 3.5 mM and thiol:precursor ratio of 2.5:1, as a function of 

reaction time.  The data points correspond to experiments B, K and L.  The error bars 

represent the standard deviation of the samples. 
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Figure A.2 

Particle size histograms of perfluorodecanethiol-coated silver nanocrystals 

synthesized at 80°C and 276 bar, with precursor concentration of 3.5 mM and 

thiol:precursor ratio of 2.5, as a function of reaction time (experiments B, K, and L).  

The insets are an expanded view (Frequency × 10) of the region of larger particle size 

in the histograms (d > 40 Å).  The histograms have been offset for further clarity. 
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time.  Simultaneously, small peaks indicating the presence of larger particles, d > 50 

Å, appear at 6 and 12 hours (see inset).  Additionally, experiments conducted at 

longer reaction times resulted in darker solutions, indicating greater yield.  The 

widening in the size distribution could be due to particle coagulation at longer times 

along with the synthesis of new particles, thereby keeping the average nanocrystal 

size the same.  The widening in polydispersity could also be related to Ostwald 

ripening, a phenomenon which has previously been observed during nanocrystal 

synthesis1.  In this case larger particles grow at the expense of particles smaller than a 

critical size, which dissolve back into solution.  Although nanocrystals capped with 

adequate amounts of thiol are protected from further growth, ripening is seen even in 

conventional alkanethiol capped nanocrystals and is not unexpected here.   

 

A.2 Thiol:Precursor Ratio 

Shown in Figure A.3, the thiol:precursor ratio could be varied widely, from 

1:3 to 5:1 (thiol:precursor mole ratio) with little effect on the nanocrystal size and size 

distribution.    The thiol:precursor ratio needed for total surface coverage of 20 Å 

diameter silver nanocrystals, assuming an average area per thiol of 16 Å2, is 

approximately 1:32,3.   Even at this capping ligand “limit”, the thiol concentration 

does not affect the nanocrystal size under the growth conditions examined here, and 

therefore, thiol diffusion to the nanocrystal surface is not a size-limiting factor.  This 

could be due to the fact that the diffusivity is large in a SCF, but could also be related 

to the thiol-silver bond strength in sc-CO2.  The weaker solvation of perfluoroalkane 

thiols by CO2, relative to that of alkanethiols by typical organic solvent used in 

arrested growth synthesis, favors adsorption of the perfluoroalkane thiol on the silver 

surface.  In addition, specific interactions between an electron donor and acceptor can 

be relatively strong in a supercritical fluid due to weak solvation of each species4.  It 

is important to note that all the thiol:precursor reactions are conducted at good solvent 

conditions, 276 bar and 80°C.  According to the model used in the paper, the surface 
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Figure A.3 

Average diameter (●) and size distribution moments, µ1 (▲) and µ3 (▼), of 

perfluorodecanethiol stabilized silver nanocrystals grown at 80°C and 276 bar with a 

precursor concentration of 3.5 mM, as a function of thiol:precursor ratio.  The 

experimental points correspond to experiments B and M – P.  The error bars represent 

the standard deviation of the samples. 
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coverage needed to quench the coagulative growth is less than full surface coverage.  

The lack of correlation between nanocrystal size and thiol:precursor ratio does not 

necessarily indicate that complete surface coverage is immediately achieved. 
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Appendix B 

 

Ordered Macroporous Nanocrystal Thin Film Formation 

 
 

 

The contents of this Appendix are supplementary to the data shown in Chapter 

7 on the formation of macroporous nanocrystal thin films.  High resolution images of 

the nanocrystals as well as droplets during different stages of assembly are shown.   

 

B.1 Nanocrystals 

Gold (Au) and indium manganese arsenide (InMnAs) nanocrystals used in this 

study were synthesized as described in Chapter 7.  Shown in Figure B.1 are high 

resolution transmission electron micrographs of the nanocrystals with visible lattice 

fringes.  The gold nanocrystals were capped with a specialty synthesized 

perfluoropolyether thiol (PFPE-SH), used to provide dispersibility in carbon dioxide.  

The binding strength of the PFPE-SH was weaker than conventional alkanethiols and 

could be desorbed during the washing step.  InMnAs nanocrystals were capped with 

trioctylphosphine which also exhibited weak binding characteristics as the particles 

could not be redispersed after solvent evaporation.  Weak ligand binding was a key 

parameter to achieving ordered structures as typical alkanethiol capped nanocrystals 

do not form porous films. 

 

B.2 Droplet Assembly   

The key to highly ordered pore structures was adsorption of nanocrystals to 

the water-solvent interface which prevented droplet coalescence.  The interfacial 

activity of gold nanocrystals was calculated from contact angle measurements of 

water and Freon 113 on a PFPE-SH coated gold substrate.  Scanning electron 
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Figure B.1 

TEM image of a) Au nanocrystals capped with PFPE-SH and b) InMnAs nanocrystals 

capped with trioctylphosphine.  
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micrographs of droplets during the assembly process, Figure B2, show nanocrystals 

adsorbed at the droplet surface.  Figure B.2a shows ordered pores with multiple 

lattice faults, while Figure B.2b shows single droplets and groups of multiple droplets 

arranging into larger ordered arrays.  The high resolution images in Figure B.2c and 

B.2d clearly show the nanocrystals organize at the edge of the water droplets 

providing a physical barrier to droplet coalescence.  

 

B.3 Droplet Coalescence 

Even with the coalescence barrier provided by the nanocrystals, increasing the 

evaporation time (chloroform compared to Freon 113) or the amount of droplet 

condensation (100 % humidity) led to large polydisperse pores.  The stability 

provided by the adsorbed nanocrystals is short lived and can be overcome by 

attractive interactions between the droplets if given enough time.  Evidence of this is 

seen in Figure B.3 which shows droplets during the process of coalescence.  Figure 

B.3a shows three droplets in the process of fusing into one larger drop.  Remnants of 

the adsorbed interfacial nanocrystal film can be seen at the edge of two of the pores.  

Figure B.3b shows coalescence between four water droplets assembled into a close 

packed structure.  The adsorbed nanocrystal layer is able to prevent coalescence long 

enough for droplet organization but not for complete evaporation of the solvent.  

Remnants of the interfacial nanocrystal film are once again visible at the edge of the 

first pore, however, the other three pores are completely interconnected. 
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Figure B.2 

SEM images of PFPE-SH capped Au nanocrystal thin films showing a) ordered 

monodisperse pores, b) individual and groups of droplets during the assembly 

process.  c-d) High resolution SEM showing nanocrystals partitioning to the solvent-

water interface during the assembly process. 
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Figure B.3 

SEM image of PFPE-SH capped Au nanocrystal thin films showing coalescence 

between the templating water droplets.  a) Coalescence between three droplets with 

visible interfacial nanocrystal film.  b) Coalescence between four self-assembled 

droplets.   
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Appendix C 

 

Nanocrystal Dispersibility in Carbon Dioxide 

 
 

 

C.1 Introduction 

 The most significant hindrance to nanocrystal processing in sc-CO2 is particle 

dispersibility.  As discussed in Chapter 2, dodecanethiol capped nanocrystals are not 

dispersible in CO2 at temperatures as high as 80°C and pressures as high as 345 bar.  

Approximately 50% hexane was needed as a cosolvent to disperse those 

nanocrystals1.  An important research goal has been the examination of specialty 

ligands, capable of providing adequate tail-solvent interactions in CO2 to allow 

dispersibility.  Although only two ligands compatible with CO2 are discussed in detail 

(Chapters 2, 5 and 6) various other ligands were tested for dispersibility.  The results 

of those tests and method used to synthesize the nanocrystals are discussed in this 

Appendix.  The starting point for the ligand tests has been to utilize surfactants that 

are effective at forming water-in-CO2 microemulsions, because of the similarity in 

size of the dispersed phase (nm-range).  The surfactant head groups are converted to 

thiols (in collaboration with synthetic chemists) which exhibit strong binding to the 

surface of metals.  The two classes of surfactants considered are fluorinated thiols and 

branched hydrocarbon thiols, with the latter being ineffective.  The experimental 

techniques are given in instructional format making them easier to use as a guide.  

 

C.2 Nanocrystal Synthesis 

For dispersibility tests, nanocrystals were synthesized in conventional 

solvents, using a modification of the Brust technique2.  Fluorinated thiol capped silver 

nanocrystals were synthesized using a single-phase acetone based synthesis as 
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described in Chapter 2.  Gold nanocrystals were synthesized using a two-phase, 

chloroform or hexane based system.  The Brust method could be followed explicitly 

for branched hydrocarbon capped nanocrystals if desired. 

 

C.2.1 Fluorinated Thiol Capped Silver Nanocrystals 

1. Dissolve 0.19 gm of silver nitrate (AgNO3) in 36 mL of water. 

2. Dissolve 2.7 gm of tetraoctylammonium bromide ([C8H17]4NBr), phase 

transfer catalyst, in 24.5 mL of acetone. 

3. Mix solutions together, resulting in a cloudy single-phase solution, and stir 

vigorously for ~1 hr. 

4. Add 200 – 500 µL of fluorinated thiol to the stirring solution.  The volume of 

thiol needed may need to be varied to account for the density, molecular 

weight and binding strength of the thiol.   

5. After ~5 minutes of stirring, slowly add 0.5 gm of sodium borohydride 

(NaBH4) dissolved in 30 mL of water.  Serves as the reducing agent. 

6. Addition of the reducing agent should result in an immediate color change 

from cloudy white to dark brown, associated with the reduction of silver ions.  

After stirring overnight the nanocrystals aggregate into a large brown solid, 

typically attached to the stir bar.  Note: In some cases, a foamy brown solid, 

made up of nanocrystals, may form very early during the reduction step and 

pour out of the flask.   

7. Separate the aggregated solid from the solution by either filtration or 

centrifugation, and redisperse in a compatible solvent (acetone or fluorinated 

solvent).  

8. The nanocrystals can be cleaned and size selected using Freon 113-ethanol, 

acetone-heptane or acetone-water as the solvent-antisolvent pair.  
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Although this is a single-phase process, the phase transfer catalyst was still necessary 

for the reaction to occur successfully.  Reactions without the phase transfer catalyst 

resulted in the formation of uncapped large silver particles. 

 

C.2.2 Fluorinated Thiol Capped Gold Nanocrystals 

1. Dissolve 0.38 gm of hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 · 

3H2O) in 36 mL of water. 

2. Dissolve 2.7 gm of tetraoctylammonium bromide ([C8H17]4NBr), phase 

transfer catalyst, in 24.5 mL of chloroform. 

3. Mix solutions together and stir vigorously for ~1 hr.  The aqueous phase 

should become clear while the organic phase will become a cloudy red, 

indicating the complete transfer of the gold ions. 

4. Separate and collect the organic phase and discard the aqueous phase. 

5. Slowly add 0.5 gm of sodium borohydride (NaBH4), reducing agent, dissolved 

in 30 mL of water.   

6. Addition of the reducing agent should result in an immediate color change 

from cloudy red to a clear dark maroon solution, associated with the reduction 

of gold ions. 

7. The phase transfer catalyst temporarily protects the nanocrystals from 

aggregation.  Note: Using the shorter phase transfer catalyst will cause the 

nanocrystals to aggregate irreversibly upon reduction. 

8. After stirring for at least 4 hours, separate and collect the organic phase, and 

discard the aqueous phase. 

9. Add 200 – 500 µL of fluorinated thiol to the stirring solution and leave for a 

couple of hours.  The volume of thiol needed may need to be varied to account 

for the density, molecular weight and binding strength of the thiol.  Note: To 

synthesize smaller gold nanocrystals, add the thiol before the reducing agent. 
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10. Upon addition of the thiol, the nanocrystals should flocculate into a large 

clump or collect on the side of the flask, leaving a reasonably clear solution.  

This is due to a mismatch between the fluorinated thiol and the hydrocarbon 

solvent.  Note: If the thiol is added before the reducing agent (small 

nanocrystals), flocculation typically occurs upon addition of the reducing 

agent and collecting the organic phase will be unnecessary. 

11. Separate the aggregated solid from the solution by either filtration or 

centrifugation, and redisperse in a compatible solvent (acetone or fluorinated 

solvent). 

12. The nanocrystals can be cleaned and size selected using Freon 113-ethanol, 

acetone-heptane or acetone-water as the solvent-antisolvent pair. 

 

C.2.3 Branched Thiol Capped Nanocrystals  

1. Dissolve 0.19 gm of silver nitrate (AgNO3) or 0.38 gm tetrachloroaurate (III) 

trihydrate (HAuCl4 · 3H2O) in 36 mL of water. 

2. Dissolve 2.7 gm of tetraoctylammonium bromide ([C8H17]4NBr), phase 

transfer catalyst, in 24.5 mL of chloroform. 

3. Mix solutions together and stir vigorously for ~1 hr.  The aqueous phase 

should become clear while the organic phase will become cloudy or colored 

indicating the complete transfer of the metal ions. 

4. Separate and collect the organic phase and discard the aqueous phase. 

5. Add 200 – 500 µL of fluorinated thiol to the stirring solution.  The volume of 

thiol needed may need to be varied to account for the density, molecular 

weight and binding strength of the thiol.  To make larger gold nanocrystals, 

add the thiol after the reducing agent.  Note: This technique will not work for 

silver nanocrystals, as the phase transfer catalyst will not adequately protect 

the silver cores. 
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6. Slowly add 0.5 gm of sodium borohydride (NaBH4), reducing agent, dissolved 

in 30 mL of water. 

7. Addition of the reducing agent should result in an immediate color change 

from cloudy to a clear dark solution, associated with the reduction of the metal 

ions.  For large gold nanocrystals, the phase transfer catalyst temporarily 

protects the nanocrystals from aggregation and using the shorter phase transfer 

catalyst will cause the nanocrystals to aggregate irreversibly upon reduction.   

8. After stirring for at least 4 hours, separate and collect the organic phase, and 

discard the aqueous phase.   

9. The nanocrystals can then be cleaned and size selected using chloroform-

ethanol as the solvent-antisolvent pair. 

 

C.3 Cleaning and Separation 

Nanocrystal samples were cleaned and separated using the solvent-antisolvent 

pairs detailed in Section C.2.  The two requirements for the antisolvent are miscibility 

with the solvent and adequately poor solvation of the ligands.  The solvent-

antisolvent pairs noted were the most effective, however, they are not the only ones 

possible.  The directions given in this section are not absolute in terms of 

centrifugation time and solvent quantities and meant to be used as a general guideline.   

 

C.3.1 Nanocrystal Cleaning 

1. Start with a concentrated (dark) dispersion of nanocrystals in a good solvent. 

2. Centrifuge the nanocrystals dispersion for 5-7 minutes at 9000-10000 RPM.  

If none of the nanocrystals crash out of solution, coat the centrifuge tube, then 

move on to Step 4.  This indicates that all of the nanocrystals are well capped. 

3. If nanocrystals collect on the centrifuge tube wall, collect the supernatant and 

discard the nanocrystals that crashed out of solution.  Repeat Step 2 with the 
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new supernatant until no nanocrystal coating is seen on the centrifuge tube 

wall. 

4. To the dispersion add the antisolvent, 4-10 times by volume. 

5. Centrifuge the dispersion at 9000-10000 RPM for 5-7 minutes.  Note: 

Centrifuging time and antisolvent volume will vary by sample.   

6. If an adequate amount of antisolvent is used, all the nanocrystals should 

deposit onto the centrifuge tube, leaving a thin black film.  Additionally, the 

supernatant should be relatively clear, indicating no dispersed nanocrystals. 

7. Discard the supernatant, leaving the aggregated nanocrystals coated on the 

wall of the centrifuge tube. 

8. Add a good solvent, drop by drop, until the film of nanocrystals has 

redispersed.  Use as little solvent as possible to recover highly concentrated 

nanocrystal dispersions, which are best suited for both dispersibility tests and 

further separation. 

Dispersibility tests were typically conducted on samples that were only cleaned once 

to limit ligand desorption. 

 

C.3.2 Size Selective Precipitation 

1. Start with a concentrated nanocrystal dispersion, ~10 mL, that has already 

been cleaned.  If the nanocrystals were cleaned sufficiently long ago, few 

weeks or more, steps 1, 2 and 3 of the cleaning procedure should be 

performed. 

2. Add antisolvent until the solution has a slightly hazy appearance.  Typically 3-

5 mL of antisolvent is needed, however this number can vary significantly 

depending on initial dispersion volume and concentration.   

3. Centrifuge the solution for 5-7 minutes at 9000-10000 RPM.  If an adequate 

amount of antisolvent is used, some of the nanocrystals should deposit onto 

the centrifuge tube, however, the supernatant should still retain its original 

color indicating dispersed nanocrystals. 
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4. Collect the supernatant for use later.  The deposited nanocrystals should be 

redispersed in a good solvent and collected.  These nanocrystals are the first 

size selection typically the largest particles, which needed the best solvent 

conditions to remain dispersed. 

5. To the supernatant add 0.25-0.5 mL of antisolvent.  Centrifuge the solution for 

5-7 minutes at 9000-10000 RPM.  Repeat Step 4 and 5 until the supernatant 

looks visually colorless.   

The number of size selective precipitations that can be obtained depends on the 

volume of antisolvent used in Step 5, however, 10 or more precipitations is not 

uncommon.  The nanocrystal size typically decreases in subsequent precipitations, as 

the solvent quality is being lowered.  However, after 6-8 precipitations the particle 

quality tends to degrade as ligand desorption becomes a more significant issue.  As a 

general rule, using less antisolvent in Step 5 leads to more monodisperse precipitates, 

however, increases the total number of precipitations.  Finding the best volume of 

antisolvent depends on a balance between efficiency and polydispersity limitations 

for the application.   

 

C.4 Dispersibility 

Nanocrystal dispersibility tests were conducted using a variable volume view 

cell with a sapphire front window and a piston to separate the front and back of the 

cell.  Schematics of these cells are shown in Chapters 3, 4 and 5.  Temperature 

control was achieved by submersion in a water bath or wrapping the cell with heating 

tape.   

1. Deposit nanocrystals into front of cell by evaporation of ~1 mL of the clean 

nanocrystal dispersion.  Actual amount may need to be varied to account for 

differences in concentration.  After evaporation of the solvent, a thin 

nanocrystal film should be visible in the cell 

2. Add 6 – 8 mL of CO2 at room temperature and 138 bar to the front of the cell. 
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3. Pressurize the cell to 345 bar and 25°C by using CO2 backpressure.  Keep 

system under constant agitation (stir bar) for ~1 hour. 

4. Visually check for nanocrystal dispersibility, indicated by color change of 

CO2 from clear to red for large gold nanocrystals or brown for small gold or 

silver. 

5. If the solvent remains clear, increase the temperature to 45°C for 1 hour.  

Check for dispersibility once more.  If solvent still remains clear, increase 

temperature to 65°C for 1 hour and check dispersibility. 

6. Upon completion of the experiment depressurize cell and returned to room 

temperature. 

7. For samples that did not disperse in CO2, check ligand adsorption by adding a 

few drops of the solvent from which they were initially evaporated.  

Immediate nanocrystal dispersibility indicates adequate capping ligand 

adsorption.  

Energetic mismatches between the ligand and the solvent can lead to phase separation 

of the ligand and limited dispersibility of the nanocrystals.  Since the contribution of 

energetic mismatches decreases as the temperature increases, typically solubility and 

dispersibility in SCFs occur at lower solvent densities at higher temperatures3.  

Therefore, to ensure dispersibility is not achievable it is necessary to conduct 

dispersibility tests at various temperatures.  However, it is important to note that none 

of the nanocrystal-ligand pairs examined showed dispersibility at higher temperatures 

but not at 25°C. 

 

C.5 Results and Discussion 

 Shown in Table C.1 are the results of the dispersibility tests.  From the ligands 

studied, CO2 dispersibility was only achieved using fluorocarbon-based ligands.  

None of the branched hydrocarbon thiols were capable of dispersing nanocrystals in 

CO2 at the conditions examined, which were limited to 345 bar.  With the exception 
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of the perfluorodecanethiol and perfluorooctanethiol, all of the other ligands were 

specially synthesized for the sole purpose of achieving nanocrystal dispersibility.  A 

surfactant tail of interest was identified, and the head group was converted to a thiol 

by synthetic chemist collaborators (Dr. Richard Lagow – UT Austin, Dr. Kwon T. 

Lim – Pukyung National University).   

It was found that the length of the spacer used when converting the head 

group into a thiol impacted the stability of the nanocrystals.  Typically, a single 

carbon, -CH2-, or a double carbon, -CH2CH2-, spacer was used.  However, using the 

single spacer resulted in a very weak thiol binding strength.  In these cases, it was not 

uncommon to strip the thiol off the nanocrystals during the CO2 dispersibility tests, 

resulting in nanocrystals that were so poorly capped they could not be redispersed in 

any solvent.  Even when a double spacer was used, the ligand binding seemed to be 

weaker than conventional alkanethiol ligands.  This was evident in the long-term 

stability of the particles.  Typically, these particles would aggregate out of good 

solutions fasters (in terms of months) and were more susceptible to over washing.  

Note: This characteristic was effectively exploited in Chapter 7 to form ordered 

macroporous nanocrystal films. 
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Ligand Dispersibility Results
Starting Product/ 

Supplier
PFPE-SH Small silver NCs dispersible at vapor pressure Ausimont

(~670 MW) Gold NCs require higher densities
PFPE-SH 3&5 Small silver NCs dispersible at vapor pressure Ausimont

(~570 MW) Large gold marginally stable at vapor pressure
PFPE-SH 6 NCs not dispersible at vapor pressure, higher Lancaster
(~830 MW) densities required

Cl-PFPE-SH Dispersibility requires pressures ~3000psi or Fluorolink
(made by Lagow) higher at room temp.

FOMA-SH Small silver NCs dispersible at vapor pressure Synquest Labs
(monomer converted) Large gold marginally stable at vapor pressure
Perfluorooctanethiol Silver NCs not dispersible Oakwood

Perfluorodecanethiol Dispersed silver nanocrystals at high densities Oakwood

Mercaptopropyl No dispersibility Gelest
Trimethoxysilane

TMN3-SH No dispersibility TMN-3

Di(PPO)3-SH No dispersibility poly(propylene oxide)

PPO3-SH No dispersibility poly(propylene oxide)

Branched Thiols No dispersibility 3,5,5 trimethylhexanol
(Various Spacers)

 
 

 

Table C.1 

Dispersibility tests of nanocrystals capped with various ligands. 

All ligands synthesized by Dr. K.T. Lim except where noted. 
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