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ABSTRACT 

Wet chemical synthesis techniques offer the ability to control various nanoparticle 

characteristics including size, shape, dispersibility in both aqueous and organic solvents, 

and tailored surface chemistries appropriate for different applications.  Large quantities of 

stabilizing ligands or surfactants are often required during synthesis to achieve these 

nanoparticle characteristics.  Unfortunately, excess reaction byproducts, surfactants, and 

ligands remaining in solution after nanoparticle synthesis can impede application, and 

therefore post-synthesis purification must be employed.  A liquid-liquid solvent/anti-

solvent pair (typically ethanol/toluene or ethanol/hexane for gold nanoparticles, GNPs) 

can be used to both purify and size-selectively fractionate hydrophobically modified 

nanoparticles.  Alternatively, carbon dioxide may be used in place of a liquid anti-

solvent, a “green” approach, enabling both nanoparticle purification and size-selective 

fractionation while simultaneously eliminating mixed solvent waste and allowing solvent 

recycle.  We have used small-angle neutron scattering (SANS) to investigate the ligand 

structure and composition response of alkanethiol modified gold and silver nanoparticles 

at varying anti-solvent conditions (CO2 or ethanol).  The ligand lengths and ligand 

solvation for alkanethiol gold and silver NPs were found to decrease with increased anti-

solvent concentrations directly impacting their dispersibility in solution.  Calculated 

Flory-Huggins interaction parameters support our SANS study for dodecanethiol 

dispersibility in the mixed organic solvents.  This research has led to a greater 

understanding of the liquid-liquid precipitation process for metal nanoparticles, and 

provides critical results for future interaction energy modeling. 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

Richard P. Feynman, a world renowned physicist presented a speech entitled, 

“There’s Plenty of Room at the Bottom” during the annual American Physical Society 

meeting at the California Institute of Technology in 1959.1  Feynman’s speech is said to 

be the first account publically describing the manipulation of matter on a tiny scale, for 

example the possibility of writing 24 volumes of the Encyclopedia Britannica on the head 

of a pin.  50 years later, significant advances in the field of nanotechnology are making 

Feynman’s speech more of a reality, with applications in nearly all fields.  Albeit 

Feynman is credited with creating nanotechnology, nanoparticles have been around since 

ancient times. 

Nano comes from the Greek word nanos, meaning dwarf or extremely small.  

Today, we denote nano to be 10-9 m in SI units.  The first evidence of nanotechnology 

dates back to ~2,000 B.C., where silver and gold nanoparticles were used to create 

beautiful stained glass windows due to their unique optical properties.2 The Romans 

mixed solutions of nano gold and silver (nanoparticles) to produce a variety of colored 

glasses, including ruby red and yellow.  The Romans believed an Elixir of Life could be 

created using solutions of soluble gold which could cure many bodily ailments and 

increase both mental and physical abilities.3 Today researchers and scientists are using 

nanoparticles to fight cancer,4 catalyze various reactions,5, 6 and as chemical and 

biological sensors.7, 8  Over the past 20 years, significant advances have been made in the 
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field of nanotechnology; particularly for metal nanoparticles, whose properties differ 

from their bulk counterparts. 

Silver and gold nanoparticles have unique size and shape dependent properties 

(optical,9, 10 chemical,11 photothermal,12 and catalytic),5, 13 making them useful for a 

variety of applications.  Their optical properties are a result of the collective excitation of 

free electrons in response to light energy—this phenomena is commonly known as 

surface plasmon resonance.9 The plasmon resonance of silver and gold nanoparticles is 

readily tunable with the nanoparticle size, shape, surface chemistry, and surrounding 

media (refractive index)—making them ideal for sensor applications.7, 8, 14  For example, 

Storhoff et al. utilized ~13 nm gold nanoparticles modified with twelve nucleotides to 

determine errors in polynucleotide sequences based on colorimetric changes; a shift in 

color from red to blue was shown to indicate nanoparticle agglomeration and 

corresponded to errors in the target nucleotide sequence.15  Similarly, Nath et al. tethered 

~13.4 nm gold nanoparticles to a glass substrate for application as a biomolecular sensor, 

capable of detecting the presence and concentration of fibrinogen by variation in plasmon 

resonance intensity (measured by ultravisible light spectroscopy, UV-VIS).16  Because 

the changes in plasmon resonance for these gold nanoparticles are colorimetric, Nath 

suggested that widely available optical scanners could be used to determine concentration 

of fibrinogen in lieu of UV-VIS spectrophotometers.16   

  Gold and silver nanoparticles have also demonstrated potential as 

electrochemical sensors and as catalysts.  For example, Jena and Raj attached gold 

nanoparticles (5 - 6 nm) onto gold electrodes to simultaneously detect arsenic and 
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mercury at sub parts per billion concentrations based on electrochemical responses 

measured by voltammetery.11  Geng et al. demonstrated the size-dependent catalytic 

properties of gold nanoparticles which were deposited onto glassy carbon electrodes.17  

Here, the gold nanoparticles aided in the oxidation reaction of carbon monoxide to carbon 

dioxide at basic conditions.  This work demonstrated that smaller gold nanoparticles (2 - 

6 nm in diameter) are much more catalytically reactive than larger nanoparticles (greater 

than 12 nm in diameter) as determined by cyclic voltammetry measurements;17 

comparably, bulk gold is inert.18 

Research and development of biomedical applications which utilize the unique 

properties of gold and silver nanoparticles is rapidly increasing.  For example, Ding et al 

used gold nanorods as targeted contrast agents for cancer cells, observed by both light 

and electron microscopy.19  Advances in drug delivery are also evident in the literature.4, 

20 One example includes hybrid vesicle-nanoparticle systems which afford dual purposes.  

These systems incorporate hydrophobically modified nanoparticles into the bilayer of 

lipid vesicles (structurally similar to a cell membrane) and can provide medical imaging 

contrast useful for live tracking, and drug delivery by incorporate hydrophilic drugs into 

the aqueous core of the vesicle.20-22  Recently, Bothun et al. demonstrated the ability to 

load 5.7 nm hydrophobically modified silver nanoparticles into the bilayer of lipid 

vesicles, and demonstrated that increasing nanoparticle loading increases the size of the 

overall vesicle;21
 a collaborative investigation with Bothun and coworkers is discussed in 

Chapter Six utilizing nanoparticles we have synthesized here at Clemson.  Other 

biomedical applications of nanoparticles utilize the photothermal properties of gold 
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nanoparticles; here, radiation (generally light) energy is absorbed by the metallic 

nanoparticles and functions as a localized hyperthermia agent.12, 23, 24  The anti-microbial 

and anti-bacterial properties of silver and gold nanoparticles are also applicable to 

consumer products and medical industries.25-27 

The increasing number of nanoparticle applications necessitates tunable control of 

size and size-distribution either by optimizing the synthesis conditions or by post-

synthesis processing.  The focus of this dissertation was the synthesis, stabilization, and 

characterization of silver and gold nanoparticles.  One of the primary objectives of this 

research was to develop a better fundamental understanding of nanoparticle dispersibility 

during anti-solvent induced precipitation.  Interaction energy models which accurately 

predict nanoparticle dispersibility are advantageous because they afford the ability to 

determine the solvent and ligand conditions necessary to isolate a desired nanoparticle 

size during processing or tune the synthesis solvent composition.  These interaction 

energy models could eliminate unnecessary experimentation and optimization of current 

nanoparticle processing techniques.  While these models are advantageous, current 

interaction energy models overpredict nanoparticle dispersibility due to assumptions 

made regarding the stabilizing ligand structure and solvation at predetermined solvent 

conditions.28, 29  A primary motivation for this work was to systematically investigate the 

ligand structure and solvation of hydrophobically stabilized nanoparticles at defined 

solvent compositions (both good and poor).  Prior to the discussion of the research 

contained in this dissertation, a review of current nanoparticle synthesis and processing 

techniques is necessary. 
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Nanoparticle Synthesis 

Wet chemical synthesis techniques afford facile control over nanoparticle size, 

size-distribution, shape, and surface chemistry.10, 30-36 Two very common synthesis 

protocols for spherical silver and gold nanoparticles are the Turkevich 30, 31 and Brust 

methods,32 which facilitate the nucleation, growth, and stabilization of  aqueous and 

organic populations of nanoparticles, respectively.  Both synthesis methods are desirable 

for varying reasons.  For example, adaption of the Turkevich method provides relatively 

monodisperse populations of nanoparticles in which the surface chemistry can readily 

modified to facilitate dispersion in both aqueous and organic media.33  Here, aqueous 

gold salts are added to hot or boiling citrate solution and particle size control (ranging 

from 10 to 20 nm in diameter) is afforded by variation of the synthesis time. 30  The 

citrate functions as both the reducing and stabilizing agents and hence, variation of citrate 

concentration can also afford size and size-distribution control.  A downside to the 

Turkevich method is that the concentrations of nanoparticles produced is generally low 

(microgram quantities).30  Adaptation to the Turkevich method has extended the synthesis 

from gold to other metal nanoparticles, for example silver, platinum, and palladium.31  

Adding reducing agents like borohydride or ascorbic acid can facilitate faster nucleation 

or add slow growth stages during nanoparticle synthesis, which provides greater size 

control.  For example, Jana et al. used borohydride to create ~3.5 nm citrate stabilized 

gold nanoparticles and then used ascorbic acid to vary the particle diameter from 5 to 50 

nm, through a seed-mediated growth step.33 
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Comparatively, the Brust method32 can produce milligram quantities of 

hydrophobically modified spherical nanoparticles—though the particle size-distributions 

are generally larger than those produced by the Turkevich method, and therefore 

necessitate post-synthesis fractionation.37, 38  Here, a cationic phase transfer catalyst 

(tetraoctylammonium bromide, TOAB) is employed to transfer gold or silver ions from 

aqueous solution to an organic solution (typically toluene or chloroform for gold or silver 

nanoparticles, respectively), where the reduction of the metal ions is achieved by sodium 

borohydride addition.32 A downside to the Brust method is that TOAB is both expensive 

and toxic (generally 2.7 g of TOAB is required to make 0.19 g of silver nanoparticles); 

hence, post-synthesis purification steps must be employed prior to application.39, 40  

More recent synthesis protocols have been developed which aim to minimize the 

quantities of harsh organic solvents and toxic surfactants.  For example Liu et al. 

demonstrated the facile synthesis of gold nanoparticles (~ 6 nm in diameter) by using 

glucose as the stabilizing agent and sodium borohydride as the reducing agent.36  The 

glucose stabilizing chemistry is readily displaced by amine or thiol chemistry, enabling 

resuspension in organic solvents, like hexane.36  Similarly, Tan et al. demonstrated the 

synthesis of gold nanoparticles (~20 nm) where sodium carboxy methyl cellulose 

(derivative of cellulose) functioned as the reducing and stabilizing agent when reacted at 

110 °C for 12 hours.41   Other sugars including fructose and sucrose have also been used 

as both the reducing and stabilizing agents for silver nanoparticles.42   However, the most 

“green” synthesis approaches for gold and silver nanoparticles thus far employ 

phytochemicals from renewable resources in addition to the aqueous gold or silver salt 
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solutions.  For example, Shukla et al. demonstrated the synthesis of gold nanoparticles 

(~15 nm) using soybean extracts as both the reducing and stabilizing agents and 

demonstrated biocompatibility through cell culture assays.35  Similarly, Philip et al. used 

honey as both the reducing and stabilizing agents to produce ~15 nm gold 

nanoparticles.43   

Shape control of silver and gold nanoparticles is achieved with wet-chemical 

synthesis techniques that employ cationic surfactants in aqueous solutions (most often 

cetyltrimethylammonium bromide, CTAB).  Though CTAB is known to be toxic, these 

protocols are beneficial because of the high yields and fine control over nanoparticle 

shape.44-48  Yields up to 97% have been reported for gold nanorod synthesis (yield is 

considered to be number of rods/ number of particles counted by TEM)49 and up to  2 g 

of gold metal in a single batch of gold nanorods (though the polydispersity of the sample 

is typically larger for high yield synthesis procedures).50  Synthesis of non-spherical 

particles usually begins with a seed-mediated approach; for example spherical seed 

nanoparticles (generally sub 6 nm) can be used to create both silver and gold nanorods, 

cubes, spheroids, and nanowires of varying size and aspect ratio using CTAB.50  Post-

synthesis purification and later surface modification affords more biocompatible 

nanoparticles by removing excess CTAB and coats the remaining surface chemistries or 

replaces it.51-53  Gold nanorods can also be synthesized in organic solutions (toluene); 

however, nanorod yields are extremely low, and the size-distributions produced are 

extremely polydisperse making surface modification of aqueous dispersions more 

advantageous.54 
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Nanoparticle Processing 

As mentioned previously, the synthesis of gold and silver nanoparticles often 

requires toxic surfactants and excess stabilizing ligands to afford control over size, size-

distribution, and shape.37, 40, 55, 56  Moreover, improvement of the nanoparticle size-

distribution is generally desirable for application.  Hence, post-synthesis processing 

which facilitates both purification and fractionation steps is often necessary.  

Aqueous dispersions of metallic nanoparticles can be fractionated and purified by 

recursive centrifugation steps or by chromatography.57   Once precipitated, the 

nanoparticles can be redispersed in fresh solvent (water).  This precipitation process can 

be enhanced by adding salts or polar water-miscible solvents (ex. acetone) to the 

nanoparticle dispersion; however, both centrifugation and non-aqueous solvent addition 

often induces aggregation for most sugar stabilized nanoparticles when the dispersion 

becomes concentrated.57  Novak et al. showed that by selecting a stabilizing ligand with a 

bonding strength greater than citrate and less than a thiol, or adding a buffer surfactant 

(ex. sodium dodecyl sulfate, SDS) afforded more desirable purification results both for 

centrifugation and size-exclusion chromatography.57    

Hydrophobically stabilized metallic nanoparticles can also be purified and 

fractionated by recursive centrifugation steps or chromatography.  However, in practice 

the liquid-liquid solvent/anti-solvent system combined with centrifugation is most 

commonly employed to size-selectively precipitate the nanoparticles.  For example, 

toluene/ethanol and chloroform/ethanol are liquid solvent pairs often used for the 

fractionation of gold and silver nanoparticles.32, 37 Increasing the anti-solvent composition 
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in solution weakens the solvent strength for the hydrophobic stabilizing ligands which 

induces nanoparticle precipitation.32  This process is the most widely used due to its 

simplicity, however it leads to large quantities of mixed organic solvent waste and can 

become quite expensive—to purify 214 mg of gold nanoparticles synthesized from the 

Brust method requires ~800 mL of ethanol, in addition to time intensive centrifugation 

which is not easily scalable. 

Recent advances in nanoparticle processing have demonstrated that carbon 

dioxide is an effective anti-solvent for hydrophobically stabilized nanoparticles, similar 

to ethanol in the liquid-liquid system.  Dissolving CO2 into an organic solvent (for 

example toluene, cyclohexane, hexane, or pentane) changes the properties of the solvent.  

These properties are dependent upon the molar composition of CO2—and hence 

pressure.58  As CO2 dissolves into an organic solvent (performed by applying pressurized 

CO2 into the headspace above solvent within a pressure cell), the liquid volume also 

increases—effectively creating a pressure tunable gas-expanded liquid (GXL).58   

Mcleod et al. demonstrated the facile fractionation of a polydisperse sample of 

dodecanethiol modified silver nanoparticles using CO2-expanded hexane.38  Here a rod-

shaped Archimedes screw design (fabricated of glass—see Figure 1.1) enabled the size-

selective fractionation of nanoparticles at CO2 pressures between 500 and 600 psi.  A 

small aliquot of nanoparticle dispersion (traditionally hexane has been used for the 

organic solvent) is placed in the first rung of the glass spiral rod, and subsequently the 

rod is placed into a stainless steel pressure cell.38  When CO2 pressure is added, the CO2 

mole fraction within the liquid solvent increases, and induces size-selective nanoparticle 
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precipitation.28  The largest nanoparticles precipitate out of solution due to their larger 

van der Waals attractive forces.28  Once the first fraction of nanoparticles has been 

precipitated, the glass rod can be rotated moving the remaining dispersed nanoparticles 

further up the rod into the next rung.  Utilizing pressure increments of 25 to 50 psi with 

each turn of the glass rod was shown to facilitate progressive size-selective nanoparticle 

fractionation.38  Since the work performed by Mcleod et al., alkanethiol modified 

silver,59, 60 gold,55, 59 platinum,61 and CdSe/ZnS62 nanoparticles have all been processed 

using GXLs (either fractionation or isolation)—though the sample volumes have been 

generally limited to ~100 to 200 µL.  Scale-up of the GXL fractionation technique was 

recently demonstrated by Saunders et al., who built a new fractionation apparatus capable 

of isolating samples volumes up to ~20 mL (mg quantities of metal).56 

 

Figure 1.1:  A) Schematic and B) image of glass cylindrical rod used to size-selectively 
fractionate metal nanoparticle dispersions.  Image A is comes from Mcleod et al. Nano 
Lett., 2005, 5 (3), pp 461–465 
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The recent advances in nanoparticle processing which employ GXLs is 

noteworthy because it essentially eliminates mixed organic solvent waste,40 enables 

solvent recycle (both carbon dioxide and organic solvent),40 and is useful for depositing 

nanoparticles into wide-area networks (ideal for thin film applications, deterring MEMS 

device stiction36, 39 infusing nanoparticles into porous substrates for applications in 

catalysis or membranes),63 and critical point drying where the solvent can be removed 

without going through a phase transition preserving nanoscale structure40, 64 (analogous to 

supercritical drying of aerogels which minimizes detrimental capillary forces during the 

drying process).65  

Dissertation Outline 

As mentioned previously, current interaction energy models overpredict 

nanoparticle dispersibility because of assumptions made regarding ligand structure and 

solvation at predetermined solvent compositions.  Hence, a primary objective of this 

dissertation aims to provide experimental measurements of the ligand structure and 

solvation at varying solvent conditions (during anti-solvent induced nanoparticle 

precipitation) which will aid in the development of more accurate and robust models to 

predict nanoparticle behavior. 

In Chapter 2, we employ small-angle neutron scattering (SANS) to determine the 

ligand length and solvation for gold nanoparticles in both toluene and hexane with 

varying ethanol anti-solvent compositions.  SANS was used because it is the only 

characterization technique that we are aware of which can provide non-destructive, in-

situ measurements of nanoparticle ligand structure and solvation, as a result of sub 
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nanometer resolution and contrast matching which enables structural and compositional 

distinction between hydrogenated and deuterated species.  These solvent pairs were 

selected because they are most commonly used in liquid-liquid nanoparticle processing 

procedures.  During this investigation, we examined the role of chain length, surface 

coverage, and nanoparticle curvature on ligand structure, solvation, nanoparticle 

dispersibility, and then correlated the solvent composition induced changes to Flory-

Huggins interaction parameters.   

Due to the recent and numerous advantages previously demonstrated for GXL 

nanoparticle processing, compared to traditional liquid-liquid techniques, we again 

employed SANS to investigate ligand structure, solvation, and dispersibility of 

dodecanethiol stabilized gas-expanded hexane in Chapter 3.  Here, four previously 

fractionated dispersions were studied at CO2 mole fractions up to 60%.  The dispersions 

varied in dodecanethiol surface coverage and surface curvature. 

In Chapter 4, we extend the GXL fractionation process to non-spherical gold 

nanoparticles—more explicitly gold nanorods.  Surface modification of CTAB capped 

gold nanorods afforded resuspension in various organic solvents which enabled a 

mechanistic investigation of their dispersibility in gas-expanded cyclohexane, toluene, 

and hexane.  We also explored the impact of varying chain length (12 carbons and 18 

carbons ligands) on nanorod dispersibility.  Here we also present the first ever gold 

nanorod fractionation using the GXLs technique. 

In Chapter 5, we present the facile and green synthesis of silver nanoparticles 

using extract from Allium sativum, known commonly as garlic.  The intent was to create 
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stable silver nanoparticles which may be useful in the biomedical field as a result of 

compatibility with biological media and that have high oxidation resistance.  We 

investigate various synthesis procedures, by varying the garlic extract quantity (the 

reducing and stabilizing agents), and temperature.   

In Chapter 6, a biomedical application of gold nanoparticles is investigated.  Here 

hybrid vesicle-nanoparticle systems are evaluated using SANS to determine the effect of 

nanoparticle loading concentration, temperature, and lipid content to better understand 

lipid ordering as measured by changes in the membrane thickness.  This work was 

performed in collaboration with Dr. Geoffrey Bothun at the University of Rhode Island 

and his former graduate student Dr. Yanjing Chen. 

Lastly, in Chapter 7, the conclusions of this dissertation and recommendations for 

future work are made.  In addition, the most important finding of this work is described—

the solvent composition dependent ligand length and solvation of hydrophobically 

stabilized nanoparticles, as measured by SANS. 
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CHAPTER TWO 

SANS INVESTIGATION OF GOLD NANOPARTICLE CLUSTERING AND LIGAND 

STRUCTURE UNDER ANTI-SOLVENT CONDITIONS 

Introduction 

Engineered nanomaterials of varying elemental composition, surface chemistry, 

size,1 and shape2 have found enormous potential for use in biomedical applications,3-5 

catalysis,6 and sensing devices.7  In particular, the unique size-dependent properties of 

metal nanoparticles (silver and gold) include plasmon resonance,8, 9 catalytic properties,6 

as well as photo-thermal activity.4  A significant benefit of solution based nanoparticle 

synthesis is the ability to control the size, shape,10 and aspect ratio11 of the nanoparticles 

by varying the temperature12 and concentration of different surfactants, ligands, and  

other structure directing agents.11  Most applications require monodisperse populations of 

nanoparticles that are free of excess surfactant or ligand. Thus post-synthesis processing 

is critical to remove any reaction byproducts and excess ligands or surfactants from 

solution that may be detrimental to the nanoparticle application.  Typically, anti-solvent 

precipitation is used for nanoparticle purification, size or shape fractionation, and 

deposition.13  Common liquid-liquid solvent/anti-solvent pairs that enable this 

nanoparticle size-selective precipitation and isolation include ethanol/toluene and 

ethanol/hexane for alkanethiol modified nanoparticles, including hydrophobic gold 

nanoparticles (GNPs).14  Once precipitated, the nanoparticles can be redispersed in neat 

solvent, free from excess ligands and surfactants. 
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Small-angle scattering can provide detailed information on nanoparticle size and 

particle interactions in solution.  Structural information is obtained from scattering data, 

and in general, dilute concentrations of particles are assumed to be non-interacting 

requiring only a form factor for size/shape determination.  Saunders et al. used small-

angle x-ray  scattering (SAXS) to study dilute dispersions (~3 mg/mL) of dodecanethiol 

modified GNPs in toluene and found that particle-particle interactions between sub 6 nm 

core-diameter particles are sufficiently large and require the incorporation of a structure 

factor (in addition to a form factor) for accurate data fitting.15  This study also stated that 

extremely dilute concentrations of GNPs (much less than 3 mg/mL) scattered x-rays 

similar to individual randomly dispersed particles, and proved to be non-interacting 

(structure factor assumed to be unity).  Saunders also reported 30 to 60% ligand surface 

coverage values for dodecanethiol on the surface of GNPs for core diameters between ~1 

nm to ~6 nm.  Both particle interactions and ligand surface coverage values are critical in 

developing models which predict nanoparticle dispersibility.  Similar to SAXS, small-

angle neutron scattering (SANS) can also be used to obtain the structural information of 

nanoparticles.  However, because neutrons scatter as a function of atomic composition 

and density (different than x-rays), detailed structural (e.g. ligand length) and 

compositional information can be obtained through selective deuteration and scattering 

length density (SLD) contrast enhancement.  Ligand shell solvation can be determined 

from the measured ligand shell SLD (SLDshell),16 which receives contribution from the 

hydrogenated alkanethiol ligand SLD (SLDthiol) and the deuterated solvent SLD (SLDsolv) 

which has penetrated into the ligand shell.  The ligand shell thickness is also determined 
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using SANS.  This investigation demonstrates in-situ determination of the ligand surface 

coverage, ligand solvation, ligand shell thickness, nanoparticle core-diameter, and 

particle-particle interactions using SANS as a function of the bulk anti-solvent 

composition for the ethanol/toluene and ethanol/hexane deuterated solvent systems. 

Chapter 3 complements this work using SANS to study the ligand shell solvation 

and ligand length for dodecanethiol modified silver nanoparticles at varying CO2 mole 

fractions in gas-expanded hexane.16  We demonstrated that increased anti-solvent 

conditions (CO2 dissolved in hexane) lowered the solvent strength of the hexane which 

resulted in simultaneous ligand shell collapse and decreased ligand solvation.  This 

previous research (which will be discussed in detail later in Chapter 3) was limited to 

dodecanethiol stabilized silver nanoparticles dispersed in CO2-expanded hexane; 

however, it demonstrated that SANS is a unique method for in-situ ligand measurements 

of nanoparticles, specifically ligand solvation and shell thickness.  Investigation of the 

solvent-ligand interactions for different metal nanoparticles, varying alkane chain length, 

and additional solvent/anti-solvent systems is of significant importance for  modeling 

nanoparticle interaction energies and the development of a fundamental understanding of 

nanoparticle dispersions.17-19 

Interaction energy models aim to predict the maximum nanoparticle size 

dispersible in solution at given solvent conditions, metal type, and ligand surface 

coverage.18, 20  Previous work has improved the accuracy of interaction energy models by 

incorporating ligand length and ligand solvation (elastic and osmotic contributions 

respectively); however, the maximum particle size dispersed in solution is often over 
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predicted.17, 18  Development of accurate interaction energy models will lead to reduced 

costs and  more efficient processing procedures which aim to isolate nanoparticles at 

predetermined conditions (size, shape, ligand length, surface coverage, and elemental 

composition),17, 18, 21 the enhancement of novel techniques for nanoparticle self-assembly 

and deposition,22, 23 and synthesis of nanoparticles.19  Therefore, experimental work 

detailing the ligand response to solvent conditions is critical for the design of more robust 

and accurate interaction energy models. 

In this work, we have investigated the shell thickness and solvation of alkanethiol 

ligands on GNPs in n-hexane-d14 and toluene-d8 as a function of ethanol-d6 anti-solvent 

composition.  The octadecanethiol and dodecanethiol ligand length and solvation were 

found to decrease linearly as a result of increased ethanol-d6 composition.  It was found 

that both the length and solvation of the octadecanethiol ligands on GNPs decreased at 

lower ethanol-d6 compositions compared to dodecanethiol.  The combination of collapsed 

alkane ligands and poor solvation yields decreased nanoparticle stability and induces 

precipitation.  The calculated Flory-Huggins interaction parameters (χ12) for 

alkanenethiol/n-hexane-d14 were shown to be lower than in toluene-d8 at solvent mixtures 

of up to 50% ethanol-d6 concentration, excluding neat solvents.  Our findings for ligand 

solvation and shell thicknesses will impact future interaction energy models predicting 

nanoparticle dispersibility and also demonstrate that Flory-Huggins interaction parameter 

calculations are relevant for predicting general trends in nanoparticle ligand solubility.  

GNP clustering was observed during SANS data analysis, and is also discussed with 

respect to dispersibility at varying solvent conditions. 
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Experimental 

Materials 

The metal precursor hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, 

99.99%) was purchased from VWR.  The stabilizing agents sodium citrate dihydrate 

(99%, part no. BDH0288), 1-dodecanethiol (98%) and 1-octadecanethiol (90%), and 

reducing agent sodium borohydride (NaBH4, 98%) were purchased from VWR.  ACS 

grade ethanol (95%), toluene (99.7%), and n-hexane (95%) were purchased by VWR.  n-

hexane-d14 (98%), toluene-d8 (99.5%), and ethanol-d6 (99%) were purchased from 

Cambridge Isotope Laboratories.  All chemicals were used without further purification.   

Characterization 

Transmission Electron Microscopy (TEM) 

All TEM images were obtained using a Hitachi 7600 with a 120 kV accelerating 

voltage.  TEM samples were prepared by drop casting ~5 µL of nanoparticle dispersion 

onto a 300 mesh formvar carbon coated copper TEM grid (Ted Pella), followed by 

solvent evaporation.  The size distributions were obtained by image analysis performed 

with the ImageJ software package24 counting at least 1500 particles for meaningful and 

relevant statistics.  

Small Angle Neutron Scattering (SANS)  

SANS experiments were performed on the NG7 30 meter SANS instrument at 

NIST Center for Neutron Research (NCNR, Gaithersburg, MD).25  All samples had a 

volume fraction of φ ~ 1%, and were considered dilute.  The low concentration of the 

GNP dispersions was desired in order to minimize interparticle interactions and the need 
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for a structure factor in the scattering analysis.  Each sample was loaded into a 2 mm path 

length titanium demountable cell and measured at 25 °C.  Three sample-to-detector 

distances were used (1 m, 4.5 m, and 13.5 m) to obtain a q range from 0.004 to 0.5 Å-1 

with a neutron wavelength of λ = 6 Å and a resolution of Δλ/λ equal to 12% (FWHM).  

Empty beam background, empty cell background, neat solvent (toluene-d8 or n-hexane-

d14) backgrounds, detector sensitivity, sample transmission, and sample thickness were 

considered during raw data reduction.  The neat solvent and empty cell background 

measurements were used to normalize all SANS data.  The reduced scattering intensities, 

I(q), were fit as a function of the scattering vector, q(θ).  Here, q(θ) = 4πsin(θ)/λ and θ is 

defined as the scattering angle.  All SANS fitting was performed using Igor Pro 6.03 

software and models provided by NIST.26 

 

Figure 2.1:  TEM image and histogram of A) dodecanethiol and B) octadecanethiol 
capped gold nanoparticles. All nanoparticles were sized using ImageJ software. 
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The SANS spectra were fit for all nanoparticles in the ~0.04 to ~0.5 Å-1 q range 

using a polydisperse core-shell model according to Bartlett et al.27 to determine the 

SLDshell and shell thickness of the alkanethiol stabilizing ligands.  The scattering 

intensity, I(q), is a function of both the volume fraction of the GNPs in solution (ϕ) and 

the form factor P(q).  For dilute concentrations, the structure factor is assumed to be 

unity, S(q) = 1.  The scattering intensity is fit as a function of the mean particle size 

(radius), polydispersity (Schulz distribution), average shell thickness, and component 

scattering length densities (SLDcore, SLDshell, SLDsolv).  The resulting form factor is 

normalized by the calculated mean GNP volume. The volume fraction, SLDcore (4.5 x 10-6 

Å-1), nanoparticle diameter/polydispersity (determined by TEM, see Figure 2.1), and 

SLDsolv were held constant during all SANS fitting, while the shell thickness and SLDshell 

were used as adjustable parameters (See Figure 2.2A).  For a more in depth discussion of 

the SANS models, see Appendix A.  

 
 

 
Figure 2.2:  Schematic of the A) polydisperse core-shell model and B) fractal model.  
Adjustable parameters include the nanoparticle size, Rcore; scattering length density (SLD) 
of the nanoparticle core, ligand shell and bulk solvent; repeat block radius, r; and 
correlation length. 
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SANS spectra for the dodecanethiol and octadecanethiol modified GNPs 

dispersed in toluene-d8 with varying ethanol-d6 concentration were fit on the ~0.004 to 

0.2 Å-1 q range with a fractal model (see Teixeira et al.)28 because cluster formation was 

evident from the scattering data, despite the dilute concentrations.  The fractal model 

assumes that scattering occurs from fractal like clusters of GNPs dispersed in solution.  

The adjustable parameters used to fit the SANS spectra include the correlation length in 

solution, radius of the GNPs which make up the clusters, and the fractal dimension (see 

Figure 2.2B).  The SLDsolv, SLDcore, and volume fraction were held constant during 

fractal model data fitting to pre-determined values.   

 

Solvent and Ligand Properties 

Deuterated solvents were used in all SANS experiments to provide contrast 

between the hydrogenated ligand tails and the bulk solvent.  The molar compositions and 

densities of the ethanol-d6/n-hexane-d14 and ethanol-d6/toluene-d8 mixtures were 

calculated assuming ideal mixing and the following neat solvent densities (0.943 g/cm3, 

0.767 g/cm3, and 0.910 g/cm3 for toluene-d8, n-hexane-d14, and ethanol-d6 respectively).  

The SLD values were calculated for the liquid solvent mixtures and the GNP core using 

the NIST NCNR SLD calculator.29  The SLDsolv
 values were determined to be 5.66 x 10-6 

Å-2, 6.14 x 10-6 Å-2, and 6.22 x 10-6 Å-2 for toluene-d8, n-hexane-d14, and ethanol-d6 

respectively.  The SLDthiol for dodecanethiol and octadecanethiol were calculated to be    

-3.67 x 10-7 Å-2 and -3.49 x 10-7 Å-2 respectively.  Tables 2.1 - 2.2 show the calculated 

values for the molar compositions, densities, and SLDsolv as a function of ethanol-d6 mole 
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fraction.  The calculated values for the SLDsolv were used during all SANS fitting as 

accurate data analysis of the SLDshell, shell thickness, cluster size, and repeat block 

diameter are dependent upon these values. 

Table 2.1: Solvent properties for the mixed n-hexane-d14/ethanol-d6 solvent including 
scattering length density (SLD) 

ethanol (mol. frac.) density (g/cm3) SLDsolv (Å-2) 
0.000 0.767 6.14E-06 
0.202 0.796 6.26E-06 
0.363 0.819 6.34E-06 
0.495 0.838 6.38E-06 
0.603 0.853 6.39E-06 
0.695 0.866 6.38E-06 

 
 
Table 2.2: Solvent properties for the mixed toluene-d8/ ethanol-d6 solvent including 
scattering length density (SLD) 

 
ethanol (mol. frac.) density (g/cm3) SLDsolv (Å-2) 

0.000 0.943 5.66E-06 
0.171 0.937 5.70E-06 
0.317 0.933 5.75E-06 
0.443 0.928 5.80E-06 
0.553 0.925 5.85E-06 
0.650 0.922 5.91E-06 

 
 

Gold Nanoparticle Synthesis and Surface Modification 

Citrate stabilized gold nanoparticles (GNPs) were prepared by a modified 

procedure similar to Jana et al.30 yielding ~4 nm diameter particles.  In short, 30 mL of 

citrate solution (0.05 M) was added to 567 mL of DI water in a 1 L volumetric flask.  

Next, 3 mL of 0.05M HAuCl4 was added to the mixture and reduced with 3 mL sodium 

borohydride (0.05 M).  The resulting aqueous dispersed GNPs were ruby red in color. 
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The surface modification of gold nanoparticles is well known and has been 

characterized extensively.31, 32  Similar to a procedure performed by Jana et al., where 

GNPs originally stabilized by citrate are made hydrophobic with dodecanethiol,34 we 

resuspended GNPs in toluene by surface modification using either dodecanethiol or 

octadecanethiol.  Briefly, between 100 to 300 mL of 0.01 M dodecanethiol or 

octadecanethiol solutions in toluene were added to the 600 mL aqueous GNP dispersion 

in a volumetric flask.  The biphasic mixture was vigorously shaken until the GNPs 

transferred from the aqueous phase to the toluene phase.  Smaller ratios of 

toluene/aqueous (1:6) solution were found to yield incomplete phase transfers of the 

GNPs and particle aggregation.  The biphasic mixture was placed in a 1 L separatory 

funnel, where the toluene dispersed GNPs were isolated from the aqueous phase.  Next, 

ethanol was added to the GNPs (4:1 ethanol to GNP dispersion by volume) followed by 

centrifugation at 14,500 rpms for 10 min to induce nanoparticle precipitation.  The 

supernatant liquid, containing excess stabilizing ligands and organic solvent was 

decanted.  The GNPs were resuspended in 20 mL neat solvent (hexane or toluene) 

followed by 5 min of sonication.  The purification procedure was performed a total of 

three times before use. 

Purified GNPs stabilized by dodecanethiol were selectively size-fractionated by 

combining ethanol anti-solvent precipitation with centrifugation.  In short, the toluene 

dispersed GNPs were diluted to 50% ethanol by volume, followed by centrifugation at 

14,500 rpms for 10 min.  The supernatant (containing GNPs) was collected and then 

diluted to a final ethanol composition of 55% by volume.  Centrifugation was repeated at 
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14,500 rpms for 10 min and the supernatant was decanted.  The precipitated GNPs were 

resuspended in fresh toluene followed by sonication for 5 min.  The resulting size 

distribution was 3.9 ± 0.7 nm diameter for the dodecanethiol modified GNPs.  Similarly, 

octadecanethiol stabilized GNPs were purified and then isolated between 40 and 45% 

ethanol volume fractions in toluene and were measured to be 3.5 ± 0.7 nm in diameter.  

The same procedure was performed for dodecanethiol and octadecanethiol modified 

GNPs in hexane resulting in the same size GNPs as fractionated in the toluene/ethanol 

solvent mixture (50 to 55% and 40 to 45% ethanol by volume for dodecanethiol and 

octadecanethiol modified GNPs respectively).  The fractionated nanoparticles were dried 

to a thin film and redispersed in toluene-d8 or n-hexane-d14 to achieve concentrations 

~1% by volume.  The final stable dispersions were simultaneously vortex mixed and 

sonicated for 5 min prior to use.  Figure 2.1 shows TEM images for both the 

dodecanethiol and octadecanethiol stabilized GNPs with their respective histograms. 

 

Results and Discussion 

SANS Data Analysis 

As described previously, the SANS spectra were fit with a polydisperse core-shell 

model27 to determine ligand thickness and solvation.  Figure 2.3 shows fit SANS data for 

A) dodecanethiol and B) octadecanethiol stabilized GNPs dispersed in toluene-d8 as a 

function of varying ethanol-d6 volume fraction.  The variation in scattering intensity is 

due to changes in ligand structure and solvation, as well as SLD contrast between the 

solvent and GNPs/ligands.  In Figure 2.3A, decreased scattering intensity is evident for 
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dodecanethiol stabilized GNPs in 50% ethanol-d6/toluene-d8 at low q.  The lower 

scattering intensity is due to nanoparticle precipitation, consistent with previous isolation 

between 50 and 55% ethanol volume fraction.  Decreased scattering intensity induced by 

increased ethanol-d6 concentration is also observed in Figure 2.3B for octadecanethiol 

stabilized GNPs dispersed in toluene-d8.  The SANS spectra for the dodecanethiol 

stabilized GNPs dispersed in n-hexane-d14 are similar to that of the GNPs dispersed in 

toluene-d8 and are omitted for brevity.  

 
Figure 2.3:  Fit SANS data for A) dodecanethiol and B) octadecanethiol capped gold 
nanoparticles dispersed in toluene-d8 with varying ethanol-d6 composition fit using a 
polydisperse core-shell model.  Some of the scattering spectra have been offset for 
clarity. 

 

Ligand Solvation Response to Ethanol Anti-Solvent and Determination of Surface 

Coverage 

The mole fraction of solvent within the ligand shell can be calculated from the 

SLDshell, SLDsolv, and SLDthiol values obtained during SANS data analysis.  Equation 2.1 

calculates the percent ligand solvation, which accounts for the percent of the ligand shell 

which is occupied by solvent molecules, assuming the composition of the solvent within 

the shell is equal to the bulk.  This equation has been previously used by Butter et al. to 
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determine the ligand solvation for oleic acid modified magnetic iron nanoparticles and 

White et al. for dodecanethiol stabilized silver nanoparticles as a function of CO2 mole 

fraction in CO2-expanded hexane.16, 35  

%  !"#$%&  !"#$%&'"( =    !"#!!!""!!"#!!!"#
!"#!"#$!!"#!!!"#

x100%      (2.1) 

Figure 2.3 shows the fit SLDshell and calculated ligand solvation values plotted as 

a function of ethanol-d6 volume fraction in n-hexane-d14 and toluene-d8. The ligand 

solvation values presented here are calculated averages for the entire length of the alkane 

chain.  Dodecanethiol solvation was calculated to be 26% and 17% in neat n-hexane-d14 

and toluene-d8, respectively (Figure 2.4A).  Comparatively, octadecanethiol solvation 

was calculated to be 18% and 20% in neat n-hexane-d14 and toluene-d8, respectively 

(Figure 2.4B).  As the ethanol-d6 bulk solvent composition increases, the SLDshell 

decreases linearly, indicating that the ligand shell composition is transitioning from a 

deuterated species to a hydrogenated species; i.e. scattering occurs primarily from the 

alkanethiol ligands rather than solvated ligands.  The SLDshell decreases to negative 

values similar to the SLDthiol at ethanol-d6 compositions nearing 40% - 50% by volume 

(the lower isolation solvent conditions for octadecanethiol and dodecanethiol modified 

GNPs, respectively).  At 50% ethanol-d6 composition, the SLDshell values for 

dodecanethiol correspond to 4% solvation in n-hexane-d14 and nearly 0% in toluene-d8.  

At 40% ethanol-d6 composition, octadecanethiol solvation is nearly 0% for both n-

hexane-d14 and toluene-d8.  These results demonstrate that poor ligand solvation 

contributes to complete ligand collapse and nanoparticle precipitation.  However, ligand 
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solvation is also a function of ligand chain length, nanoparticle curvature, and surface 

coverage.   

 
Figure 2.4: The shell scattering length density (SLDshell) and ligand solvation plotted as a 
function ethanol-d6 volume fraction for A) dodecanethiol and B) octadecanethiol 
stabilized gold nanoparticles dispersed in toluene-d8 and n-hexane-d14. 

 

Saunders et al.15 used SAXS to calculate the ligand surface coverage of 

dodecanethiol to be ~30 to 60% on 1 to 6 nm diameter GNPs, respectively based on 

geometrical constraints.  The analysis by Saunders et al. incorporated the nanoparticle 

radius, ligand length (assumed to be 15 Å), ligand cross sectional area (14.5 Å2), and the 

area of the thiol head group on the surface of the GNP SAthiol (0.16 nm2 from literature).36  

Employing these methods, the dodecanethiol and octadecanethiol surface coverage values 

were calculated to be 51% and 42% (we assumed octadecanethiol to be 20 Å in length), 

respectively and are comparable to those determined by Saunders et al.15  

SANS is the only technique to our knowledge which can provide both ligand 

solvation and shell thickness measurements which affords direct surface coverage 

calcluations.  Equation 2.2 calculates ligand surface coverage by incorporating the 

measured ligand length and solvation values (from SANS), Avogadro’s number (NA), 
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Vmolar_thiol as the calculated molar volume of dodecanethiol (239.5 cm3/mol) or 

octadecanethiol(338.3 cm3/mol), and rcore+shell and rcore the radius of the core + shell and 

core of the nanoparticle, respectively.  The rcore values used in Equation 2.2 were equal to 

the radii measured by TEM.  Using Equation 2.2, the average surface coverage of 

dodecanethiol on the GNPs values was determined to be 72% and 75% for both toluene-

d8 and n-hexane-d14, respectively—hence, the average surface coverage of the two 

dodecanethiol GNP dispersions is 73.5%.  Similarly, we calculated the average surface 

coverage of octadecanethiol on the GNPs to be 77% and 73%  for both toluene-d8 and n-

hexane-d14, respectively yielding an average of 75% surface coverage for both 

dispersions.  Anand et al. measured the surface coverage of dodecanethiol on the surface 

of both gold and silver nanoparticles to be between 65% and 75% for particles with 

diameters between 5 and 7 nm in diameter, and is comparable to our calculated results.18   

%  !"#$%&'  !"#$%&'$ =   
!!!"#∗

!
! !

!
!"#$!!!!""!!!!"#$ !""%!%!"#$%&  !"#$%&'"( !!

!!!"#$!!"#$%_!!!"#
  (2.2) 

Assuming the solvent-ligand interactions are similar for toluene and hexane, the 

ligand solvation values are expected to slightly greater in n-hexane-d14 compared to 

toluene-d8 with varying ethanol-d6 composition due to the respective SLDsolv values  (see 

Tables 2.1-2.2 and Figure 2.4A).  The dodecanethiol solvation was observed to be greater 

for the n-hexane-d14 dispersed GNPs compared to toluene-d8 for the solvent compositions 

studied.  Comparatively, Figure 2.4B shows that octadecanethiol solvation is similar for 

both toluene-d8 and n-hexane-d14 with varying ethanol composition.  These results 

demonstrate that ligand solvation is a function of chain length, as well as surface 

curvature and surface coverage—11% and 1.5% greater for octadecanethiol, respectively.  
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A greater degree of nanoparticle curvature (smaller core-diameter) may enable greater 

solvent penetration deep into the ligand shell providing the osmotic repulsive forces 

necessary for dispersibility.16  Similarly, high surface coverage is ideal to prevent 

nanoparticle aggregation as the ligands provide steric repulsion forces preventing 

particle-particle attraction.18 However, lower ligand surface coverage can afford greater 

solvation, as higher coverage may prevent deep solvent penetration into the ligands shell 

due to steric hindrances between adjacent alkyl tails.16 The SANS results further establish 

that both surface coverage and surface curvature impact ligand solvation, and therefore 

nanoparticle dispersibility.  

As mentioned earlier, the chain length also impacts the solvent-ligand interactions 

which provide sufficient repulsive forces preventing particle-particle attraction.  Figure 

2.4 shows that dodecanethiol solvation is greater for both n-hexane-d14 and toluene-d8, 

compared to octadecanethiol.  As the anti-solvent composition increases, the decrease in 

octadecanethiol solvation is more significant at lower ethanol-d6 compositions compared 

to dodecanethiol, showing that the longer chain length is more sensitive to the changes in 

solvent composition.  Anand et al. investigated the effect of chain length on GNP 

dispersibility in CO2-expanded hexane, and suggested that dodecanethiol is an optimum 

ligand length for both favorable solvent-ligand interactions and ligand-ligand repulsive 

forces, thus enabling nanoparticle dispersibility under poor solvent conditions.37  Our 

work compliments the work performed by Anand et al., where GNPs stabilized by 

octadecanethiol precipitate at lower ethanol compositions compared to dodecanethiol 

stabilized GNPs of a slightly larger size.    Albeit, both hexane and toluene prove to be 
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good solvents for the alkanethiols on GNPs, as external force alone (centrifugation 

without ethanol addition) did not precipitate the GNPs out of solution, these results show 

that n-hexane-d14 solvates dodecanethiol more than toluene-d8 in ethanol-d6 mixtures.  

More explicitly, this work confirms that dodecanethiol may have an ideal ligand length 

contributing to greater nanoparticle dispersibility.  

 

Shell Thickness Response to Ethanol Anti-Solvent 

The shell thickness values for dodecanethiol and octadecanethiol modified GNPs 

were obtained as a function of ethanol-d6 composition in toluene-d8 and n-hexane-d14.  

Figure 2.5A shows that as the ethanol-d6 concentration increases, dodecanethiol thickness 

decreases from approximately 13 Å to 7 Å.  Octadecanethiol also decreases in thickness 

upon increased ethanol-d6 concentration (Figure 2.5B).  In neat solvent, octadecanethiol 

extends into solution nearly 16 Å.  At 20% ethanol-d6 composition, octadecanethiol 

decreases in length to ~8 Å, and remains collapsed until complete nanoparticle 

precipitation at 45% ethanol concentration.  The addition of ethanol-d6 induces structural 

rearrangement of the ligand shell, causing the extended ligands to fold and collapse into a 

more compact state onto the core of the GNPs.  The decreased ligand length leads to 

nanoparticle instability due to a decrease in steric repulsive forces and results in 

reversible nanoparticle precipitation beginning at 40 - 50% ethanol composition for 

octadecanethiol and dodecanethiol, respectively.  Although the ligands are fully collapsed 

prior to the expected solvent precipitation compositions, the minimal ligand solvation is 

believed to provide sufficient repulsive forces to afford nanoparticle dispersibility. SANS 
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data analysis demonstrates that tuning the solvent properties enables control over ligand 

length and therefore nanoparticle dispersibility.  However, as previously mentioned, 

nanoparticle dispersibility is a function of several factors which include: 1) chain length, 

2) ligand solvation, 3) surface coverage, 4) the solvent properties, and 5) surface 

curvature.   

 
Figure 2.5: A) Dodecanethiol and B) octadecanethiol ligand shell thickness plotted as a 
function of ethanol-d6 volume fraction for gold nanoparticles dispersed in either toluene-
d8 or n-hexane-d14. 
 

 
Flory-Huggins Interaction Parameter Response to Solvent Properties 

 
To better understand the solvent-ligand interactions occurring during nanoparticle 

precipitation, we calculated the Flory Huggins interaction parameters (χ12) of 

dodecanethiol and octadecanethiol in the organic solvent mixtures.  Traditionally, χ12 < 

0.5 is an indicator of miscibility between a polymer and a solvent,38 with lower values 

having more favorable interactions (solvation) .  Investigation of this thermodynamic 

property enables the prediction of favorable solvent conditions without performing 

experiments and extends the potential of this work to other systems with other ligands 

and solvent mixtures. 
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We noted that values in literature39-42 and those calculated for the solubility 

parameters of the alkanethiol ligands varied greatly (15.9 – 17.6 MPa1/2 and 15.8 – 18.7 

MPa1/2 for dodecanethiol and octadecanethiol, respectively) and directly impact the 

calculated values for χ12.  Table 2.3 lists the solubility parameters, molecular weights, 

densities, and molar volumes for the hydrogenated solvents (toluene, hexane, and 

ethanol)39 dodecanethiol,42 and octadecanethiol41 employed to determine the interaction 

parameters.  Solubility parameters for the deuterated solvents were assumed to be 

comparable with the hydrogenated analogs for these calculations as the deuterated values 

were not readily available.  Other SANS investigations have found deviations between 

the Flory-Huggins interaction parameter values for polymer systems comparing 

deuterated to hydrogenated solvents which may affect the results presented here.43   χ12 

was calculated as function of the molar volume of the mixture Vmolar_solv (molecular 

weight/ density of the mixture), R (gas constant), temperature, and the solubility 

parameters39 of the mixed solvent and dodecanethiol δsolv and δthiol using Equation 2.3.  

The solubility parameters for the solvent mixtures (δ1) were calculated based on mole 

fraction weighting of the neat solvents at the pre-determined solvent compositions.   

χ!" ≈
!!"#$!!"#$

!"
!!"#$ − !!!!"# !       (2.3) 

Table 2.3:  Solubility Data for solvents and ligands 
molecule δ (MPa)1/2 MW (g/mol) Density (g/cm3) Vmolar (cm3/mol) 
Hexane 14.9 86.81 0.656 132.3 
Toluene 18.2 92.14 0.867 106.3 
Ethanol 26 46.07 0.789 58.4 

Dodecanethiol 17.6 202.4 0.845 239.5 
Octadecanethiol 16.4 286.6 0.847 338.3 
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Figure 2.6:  Calculated χ12 Flory-Huggins interaction parameter for A) dodecanethiol and 
B) octadecanethiol in the n-hexane-d14/ethanol-d6 and toluene-d8/ethanol-d6 solvent 
mixtures 
 
 

Figure 2.6 shows χ12 values for dodecanethiol and octadecanethiol as a function of 

ethanol volume fraction in both hexane and toluene.  χ12 is equal to 0.5 at ~0.37 and ~0.27 

for dodecanethiol and ~0.26 and ~0.14 octadecanethiol at ethanol volume fractions in 

hexane and toluene, respectively.  Figures 2.4 and 2.5 show the dodecanethiol and 

octadecanethiol thicknesses and solvation values to be substantially reduced when χ12 > 

0.5 (compared to the respective values in neat solvent).  In Figure 2.4A, the ethanol 

volume fractions of 0.3 and 0.4 are the initial solvent compositions measured where 

dodecanethiol solvation begins to equilibrate to a constant value prior to precipitation (for 

toluene-d8 and n-hexane-d14, respectively); the first decreased solvation measured for 

octadecanethiol occurs at approximately 0.2 ethanol volume fraction for both toluene-d8 

and n-hexane-d14.  A value of χ12 = 0.5 corresponds well to the transition solvent 

compositions for decreased ligand solvation, and suggests that Flory-Huggins  interaction 

parameters are useful in determining ligand solvation changes.  Similarly, the Flory-
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Huggins interaction parameters demonstrate that the decreases in ligand thicknesses also 

correspond well to χ12 = 0.5, as shown in Figure 2.5. 

Evaluation of χ12 values suggests better miscibility for dodecanethiol and 

octadecanethiol in n-hexane-d14 compared to toluene-d8 when ethanol-d6 anti-solvent is 

present (lower χ12 values are favorable).  Pei et al. investigated the deposition of 

dodecanethiol modified GNPs by comparing thin films produced by solvent evaporation 

from both neat hexane and toluene.42 This study points out that the solubility parameters 

of dodecanethiol and toluene are closer than dodecanethiol and hexane, which suggests 

that toluene is a better neat solvent for the GNP ligand tails.  Calculated χ12 values for 

dodecanethiol were determined to be 0.02 in neat toluene and 0.39 in neat hexane, which 

supports the work of Pei et al.  A minimum is evident for the ethanol-d6/n-hexane-d14  

due to the disparity in solubility parameters (Figure 2.6).  The χ12 value for 

octadecanethiol was determined to be 0.12 and 0.14 in neat hexane and toluene, 

respectively and suggests that hexane provides better solvent-ligand interactions for 

octadecanethiol.  The lower calculated interaction parameters correspond to the larger 

shell thicknesses and solvation values measured from SANS for n-hexane-d14 compared 

to toluene-d8 when ethanol-d6 anti-solvent is present, as their miscibility is predicted to be 

greater.  Albeit, the calculated Flory-Huggins results show that agreeable correlations can 

be made with the SANS data, it is important to note that these calculations were not 

intended to determine ligand solvation and structural changes.  Other factors including 

ligand surface coverage, solvent composition, ligand chain length, and solvation should 

also be considered when determining solvent-ligand interactions and dispersibility.  
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Dispersibility of GNP Clusters 
 

The core diameters obtained by TEM imaging were compared to the radius of 

gyration (Rg), determined from low q scattering of the Guinier plot (ln(I) versus q2).  

Although the Rg and radius obtained from TEM analysis are not the same value, they 

should be similar.  The diameter of gyration (Dg = 2 * Rg) was observed to be larger than 

the diameter measured by TEM; this disparity is believed to be caused by GNP clustering 

in solution; ex. Dg = 42 nm compared to 3.9 ± 0.7 nm diameter (TEM) for dodecanethiol 

modified particles.  As the anti-solvent composition increased in the dodecanethiol 

stabilized GNP dispersion (in toluene-d8), Dg decreased from 42 nm to 22 nm at 40% 

ethanol-d6 composition (see Figure 2.7A).  Figure 2.7B shows the same decreasing trend 

for Dg with increasing ethanol composition for octadecanethiol stabilized GNPs.    We 

expect the Guinier region for a 4 nm diameter particle to begin near 0.03 Å-1
 (see Figure 

2.8A).  The GNPs measured in neat solvent or low ethanol compositions in SANS 

experiments showed a Guinier region starting at 0.01 Å-1 (see Figure 2.8B).  The shift in 

Guinier region to lower q values is likely caused by nanoparticle clusters in solution.46, 47   

To confirm the presence of GNP clusters, the SANS spectra for GNPs dispersed 

in toluene-d8 were fit with a fractal model28 on the q range from ~0.004 to 0.2 Å-1 at 

varying ethanol-d6 concentrations.  Figure 2.8B shows the fit SANS spectra for 

dodecanethiol stabilized GNPs.  Fractal model analysis yields a repeat block diameter for 

the clusters to be 5.2 nm in neat toluene-d8 for both dodecanethiol and octadecanethiol 

stabilized GNPs.  Figure 2.9 shows the repeat block diameters for both dodecanethiol and 

octadecanethiol to be relatively constant in the toluene-d8/ethanol-d6 mixture showing 
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that the GNP dispersions are stable, prior to their respective initial isolation compositions.  

At 50% ethanol-d6, the dodecanethiol modified GNPs begin to precipitate, which is 

reflected by a decrease in the repeat block size to 2.2 nm (Figure 2.9).  Similarly, a 

decrease in repeat block diameter is observed for octadecanethiol stabilized GNPs at 40% 

ethanol-d6 composition to 3.5 nm.  The core-sizes of the GNPs measured by TEM proved 

to be similar to the repeat block diameters fit from the fractal model compared to the Dg 

from Guinier analysis.  The results from the fractal model demonstrate that the repeat 

block diameter is a good indicator of overall nanoparticle size, in particular for 

nanoparticles which are present in solution as clusters.   

 

 

 
Figure 2.7:  Diameter of gyration and correlation length for fractal-like clusters of A) 
dodecanethiol and B) octadecanethiol stabilized gold nanoparticles dispersed in toluene-
d8 with varying ethanol-d6 composition.  Both the diameter of gyration and correlation 
length were obtained by fitting SANS spectra with a fractal model. 
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The correlation lengths (indicative of the ordered cluster short range size 

dispersed in solution, Figure 2.7) were also found to be larger than the expected core-

diameter of the individual GNPs (Figure 2.1).  Increases of ethanol-d6 composition from 

0% to 20% and 0% to 10% in toluene-d8 for dodecanethiol and octadecanethiol stabilized 

GNPs respectively demonstrated an increase in correlation length, which suggest that the 

reduced steric repulsive forces lead to nanoparticle clustering.  At ethanol-d6 

compositions greater than 20%, a decrease in correlation length is observed prior to 

nanoparticle precipitation.  The decrease in correlation length with increasing ethanol 

composition corresponds to shifts in the of the Guinier region to higher q values.  

Considering the gold clusters to be large individual GNPs dispersed in solution affords 

the clusters large van der Waals attractive forces (compared to the GNP building blocks).  

Hence, it is expected that the clusters precipitate at lower anti-solvent compositions 

compared to the GNPs.      

 
Figure 2.8:  A) SANS spectra for dodecanethiol modified gold nanoparticles showing 
regions where (i) core-diameter (ii) ligand length and solvation, and (iii) particle-particle 
interactions can be determined.  The Guinier region is shown to be in region (i) B) Fit 
SANS data for dodecanethiol modified gold nanoparticles dispersed in toluene-d8 using a 
fractal model.  The scattering spectra have been offset for clarity. 
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Figure 2.9:  Repeat block diameter for A) dodecanethiol and B) octadecanethiol 
stabilized gold nanoparticles dispersed in toluene-d8 with varying ethanol-d6 composition 
as determined from fitting a fractal model to the SANS spectra.   

 
Conclusions 

Small-angle neutron scattering (SANS) was used to investigate the ligand 

response to increased ethanol-d6 compositions.  A polydisperse core-shell model was fit 

to the SANS spectra to determine the ligand shell thickness and solvation variation with 

changes in solvent conditions.  Increased ethanol-d6 anti-solvent compositions in both n-

hexane-d14 and toluene-d8 resulted in a decrease in both ligand length and solvation for 

octadecanethiol and dodecanethiol modified GNPs.  The decreased ligand length and 

solvation resulted in nanoparticle precipitation, which occurs due to the weakened solvent 

properties as a function of ethanol-d6 addition.  The solvent compositions which induce 

decreased ligand shell thickness and solvation were shown to correlate with Flory-

Huggins interaction parameter values ~0.5.  Fractal model analysis of the SANS spectra 

demonstrated that clusters were present in the samples studied.  The initial increase in 

correlation length upon ethanol-d6 addition suggests that the weakened solvent strength 

induces GNP clustering in solution.  Increased ethanol compositions leads to a decrease 
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in fractal correlation length caused by size-selective precipitation of the clusters; 

however, the repeat block diameter of the GNPs remains constant (~5 nm) until the 

expected nanoparticle precipitation solvent compositions.  The ligand length and 

solvation values determined from SANS will prove useful in developing robust 

interaction energy models to predict nanoparticle dispersibility as a function of the 

solvent conditions and chain lengths, as well as the design of new nanoparticle processing 

techniques. 
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CHAPTER THREE 

SMALL-ANGLE NEUTRON SCATTERING OF SILVER NANOPARTICLES IN 

GAS-EXPANDED HEXANE 

As published in The Journal of Physical Chemistry C 2010, 114 (39), pp 16285-16291 

with modifications 

Introduction 

As research continues in the field of nanotechnology, many techniques have been 

developed for the synthesis and processing of metallic nanoparticles into various sizes,1 

shapes,2, 3 compositions,4 and surface chemistry.5,6  Novel applications that utilize the 

unique size-dependent properties of monodisperse metallic nanoparticles include 

optical/chemical sensors7 and biomedical applications.8, 9  It is well known that the 

unique properties (optical,10 magnetic,11 and electrical12) of these nanoparticles vary 

greatly as a function of size, shape,13 material type,14 and surface chemistry.15,12  With 

advances in solution based synthesis and applications of novel nanoparticles, knowledge 

of the ligand structure and behavior as a function of the dispersing solvent medium is 

increasingly important as it is fundamental to nanoparticle stability, dispersibility and 

application.  Specialty nanoparticle synthesis protocols often sacrifice particle size, 

shape, and/or ligand coverage uniformity in order to obtain desired properties or large 

scale production.  In this case, post-synthesis processing and fractionation are required to 

obtain uniform nanoparticle populations.   

Gas-expanded liquids16 (GXLs) have significant potential for size-selective 

fractionation of nanoparticles to obtain monodisperse populations.17  In particular, CO2 
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expanded hexane has been used to size-selectively fractionate Au6, CdSe/ZnS18, Ag1, and 

Pt19 nanoparticles less than 10nm in diameter and stabilized by hydrophobic ligands.  

Particle populations with polydispersities of 25% or more can be fractionated to less than 

10% with recursive fractionations using CO2 as an anti-solvent.17  GXLs have also been 

used to adsorb nanoparticles to surfaces, effectively infusing nanoparticles into porous 

structures,20 and form uniform wide-area networks of nanostructures through the removal 

of the gas/liquid interface present in solvent drying deposition.6, 19  In both nanoparticle 

fractionation and deposition, the CO2 mole fraction is dependent on the system CO2 

partial pressure, thus 1) providing a tunable solvent media where nanoparticle 

dispersibility can be controlled with pressure and 2) demonstrating a potential for greater 

control of nanoparticle dispersibility and selectivity during processing (ex. size-selective 

fractionation) compared to liquid-liquid techniques.  Additional benefits of GXLs include 

the significantly reduced time and solvent requirements for nanoparticle post-synthesis 

processing.  For example, traditional post-synthesis processing techniques of liquid anti-

solvent fractionation produce large volumes of mixed solvent waste (e.g., 800 mL ethanol 

required to purify 214 mg of gold nanoparticles with the toluene/ethanol solvent/anti-

solvent system) and require time and energy intensive centrifugation for nanoparticle 

isolation.5  Due to the reversibility of the GXL technique, simply relieving CO2 pressure 

after nanoparticle fractionation affords nanoparticle redispersion and facile solvent and 

anti-solvent recycle, virtually eliminating any solvent waste. 

Interaction energy models have been developed to fundamentally describe the 

dispersibility of nanoparticles in solution, including GXLs.21, 22  Vincent et al. 
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investigated the stability/flocculation of free polymer in solution and suggested that 

elastic and osmotic repulsive forces play a role in their dispersibility.23  Based on “soft 

sphere” theory, Shah et al. incorporated the elastic (ligand length) and osmotic (ligand 

solvation) contributions into interaction energy models to better predict nanoparticle 

dispersibility for silver and gold nanoparticles in supercritical ethane,24 another pressure 

tunable fluid. These interaction energy models have been used to predict the dispersibility 

of dodecanethiol capped silver nanoparticles where the ligand length, metal type, size, 

solvent properties, and surface coverage impact the particle dispersibility.22, 25  The 

practical function of these models is to predict the maximum particle size dispersible in 

solution at certain defined conditions and determine the relative impact of system 

variables on the ability to control the particle size synthesized or perform a post-synthesis 

size fractionation.  However, the models rely on an accurate description of the 

nanoparticle ligand and often over-predict the particle size.22, 26  Therefore, a detailed 

understanding of the nanoparticle ligand structure and solvation during anti-solvent 

precipitation is required to develop more accurate and robust models of nanoparticle 

behavior.   

We have used small angle neutron scattering (SANS) to measure the nanoparticle 

ligand structure (ligand shell thickness) and the degree of ligand solvation (mole fraction 

of solvent within the ligand shell) as a function of the bulk GXL solvent composition; a 

novel use for SANS and a significant advancement for the fundamental understanding of 

nanoparticle dispersibility in CO2 GXL systems.  SANS is an ideal method of 

characterization for this system based on the length scales of interest (sub 10 nm diameter 
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particles and sub 15 Å ligand shell thickness) and the ability to introduce solvent/ligand 

contrast through selective deuteration.  SANS was also used to measure the mean particle 

diameter and ligand surface coverage for four sizes of dodecanethiol stabilized silver 

nanoparticles in deuterated n-hexane-d14 with varying CO2 mole fraction up to the point 

of nanoparticle precipitation.  Results from this work demonstrate a simultaneous 

decrease in ligand shell thickness and ligand solvation with increasing CO2 pressure, 

which leads to nanoparticle precipitation.  This work also provides insight into the impact 

of nanoparticle surface curvature on the ligand structure and degree of ligand surface 

coverage.  Based on our SANS results, we also suggest a novel concept for nanoparticle 

fractionation where dispersibility is a function of ligand surface coverage. 

 

Experimental Methods 

Materials 

Metal precursor silver nitrate (AgNO3, 99.995%) was ordered from VWR.  The 

phase transfer catalyst tetraoctylammonium bromide (TOAB, 98%), stabilizing ligand 1-

dodecanethiol (98%), and reducing agent sodium borohydride (NaBH4, 98%) were 

purchased from VWR.  The solvents ethanol (95%), chloroform (99.8%), and n-hexane 

(95%) were supplied by VWR.  n-Hexane-d14 was purchased from Cambridge Isotope 

Laboratories (98%).  The CO2 was obtained from National Welders and was Coleman 

Grade (99.99%).  All chemicals were used without further purification.  All glassware 

used for the synthesis of metallic nanoparticles were washed and rinsed with acetone, 

rinsed with DI water, and then dried using compressed air.   
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Silver Nanoparticle Synthesis 

Silver nanoparticles were synthesized by the Brust method in a biphasic system.5  

The resulting nanoparticle dispersion was washed with ethanol (5 mL of dispersion to 10 

mL of ethanol) and centrifuged for 20 minutes at 6000 rpm to remove the excess 

dodecanethiol.  The supernatant was removed, and the nanoparticles were re-dispersed in 

n-hexane for fractionation.  The washing process was repeated 3 times.  The nanoparticle 

diameters (3-8 nm), were measured with a Hitachi 7600 TEM and the size distributions 

were obtained via analysis in the ImageJ software package.27 

 

Metal Nanoparticle Fractionation 

The silver nanoparticles were size-fractionated using the gas-expanded liquid 

(GXL) technique described by McLeod et al. and re-dispersed in n-hexane-d14 following 

depressurization with moderate agitation in the deuterated solvent.28
   Similar to McLeod 

et al., a cylindrical glass rod with a spiral groove was placed inside of a stainless steel 

pressure vessel in order to size-fractionate the nanoparticles using the pressure tunable 

GXL solvent (see Figure 1.1). 500 µL of n-hexane was added to the pressure vessel to 

help prevent solvent evaporation during fractionation.  A small aliquot (~100 µL) of n-

hexane dispersed metal nanoparticles was placed in the first spiral rung of the glass rod 

and the vessel was sealed.  Four different populations of silver nanoparticles with mean 

diameters of 7.1 ± 1.5 nm, 6.9 ± 1.4 nm, 6.6 ± 0.9 nm, and 5.9 ± 0.9 nm and capped with 

dodecanethiol were isolated between 400 to 450 psi, 450 to 500 psi, 500 to 550 psi, and 

550 to 600 psi respectively and later investigated in the neutron scattering experiments.   
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To isolate dodecanethiol stabilized silver nanoparticles, the pressure vessel was 

charged to 400 psi and held for 20 minutes.  The glass cylindrical rod was rotated 360°, 

allowing for the particles larger than 7.1 nm in diameter to precipitate and remain in the 

first rung of the rod.  The CO2 pressure was increased to 500 psi and held for 20 minutes 

allowing the 7.1 nm fraction to precipitate.  The cylindrical rod was again rotated 360°.  

The CO2 pressure was then slowly released (15 psi/min), and the second fraction (those 

nanoparticles precipitated between 400 and 500 psi) were then collected by re-dispersing 

them in n-hexane-d14.  This procedure was repeated until the desired amount of 

nanoparticles was collected.  After re-dispersing the particles in the deuterated solvent, 

they were again fractionated with CO2, but at 50 psi below their upper precipitation 

pressure (final ΔP = 50 psi) to ensure no aggregates were present in the sample from the 

drying process and to lower the polydispersity once more.  Fractionation was repeated at 

varying CO2 mole fractions to obtain different populations of dodecanethiol stabilized 

silver nanoparticles.  Figure 3.1 shows a TEM image and size distribution for the 

particles isolated between 450 to 500 psi measured to be 6.9 ± 1.4 nm.  Table 3.1 lists all 

of the nanoparticles investigated and their corresponding isolation conditions.  The SANS 

results for particle core diameter for the size-fractionated particles is similar to previous 

experiments for both mean particle size and size distribution obtained at various isolation 

pressures.28   
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Figure 3.1:  TEM image of silver nanoparticles capped by dodecanethiol after 
fractionation using GXL technique (on average 6.9 ± 1.4nm in diameter) 
 
 
Table 3.1:  Summary of metal nanoparticles studied in the SANS experiments 
*The mean core diameter and polydispersity measurements were made from TEM 
images (over 300 particles counted for each sample).  These results are similar to those 
measured from the SANS experiments.  The remaining mean core size and standard 
deviation measurements were fit from the SANS data. 

fraction 
(psi) 

CO2 fraction in 
GXL 

mean diam. 
(nm) 

σ diam. 
(nm) 

surface 
coverage 

400 to 450 37 to 44% 7.2 (7.1*) 1.4(1.5*) 44% 
450 to 500 44 to 51% 7.0(6.9*) 1.3(1.4*) 55% 
500 to 550 51 to 58% 6.6 1 62% 
550 to 600 58 to 66% 5.9 0.9 60% 

 

Small Angle Neutron Scattering (SANS) Experiments 

SANS experiments were performed on the NG7 30 m SANS instrument at NIST 

Center for Neutron Research (NCNR, Gaithersburg, MD)29 and the CG-2 General SANS 

instrument at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratories 

(ORNL) (Oak Ridge, TN).  At NCNR, two sample-to-detector distances were used (1 m 

and 7.8 m) to obtain a q range from 0.007 to 0.23 Å-1 with a neutron wavelength of λ = 

6Å and a resolution of Δλ/λ equal to 12% (FWHM).  SANS experiments at ORNL used 
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one sample-to-detector distance at 6m with a neutron wavelength of 4.8 Å and a 

resolution of ~15% (FWHM), yielding a q range between 0.005 to 0.18 Å-1.  Empty beam 

background, empty cell background, detector sensitivity, sample transmission, and a 

sample thickness for a 1mm (NIST) or 4mm (ORNL) path length sample were used in the 

raw data reduction.  The radial averaged reduced scattering intensity, I(q), was fit as a 

function of the scattering vector, q(θ).  Where q(θ) = 4πsin(θ)/λ and θ is the scattering 

angle.  All SANS fitting was done using Igor Pro 6.03 software and models provided by 

NIST.30  Figure 3.2 shows fit SANS data for dodecanethiol stabilized silver 

nanoparticles.   

The molar composition of the GXL solvent (n-hexane-d14 and CO2) varies as a 

function of CO2 pressure.  As CO2 pressure is increased in gas-expanded hexane, the 

molar composition of CO2 in the GXL mixed solvent increases.  The Patel-Teja equation 

of state (PT-EOS) was used to calculate the molar composition and properties of the CO2 

expanded n-hexane-d14 as a function of pressure.  The PT-EOS is well suited for GXLs, 

as it allows for adjustability of the critical compressibility factor, and experimental data 

for hydrocarbon/CO2 deviations is available for comparison.31  The n-hexane-d14 /CO2 

GXL mixture density was calculated using the PT-EOS for pressures ranging from 0 to 

717 psi using parameters obtained from published CO2 – n-hexane VLE phase behavior32, 

33 including Tc, Pc, and ZC, (304.1 K, 73.8 bar, 0.309 for CO2 and 507.6 K, 30.25 bar, 

0.308 for n-hexane), the Kij and Lij parameters (0.138 and 0.074 respectively), and 

appropriate molecular weights and pure solvent densities for the deuterated and 

hydrogenated n-hexane.  The scattering length density (SLD) was calculated for the 
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deuterated GXL mixtures (using densities obtained from the PT-EOS, see Table 3.2), 

hydrogenated nanoparticle ligand and silver nanoparticle core (3.47x10-6 Å-2) using the 

NIST NCNR SLD calculator.34  Table 3.2 shows the calculated values for the CO2 molar 

percentages, densities, and percent volume expansion as a function of CO2 pressure for 

the GXL using the PT-EOS.  A second order polynomial trend line was used to 

interpolate SLDs for pressures not initially calculated with the NCNR SLD calculator.34  

The calculated values for the SLD of the solvent were used during the data fitting after 

confirming the validity.   The mean core-diameter, ligand length, and SLD of the ligand 

shell were investigated by fitting the SANS data in the q range of ~0.02 to ~0.2 Å-1 as a 

function of CO2 mole fraction in the GXL.   

A spherical model35 was initially used to fit the reduced scattering data for the 

dodecanethiol capped 5.9 nm diameter silver nanoparticles.  Figure 3.3A depicts the 

parameters of the sphere model used to measure the core radius and the SLDsolv as a 

function of pressure.  The radius of the metal core and SLD of the solvent (SLDsolv) were 

adjustable parameters in the sphere model.  First, the calculated SLDsolv values were held 

constant to fit the radius of the silver core as a function of pressure, which corresponds to 

TEM data (Figure 3.1) and previous literature results.1  Next, the radius was held constant 

and SLDsolv became an adjustable parameter during refitting of the SANS data over the 

measured pressures.  This second fitting was performed to compare the SLDsolv values 

obtained from the PT-EOS with the SANS modeling results.  For both fits, the SLDsolv 

and radius were not used simultaneously as adjustable parameter to ensure accurate 
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results for the SLDcolv.  For all other fitting, the calculated SLDsolv values determined 

from the PT-EOS and NCNR NIST SLD calculator34 were used. 

A core-shell model,35 depicted in Figure 3.3B, was used to determine the SLD and 

thickness of the dodecanethiol stabilizing ligand shell for the GXL metal nanoparticle 

dispersions using the nanoparticle diameter and SLDsolv determined from the sphere 

modeling data.  Fitting the shell thickness parameter provides information regarding the 

ligand shell structure (thickness, t) and ligand solvation data from the SLD of the shell 

(SLDshell).  The radius and SLD of the metal core (SLDcore) and the SLDsolv, determined 

from the sphere model, were held constant with the core-shell model.35   

Additional SANS fitting was performed using a polydisperse core, constant shell 

thickness model36 at ambient pressure, prior to any ligand shell changes, in order to 

estimate the nanoparticle diameter polydispersity.  The radius, SLDcore, SLDshell, SLDsolv, 

and shell thickness were held constant as previously determined from the core-shell and 

sphere models such that the polydispersity of the core radius was the only fitting 

parameter in this third model.  For an in depth discussion of the sphere and core-shell 

model employed for SANS data analysis, please see Appendix A. 
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Table 3.2:  Calculated solvent variables for the n-hexane-d14 /CO2 solvent 

*Scattering length densities were calculated using the NCNR NIST SLD calculator and 
densities obtained from the Patel-Teja Equation of State (PT-EOS) 

p (psi) x, CO2 density (g/cm3) SLD* (Å-2) volume expansion 
0 0% 0.767 6.14E-06 0% 

116 8% 0.768 5.98E-06 1% 
208 16% 0.770 5.85E-06 6% 
296 24% 0.773 5.67E-06 11% 
407 36% 0.775 5.36E-06 21% 
454 42% 0.776 5.19E-06 27% 
585 60% 0.774 4.50E-06 63% 
660 72% 0.766 3.89E-06 113% 
717 81% 0.750 3.31E-06 190% 

 
 

 
 

Figure 3.2:  Reduced and fit SANS data (using a core-shell model) measured at ORNL 
for 6.9nm Ag NPs capped by dodecanethiol with varying CO2 pressure ranging from 0 to 
495 psi.  The SANS curves have been offset for clarity and are labeled appropriately.  
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Figure 3.3:  Schematic of the A) spherical model and B) core-shell model.  Adjustable 
parameters include the nanoparticle size, Rcore; scattering length density (SLD) of the 
nanoparticle core, ligand shell and bulk solvent; and the shell SLD and shell thickness, t. 

 
Results and Discussion 

Many variables impact nanoparticle dispersibility in non-polar media, most 

notably ligand length and ligand solvation.  This work uses SANS to determine these 

contributions to the dispersibility of dodecanethiol stabilized silver nanoparticle as a 

function of CO2 mole fraction and discusses the role that varying size (surface curvature) 

and surface coverage play on ligand length and ligand solvation.  These measurements 

will aid in the development of accurate nanoparticle interaction energy models and better 

prediction of nanoparticle dispersion in solutions with varying size, shape, polydispersity, 

composition, ligand type, Hamaker constant (metal type), and surface coverage.   

 

SANS on the CO2/Hexane GXL System 

Prior to analyzing the SANS data for the silver nanoparticle dispersions in gas-

expanded hexane, calculation of the solvent composition of the CO2/hexane mixture and 

validation of the SLDsolv from SANS fittings are necessary because these results are 
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critical for ligand length and ligand solvation determination.  Figure 3.4 compares the 

SLD of the n-hexane-d14 – CO2 GXL solvent as a function of pressure for the 5.9 nm 

diameter silver nanoparticles capped by dodecanethiol with the SLD values calculated 

from the PT-EOS and NIST SLD calculator.34  The values are comparable, with minimal 

difference between the calculated and measured values.  Based on mole fraction 

weighting, the SLDsolv of the GXL decreases as expected due to the molar composition of 

CO2 increasing with pressure, from 6.14 x 10-6 Å-2 down to 4.50 x 10-6 Å-2 which 

corresponds to 0 and 60% CO2 mole fraction.  The calculated SLDsolv values (shown in 

Table 3.2) were used throughout the SANS fitting discussed in this paper.  

 

 
Figure 3.4: Scattering Length Density (SLD) of n-hexane-d14 as a function of pressure, 
measured using the spherical model versus calculated using the NCNR NIST SLD 
calculator. 
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The Role of Size on Nanoparticle Dispersibility 

Figure 3.5 presents the mean nanoparticle diameters for four populations of 

dodecanethiol capped silver nanoparticles as a function of CO2 mole fraction, obtained 

from fitting the SANS intensity using a sphere model.35  The reduced χ2 values for the all 

SANS spectra were all on the order of 5 or less (where χ2 is the goodness of fit, 

!! = !!/! !/! and !! is the difference of the slope for the fitted line of the least 

squares regression and zero).  A smaller χ2 value indicates a better fit of the data, where 

reasonable results are less than 5.  The mean particle diameters obtained from the SANS 

data are comparable to TEM data, as evidenced by comparing Figure 3.1 and Figure 3.5 

at 0% CO2 mole fraction. 

 Figure 3.5 shows that with increasing CO2 mole fraction, the mean diameter of 

silver nanoparticles dispersed in solution decreases, which is supported in the literature 

and has been used to size fractionate nanoparticles.1  Nanoparticle interaction energy 

models have been used to describe this behavior, where the largest particles precipitate 

out of solution first under anti-solvent conditions due to their greater van der Waals 

attractive forces.22  Figure 3.5 demonstrates further size fractionation with increasing CO2 

pressure, even though a precursive GXL fractionation was employed prior to the SANS 

experiments.  The large sample quantities necessary for the SANS studies required the 

fractionation of large concentrations of silver nanoparticles.  Fractionation of high 

concentrations of nanoparticles may yield more polydisperse samples compared to lower 

concentrations.  The fractionation procedure used was not fully optimized to obtain the 

most monodisperse population of particles.   Therefore, it is evident for our samples that 
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as the CO2 mole fraction increases, the largest particles precipitate out of solution, 

lowering the average size of dispersed particles, the particle concentration, and the 

polydispersity of the sample.  Size-selective particle fractionation is noticeable within the 

data; however, sample polydispersity was not determined at GXL compositions greater 

than 0% CO2 due to the lack of a minimum in the I vs q plots and limitation in the 

maximum q value as a result of the pressure cell geometry.   

 

Evaluation of Ligand Solvation and Surface Coverage 

The fit values for shell scattering length density (SLDshell) as a function of CO2 

mole fraction for the silver nanoparticles capped by dodecanethiol are shown in Figure 

3.6.  The SLDshell is comprised of both the SLDtail (-3.67 x 10-7 Å-2) for the hydrogenated 

hydrocarbon tail of dodecanethiol and the GXL SLDsolv for the solvent mixture of n-

hexane-d14 and CO2. At ambient pressure, the SLDshell is on the order of 8 x 10-7 Å-2 for 

the 6.6 nm, 6.9 nm, and 7.1 nm silver nanoparticles and 1 x 10-6 Å-2 for the 5.9 nm 

diameter silver nanoparticles.  As CO2 is dissolved into the organic nanoparticle solutions, 

the molar composition of the solvent changes and impacts the solvent environment within 

and around the ligand shell.   The SANS fitting demonstrates a decrease in the SLDshell 

occurring between 0% and 17% CO2 for each silver nanoparticle population.  Both the 

SLDsolv (Figure 3.4) and SLDshell (Figure 3.6) decrease as the molar composition of CO2 

increases in the GXL; however, the decreasing trend is much more significant in the shell 

than the solvent, particularly at CO2 mole fractions below 30%.  This suggests that CO2 is 

inducing a compositional change within the ligand shell beyond the simple change in 
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bulk solvent composition.  This can be attributed to the collapse of the ligands on the 

surface of the nanoparticle, as well as potential preferential solvation of the ligands.  The 

significantly lower SLDshell values at elevated CO2 mole fractions (above 30%) indicate 

that the molar composition of the shell is largely composed of the hydrogenated 

alkanethiol tail as opposed to the GXL solvent mixture.  Thus increasing CO2 mole 

fraction promotes decreased ligand solvation, which results in decreased nanoparticle 

dispersibility.   

 

 

 
Figure 3.5:  Mean diameter for four different silver nanoparticle populations capped by 
dodecanethiol dispersed in n-hexane-d14 as a function of CO2 mole fraction measured at 
both NIST and ORNL.  
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Figure 3.6:  Scattering length density of the stabilizing ligand shell vs. CO2 mole fraction 
for four different silver nanoparticle dispersions, all capped by dodecanethiol dispersed in 
n-hexane-d14 
 

The percent ligand solvation (mole fraction of solvent within the ligand shell) can 

be calculated by evaluating the SLDshell as compared to the  SLDsolv and SLDtail using 

Equation 3.1 and assuming that the solvent composition in the shell and the bulk are 

equivalent.  This equation was also used by Butter et al. for determining ligand solvation 

of oleic-acid capped magnetic iron nanoparticles.37  The percent ligand solvation is 

proportional to the SLDshell and shows the same trends.  

Equation 3.2 was used to determine the percent ligand surface coverage at 0% 

CO2 mole fraction with the percent ligand solvation and assuming spherical particles.  

Ahead represents the total area taken up by a thiol head group on the surface of the 

nanoparticle assumed to be 0.16 nm2 from literature38, NA is Avogadro’s number, 

Vmolar_thiol is the calculated molar volume of dodecanethiol (239.5 cm3/mol), and rcore+shell 

and rcore are the radius of the core + shell and core of the nanoparticle, respectively. It 
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should be noted that this relationship does not assume a cylindrical ligand volume, 

differing from other work,37 and for the 6.9 nm diameter particles, 0% ligand solvation 

yields a maximum surface coverage of 66%.  The ligand surface coverage ranged from 

44% to 62% for the four silver nanoparticle dispersions and demonstrated size-

dependence as well as fractionation dependence (see Table 3.1).  The obtained surface 

coverage values in Table 3.1 are less than those previously presented in literature;39 

however, excessive washing of the particles with ethanol prior to fractionation 

experiments and re-dispersing the particles in deuterated solvents likely result in 

decreased surface coverage.   

 

%  !"#$%&  !"#$%&'"( =    !"#!"#$$!!"#!"#$
!"#!"#$!!"#!"#$

x100%                                                         (3.1) 

%  !"#$%&'  !"#$%&'$ =   
!!!"#∗

!
! !

!
!"#$!!!!""!!!!"#$ !""%!%!"#$%&  !"#$%&'"( !!

!!!"#$!!"#$%_!!!"#
        (3.2) 

The surface coverage results reveal an interesting point not previously considered.  

The 7.1 ± 1.5 nm and 6.9 ± 1.4 nm silver nanoparticle populations studied are nearly the 

same size, considering their polydispersity and were isolated at different CO2 mole 

fractions.  It would seem that the nanoparticle fractionation was unsuccessful based on 

size alone.  The data suggest that the nanoparticles were fractionated both by ligand 

surface coverage (44% and 55% surface coverage for the 7.1 and 6.9 nm silver 

nanoparticles respectively) and by size.  A low ligand surface coverage would provide 

less steric hindrance between adjacent dodecanethiol ligands, allowing for tail 

collapsing/folding and decreased interparticle separation distance.  Folded or collapsed 
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ligands would enable greater interparticle attractive forces, promoting particle 

precipitation at lower anti-solvent compositions.  This demonstrates that surface coverage 

directly impacts nanoparticle dispersibility and the ability to fractionate nanoparticle 

populations of similar size based on ligand surface coverage.  Conversely, this presents a 

limit to the degree of monodispersity attainable with an anti-solvent size fractionation 

when an appreciable distribution in surface coverage exists.   

Furthermore, at ambient pressure the ligand shell solvation for the 7.1 nm and 6.9 

nm diameter nanoparticles are nearly the same, 19.4% and 18.7% solvated respectively.  

As the CO2 mole fraction in the GXL increases, CO2 functions as an effective anti-

solvent for the ligand shell and the ligand solvation decreases.  Though more SANS data 

within the 20% to 35% CO2 mole fraction range would be beneficial, the data suggests 

that the ligand solvation decreases at lower CO2 mole fractions for nanoparticles with 

lower surface coverage compared to similar sized nanoparticles with higher surface 

coverage (the 7.1 nm versus the 6.9 nm nanoparticles).  Kitchens and coworkers used a 

collapsed phase interaction energy model (CPM) with varying surface coverage to 

estimate the ligand length at solvent compositions between 51% and 78% CO2 for 

dodecanethiol stabilized silver nanoparticles in gas-expanded hexane to predict the size 

dependent precipitation.22,25  The CPM overpredicted the maximum nanoparticle size for 

silver nanoparticles dispersed at a given solvent condition compared to our SANS results 

(between 51 and 58% CO2 mole fraction), but were generally within ~1Å for the 

measured ligand shell thickness values.  The proposed CPM model made assumptions for 

the percent surface coverage, ligand solvation, and degree of ligand collapse on the 
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particle surface (i.e. the ligand shell thickness).  The data obtained from our SANS 

experiments provides measurements of both ligand length and ligand solvation for 

dodecanethiol capped silver nanoparticles dispersed in gas-expanded hexane at varying 

CO2 mole fractions.  In the future, these results will be used to enhance current 

interaction energy models to better accommodate the variability in surface coverage, 

thermodynamic interactions of the solvent with ligands, and the ligand structure, each of 

which impact the interparticle repulsion terms.   

 

The Role of Curvature and Surface Coverage on Ligand Solvation 

The degree of ligand solvation determined by using Equation 3.2, demonstrates a 

dependence on nanoparticle size/curvature. The 6.6 nm and 5.9 nm nanoparticle 

dispersions have similar ligand surface coverage (62% and 60%, respectively), despite an 

11% difference in curvature (1/radius).  Consequently, they can be used to evaluate the 

effect of curvature alone with the influence of surface coverage.  When comparing the 6.6 

nm and 5.9 nm dodecanethiol capped silver nanoparticles at 0% CO2 mole fraction in 

Figure 3.7, it is evident that higher surface curvature affords greater ligand solvation.  

Shah et al. modeled silver nanoparticles of varying diameter (3 to 15 nm) capped by 

dodecanethiol and showed that particles with smaller radii had greater ligand solvation, 

particularly as the radial distance increases from the surface of the particle to the end of 

the tail.24  Our SANS results support the findings of Shah et al.24 and suggests that higher 

surface curvature enables solvent molecules to penetrate deeper into the ligand shell, 

reaching closer to the surface of the nanoparticle while aiding in nanoparticle 
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dispersibility.  Our results along with other studies 1, 28 show that nanoparticles with 

smaller radii (those particles with higher ligand solvation) are dispersible at larger CO2 

mole fractions.  However, the data for the four silver nanoparticle solutions shows that 

both surface coverage and surface curvature dictate nanoparticle dispersibility.   

 

The Role of Curvature and Surface Coverage on Ligand Length 

Similar to ligand solvation, ligand length is also affected by ligand surface 

coverage and nanoparticle curvature.  Figure 3.8 details the shell thickness values fit from 

SANS data for the silver nanoparticle populations as a function of CO2 mole fraction.  

The dodecanethiol ligand lengths obtained from the core-shell model35 at ambient 

pressure ranged from 9.4 and 13.5 Å, increasing with decreasing particle curvature.  The 

shell thicknesses are shorter than reported (15 Å) for dodecanethiol extending from a flat 

gold surface40 which is attributed to nanoparticle curvature.38  The 6.6 nm and 5.9 nm 

silver particles with comparable percent surface coverage, yielded respective shell 

thicknesses of 12.3 Å and 9.4 Å at 0 CO2 mole fraction, demonstrating a 24% decrease in 

ligand length with an 11% increase in particle curvature.  The 6.9 nm and 7.1 nm 

particles do not provide a direct comparison due to the differences in surface coverage.   

Figure 3.8 shows that the shell thickness decreases with increasing pressure from 

0 to 60 mol % CO2 mole fraction, indicating that the alkyl tails move from an extended to 

a collapsed/folded state measuring ~7 Å for all of the varying sized particles studied.  The 

two largest core-size silver nanoparticles with varying surface coverage and similar 

surface curvature (7.1 and 6.9 nm) demonstrate an overall 6 Å decrease in ligand length 
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during the precipitation process.  The smaller core diameter silver nanoparticles studied 

(5.9 nm) demonstrate a 2.6 Å decrease in ligand length during the precipitation process; 

however, these particles had 60% dodecanethiol surface coverage and greatest surface 

curvature.  Both higher nanoparticle curvature and decreased surface coverage provide 

lower ligand-to-ligand steric hindrance, enabling higher alkane chain mobility and 

solvation.  The data from the 5.9 nm diameter silver nanoparticles shows that as the CO2 

mole fraction in the GXL increases, the shell thickness decreases by no more than ~1/2 a 

ligand length.  The surface coverage and surface curvature play a competing role in 

ligand length and nanoparticle dispersibility.   

 

Figure 3.7:  Fractional ligand solvation based on the core-shell model for four different 
silver nanoparticle samples dispersed in a GXL with n-hexane-d14 as a function of CO2 
mole fraction. 
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Figure 3.8:  Dodecanethiol ligand shell thickness measured with the core-shell model for 
four different silver nanoparticle samples dispersed in a GXL with n-hexane as a function 
of CO2 mole fraction. 

 
The observed nanoparticle ligand behavior under anti-solvent conditions can be 

conceivably extended to other solvent removal processes (drying).  As the solvent is 

removed from a concentrated dispersion, the stabilizing ligands collapse onto the core of 

the nanoparticle (extending only ~1/2 a ligand length).  Previous studies have depicted 

ordered self–assembled arrays of nanoparticles prepared by drop casting or spin-coating 

concentrated solutions of hydrophobically stabilized monodisperse nanoparticles onto 

substrates where neighbor-to-neighbor distances are on the order of one ligand length.41  

Researchers have proposed that this tight packing is due to ligand interpenetration 

between neighboring particles.41  Our results support an alternative mechanism where the 

nanoparticle ligands primarily collapse/fold onto their core, nearing the shell thickness of 

1/2 the fully extended ligand length, which controls the film interparticle separation 

distance, more so than interpenetrating extended ligands.  The end result is precipitated 
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nanoparticles with neighbor-to-neighbor separation distances on the order of one ligand 

length.42 

 
Conclusions 

Wet-chemical synthesis of metal nanoparticles often produces particle diameters 

ranging from 3 to 8 nm that are polydisperse in size and/or shape.5  Polydispersity is a 

drawback for end applications that rely on size and/or shape dependent nanoparticle 

properties.7  The GXL fractionation technique provides effective and potentially scalable 

means to isolate monodisperse populations of particles, offering many benefits over 

traditional liquid-liquid fractionation techniques, which include and the elimination of 

large volumes of mixed organic solvent waste and time/energy intensive centrifugation.1, 

28  Nanoparticle dispersibility and thus anti-solvent fractionation is dependent upon the 

metal type, mean particle size, ligand length, ligand solvation, and bulk solvent 

properties.  SANS was used for in-situ measurement of the mean core diameter, the 

ligand length, and ligand solvation for dodecanethiol capped silver nanoparticles as a 

function of CO2 mole fraction within the CO2/hexane (GXL) solvent mixture prior to and 

during the fractionation process.  CO2 is an effective anti-solvent for the nanoparticles 

and ligands, causing the dodecanethiol ligands to collapse/fold onto the core nanoparticle; 

collapsing to 1/2 the ligand length of a fully extended dodecanethiol tail at particle 

precipitation.  Ligand solvation data was determined from the SLDshell as a function of 

the GXL composition, assuming the local solvent composition within the shell is the 

same as the bulk GXL.  The ligand solvation decreases from over 20% to nearly 6%, with 

increasing CO2 mole fraction from 17 mol % to 43 mol %.  The decreased ligand 
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solvation coupled with the decreased ligand length, both induced by the CO2 anti-solvent, 

create an unfavorable environment for the nanoparticles and promotes reversible size 

dependent precipitation.  It was shown that both curvature and degree of surface coverage 

play significant roles in ligand solvation and shell thickness, which are deterministic of 

nanoparticle dispersibility in solution.   

Future work will include developing a robust interaction energy model to predict 

nanoparticle dispersibility in solution as well as other nanoparticle behavior.  Because 

previous results have overestimated the dodecanethiol ligand thickness upon its best 

solvation, having precise measurements of the ligand length, ligand solvation, and the 

ligand surface coverage will permit a greater understanding of the thermodynamics 

behind the dispersibility of these metallic nanostructures in solution.  These results can be 

used in the improvement of current techniques for the synthesis, stabilization, and 

fractionation of metallic nanoparticles with the expectation of using them to develop 

novel materials, modeling particle-particle and solvent-ligand interactions, and 

nanoparticle deposition into ordered arrays using solvent/anti-solvent conditions. 
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CHAPTER FOUR 

FRACTIONATION OF SURFACE-MODIFIED GOLD NANORODS USING GAS-

EXPANDED LIQUIDS 

Introduction 

Gold nanorods (GNRs) have unique size- and aspect ratio-dependent properties1-3 

which are ideal for sensing and electronic applications,4 as well as biomedical contrast 

agents.5  GNRs are also efficient at transforming absorbed radiation energy into heat 

(photothermal activity)6, 7 making them useful in nanomedicine as hyperthermia agents. 

The long length, stiffness, and aspect ratios of rod shaped particles make GNRs ideal 

filler materials for polymers.8  The incorporation of GNRs into polymer matrices would 

be highly advantageous due to the unique photothermal, electronic, and plasmonic 

properties and may potentially create a new class of nanomaterials.9  However, most 

synthetic polymers are hydrophobic, including polyethylene, polypropylene, polystyrene, 

and polylactic acid.  Unfortunately, GNR applications which require hydrophobic 

environments are limited because there are no high yield synthesis procedures which 

produce them. 

Cetyltrimethylammonium bromide (CTAB) is the most widely used shape-

directing cationic surfactant employed for the synthesis of non-spherical gold 

nanoparticles, in particular GNRs.3, 10-12  Albeit CTAB is known to be toxic, tailoring the 

synthesis conditions affords high yields of hydrophilic GNRs with minimal growth of 

spherical and non-rod shaped nanoparticles.2, 12  Hence, post-synthesis processing must 

be employed to lower toxicity and facilitate surface modification,13 either by removal of 
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CTAB or encapsulation.14  Removal of excess CTAB dispersed in solution is trivial and 

can be achieved by centrifugation and redispersion in neat solvent (water).7, 13  Removal 

of CTAB bound to the nanorod surface, without compromising the GNR stability, is a far 

more daunting task, and is often circumvented by polymer encapsulation.14  The CTAB 

bilayer provides steric hindrance and electrostatic repulsion forces which hinder the 

attractive forces between GNRs, and thus excessive removal can lead to irreversible 

aggregation due to the large van der Waals attractive forces.  A significant barrier to 

hydrophobization of GNRs is maintaining sufficient repulsive forces during the surface 

modification process, preventing irreversible agglomeration.  

Few researchers have successfully dispersed GNRs in organic solvents 

(chloroform, toluene, n-hexane, etc.).1, 14-16  Recently, Chandran et al. used a seed-

mediated process to synthesize GNRs in toluene.15  Hydrophobic amines were used as 

phase transfer catalysts for gold ions and 6.1 nm seed nanoparticles, and also functioned 

as the reducing and stabilizing agents.  By varying the synthesis conditions, size-control 

was achieved for aspect ratios up to 11.  However, large spheres and other irregular 

shapes were synthesized in addition to GNRs.  In this case, post-synthesis processing 

would be required to isolate the GNRs.  Surface modification of aqueous dispersions is 

an alternative approach to obtain hydrophobically stabilized GNRs.  Pastoriza-Santos et 

al. used a layer-by-layer technique to coat CTAB stabilized GNRs with a silica shell 

(varying thicknesses ranging between 12 to 58 nm) enabling their resuspension in 

chloroform;14 however, the silica shell thicknesses demonstrated in this work are large 

and may lower some of the effects of the desirable characteristics produced by GNRs, for 
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example refractive index dependent plasmon resonance or photothermal activity.  

Mitamura et al. hydrophobized GNRs using 3-mercaptopropyltrimethoxysilane (MPS) 

and subsequent tethering to octadecyltrimethoxysilane (ODS) through the hydrolysis of 

the Si-OR groups.16  This procedure is highly useful because it demonstrates a simple and 

successful approach to the hydrophobization of CTAB capped GNRs, with minimal 

changes to ligand shell thickness.  Surface modification of GNRs is advantageous due to 

the demonstrated higher yield and monodispersity of GNRs produced; however, any 

undesired seed or other shaped nanoparticles will also be modified and resuspended with 

the dispersion.  Hence, fractionation of hydrophobically stabilized GNRs in a tunable 

system will enhance the properties of the dispersion by minimizing the presence of seed 

nanoparticles, large spheres, or other shapes present.   

Gas-expanded liquids (GXLs) are a class of pressure-tunable solvents used for a 

variety of processes, including extraction, separations, and even nanoparticle synthesis 

and size-selective fractionation.17, 18  Carbon dioxide is the primary gas employed in GXL 

processes due to the high solubility in organic solvents. When CO2 is added to an organic 

solvent, the mole fraction of CO2 increases in the liquid phase (dependent on the CO2 

partial pressure) and simultaneously causes the liquid phase volume to expand.17  CO2 

has been shown to be an effective anti-solvent for hydrophobic nanoparticles dispersed in 

non-polar solvents, enabling size-selective precipitation of alkanethiol–modified, sub 10 

nm spherical nanoparticles of gold,19-21 silver,19, 22 and platinum.23  Once precipitated, the 

nanoparticles can be redispersed in neat solvent for later use.  The GXL technique is ideal 

for nanoparticle isolation compared to recursive liquid-liquid solvent/anti-solvent 
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techniques (ex. ethanol/chloroform) because it minimizes the quantity of mixed solvent 

waste and eliminates time-intensive centrifugation because of the enhanced transport 

properties.24  Moreover, the GXL technique enables recycle of neat organic solvents and 

gases employed during nanoparticle isolation.18  In this work, we use an adapted 

procedure developed by Mitamura et al.25 to hydrophobize CTAB capped GNRs and 

resuspend them in various organic solvents.  We investigate the dispersibility of GNRs in 

varying CO2-expanded solvents, including cyclohexane, toluene, and n-hexane.  This 

work also investigates the impact varying chain length has on GNR dispersibility in CO2-

expanded toluene.  This work demonstrates that GNRs stabilized by 18 carbon long 

ligands are dispersible in cyclohexane, toluene, and n-hexane up to CO2 pressures of 400 

psi, 350 psi, and 250 psi, respectively.  GNRs stabilized by 12 carbon long chains proved 

to have greater dispersibility, and precipitated at 525 psi in CO2-expanded toluene.  We 

also present the first ever GNR fractionation using GXLs—this demonstrated an 

improvement in GNR monodispersity and decreased the excess seed concentration by 

73%.  These results will directly impact future GNR application by providing tunable 

means to minimize polydispersity, and gives evidence that GXL processing may be 

performed on other non-spherical particles. 

 

Experimental Methods 

Materials 

The metal precursors hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, 99.99%) 

and silver nitrate (AgNO3, 99.995%) were purchased from VWR.  The stabilizing agents 
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cetyltrimethylammonium bromide (CTAB, 99%), 1-dodecanethiol (98%) and 1-

octadecanethiol (90%), and the reducing agents sodium borohydride (NaBH4, 98%) and 

ascorbic acid (AA, 99%) were purchased from VWR.  ACS grade ethanol (95%), toluene 

(99.7%), n-hexane (95%), and cyclohexane (99%) were purchased by VWR.   3-

Mercaptopropyltrimethoxysilane (MPS, 99%), n-octadecyltrimethoxysilane (ODS, 95%), 

and dodecyltrimethoxysilane (DDS) were purchased from Gelest Inc.  The Coleman 

Grade CO2 was purchased from National Welders (99.99%).  

 

Synthesis of GNRs  

The GNR synthesis was adapted from a seed-mediated growth procedure by Sau 

et al.10  Gold seed nanoparticles were prepared by adding 0.25 mL of 0.01 M HAuCl4 to 

7.5 mL solution of 0.1 M CTAB (maintained at 27 °C).  Next, 600 µL of 0.01 M NaBH4 

(ice cold) was added to the CTAB/gold salt mixture yielding seed nanoparticles.  All 

seeds employed for GNR synthesis were incubated at 27 °C and used within 3 hours of 

initial preparation.  5.0 mL of 0.01 M HAuCl4 and 0.75 mL of 0.01 M AgNO3 were 

added to 118.75 mL of 0.1 M CTAB solution.  Ascorbic acid (0.80 mL of 0.1 M) was 

then added to the metal salt solution, changing the color from yellow/orange to clear.  

The solution was incubated at 27 °C for 10 min, followed by the addition of 0.50 mL of 

gold seed nanoparticle solution with gentle mixing for ~20 sec.  After 3 to 5 min, the 

clear solution turned purple indicating the presence of GNRs.  The GNRs were incubated 

at 27 °C for at least 3 hours, allowing their complete growth.  The GNRs were 

centrifuged at 14,500 rpm for 10 min yielding a dark pellet at the bottom of the centrifuge 
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tube.  The supernatant solution (containing excess CTAB) was decanted, and the GNR 

pellet was redispersed in deionized water.  The purification process was performed twice.  

Further CTAB extraction was employed by mixing GNRs with chloroform (2:1 GNRs to 

chloroform by volume) for 5 min, followed by isolation of the aqueous GNR dispersion.  

Figure 4.1 shows a representative TEM image of the purified CTAB capped GNRs 

(aspect ratio = 3.2 ± 0.8, length = 40.1 ± 10.3 nm, width = 14.4 ± 4.0 nm).   

 

Figure 4.1:  A) TEM image of gold nanorods stabilized by cetyltrimethylammonium 
bromide and respective histograms of B) length (40.1 ± 10.3 nm), C) width (14.4 ± 4.0 
nm), and D) aspect ratio (3.2 ± 0.8). 
 

Surface Modification of GNRs 

The surface modification process which enabled the CTAB stabilized GNRs to be 

redispersed in toluene, was adapted from the work previously presented by Mitamura et 

al.16  In short, 0.30 mL of 0.02 M MPS in ethanol was added to 30.0 mL of aqueous 

GNRs followed by vigorous mixing for at least 30 min.  Next, 15.0 mL of 0.02M ODS in 
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chloroform was added creating a biphasic mixture, followed by 0.30 mL of 1M NaOH 

with vigorous mixing.  The biphasic system was mixed vigorously using a magnetic stir 

bar for at least 4 hours, enabling adequate surface modification.  After mixing, the deep 

purple color transferred from the upper aqueous phase to the lower chloroform phase.  

The ODS stabilized GNRs were removed from the biphasic mixture, followed by the 

addition 1 mL of 0.01 M octadecanethiol in chloroform, functioning as a co-stabilizing 

ligand.  GNR dispersions prepared without the addition of a co-stabilizing agent 

(alkanethiol) demonstrated mild oxidation and a decrease in GNR concentration during 

water purification and inhibited redispersion after ethanol purification during 

centrifugation.   

The octadecanethiol/ODS stabilized GNRs were washed by adding 15.0 mL of 

water and vortex mixing for ~ 30 sec.  The cloudy white supernatant containing water 

soluble ligands was removed, and the process was repeated.  Next the GNR solution was 

diluted with ethanol (2:1 ratio ethanol to GNRs) and centrifuged at 5,000 rpms for 5 min 

to precipitate the GNRs and decant any excess dispersing ligands.  The precipitated 

GNRs were dried with nitrogen and resuspended in neat solvent (cyclohexane, toluene, or 

n-hexane).  The stable dispersion of GNRs was sonicated for 5 min.  GNRs were also 

stabilized with DDS and dodecanethiol co-stabilizing ligand, replacing ODS and 

octadecanethiol during modification.  Figure 4.2 shows a TEM image and respective 

histograms of the length, width, and aspect ratios of the octadecanethiol/ODS stabilized 

GNRs.   
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Figure 4.2:  A) TEM image of gold nanorods stabilized by octadecanethiol/ODS and 
respective histograms of B) length (42.1 ± 6.8 nm), C) width (14.7 ± 2.9 nm), and D) 
aspect ratio (3.3 ± 0.6). 

 

Characterization 

Ultraviolet-visible (UV-VIS) Light Spectroscopy of GNRs in GXLs 

UV-VIS spectroscopy of GNRs dispersed in GXLs was performed on a Varian 

Cary 50 spectrophotometer.  The sample cell used during experimentation is a custom 

stainless steel pressure cell equipped with two sapphire windows (12.7 mm 

thick/windows, 15.75 mm total path length), a pressure transducer, and an inlet valve for 

CO2 addition/removal.  Neat solvent (toluene, n-hexane, or cyclohexane) was used for 

baseline correction of all UV-VIS spectra.  For each experiment, 4 mL of GNR 

dispersion was added to the pressure cell prior to pressurization.  CO2 was delivered to 

the cell under pressure using a Teledyne Isco 500 HP syringe pump.  Spectra were 
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collected 20 to 30 minutes after pressurization, allowing the system to reach equilibrium 

pressure and a constant UV-VIS absorbance.   

Analysis of the UV-VIS spectra for GNRs in GXLs requires a correction for 

volume expansion due to increased CO2 pressure.19  The volume expansion coefficients, 

V/Vo, were calculated for predetermined CO2 pressures in toluene, cyclohexane, and n-

hexane using the Patel-Teja equation of state (PT-EOS).26  The PT-EOS was chosen 

because it allows for adjustability of the critical compressibility factor, and 

experimental/modeling data are available for comparison.26-28  All UV-VIS spectra were 

corrected for volume expansion using the calculated volume expansion coefficients or a 

polynomial trend line fit to the calculated coefficients for pressures not calculated 

initially.  

The acentric factor and critical properties (ω, Pc, Tc, Zc) for CO2 (0.707, 73.8 bar, 

304.1 K, 0.309),29 toluene (0.262, 591.8 K, 41.06 bar, 0.264),30 n-hexane (0.225, 507.6 K, 

30.25 bar, 0.266),29 and cyclohexane (0.210, 553.6 K, 40.73 bar, 0.273)31 were readily 

found in the literature and used to determine the volume expansion coefficients.  The 

binary interaction parameters (kij, lij) used in the PT-EOS were also obtained from 

literature for CO2-toluene (0.090, 0.000), CO2-n-hexane (0.138, 0.074), 29 and CO2-

cyclohexane (0.007404, -0.1710).32  The calculated volume expansion coefficients 

determined from the PT-EOS compare well to previously published results.  Figure 4.3 

shows the PT-EOS predicted volume expansion coefficients compared to experimental 

data measured at 25 °C for CO2 in toluene30  and n-hexane;31 no experimental data for 

CO2 in cyclohexane was found in the literature for comparison.   
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Figure 4.3:  Calculated volume expansion coefficients (V/Vo) determined using the Patel-
Teja Equation of state for CO2-expanded A) toluenea, B) n-hexaneb, and C) cyclohexane 

at 25 °C.   
a, bThe volume expansion coefficients for CO2-expanded toluene are compared to the 
experimental work presented by Houndonougbo et al.30 and Mukhopadhyay et al.31 
respectively measured at 25 °C.   
 
Transmission Electron Microscopy (TEM) 

A Hitachi 7600 TEM was used with an accelerating voltage of 120 kV to obtain 

images.  Samples were prepared by drop casting ~5 µL of nanoparticle dispersion onto a 

300 mesh formvar carbon coated copper TEM grid (Ted Pella), followed by solvent 

evaporation.  Size distributions were determined using the ImageJ software package.33  

Nearly 300 GNRs were counted for each sample in order to obtain meaningful statistics. 
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GNR Isolation using CO2-Expanded Toluene 

The GNRs were precipitated using the gas-expanded liquid (GXL) technique 

previously demonstrated by McLeod et al. for spherical nanoparticles.34 A cylindrical 

glass rod with a spiral groove was placed inside of a custom stainless steel pressure 

vessel (rod shaped) in order to fractionate the GNRs using the pressure tunable properties 

of the GXLs (see Figure 4.4, same apparatus used in Chapter 3).29  Prior to GNR 

isolation, 1 mL of toluene was added to the pressure vessel to prevent solvent evaporation 

during fractionation.  Next, 0.2 mL of toluene dispersed GNRs were placed in the first 

spiral rung of the glass rod and the vessel was sealed.  Five different populations of 

GNRs were isolated at varying conditions.  Table 4.1 shows the isolation pressures, 

average length, width, aspect ratio, and volume of the GNRs from each population.   

Octadecanethiol/ODS modified GNRs were isolated by initially pressurizing the 

vessel to 100 psi and then allowing the sample to reach equilibrium (20 min).  Next, the 

cylindrical glass rod was rotated 270° (1.5 turns).  This rotation enabled the first fraction 

of precipitated GNRs to remain in the first rung of the rod and transfer of the dispersed 

GNRs to a rung further up the rod.  More CO2 was added until the pressure reached 150 

psi and remained constant for 20 min (isolating the second fraction of GNRs between 100 

and 150 psi).  Subsequently, the glass rod was rotated 270° and the cell was 

depressurized at a constant rate of ~15 psi/min.  The first and second fraction of GNRs 

were collected by toluene addition, gentle agitation, and then removed from the glass rod 
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using a pipette.  The precipitation process was repeated producing GNRs isolated at A) 

100 psi and lower, B) 100 to 150 psi, C) 150 to 200 psi, and D) 250 to 300 psi.   

Table 4.1:  Average length, width, aspect ratio, and volume of octadecanethiol/ODS 
stabilized GNRs obtained at varying isolation conditions in CO2-expanded toluene.  The 
standard deviations for length, width, and aspect ratio are also shown. 

fraction, (psi) length (nm) width (nm) volume (nm3) aspect ratio 
- 42.1 ± 6.8 14.7 ± 2.9 7145 3.3 ± 0.6 

100 < 43.6 ± 8.4 14.6 ± 2.9 7299 3.3 ± 0.6 
100 to 150 40.7 ± 11.0 14.2 ± 3.7 6446 3.3 ± 0.7 
150 to 200 39.9 ± 11.5 13.7 ± 4.1 5882 3.3 ± 0.7 
250 to 300 38.4 ± 14.5 13.8 ± 4.8 5744 3.1 ± 0.7 

 

 

Figure 4.4: The A) pressure cell and B) glass spiral rod used for GNR fractionation using 
gas-expanded toluene. 

  



87 
 

Results and Discussion 

Volume Expansion of GXLs 

Figure 4.5A shows the UV-VIS spectra for octadecanethiol/ODS modified GNRs 

dispersed in CO2-expanded toluene with varying pressure.  The UV-VIS absorbance 

decreases with increasing pressure, demonstrating that GNRs precipitate as a result of the 

CO2 anti-solvent behavior.  Figure 4.5B shows the normalized nanorod absorbance 

maximum with varying pressure.  The octadecanethiol/ODS modified GNRs begin to 

precipitate near 75 psi (the precipitation point was determined to be the pressure at which 

the normalized absorbance was equivalent to ~0.9) and are completely precipitated out of 

solution at 350 psi.  Comparatively, CO2 pressures exceeding 700 psi did not precipitate 

octadecanethiol stabilized gold nanoparticles (~4 nm) out of toluene (results not 

presented here for brevity). It is expected that the GNRs will precipitate at lower 

pressures than small spherical nanoparticles due to their larger van der Waals attractive 

forces.  
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Figure 4.5: A) UV-VIS spectra for ODS/octadecanethiol modified GNRs dispersed in 
CO2-expanded toluene with varying pressure.  B) Normalized maximum UV-VIS 
absorbance with varying CO2 pressure in toluene.  All UV-VIS spectra were corrected for 
dilution effects using the volume expansion coefficients determined with the Patel-Teja 
equation of state. 

 

Effect of Ligand Length on GNR Dispersibility 

Nanoparticle dispersibility is tunable by varying the stabilizing ligand length.19, 35 

The nanoparticle ligands contribute to the steric repulsive forces which mediate particle-

particle attraction forces in solution and provide favorable interactions with the solvent 

(osmotic repulsive forces due to solvation).36  Anand et al. demonstrated that hexanethiol, 

octanethiol, and tetradecanethiol modified silver nanoparticles precipitate at lower 

pressures than dodecanethiol; though in general, increases in ligand length showed 

increased nanoparticle dispersibility in poor solvent conditions.  Dodecanethiol has been 

suggested to be an “optimum” ligand length19 for spherical nanoparticles, both for 

increased nanoparticle dispersibility and deposition into thin films and ordered arrays.20, 

37  Analogously, Chapter 2 demonstrated liquid anti-solvent precipitation (ethanol/toluene 
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and ethanol/hexane as the poor/good solvent pairs) to isolate octadecanethiol and 

dodecanethiol stabilized gold nanoparticles (~ 4 nm).  The octadecanethiol stabilized gold 

nanoparticles were precipitated at a lower ethanol volume fraction compared to those 

which were dodecanethiol stabilized.   

The dispersibility of GNRs in GXL systems has not been previously investigated.  

Hence, we have varied the stabilizing ligand length (octadecanethiol/ODS or 

dodecanethiol/DDS) in order to develop a better fundamental understanding of GNR 

dispersibility.  Figure 4.6 shows the normalized maximum absorbance values of 

dodecanethiol/DDS and octadecanethiol/ODS stabilized GNRs in CO2-expanded toluene.  

The octadecanethiol/ODS stabilized GNRs began to precipitate at 100 psi and completely 

precipitated out of solution at 350 psi.  The shorter dodecanethiol/DDS stabilized GNRs 

began precipitating out of solution at 150 psi and remained stabilized until 525 psi.  

Previous small-angle neutron scattering (SANS) investigations have demonstrated that 

the ligand lengths of hydrophobically modified nanoparticles decrease with increasing 

anti-solvent composition, thus directly impacting their dispersibility.29  The ligand shell 

collapse and decreased ligand solvation resulting from increased anti-solvent conditions 

induce GNR precipitation.   
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Figure 4.6:  UV-VIS spectra for GNRs stabilized with varying ligands dispersed in CO2-
expanded toluene at varying pressure.  All UV-VIS spectra were corrected for dilution 
effects using the volume expansion coefficients determined with the Patel-Teja equation 
of state. 

 

Effect of Solvent on GNR Precipitation 

Tuning the solvent properties by varying temperature,38 adding a liquid co-

solvent,39 or increasing the mole fraction of a dissolved gas40 has been shown to alter the 

threshold nanoparticle size dispersed or synthesized at defined solvent conditions.  

Kitchens et al. showed that tailoring the synthesis conditions (temperature and pressure) 

of microemulsions, the mean core-diameter of AOT stabilized copper nanoparticles could 

be readily controlled.38  Anand et al. showed that by increasing the solvent alkane length 

(ranging from 5 to 8 carbons long), dodecanethiol stabilized gold nanoparticle 

dispersibility was increased, shifting the precipitation conditions to higher CO2 

pressures.19  Here we investigate dispersibility of GNRs in three different CO2-expanded 

solvents (cyclohexane, toluene, and n-hexane) that are expected to have favorable 

solvent-ligand interactions with the GNRs.  Figure 4.7 shows the normalized UV-VIS 
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absorbance values for octadecanethiol/ODS stabilized GNRs in varying CO2-expanded 

solvents.  As the applied CO2 pressure increases on the organic solvent, the GNRs 

precipitate out of solution.  The GNRs demonstrated the greatest dispersibility in 

cyclohexane, where the first signs of precipitation begin around 100 psi and all particles 

are precipitated at 400 psi.  GNR precipitation from CO2-expanded toluene begins at 100 

psi and is complete at 350 psi.  Increased CO2 pressure in n-hexane has been shown to 

enable precipitation of sub 10 nm gold nanoparticles;19, 21 expectedly, this GXL mixture 

demonstrated the poorest solvation for the GNRs.  GNR precipitation began at 50 psi and 

all nanoparticles were precipitated out of solution near 250 psi.  

 

Figure 4.7:  UV-VIS spectra for ODS/octadecanethiol modified GNRs dispersed in 
varying CO2-expanded solvents at varying pressure.  All UV-VIS spectra were corrected 
for dilution effects using the volume expansion coefficients determined with the Patel-
Teja equation of state. 
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GNR Fractionation with Varying Pressure Conditions 

During the wet-chemical seed mediated GNR synthesis, the conversion of seeds 

to GNRs is inevitably less than 100%.  Moreover, large spherical gold nanoparticles are 

often formed during the growth stage of GNR synthesis.  Optimization of the synthesis 

conditions (generally limited to shorter aspect ratio nanoparticles) can minimize the 

presence of the spherical nanoparticles.10  Minimizing GNR polydispersity can be 

controlled by post-synthesis purification steps which involve recursive centrifugation; 

however, this process is time intensive and volumes are limited to the restrictions in size 

of the centrifuge tubes.41 

  This study demonstrates the use of GXLs21, 22 to fractionate polydisperse 

populations of hydrophobically stabilized GNR solutions (containing gold seeds, spheres, 

and GNRs) into more monodisperse populations of particles.  Interaction energy 

modeling predicts that the largest nanoparticles (those with the greatest van der Waals 

attractive forces) should precipitate at lower anti-solvent conditions.36, 40, 42  Hence, the 

largest nanoparticles dispersed in solution (based on volume or mass) in the 

octadecanethiol/ODS stabilized GNR dispersions should precipitate out of the solvent 

prior to the smallest.  In order to demonstrate a fractionation, the synthesis employed to 

obtain GNRs was not optimized to achieve maximum uniformity in shape, but was tuned 

to yield large volumes of GNRs (i.e. excess seed particles and large spheres were present 

in the sample).  More uniform shape-distributions of GNRs are achievable if NaCl is 

added during synthesis (NaCl concentrations typically vary between 1 to 4 times the 

quantity of gold salt employed in the growth solution).2 
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Figure 4.8 shows TEM images of octadecanethiol/ODS stabilized GNRs isolated 

at A) 0 psi, B) 100 psi and lower, C) between 100 and 150 psi, and D) between 250 and 

300 psi using CO2-expanded toluene.  TEM image analysis showed that the GNRs which 

were not fractionated had an average aspect ratio of 3.3 ± 0.6, length of 42.1 ± 6.8 nm, 

and width of 14.7 ± 2.9 nm.  The large spherical gold nanoparticles were measured to be 

27.8 ± 7.2 nm in diameter.  We assumed that the GNRs have a circular cross section 

(volume = π*l*(w/2)2, nm3) for simplicity, and then calculated their volumes.  The GNR 

volumes are presented instead of their aspect ratios (length/width) because of the 

polydispersity within both axial directions.   

Figure 4.9 shows a bar graph for the calculated volumes of ODS/octadecanethiol 

modified GNRs which were precipitated at varying pressure conditions from CO2-

expanded toluene.  The mean volume of GNRs which were not fractionated was 

calculated to be 7,145 nm3, and the large spherical particles had a volume of 11,249 nm3.  

Fractionation of the largest nanoparticles was achieved by precipitation at 100 psi and 

lower, yielding an average volume of 7,299 nm3 for GNRs and 11,994 nm3 for the large 

spheres.  Increasing the isolation pressure while maintaining a constant change in 

pressure (ΔP = 50 psi), demonstrates the fractionation of GNRs.  Between 100 to 150 psi, 

150 to 200 psi, and 250 to 300 psi the mean GNR volume was determined to be 6,446 

nm3, 5,882 nm3, and 5,744 nm3, respectively—showing a decreasing trend with 

increasing pressure.  Likewise, a decrease in both length and width is observed by 

increasing the isolation pressures (see Figures 4.9B-C). 
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Calculation of the 95% confidence interval (see error bars in Figure 4.9A-C) 

demonstrates significant statistical difference among the mean volumes of GNRs isolated 

at several different CO2 pressures.  The 95% confidence interval for the GNRs which 

were not fractionated do not overlap with the GNRs isolated between 150 and 200 psi, as 

well as those isolated between 250 and 300 psi—thus demonstrating the volumes of 

GNRs in those fractions are different.  Additionally, GNRs precipitated below 100 psi 

proved to be statistically different from the GNRs isolated between 150 and 200 psi, as 

well as those precipitated between 250 to 300 psi.  Although the monodispersity of the 

GNRs increases during the fractionation process, polydispersity still remains within the 

length and width dimensions of the GNRs (see Figure 4.9B-C).  Hence, the 95% 

confidence intervals for adjacent isolation pressures (eg. comparing fractions isolated 

between 100 and 150 psi with those isolated between 150 and 200 psi) do not show a 

significant difference. 

 The GNR fractionation employed also demonstrates an improvement in the 

frequency of spherical seed nanoparticles present in solution.  The separation of GNRs 

from seed nanoparticles is more evident than separation of the large spherical 

nanoparticles from GNRs due to the greater disparity in overall particle volume.  The 

seed nanoparticles were determined to be 4.3 ± 1.1 nm in diameter (volume ~ 41 nm3).  

The GNRs which were not fractionated had a seed concentration of 15% by volume 

(determined from TEM analysis).  The nanoparticle dispersion isolated at 100 psi showed 

a 73% improvement, containing as little as 4% seeds.  As the isolation pressures were 

increased for fractionation between 100 and 150 psi, the GNR dispersion contained 7% 
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seed nanoparticles.  Fractionation between 150 and 200 psi showed a significant increase 

in the concentration of seed nanoparticles, reaching 27%.  As expected, the smaller size 

gold nanoparticles remain dispersed in solution at pressures greater than larger GNRs or 

large spherical nanoparticles.  Albeit the GNR fractionation and shape separation was not 

100% effective, this work demonstrates a tunable process for GNR purification.  The 

efficiency of this process may be explained by an averaging effect between nanoparticle 

interactions, hence why a low concentration of excess seeds precipitated at lower CO2 

pressures.43  Recursive fractionations using either liquid-liquid44 or GXLs19, 21 have 

shown significant improvements, ultimately increasing the monodispersity of the 

nanoparticle dispersion and may be beneficial in future GNR processing studies.  For 

example, McLeod et al.34 and Kitchens and coworkers18 employed the GXL technique at 

different isolation pressure increments, including ΔP = 50 psi and 25 psi for 

dodecanethiol stabilized silver nanoparticles.  The smaller step in pressure, i.e. 25 psi 

compared to 50 psi facilitated more efficient nanoparticle fractionation.  Comparatively, 

the use of a co-solvent in addition to cyclohexane, toluene, or hexane may also enhance 

the selectivity of the GNR fractionation process.  Saunders et al. recently demonstrated 

greater size selectivity of dodecanethiol stabilized gold nanoparticles using ethanol or 

acetone in combination with gas-expanded hexane, compared to hexane alone.39 
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Figure 4.8:  TEM images of octadecanethiol/ODS stabilized GNRs isolated at A) 0 psi, 
B) 100 psi and lower, C) between 100 and 150 psi, and D) between 250 and 300 psi using 
CO2-expanded toluene.   
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Figure 4.9:  Calculated A) volumes, B) lengths, and C) widths of ODS/octadecanethiol 
modified GNRs dispersed isolated at varying pressure conditions using CO2-expanded 
toluene.   
* The error bars shown represent the 95% confidence interval and demonstrate significant 
differences between varying GNR fractions obtained during isolation. 
 
 

Conclusions 

This investigation showed an adapted protocol for the surface modification of 

GNRs enabling their suspension in several organic solvents including cyclohexane, 

toluene, and n-hexane.  This work demonstrates the first ever fractionation of 

hydrophobically stabilized GNRs using CO2-expanded toluene, which increased the GNR 
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monodispersity and decreased the excess seed concentration by 73% when precipitated 

at100 psi and lower.  We also showed that varying both the alkane chain length and the 

dispersing solvent directly impacts GNR dispersibility.  Chain lengths consisting of 12 

carbons enabled GNR dispersibility up to 525 psi in CO2 expanded toluene, compared to 

350 psi for chain lengths of 18 carbons.  Varying the dispersing solvent (cyclohexane, 

toluene, or n-hexane) was shown to alter the precipitation pressures required for complete 

GNR precipitation.  Cyclohexane proved to be the best solvent studied for GNR 

dispersibility, enabling dispersion up to 400 psi of CO2 pressure, while toluene and n-

hexane only dispersed GNRs up to 350 psi and 250 psi, respectively.  Future work will 

include recursive fractionations to better evaluate the limitations of this technique.  We 

also hope to explore the precipitation conditions which will enable the formation of wide-

area networks of GNRs on substrates. 
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CHAPTER FIVE 

GREEN SYNTHESIS OF ROBUST SILVER NANOPARTICLES USING GARLIC 

EXTRACT 

Introduction 

Metallic nanoparticles have been extensively investigated due to their unique size-

dependent properties1-4  which make them useful in a variety of applications including 

optical/chemical sensors,5, 6 electronic devices,7 and catalysts.8  Widespread synthesis 

protocols used for nanoparticle production often require the use of harsh organic 

solvents/surfactants9-11 and strong reducing agents (e.g. borohydride or hydrazine),12-15 

which typically generate large quantities of hazardous waste.  Hence, synthesis 

procedures which eliminate the use of hazardous reagents9, 16-18 and afford cost-effective 

alternatives for the isolation of stable nanoparticle dispersions are becoming more 

desirable as the number of nanoparticle applications increases.      

In particular, biomedical research and application of metallic nanoparticles is 

growing due to their potential as therapeutic19, 20 and contrasting agents.21  Unfortunately, 

nanoparticle stability at in vivo conditions continues to be a drawback.  It has been well 

demonstrated that biological media necessary for cellular growth and proliferation—

solutions of glucose, amino acids, salts, vitamins, and water at an approximate pH of 7 

(chemically similar to in vivo conditions)—cause irreversible nanoparticle agglomeration.  

For example, Greulich et al. found that silver nanoparticles stabilized by polyvinyl 

pyrrolidone (PVP) aggregate once exposed to biological media; however, nanoparticle 

conjugation with fetal calf serum improved stability.22  In addition, Liu et al. showed that 
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increasing the concentration of capping agent (citrate) in solution and/or altering the pH 

of the aqueous dispersions of silver nanoparticles reduced aggregation and led to a 

decrease in Ag+ release in biological media.23   Exposure to reactive oxygen species 

(ROS, e.g. H2O2, ⋅OH, and O2⋅
-) can also inhibit or render the intended nanoparticle 

application useless as a result of oxidization.  Research has shown that living cells 

exposed to toxins and/or nanoparticles can result in ROS production24-26 in response to 

stress and may lead to cell death.23  Hence, methods to provide stable nanoparticle 

dispersions that do not aggregate in biological media and have high oxidation resistance 

are of significant importance.  It is also desirable to employ natural and renewable 

reagents during synthesis because they 1) are more likely to be biocompatible and may 

eliminate the need for post-synthesis purification or surface modification as compared to 

other synthesis procedures,18, 27  and 2) provide a cost-effective and facile nanoparticle 

production process with potential for industrial scale-up.   

A common approach for green nanoparticle synthesis at ambient temperature is to 

begin with naturally available resources containing phytochemicals that function as both 

the reducing and stabilizing agents (following Green Chemistry Principles #’s 3- 8, and 

12—Less Hazardous Chemical Syntheses, Designing Safer Chemicals, Safer Solvents 

and Auxiliaries, Design for Energy Efficiency, Use Renewable Feedstocks, Reduce 

Derivatives, Inherently Safer Chemistry for Accident Prevention, respectively).28, 29  For 

example, ~15 nm diameter gold nanoparticles have been synthesized in aqueous media 

by Philip et al. using honey.30  Similarly, Shukla et al. used soybean extracts to produce 

nontoxic gold nanoparticles and suggested that they are ideal for use in nanomedicine as 
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a result of their stability in various biological media and in vitro compatibility.31  Other 

studies of silver and gold nanoparticle synthesis have employed herbal extracts from 

alfalfa,32 lemongrass,33 and geranium leaves,34 where the natural extracts serve as both 

reducing and stabilizing agents.   

Here we demonstrate a facile one-pot “green” synthesis of silver nanoparticles (4 

to 6 nm) which utilizes Allium sativum (garlic) extract as the reducing and stabilizing 

agents.  Garlic was studied in this investigation because of its well-known oxidative 

properties and its potent phytochemical contents.  Our study of the wet-chemical 

synthesis conditions (garlic extract quantity and temperature) enabled control over 

nanoparticle size and size-distribution of the final dispersions.  Furthermore, this 

investigation shows that garlic extract stabilized silver nanoparticles are resistant to 

aggregation in the presence of biological media and have high oxidative resistance in the 

presence of hydrogen peroxide (H2O2) compared to commonly prepared nanoparticles 

(citrate).  As a result of the abundant and desirable medicinal characteristics of garlic,35-38 

these nanoparticles may be applicable in biomedical therapies, diagnosis, and sensing or 

aid in the development of novel technologies where nanoparticle health and safety is a 

primary concern.   

 

Experimental 

Materials 

Silver nitrate (AgNO3, 99.995%) was purchased from VWR.  The stabilizing 

agent sodium citrate dihydrate (99%) and reducing agent sodium borohydride (NaBH4, 
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98%) were purchased from VWR.  Sodium hydroxide (H2O2, 30%) was obtained from 

Thermo Fisher.  Sterile and filtered (0.1 µm) Hyclone DMEM/high modified media (4.0 

mM L-glutamine, 4.500 mg/L glucose, without sodium pyruvate and phenol red) and 

minimum essential media (MEM, without phenol red) were obtained from Thermo 

Scientific.  Softneck Garlic was purchased from a local grocery store (Ingles in Central, 

SC), peeled, and then rinsed with deionized water before use.  All glassware was washed 

and rinsed with deionized water, followed by subsequent drying.   

 

Characterization 

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray (EDX) 

All TEM images were obtained using a Hitachi 7600 with an accelerating voltage 

of 120 kV.  TEM and EDX samples were prepared by drop casting ~5 µL of nanoparticle 

dispersion onto a formvar carbon coated copper TEM grid (Ted Pella), followed by air 

drying at ambient conditions.  The size distributions were determined by image analysis 

using the ImageJ software package.39  At least 300 nanoparticles were counted for 

meaningful and relevant statistics. All EDX analysis was performed on a Hitachi 4800 

(scanning electron microscope, SEM) in TEM mode with an accelerating voltage of 30 

kV.   

Ultraviolet-visible (UV-VIS) light spectroscopy  

UV-VIS analysis was performed on a Varian Cary 50 spectrophotometer.  

Deionized water was used for background correction of all UV-VIS spectra.  All samples 

were loaded into a 1 cm path length quartz cuvette for UV-VIS analysis.  UV-VIS spectra 
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were fit with Gaussian curves correcting for a cubic background in Igor Pro 6.1 

(Wavemetrics, Portland, Oregon) for full-width at half maximum (FWHM) 

measurements.  The Gaussian fits to the UV-VIS spectra all had goodness of fit values 

(χ2 ~1), indicating accurate curve analysis. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy  

ATR-FTIR spectroscopy was performed on a Thermo-Fisher instrument using a 

Thermo-Nicolet Magna 550 FTIR spectrometer equipped with a Thermo-SpectraTech 

Foundation Series Diamond ATR accessory.  Here, 16 sample scans were taken (at room 

temperature) and the resolution for both, the sample and background, was 4 cm-1.  All 

purified nanoparticle dispersions and garlic extracts were dried in a vacuum oven set to 

40˚C to form powders.  The dried samples were then placed on the spectrophotometer for 

analysis.   

Zeta-Potential 

Zeta-potential measurements were performed on a Malvern Zetasizer Nano-ZS 

(ZEN3600) at 25 ºC with an incident wavelength of 633 nm and a 173º backscattering 

angle.  Clear disposable zeta potential cells (1 cm path length) were rinsed with ethanol, 

followed by deionized water prior to sample loading.  The viscosity, refractive index, and 

absorption values were provided in the Malvern software for water (µ = 0.8872 cP, RI = 

1.333) and crystalline silver (RI = 0.135, absorption = 3.987).  Twelve runs were 

averaged for each liquid sample for accurate determination of zeta potential 

measurements.   
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Garlic Extract Preparation 

Approximately 6 g of garlic was chopped (not crushed) into ~1/4” pieces and 

added to 50 mL of deionized water.  Next, the garlic-water mixture was allowed to sit at 

room temperature for 24 hours.  The resulting solution was decanted to collect the pale 

white transparent garlic extract solution, and the solid garlic pieces were removed.  The 

garlic extract concentration was determined to be 22.9 ± 0.5 mg/mL by measuring the 

remaining solid weight after evaporating 2.0 mL of liquid extract in a vacuum oven at 40 

°C, averaging over three measurements.  Crushing the garlic prior to soaking and/or 

soaking at elevated temperatures was found to increase the extraction efficiency resulting 

in larger mass concentrations of extract.  The variation in garlic extract preparation 

directly impacts the nanoparticle synthesis; i.e. larger quantities of garlic extract 

employed during synthesis were found to generate polydisperse populations of 

nanoparticles. 

 

Silver Nanoparticle Synthesis 

For silver nanoparticles capped by garlic, varying quantities of garlic extract 

solution (1 mL to 2.5 mL) were added to a 51 mL solution of 0.98mM of AgNO3 in DI 

water.  Within 2 hours, a light orange color change was noticeable, indicating the 

presence of silver nanoparticles.  The solution was allowed to age for 48 hours yielding a 

deep orange/brown color.  The silver nanoparticle dispersions were centrifuged for 15 

min at 8,000 rpm to remove any large aggregates from solution and excess free garlic 

extract.  The yellow/orange supernatant was collected and kept as the final silver 
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nanoparticle product. The precipitate containing excess garlic extracts (the higher 

molecular weight components, likely fructan) and nanoparticle aggregates were discarded 

appropriately.  A water bath maintained at 60°C was used in experiments investigating 

the effect of temperature on nanoparticle synthesis.  Accelerated synthesis was achievable 

by using a strong reducing agent, for example NaBH4.   

A procedure adapted from Jana et al. was used for the synthesis of citrate 

stabilized silver nanoaprticles.40  In short, 100 µL of 0.05 M AgNO3 was combined with 

100 µL of 0.05 M of sodium citrate dihydrate, followed by dilution of the mixture to 20 

mL with deionized water.  Subsequently, the solution was reduced with 200 µL of ice 

cold 0.05 M NaBH4 producing a yellow/orange solution indicating the presence of silver 

nanoparticles (4.0 ± 1.0 nm) in solution. 

 

Stability of Silver Nanoparticles 

Stability of the citrate and garlic extract capped nanoparticles was investigated by 

adding 1 mL of DMEM high modified biological media to 1 mL of dispersion.  

Additional experiments with DMEM and MEM biological media were performed by 

adding 4 mL of media to 1 mL of nanoparticle dispersion.  UV-VIS measurements were 

performed over time for both the citrate and garlic extract stabilized nanoparticles.  

Nanoparticle resistance to oxidation was measured by UV-VIS before and after the 

addition (~ 5 minutes) of 100 µL of 30% H2O2 to 5 mL silver nanoparticle dispersion. 
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Results and Discussion 

Nanoparticle Synthesis and Characterization 

Nanoparticle size and size-distribution was investigated as a function of the garlic 

extract concentration used during nanoparticle synthesis.  Figure 5.1 shows an image of 

the silver nanoparticle dispersions with increasing garlic extract amounts.  Representative 

TEM images and histograms are shown in Figure 5.2 for silver nanoparticles prepared 

using 1.0 mL and 2.0 mL of garlic extract, respectively.  Figure 5.3A shows the 

corresponding UV-VIS spectra for the nanoparticle dispersions shown in Figure 5.1.  An 

increase in both color intensity (Figure 5.1) and UV-VIS absorbance (Figure 5.3A) are 

attributed to the increase in nanoparticle size.  Additional UV-VIS analysis performed 

one week after synthesis showed no variation in absorbance.  The UV-VIS results suggest 

that all nucleation or growth occurs within the first 48 hour period.  Samples which have 

been stored for more than 9 months remain stable in solution with no visible sign of 

precipitation or aggregation. 

 

 

 

Figure 5.1:  Representative images of silver nanoparticle dispersions synthesized with 
varying amounts of garlic extract solution at 25 °C after a 48 hour reaction time and 
purification by centrifugation  A) 1.0 mL B) 1.5 mL C) 2.0 mL D) 2.5 mL. 
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The peak absorbance values were determined to be 404 nm by fitting a Gaussian 

curve to the UV-VIS spectra.  Noticeable peak broadening and increases in absorbance 

amplitude are evident for the UV-VIS spectra shown in Figure 5.3A.  The peak 

broadening is attributed to an increase in polydispersity as a result of increased garlic 

extract solution employed during synthesis.  As the garlic extract quantity increased 

during nanoparticle synthesis from 1.0 mL to 2.0 mL, the FWHM values increased from 

118 to 134 nm.  TEM analysis of the garlic stabilized silver nanoparticles confirms 

variation in nanoparticle polydispersity, increasing from 25% to 36% with increasing 

garlic extract quantity (1.0 mL to 2.0 mL, see Table 1) and in size from 3.7 to 4.1 nm in 

core-diameter.  Sileikaite et al. also observed increases in FWHM of UV-VIS spectra that 

correspond to increases in polydispersity for citrate stabilized silver nanoparticles.41 

 

 

 
Figure 5.2:  Representative TEM images and histograms for silver nanoparticles 
synthesized using garlic extract A) 1.0 mL of garlic extract and B) 2.0 mL of garlic 
extract. 
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Figure 5.3:  UV-VIS spectroscopy data for silver nanoparticles prepared using A) varying 
amounts garlic extract (1.0, 1.5, 2.0, and 2.5 mL) and B) 1.5 mL garlic extract at varying 
temperature (25 and 60 °C). 

   

Comparatively, 2.5 mL of garlic extract used during nanoparticle synthesis 

produced the largest intensity in UV-VIS absorbance and also demonstrated a decrease in 

FWHM to 127 nm.  According to Mie scattering theory, a decrease in FWHM is 

suggestive of an increase in silver nanoparticle core-diameter.42  TEM results confirm an 

increase in nanoparticle diameter from 4 to 6 nm with increasing garlic extract amount 

from 2.0 to 2.5 mL.  Jana et al. observed similar results for oleic acid stabilized Fe3O4, 

where larger quantities of oleic acid were shown to produce larger diameter 

nanocrystals.43  Overall, lower concentrations of garlic extract yield smaller and more 

monodisperse populations of silver nanoparticles, and support previous work which 

demonstrates that tailoring the reducing and/or stabilizing ligand concentrations affords 

control over nanoparticle size and size-distribution.15, 44-46  Table 1 is a summary of the 

mean core-diameter, size-distributions, and polydispersity of the silver nanoparticles 
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synthesized using garlic extract, complementing the UV-VIS spectra shown in Figure 

5.3A and the FWHM results.   

Table 5.1:  The measured mean core-diameter, size-distributions, and polydispersity of 
silver nanoparticles prepared using varying garlic extract amounts.  All core-diameter 
measurements were performed by TEM and ImageJ analysis.39 

garlic extract used, (mL) T, (°C) diameter, (nm) polydispersity, % 
1.0 25 3.7 ± 0.9 25 
1.5 25 3.8 ± 1.3 33 
2.0 25 4.1 ± 1.5 36 
2.5 25 6.2 ± 2.7 43 
1.5 60 4.4 ± 1.5 35 

 

In addition to controlling nanoparticle size and size-distribution with garlic extract 

quantity, reaction temperature was shown to impact nanoparticle size, polydispersity, and 

reaction kinetics.  An elevated synthesis temperature of 60 ºC with 1.5 mL of garlic 

extract produced nanoparticles in 15 min, compared to 2 hours at 25 ºC.  UV-VIS 

analysis showed a plasmon resonance peak at 404 nm for both the ambient and elevated 

temperatures.  The FWHM value obtained from a Gaussian fit of the UV-VIS spectra was 

determined to be 133 nm; 10% broader than the 25 ºC synthesis, indicating increased 

polydispersity and particle diameter.  TEM and UV-VIS analysis confirmed that the 

elevated temperature produced a more polydisperse population of silver nanoparticles.  

The increase in polydispersity is likely due to variation in the nucleation and growth rates 

of the nanoparticles during synthesis.  Although the polydispersity is slightly greater for 

the elevated synthesis temperature, nanoparticle formation occurs at a faster rate and 

yields similar concentrations of nanoparticles (see UV-VIS absorbance peak amplitude in 

Figure 5.3B).  This work supports other investigations, like Kasture et al., who 
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demonstrated that increased temperatures enabled faster synthesis times for silver 

nanoparticles stabilized by sophorolipids in water.47 

Measured ATR-FTIR spectra (Figure 5.4A) show large –OH and –CH stretches 

obtained for the dried garlic extract (3300 and 2930 cm-1) and garlic extract prepared 

silver nanoparticles (3270 and 2930 cm-1).  The presence of –OH and –CH characteristic 

peaks suggest that sugars are present in the garlic extract solution and nanoparticle 

dispersion.  Sucrose and fructose are the primary non-structural sugars that are readily 

extracted from garlic48 and likely function as both the reducing agent and stabilizing 

chemistries.   This theory is supported by recent work which shows that sucrose and 

fructose can function as reducing agents for the synthesis of aqueous dispersions of silver 

nanoparticles49 and also function as stabilizing ligands for various metal nanoparticles 

(e.g. Au, Ag, Pd, Pt).13-15, 40  EDX chemical analysis (Figure 5.4B) performed on a dried 

film of garlic extract prepared nanoparticles shows that sulfur is also present in the garlic 

extract.  The presence of sulfur is expected as result of the organosulfur compounds 

(primarily allyl sulfides) readily extracted from garlic using either water or ethanol.50  

Adding garlic extract solution to citrate stabilized silver nanoparticles demonstrated an 

increase in FWHM (57%), decrease in absorbance, and a shift in wavelength absorbance 

of 16 nm (see Figure 5.5).  Cai et al. attributed large shifts in UV-VIS absorbance and 

increases in FWHM to a change in surface chemistry for unmodified silver nanoparticles 

when hexanethiol was added to the dispersion.51  The organosulfur compounds present in 

the garlic extract may modify the surface chemistry of the silver nanoparticles through 

thiolate bonding.  The variation in UV-VIS spectra may also be caused by a second 
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nucleation and growth stage caused by the fructose and sucrose present in the garlic 

extract.  TEM images obtained after garlic extract was added to the citrate stabilized 

nanoparticles show an increase in both size and polydispersity.  The mean core diameter 

was measured to be 6.6 ± 2.9 nm (44% polydispersity).  Albeit further chemical analysis 

may be beneficial in determining the exact stabilizing chemistries of the silver 

nanoparticles, the organosulfur compounds may also function as stabilizing agents52,50 in 

addition to the sugars.   

Zeta potential measurements were performed for a direct comparison to 

conventional studies of nanoparticle stability.  Zeta potential analysis demonstrated that 

the garlic extract and citrate stabilized nanoparticles had negative potentials of -31 mV 

and -30 mV, respectively.  Both silver nanoparticle dispersions indicate that they are 

sufficiently charged to maintain stability in solution over long periods of time (both 

chemistries have maintained stable dispersions at room temperature over a month).  

Similarly, Kittler et al. measured the zeta potential for citrate stabilized silver 

nanoparticles to be -30 mV.53 

 
Figure 5.4: A) Representative diamond ATR-FTIR data from dried garlic extract and 
dried silver nanoparticles synthesized using garlic extract. B) EDX spectra of garlic 
extract prepared silver nanoparticles obtained from FE SEM. 
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Figure 5.5:  UV-VIS spectra for Ag NPs stabilized by citrate prior to and after the 
addition of garlic extract 
 

 

Nanoparticle Stability:  Resistance to Aggregation and Oxidation 

Applications of silver nanoparticles in the biomedical field and commercial 

industry are growing rapidly due to the unique antibacterial properties.54-57  Therefore, 

understanding nanoparticle stability at biological conditions and in biological media is 

becoming increasingly critical.  We have studied the stability of garlic extract stabilized 

silver nanoparticles in biological cell culture media (DMEM/high modified and MEM).  

We have also examined nanoparticle oxidation resistance against H2O2 in order to predict 

nanoparticle behavior in the presence of large quantities of ROS.  Understanding 

nanoparticle aggregation and oxidation at biological conditions will provide insight to in 

vivo nanoparticle behavior.   

Silver nanoparticles stabilized with the garlic extract are compared to commonly 

synthesized citrate stabilized silver nanoparticles (4.0 ± 1.0 nm).  Figure 5.6 shows UV-
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VIS spectra for the 1.5 mL garlic extract and citrate prepared silver nanoparticles as a 

function of time after 50% by volume addition of DMEM biological media to the 

nanoparticle dispersion.  In Figure 5.6A, the UV-VIS absorbance for the garlic stabilized 

silver nanoparticles exhibits a decrease over 18 hours.  The decrease in plasmon 

resonance may be a result of reversible clustering, as gentle mixing of the liquid readily 

re-suspends the nanoparticles back into solution.  After 18 hours of incubation in DMEM 

media, the characteristic plasmon resonance peak at 404 nm is still present.  Visual 

inspection of the garlic stabilized silver nanoparticles showed no signs of visible 

aggregation.  Increasing the ratio of DMEM to nanoparticle dispersion (4:1 by volume) 

provided similar results to the 1:1 ratio.  The addition of MEM biological media to the 

garlic stabilized silver nanoparticles at a ratio of 4:1 by volume also showed a decrease in 

UV-VIS absorbance; however, no red shift in UV-VIS absorbance or aggregation was 

observed.  

 
Figure 5.6:  UV-VIS spectra for Ag NPs stabilized by A) garlic extract and B) citrate in 
the presence of DMEM/High Mod cell culture media with varying time 
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Comparatively, Figure 5.6B shows a significant decrease in surface plasmon 

resonance (SPR) absorbance at 404 nm in less than 30 minutes with the addition of 

DMEM biological media to the citrate stabilized nanoparticles (1:1 ratio by volume).  At 

15 hours of incubation in DMEM biological media, the nanoparticles have completely 

and irreversibly precipitated out of solution.  The significantly enhanced stability of 

garlic extract stabilized silver nanoparticles in biological media makes them a potential 

candidate for in vivo application and studies to differentiate the toxicity effects of Ag+ 

and nanosilver.23,53 

In addition to investigating nanoparticle compatibility with biological media, the 

garlic extract stabilized silver nanoparticles were tested for oxidation resistance to H2O2 

exposure.  Figure 5.7 shows the UV-VIS spectra of citrate and garlic extract stabilized 

silver nanoparticles exposed to H2O2.  Fitting the UV-VIS spectra in Figure 5.7A 

demonstrates a red shift (4 nm) in SPR absorbance and an increase in FWHM (24 nm) 

suggesting an in increase in polydispersity and/or size.  Upon H2O2 addition, the citrate 

stabilized nanoparticle dispersion immediately turns clear.  The loss of  SPR absorbance 

(Figure 5.7B) demonstrates poor oxidation resistance and indicates Ag0 oxidation to Ag+
 

for the citrate stabilized silver nanoparticles.  The SPR absorbance peak for the garlic 

extract stabilized silver nanoparticles is still present after H2O2 addition, though at a 

lower absorbance value.   

The oxidation resistance to H2O2 may be attributed to the phytochemical 

compounds present in the aqueous garlic extract, more explicitly allicin (diallyl-

thiosulfinate) and other allyl sulfides.50  To confirm this hypothesis, garlic extract was 
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added to the citrate stabilized silver nanoparticles and the oxidation resistance was 

measured by UV-VIS.  We observed a significant increase in oxidation resistance for 

citrate stabilized silver nanoparticles when adding garlic extract to the dispersion (see 

Figure 5.7C).  Allicin is the primary organosulfur compound found in garlic37 and is 

credited with having strong anti-oxidant properties including scavenging hydroxyl 

radicals58 and suppressing oxygen radical formation.59 We propose that the freely 

available allyl sulfides dispersed in solution, or bound to the surface of the silver 

nanoparticles, increases nanoparticle oxidation resistance. 

 
Figure 5.7:  UV-VIS spectra for Ag NPs stabilized by A) garlic extract, B) citrate, and C) 
citrate with garlic extract in the presence of 30% H2O2 
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Conclusions 
 

We have demonstrated a one pot “green” synthesis of silver nanoparticles using 

garlic extract as both the reducing and stabilizing agents.  This procedure offers a cost-

effective and “green” alternative to traditional protocols and may be readily scaled-up for 

industry as a result of the low synthesis temperatures and times required.  We show that 

controlling the quantity of the garlic extract employed during synthesis enables facile 

variation of nanoparticle size and size-distribution (approximately 4 and 6 nm in core-

diameter).  An increased synthesis temperature of 60 °C facilitated an increased synthesis 

time, but also increased the polydispersity and size of the nanoparticle dispersion.  ATR-

FTIR and EDX chemical analysis suggest that the reducing and stabilizing agents are 

likely sugars (fructose and/or sucrose), where co-stabilization may also occur by the 

organosulfur compounds present in the garlic extract.  The silver nanoparticles prepared 

using garlic extract demonstrated compatibility with frequently used biological media.  

Oxidation resistance was also observed when H2O2 was added to nanoparticle 

dispersions.   The strong oxidation resistance of the garlic extract prepared silver 

nanoparticles is attributed to the presence of organosulfur compounds in the form of allyl 

sulfides. 
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CHAPTER SIX 

INVESTIGATION OF GOLD NANOPARTICLE LOADING IN LIPID VESICLE 

BILAYERS USING SMALL-ANGLE NEUTRON SCATTERING 

Introduction 
 

Significant advances in metal nanoparticle synthesis have afforded facile control 

of size,1-3 shape,4, 5 and surface chemistry.6, 7  The biomedical field has greatly benefited 

by these advances,8-10 which has resulted in the use of  nanoparticles as contrast agents,8 

hyperthermia agents,10 and targeted drug delivery devices.11, 12, 12  Tailoring the surface 

chemistry of the nanoparticles enhances their effectiveness in application by increasing 

bioavailability, decreasing macrophage uptake, and enabling site-specific targeting.6, 13-15  

Hence, research which investigates the surface modification of nanoparticles and 

increases their biocompatibility is critical for the development future nanotherapies. 

 Coating or encapsulating nanoparticles with lipids is a useful approach to 

increase biocompatibility, as the stabilizing surface chemistry is similar to the structural 

components of the cellular membrane.14, 16-18  Research of hybrid lipid vesicle-

nanoparticle systems is particularly attractive because it affords the potential use of 

hydrophobically stabilized nanoparticles in biomedical applications,19 and maintains a 

hydrophilic vesicle core which can be used for drug loading.20  Numerous studies 

demonstrate the successful loading of hydrophobically stabilized nanoparticles into the 

bilayer of lipid vesicles.16, 17  Disruptions to lipid ordering (fluidity of the membrane)16, 17 

and variation in lipid phase behavior17 has been observed with the addition of 

hydrophobic nanoparticles.  This necessitates detailed characterization of these vesicle-
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nanoparticle systems prior to in vivo use because this directly impacts vesicle size and 

phase behavior.   

Park et al. encapsulated 3 – 4 nm stearylamine stabilized gold nanoparticles into 

the hydrophobic bilayer of lipid vesicles and showed that increasing nanoparticle loading 

within the bilayer caused increased membrane fluidity (or decrease lipid ordering).16   

Bothun showed that loading decanethiol silver nanoparticles into DPPC bilayers resulted 

in altered lipid phase behavior, as observed by decreases in both pre-transition and 

melting temperatures, corresponding to the ripple and fluid phases, as well as increased 

bilayer fluidity.17  This work is complemented by the investigation of Chen et al., who 

used radio frequency to tunably release hydrophilic fluorescent molecules (representative 

of a drug) from DPPC vesicles with 5 nm oleic acid capped magnetic nanoparticles 

partitioned into the bilayer.21  Chen et al. showed that radio frequency induced 

nanoparticle heating resulted in increases in membrane fluidity and the on demand 

release of fluorescent molecules from within the vesicle core.  Rasch et al. demonstrated 

uniform encapsulation of sub 2 nm dodecanethiol stabilized gold nanoparticles into the 

hydrophobic acyl core of phosphatidylcholine bilayers and demonstrated no variation to 

the vesicle structure (determined by cryo-TEM), even at loadings of 1,500 lipids to 

nanoparticle, and suggests that nanoparticle size may impact nanoparticle ordering. 14  

Investigations that study the effects of size, shape, and nanoparticle loading concentration 

on bilayer thickness, fluidity, and phase transitions are critical for the development of 

effective nanotherapies.  For a general overview, Figure 6.1 shows a schematic of the 

significant areas of interest for hybrid vesicle-nanoparticle systems.   
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Figure 6.1:  Schematic of a lipid vesicle and lipid bilayer with hydrophobic nanoparticle 
partitioned into the bilayer. 
 
 

Small-angle neutron scattering (SANS) is a powerful technique which can provide 

structural and compositional information of a variety of samples (both liquid and solid), 

due to neutron scattering length density (SLD, a function of atomic composition, density, 

and incident neutron wavelength) dependence.22  Selective deuteration of lipid vesicle 

dispersions enables simultaneous measurement of lipid vesicle size and bilayer thickness 

(deuterium oxide as the solvent is typically used in conjunction with hydrogenated 

lipids).23, 24  Kiselev et al. used SANS to investigate the vesicle bilayer thickness as a 

function of temperature, demonstrating that increasing temperatures from 10 °C to 60°C 

(corresponding to the gel and fluid phases, respectively for DPPC) results in a decrease in 

thickness from nearly 44 Å to 37Å for dimyristoylphosphatidylcholine (DMPC, contains 
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two 14 carbon chains) vesicles.23  Boggara et al. recently employed SANS to determine 

bilayer thickness variation with varying quantities of a common nonsteroidal anti-

inflammatory drug, and observed low pH values induced decreases in the bilayer 

thickness of DMPC vesicles (decrease from 40 Å to 39 at 30 °C measured at pH values of 

2 and 8, respectively).25  These investigations demonstrate the feasibility of SANS for 

bilayer thickness measurements of hybrid vesicle-nanoparticle systems. 

We have employed SANS to determine the effects of A) nanoparticle 

concentration (10,000:1, and 5,000:1 lipids to nanoparticles, corresponding to ~17 and 35 

nanoparticles per 1000 Å diameter vesicle), B) nanoparticle size (3.9 and 4.2 nm), and C) 

temperature (25 °C, 37°C, and 50°C corresponding to the gel, ripple, and fluid phases, 

respectively) on dimyristoylphosphatidylcholine (DPPC, contains two 16 carbon chains)/ 

dipalmitoylphosphatidylglycerol (DPPG, charged lipid containing two 16 carbon chains), 

and DPPC/DPPG vesicles containing cholesterol as a stabilizing agent.  We show that the 

DPPC/DPPG bilayer thickness increases with gold nanoparticle (GNP, ~3.9 and 4.2 nm) 

loading ratios of 10,000: 1 and 5,000: 1 compared to the control vesicle sample.  

Temperature increases from 25 °C to 50 °C, demonstrated decreases in bilayer thickness 

in DPPC/DPPG vesicle-GNP systems as expected, due to the self-assembly temperature 

dependence of the lipids.  The results from this work have helped create a better 

fundamental understanding of the impact nanoparticle loading has on the vesicle bilayer 

thickness and vesicle clustering in solution which will be useful in the development of 

vesicle-nanoparticle therapeutic systems. 



128 
 

A special note regarding the units used in this chapter:  we intend to be consistent 

with the current literature, and therefore units of Å will used to describe bilayer thickness 

values and vesicle diameters.  Comparatively, nm will be used to describe the size (core-

diameter) of the nanoparticles. 

 
Experimental Methods 

 
Materials 

 
The metal precursor hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, 

99.99%) was purchased from VWR.  The stabilizing agents sodium citrate dihydrate 

(99%), stearylamine (> 80%) and reducing agent sodium borohydride (NaBH4, 98%) 

were purchased from VWR.  ACS grade ethanol (95%) and toluene (99.7%) were 

purchased by VWR.  Deuterium oxide (D2O, 99.9%) was purchased from Cambridge 

Isotope Laboratories.  The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) and   1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG), and 

cholesterol were provided by Dr. Bothun from University of Rhode Island.  All chemicals 

were used without further purification.   

Nanoparticle Synthesis 
 

Citrate stabilized gold nanoparticles (GNPs) were prepared by a modified 

procedure similar to Jana et al.26 yielding ~4 nm diameter particles.  In short, 30 mL of 

citrate solution (0.05 M) was added to 567 mL of DI water in a 1 L volumetric flask.  

Next, 3 mL of 0.05M HAuCl4 was added to the mixture and reduced with 3 mL NaBH4 

(0.05 M).  The resulting aqueous dispersed GNPs were ruby red in color. 
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Next, the GNPs were resuspended in toluene by surface modification using 

stearylamine, similar to procedures previously described.27  Briefly, between 100 to 300 

mL of 0.01 M steartylamine solutions in toluene were added to the 600 mL aqueous GNP 

dispersion in a volumetric flask.  The biphasic mixture was vigorously shaken until the 

GNPs transferred from the aqueous phase to the toluene phase.  The biphasic mixture was 

placed in a 1 L separatory funnel, where the toluene dispersed GNPs were isolated from 

the aqueous phase.  Next, ethanol was added to the GNPs (4:1 ethanol to GNP dispersion 

by volume) followed by centrifugation at 14,500 rpms for 10 min to induce nanoparticle 

precipitation.  The supernatant liquid, containing excess stabilizing ligands and organic 

solvent was decanted.  The GNPs were resuspended in 20 mL neat solvent (hexane or 

toluene) followed by 5 min of sonication.  The purification procedure was performed a 

total of three times before use.  It is important to mention that Bothun and coworkers 

observed changes in lipid phase behavior for purchased nanoparticles dispersions and 

vesicles synthesized with excess ligands (results not published).  Hence, the removal of 

excess surfactants or ligands is extremely critical for accurate characterization of lipid 

phase behavior, particularly when nanoparticles are employed. 

Recursive fraction using the anti-solvent/solvent pair ethanol/toluene combined 

with centrifugation was performed as described by Korgel et al.28 and White et al.29 to 

isolate GNPs, measured to be 3.9 nm and 4.2 nm in core-diameter.  The synthesis, surface 

modification, and fractionation of GNPs were repeated until enough samples were 

prepared (nearly ~30 mL at 5 mg/mL for each size).  Figure 6.2 shows TEM images and 
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size distributions for the two size-fractions of stearylamine stabilized GNPs employed 

during lipid vesicle preparation. 

 

Figure 6.2:  TEM images and respective histograms for stearylamine stabilized gold 
nanoparticles measured to be A) 4.2 nm and B) 3.9 nm in core-diameter. 

 
Lipid Vesicle Preparation 

 
The stearylamine modified gold nanoparticles were shipped to Dr. Geoffrey 

Bothun and Yanjing Chen at the University of Rhode Island.  Yanjing Chen prepared all 

lipid vesicles employed during SANS experiments.  A control lipid vesicle solution was 

prepared consisting of DPPC/DPPG (85%/15% ratio of DPPC/DPPG) dispersed in D2O.  

DPPC/DPPG lipid vesicles were also prepared, with the stearylamine stabilized GNPs 

partitioned into the bilayer (3.9 nm and 4.2 nm).   The loading ratios used were 10,000:1 
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and 5,000:1 (lipids to nanoparticles).  An additional lipid vesicle sample was prepared 

using DPPC/DPPG (80%) with cholesterol (20%) loaded with 5,000: 1GNPs (4.2 nm).   

Both DPPC and DPPG lipids were employed for vesicle formation because 

phosphatidylcholine (PC) and phosphotidylglycerol (PG) lipids make up the majority of 

surfactants in human cellular membranes, for example pulmonary cells membranes are 

composed of ~80% PC and 10% PG lipids, by mass.     

 
Characterization 

 
Transmission Electron Microscopy (TEM) 

All TEM images of GNPs were obtained using a Hitachi 7600 with a 120 kV 

accelerating voltage.  TEM samples were prepared by drop casting ~5 µL of nanoparticle 

dispersion onto a 300 mesh formvar carbon coated copper TEM grid (Ted Pella), 

followed by solvent evaporation.  The size distributions were obtained by image analysis 

performed with the ImageJ software package30 counting at least 1500 particles for 

meaningful and relevant statistics.  

Small-Angle Neutron Scattering (SANS) 
 

SANS experiments were performed on the CG-2 General SANS instrument at the 

High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratories (ORNL, Oak 

Ridge, TN).  All samples were prepared to be 1% by volume and considered dilute.  Each 

sample was loaded into a 2 mm path length banjo cell and measured at 25, 37, and 50 °C.  

Two sample-to-detector distances were used for the 25 and 37 °C measurements (0.3 m 

and 6 m) to obtain a q range from ~0.007 to 0.67 Å-1 with a neutron wavelength of λ = 6 

Å.  An additional sample-to-detector distance of 14.5 m and a neutron wavelength of 18Å 
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was used for the 50 °C measurements at to expand the q range to ~0.001 Å-1.  The 

neutron resolutions, Δλ/λ, were equal to 12% (FWHM).  Empty beam background, empty 

cell background, solvent (deuterium oxide) background, detector sensitivity, sample 

transmission, and sample thickness were considered during raw data reduction.  The 

solvent and empty cell background measurements were used to normalize all SANS data.  

The reduced scattering intensities, I(q), were fit as a function of the scattering vector, 

q(θ).  Here, q(θ) = 4πsin(θ)/λ and θ is defined as the scattering angle.  All SANS fitting 

was performed using Igor Pro 6.03 software and models provided by NIST.31 

In order to determine the impact of small hydrophobic nanoparticles embedded 

into a lipid bilayer (change in bilayer thickness), a lamellar model was used for all SANS 

spectra.32  In the lamellar model, the bilayer thickness (TBL), polydispersity of TBL, were 

set as adjustable parameters, while the solvent SLD (SLDsolv) for deuterium oxide and the 

hydrogenated phospholipid bilayers (SLDBL) were held to be 6.33 x 10-6 Å-2 and -2.77 x 

10-7 Å-2
, respectively.  Figure 6.3 shows the adjustable parameters used in the lamellar 

model.  For an in depth discussion of the lamellar model, see Appendix A. 

 

Figure 6.3:  Schematic of the lamellar model used for SANS data analysis  
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Results and Discussion 
 

DPPC/DPPG-GNP Lipid Vesicles 

Figure 6.4 shows fit SANS data for the DPPC/DPPG control vesicle solutions 

using a lamellar model32 at 25 °C, 37°C, and 50 °C.  Figure 6.5 shows fit SANS spectra 

for the 3.9 nm GNPs partitioned into the DPPC/DPPG bilayer with varying temperatures 

and loading ratios.  A noticeable increase in scattering intensity is observed at low q 

(between 0.001 and 0.004 Å-1) for the control DPPC/DPPG vesicles, compared to the 

DPPC-GNP concentrations of 10,000:1 and 5,000:1 suggesting an increase in vesicle size 

(50 °C).  Based on the SANS spectra, the vesicles are larger than 1200 Å in diameter; 

however, the exact diameter could not be determined due to the polydispersity of vesicles 

in solution and presence of large aggregates of vesicles (decreasing intensity with 

increasing q is evident at the low q range in place of the expected Guinier regions are 

observed in the SANS spectra).  Dynamic light scattering (DLS) studies performed by 

Bothun demonstrated that the mean vesicle size in solution increases with decreased lipid     

to nanoparticle ratios (measured to be between 1000 and 1500 Å in diameter),17 and 

supports the increase in scattering intensity measured in the SANS spectra. 

Table 6.1: Bilayer thickness values determined from SANS spectra for varying lipid 
vesicles systems measured at varying temperatures. 

lipid sample TBL (Å), 25 
°C 

TBL (Å), 37 
°C 

TBL (Å), 50 
°C 

DPPC/DPPG Control 43.8 ± 6.8 43.6 ± 7.3 40.2 ± 10.2 
DPPC/DPPG 3.9 nm GNPs 10K:1 44.2 ± 7.2 43.9 ± 7.3 40.0 ± 12.0 
DPPC/DPPG 3.9 nm GNPs 5K:1 44.9  ± 8.8 44.2 ± 7.9 39.9 ± 1.9 
DPPC/DPPG 4.2 nm GNPs 10K:1 43.6 ± 8.3 43.2 ± 6.8 38.9 ± 10.3 
DPPC/DPPG 4.2 nm GNPs 5K:1 40.6 ± 6.5 41.3 ± 6.3 38.7 ± 9.3 
DPPC/DPPG 4.2 nm GNPs 5K:1 

w/cholesterol 44.1 ± 7.7 45.2 ± 6.6 46.6 ± 8.1 
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Figure 6.6 shows a bar chart for TBL of DPPC/DPPG vesicles with varying 

temperature and GNP loading.  As expected, TBL decreases with increasing temperature 

for the DPPC/DPPG control sample, from 43.8 ± 6.8 Å to 40.2 ± 10.2 Å between 25 °C 

to 50 °C, respectively.    Table 6.1 shows a summary of all of TBL for all of the SANS 

spectra collected.  When 3.9 nm GNPs are embedded into the lipid bilayer, an increasing 

trend is noticeable for TBL at 25 °C and 37 °C.  Figure 6.6A shows the TBL measured at 25 

°C and a loading of 10,000: 1 to be 44.2 ± 7.2 Å.  The TBL was shown to increase at a 

loading of 5,000:1 to 44.9 ± 8.8 Å, also at 25 °C.  Near the rippled transition stage for 

DPPC (37 °C), TBL increases as the ratio of lipids to nanoparticles decreases—the same 

trend is noted for 25 °C.  Interestingly, the TBL values measured at 50 °C for the 

DPPC/DPPG vesicles with GNPs were smaller than the control and larger for the 

10,000:1 sample compared to the 5,000:1 suspension (Figure 6.6A).    

 

Figure 6.4:  SANS spectra fit with a lamellar model for DPPC/DPPG vesicles (~ 1000 Å 
in diameter) dispersed in deuterium oxide with varying temperature. 
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Figure 6.5:  Fit SANS spectra for DPPC/DPPG vesicles with 3.9 nm gold nanoparticles 
partitioned into the bilayer at loading ratios of A) 10,000:1 and B) 5,000:1 lipids to 
nanoparticle measured at varying temperatures. 

 

 

Figure 6.6:  Bilayer thickness results for DPPC/DPPG lipid vesicles with varying A) 3.9 
nm and B) 4.2 nm gold nanoparticle loadings measured at varying temperatures and with 
cholesterol added as a stabilizer. 
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Figure 6.7:  Fit SANS spectra for DPPC/DPPG vesicles with 4.2 nm gold nanoparticles 
partitioned into the bilayer at a loading ratio 5,000:1 lipids to nanoparticle measured at 
varying temperatures A) without cholesterol, and B) with cholesterol added as a 
stabilizing agent. 

Temperature increases have been shown to increase the fluidity of the DPPC 

bilayer,16 the addition of small nanoparticles has been shown to enhance this effect.16, 17  

Park et al. demonstrated a concentration dependent increase in bilayer fluidity for 3 - 4 

nm stearylamine stabilized GNPs (similar to those studied in this investigation).16  The 

fluid state of the lipids may enable free movement of the GNPs within the bilayer, 

inducing GNP cluster formation.  We hypothesize that small centrally localized clusters 

of GNPs within the DPPC/DPPG bilayer will provide a lower mean TBL compared to 

evenly distributed GNPs, and may explain the smaller measured TBL value at 50 °C, 

compared to the lower temperatures.  Further investigation of nanoparticle location and 

clustering effects within the bilayer can be achieved with cryo-TEM and DLS 

experiments.   

Thermodynamic modeling has predicted that nanoparticles up to 8 nm in diameter 

may be accommodated into a lipid bilayer.33 Park et al. calculated the theoretical size of 
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the bilayer to be 41.2 Å in thickness.16  In addition to 3.9 nm GNPs, we also loaded 4.2 

nm GNPs into the DPPC/DPPG bilayer to determine if noticeable changes in TBL are 

measureable.  We expect the 4.2 nm GNPs to readily partition into the DPPC/DPPG 

bilayer at 25 °C; however, they may be too large when the bilayer decreases at elevated 

temperatures (50 °C).34  Figure 6.6B shows the TBL values for 4.2 nm GNPs at varying 

temperatures and loading ratios.  As expected, we observed that increasing temperature 

results in decreases in TBL with increasing nanoparticle loading.  However, the SANS 

data obtained from the 4.2 nm GNPs demonstrates a decrease in TBL compared to the 

control sample for all temperatures studied.  Bothun demonstrated that the affinity of the 

hydrophobic surface chemistry of the GNPs for the acyl chains of the lipids directly 

disrupts bilayer formation.17  The larger size of the 4.2 nm GNPs compared to the 3.9 nm 

GNPs previously described, likely have a lower efficiency at partitioning into the DPPC 

bilayer (more so when considering the polydispersity of the sample).  A change in 

scattering intensity near 0.03 Å-1 is observed for the vesicles with 4.2 nm GNPs loaded at 

5,000:1, which deviates from the lamellar model (all temperatures, see Figure 6.7A).  The 

Guinier region expected for a 4.2 nm GNPs is expected to begin at ~0.03 Å-1 and the 

change in scattering intensity is likely caused by lipid capped GNPs.  During DLS 

analysis of DPPC lipid vesicles with silver nanoparticles partitioned into the bilayer, 

Bothun observed scattering from objects similar in size to DPPC capped nanoparticles.17  

This work suggests that larger sized nanoparticles may not partition into the DPPC 

bilayer, and instead become coated in a monolayer of lipids enabling their dispersibility 

in aqueous solution.17   Hence, the deviations in the scattering spectra caused by the lipid 
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capped GNPs may cause the lamellar model to be less accurate in predicting the bilayer 

thickness, and may explain the decreased TBL compared to the DPPC/DPPG control. 

 

DPPC/DPPG-GNP Lipid Vesicles with Cholesterol 

4.2 nm GNPs were also embedded into the bilayers of DPPC/DPPG vesicles with 

cholesterol present as a stabilizer (5,000: 1).  Figure 6.6B shows a bar graph of TBL with 

varying temperature.  TBL increases with variation in temperature, noticeably different 

from the samples without cholesterol.  Cholesterol has been shown to cause an increase 

in TBL by 3 to 4 Å for DMPC lipid vesicles as it orients perpendicular to the membrane 

minimizing any tilted orientation of lipids and therefore also increases the fluidity of the 

bilayer.35  The change in TBL induced by cholesterol may be more noticeable at elevated 

temperatures (due to negation of the lipid tilt orientation) and therefore may explain the 

reverse in TBL for variation in temperature.  No change in scattering intensity near 0.03 Å-

1
 is present in the SANS spectra for vesicle solutions containing cholesterol (Figure 

6.7B).  This suggests that cholesterol has increased the stability of the vesicles in solution 

and minimized the formation of lipid capped GNPs, compared to the 5,000:1 

DPPC/DPPG sample (4.2 nm GNPs).  The increase in stability for the DPPC/DPPG 

vesicles is likely a result of the increased bilayer thickness induced by cholesterol 

addition.  Future studies should include measuring the TBL for DPPC/DPPG vesicles with 

cholesterol present to quantify how thick the DPPC/DPPG bilayer is without 

nanoparticles present.  This would facilitate a better understanding of the effects of GNPs 

on the bilayer. 
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Conclusions 
 

This present work utilized SANS to determine the effects of GNP loading on TBL 

for DPPC/DPPG and DPPC/DPPG with cholesterol.  For DPPC/DPPG vesicles, 

increased concentrations of 3.9 nm GNPs  stabilized by stearylamine lead to an increase 

in TBL for samples measured at 25, 37, and 50°C compared to the control vesicle sample.  

A decrease in TBL was observed for the larger 4.2 nm GNPs partitioned into the bilayer, 

along with variation in SANS scattering intensity near 0.03 Å-1 (indicative of lipid capped 

nanoparticles).  These results support previous findings which suggest that larger 

nanoparticles may partition into the lipid bilayer at lower efficiency than smaller 

nanoparticles.  In general, TBL decreased with increasing temperature as expected.  

Comparatively, the TBL was observed to increase with increasing temperature when 

cholesterol is added as a stabilizing agent and suggests further investigation is necessary 

to better understand lipid ordering.  The results from this work are useful to applications 

which propose to use lipid vesicles as transport vehicles for hydrophobically modified 

nanoparticles in nanomedicine.  These results also provide substantial reasoning to 

support further investigation on TBL changes.   
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CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

This work provides the first in-situ measurements of ligand structure and 

solvation under anti-solvent conditions which mimic the precipitation process using 

SANS.  We show that increasing the anti-solvent composition (CO2 or ethanol), leads to 

decreases in ligand length and solvation for both dodecanethiol and octadecanethiol, 

respectively.  The weakened solvent strength, caused by ethanol or CO2 addition, induces 

a decrease in ligand length for both dodecanethiol and octadecanethiol ligands on both 

gold and silver nanoparticles.  The SANS results demonstrate that the driving force for 

anti-solvent precipitation is the simultaneous decrease in ligand length and solvation and 

is the same for both the liquid-liquid and gas-liquid processes.  Overall, the SANS 

investigations showed that nanoparticle dispersibility is a function of ligand surface 

coverage, nanoparticle curvature (size), and chain length.  During this investigation, we 

confirm that nanoparticles can be fractionated based on size, as well as fractionation 

based on degree of ligand surface-coverage. 

We anticipate that the results obtained from the SANS experiments will lead to 

the development of more accurate interaction energy models aimed at predicting 

nanoparticle dispersibility at defined solvent compositions, ligand length, metal type, 

varying surface coverage, and nanoparticle size and shape.  These models will lead to 

decreased nanoparticle processing times, and potentially to the development of new 

nanoparticle synthesis procedures in GXLs. 
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This work also demonstrates the first ever gold nanorod fractionation using 

GXLs.  This technique is highly advantageous because it is pressure tunable, and resulted 

in both increases in GNR sample monodispersity and removal of excess seed 

nanoparticles.  GNR dispersibility was also investigated as a function of A) solvent 

choice, including CO2-expanded cyclohexane, toluene, and n-hexane, and B) ligand 

length comparing 12 carbon chains to 18 carbon chains.  These results will prove useful 

to nanoparticle applications which may benefit from rod shaped nanoparticles, for 

example polymer nanocomposites.  We hope that this technique can be used to create a 

new class of nanomaterials which utilizes the unique properties of GNRs, 

The research performed within this dissertation also presents a facile synthesis 

procedure for silver nanoparticles using garlic extracts, and follows Green Chemistry 

Principles.  Variation of the garlic extract quantity employed during synthesis was shown 

to enable control over nanoparticle size and size-distribution.  These nanoparticles proved 

to be stable in biological media and showed high oxidation resistance against H2O2 

providing evidence that they may be suitable candidates for in vivo therapies.  Future 

work may also employ these garlic stabilized silver nanoparticles in studies which aim to 

distinguish the toxicities between silver ions and silver nanoparticles. 

Lastly, we used SANS to investigate the effect of gold nanoparticle loading on 

hybrid lipid-vesicle systems composed of DPPC/DPPG lipids which have the potential to 

be used as nanotherapies delivery devices.  The SANS results demonstrate that increased 

nanoparticle loading resulted in increased bilayer thicknesses and correlated to increase 

bilayer fluidity.  These results suggest that further work must be performed to develop 
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better vesicle-nanoparticle delivery devices, as high membrane fluidity can negatively 

impact the membrane transport properties—and hence the application of the vesicles.  As 

expected, increases in temperature led to decreases in bilayer thickness, with the 

exception to those vesicles which were stabilized by cholesterol.   

 

Recommendations 

After completing this dissertation, a fundamental question has revealed itself after 

analyzing the SANS data for ligand solvation.  Though interaction energy models will 

directly benefit from the results presented in this work, I am confident that further 

understanding is necessary with respect to preferential solvation within the solvent 

mixtures.  We were unsuccessful in determining if anti-solvent conditions caused 

localized solvation by the “good” solvent, i.e. is there a hexane rich portion of the ligand 

shell when CO2 is added to a GXL dispersion?  

One potential approach to determine preferential solvation would be to perform 

SANS on either hydrophobically modified nanoparticles or alkane chains adsorbed to a 

substrate (silica or gold).  The solvent conditions would need to be varied as previously 

demonstrated; however, contrast matching must also be employed.  For example mixtures 

of deuterated hexane and hydrogenated hexane can be used with hydrogenated ligands.  

The same measurement would be nicely complemented by using deuterated ligands and 

hydrogenated solvents, though this approach may prove to be more expensive.  In the 

event that monolayers of alkane chains are used instead of hydrophobically stabilized 

nanoparticles, advanced neutron diffractometer/reflectometer (AND/R) may be used in 
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place of SANS.  This experiment may afford the use of a step function to model the 

solvent composition with respect to the axial length of the ligand shell. 

I also recommend that a detailed and mechanistic investigation should be 

performed for the synthesis of gold nanoparticles in a gas-expanded liquid.  My first 

experiment would employ hydrophobic amines as the phase transfer catalysts (for 

example stearylamine) and stabilizing agents to move aqueous gold ions into toluene.  I 

would then add CO2 to the toluene solution of hydrophobically stabilized ions to a pre-

determined pressure (50 to 100 psi would be a good starting point).  If no nucleation step 

occurs, 4-hexadecylaniline could be used as a reducing agent to catalyze nanoparticle 

synthesis, and could be readily added to the GXL mixture using a metering pump or 

injection loop.  Sodium borohydride (NaBH4) could also be used in lieu of 4-

hexadecylaniline.  I would avoid attempting to perform the Brust method in a GXL due to 

the high cost and quantity of TOAB surfactant needed. 

With respect to gold nanorod processing, I believe the next logical step in the 

research is to investigate the precipitation conditions necessary to deposit wide-area 

arrays of GNRs.  This would be beneficial because it could provide the opportunity for 

the development of a new nanoparticle device.  Because the GNRs are hydrophobic, this 

device could be a biosensor as it should not degrade in aqueous media.  Plasmon 

resonance changes could be measured by UV-VIS. 

The work performed investigating the synthesis of silver nanoparticles using 

garlic extract demonstrated a unique potential for phytochemicals to replace the 

traditionally employed reagents used within our group.  Moreover, they proved to 
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increase compatibility with biological media and had high oxidation resistance.  Future 

work should include further exploring the reduction and stabilizing capabilities of the 

garlic extract.  One proposed goal would be to synthesize non-spherical nanoparticles 

using biocompatible polymers (Pluronics for example), and would provide an alternative 

to wet-chemical synthesis procedures which employ CTAB.   My first experiment would 

utilize gold or silver salts as the precursor metals, garlic extract as the reducing and 

stabilizing agents, and pluronic as the shape directing surfactant.  If this experiment does 

not provide positive results, a seed mediated approach could also be investigated using 

garlic extract stabilized nanoparticles as the seeds in combination with another shape 

directing surfactant (Triton X100).  

Future experiments may also include incorporating GNRs into PLA polymer (cast 

films or extruded polymer).  Any approach for this work should utilize hydrophobically 

stabilized GNRs, either by surface modification or through synthesis.  Chloroform has 

been shown to readily dissolve PLA and would be my first solvent choice for dispersing 

both PLA and GNRs in the same solution.  I hypothesize that the hydrophobic surface 

chemistry of the GNRs will afford well dispersed nanoparticles within the polymer 

matrix when dry.  However, if this is not the case, one may attempt to better disperse the 

GNRs within the PLA matrix by either rapidly spraying the PLA/GNR mixture into super 

critical CO2 to facilitate encapsulation, or using super critical drying techniques 

(replacing the chloroform with liquid CO2 and then removal of the CO2).  The PLA/GNR 

nanocomposites should have enhanced surface plasmon resonance, increased stiffness, 

and photothermal activity making a new type of nanomaterial. 



148 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDICES 
  



149 
 

APPENDIX A 

SANS THEORY AND MODELS 

The scattering intensity, I(q), of neutrons collected during a small-angle neutron 

scattering (SANS) experiment is described as: 

 

! ! =   !" ! ! !           (A1) 

 

Here, ! is the volume fraction of the particles in the solution (i.e. nanoparticle 

concentration).  The form factor P(q) describes the size and shape of the particles in 

solution (several form factors will be discussed later).  The structure factor, S(q), 

describes any particle-particle interactions (for example attractive forces).  For dilute 

samples of particles in solution (! = 1%), S(q) is assumed to be unity and therefore only 

a form factor is required to describe I(q). The scattering variable, q = (4π/λ)sin(θ/2), units 

of Å-1. 
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Sphere Model1 

The spherical model calculates the form factor, P(q), for monodisperse spherical 

particles with uniform scattering length density (SLD). The form factor is normalized by 

the particle volume, V = (4π/3)r3.  

 

! ! =    !"#$%
!

!!(!")(!"# !" !!"#$%(!")
(!")!

+ !"#      (A2) 

 

The adjustable parameters in the sphere model are the scale, particle radius, r (Å), 

scattering length density (SLD, Å-2) of the particle sphere SLDcore, the solvent SLDsolv, 

and the background (bkgd, cm-1)—see Figure A1.  Here, Δρ = SLDcore - SLDsolv.  In 

general practice, the scale is set equal to !, thus I(q) = ! P(q), though this is not required.   

 

 

Figure A1:  Schematic of the sphere model 

 



151 
 

Core-Shell Model1 

The core-shell model calculates the form factor, P(q), for monodisperse spherical 

particles with a core-shell structure.  As with the sphere model, the form factor is 

normalized by the total particle volume, Vshell = (4π/3)rshell
3.  The nanoparticle core 

volume, Vcore = (4π/3)rcore
3.  This form factor is described as:  

 

! ! =

  !"#$%
!!

!!!(!"#!"#$!!"#!!!"")
(!"#!!!"#$!!!!"#$ !"#!!!"#$)

!!!"#$!
(!!!"#$)

!"!"#$
+

!!!(!"#!!!""!!"#!"#$)
(!"#!!!!!""!!!!!!"" !"#!!!!!"")

!!!!!""!
(!!!!!"")

!!!!!""

!

+ !"#     (A3) 

Here, the adjustable parameters are the scale, core radius (Å), shell thickness (Å), SLD-

core, SLDShell, SLDsolvent, and background (bkg, cm-1)—see Figure A2.  Here, rshell = rcore + 

t. 

 

 

Figure A2:  Schematic of the core-shell model 
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Polydisperse Core-Shell Model2 

The polydisperse core-shell model calculates the form factor, P(q), for  

polydisperse core-shell particles with constant shell thicknesses.  The form factor is 

normalized by the average particle volume such that P(q) = scale * <f*f>/Vol + bkg, 

where f is the single particle scattering amplitude, appropriately averaged over the Schulz 

distribution of radii.  The adjustable parameters are the scale, average core radius (Å), 

core polydispersity, shell thickness (Å), SLDcore, SLDshell, SLDsolv, and background (bkg).  

The returned form factor is normalized by the average particle volume <V>: 

 

! =    !!
!
!!                       (A4)  

and !! =    (!!!)(!!!)
(!!!)!

!      (A5) 

where, ! =    !
!!

− 1           (A6) 

For a more in depth discussion of the Schulz distribution, see J. Hayter in “Physics of 

Amphiphiles – Micelles, Vesicles, and Microemulsions” V. DeGiorgio and M. Corti, 

Eds. (1983) p. 69. 
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Fractal Model3 

The fractal model calculates the scattering from fractal-like clusters or aggregates 

in solution which are composed of spherical building blocks.  The adjustable parameters 

within the fractal model are the volume fraction (scale), repeat block radius (Å), fractal 

dimension (Df), correlation length (Å), SLD of the block, SLDsolv, and the background 

(bkgd)—see Figure A3. 

Here, ! ! =   ! ! ! ! + !"#$. 

! ! =   !!!Δ!!!(!!!)!                 (A7) 

where, !! =   
!
!
!!!!                          (A8) 

and, ! ! =    ! !"# ! !!(!"#  (!)
!!

           (A9) 

The spherical building blocks flocculate to form fractal-like clusters.  The clusters have a 

correlation length, L, which corresponds to the size of their short range order, and a 

fractal dimension of self-similarity, Df.  The particle clustering interactions is calculated 

by S(q), which is shown below: 

! ! =    !"# !!!! !"#!!(!")

!!!
!!

!!!(!!!!)

!!!/(!!!!) (!!!!)/!
       (A10) 

 

Figure A3:  Schematic of the fractal model. 
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Lamellar Model4 

The lamellar model calculates the form factor for the lyotropic lamellar phase.  

The scattering intensity is calculated for the lamellae bilayers of uniform scattering length 

density, which are randomly distributed in solution.  The thickness of the lamellae is 

polydisperse.  The adjustable parameters in the lamellar model are the scale, bilayer 

thickness (TBL, Å), polydispersity of the thickness, bilayer SLD (SLDBL), SLDsolv, and the 

background (bkdg).  Here, the scattering intensity is calculated as: 

 

! ! =    !!"(!)
!!"!!

                                                        (A11) 

where, ! ! =    !!!
!

!!
1− cos !!!" !!!!!!/!     (A12) 

 

σ = variation in TBL or TBL* polydispersity.  Δρ is the difference in SLDBL and SLDsolv. 

 

 

Figure A4:  Schematic of the lamellar model. 
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APPENDIX B 

ADDITIONAL SANS RESULTS FOR GOLD AND PALLADIUM NANOPARTICLES 

IN GAS-EXPANDED HEXANE 

In Chapter 3, we discussed the small-angle neutron scattering (SANS) results 

obtained from four populations of dodecanethiol stabilized silver nanoparticles in gas-

expanded n-hexane-d14 with varying CO2 mole fractions.  In Appendix B, we provide 

additional results obtained at both the NCNR at NIST (Gaithersburg, MD) and HFIR at 

ORNL (Oak Ridge, TN) for gold and palladium nanoparticles in gas-expanded n-hexane-

d14, respectively. 

Experimental Methods 

Materials 

The metal precursor gold (III) chloride hydrate (HAuCl4, 99.99%) was purchased 

from VWR.  The stabilizing agents 1-hexanethiol (>95%) and sodium citrate dihydrate 

(99%) were purchased from VWR.  The reducing agent sodium borohydride (NaBH4, 

98%) was also purchased at VWR.  n-Hexane was purchased from VWR (95%).  The 

deuterated solvent, n-hexane-d14 was purchased from Cambridge Isotope Laboratories 

(98%).  The CO2 was obtained from National Welders and was Coleman Grade (99.99%).  

All chemicals were used without further purification.  All glassware used for the 

synthesis of metallic nanoparticles were washed and rinsed with acetone, rinsed with DI 

water, and then dried using compressed air.   
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Gold Nanoparticle Synthesis 

Gold nanoparticles (GNPs) were synthesized with a modified Liu method6.  In 

short, 200 µL of a 0.05 M HAuCl4 solution was added to 200 µL of a freshly prepared 

0.05 M citrate solution.  This mixture was then diluted to 20 mL with water.  The gold 

ions were reduced by the addition of 600 µL of ice cold NaBH4 (0.05 M).  The resulting 

solution was ruby red in color, indicative of the presence of GNPs (~4 nm in core 

diameter). 

Subsequent surface modification of the GNPs afforded suspension in n-hexane.  

Briefly, 10 mL of the aqueous GNP dispersion was placed in a test tube, followed by 5 

mL of n-hexane.  Next, 200 µL of hexanethiol was added to the organic phase and the 

biphasic mixture was vigorously shaken enabling interaction between the thiol group and 

the surface of the GNPs.  The shaking afforded the phase transfer of the nanoparticles 

into n-hexane.  The GNP dispersion was purified from excess hexanethiol ligands as 

previously described for dodecanethiol stabilized silver nanoparticles in Chapter 3.  Prior 

to SANS experiments, the GNPs were dried to a thin film using nitrogen and then 

redispersed in n-hexane-d14.  

 

Palladium Nanoparticles Synthesis 

Dr. Juncheng Liu from Dr. Christopher Roberts’ research group (Auburn 

University, AL) provided palladium nanoparticles dispersed in n-hexane capped by either 

dodecanethiol or hexanethiol (reported to be 3.4 ± 0.7 nm and 4.8 ± 0.9 nm, 

respectively).  These particles were precipitated from n-hexane using the hexane/ethanol 



158 
 

solvent/anti-solvent pair in combination with centrifugation.  The palladium nanoparticles 

were re-dispersed in n-hexane-d14 prior to SANS experiments. 

 
GNP Isolation 

 
The GNPs were isolated using the GXL technique described in Chapter 3.  

Hexanethiol stabilized GNPs were isolated between 600 and 650 psi of CO2 and were 

measured to be 4.6 ± 0.8 nm by TEM. 

 

Results and Discussion 

Gold nanoparticles capped by hexanethiol (ORNL) and palladium nanoparticles 

capped by either dodecanethiol or hexanethiol (NIST) dispersed in n-hexane-d14 were 

investigated using SANS at varying CO2 mole fractions.  Figure B1 shows the mean core 

diameter for alkanethiol capped gold and palladium nanoparticles dispersed in solution as 

a function of CO2 mole fraction.  Figure B1 shows that mean core-diameter of 

nanoparticles decreases with increasing CO2 mole fraction.     

Figure B2 shows the shell thickness values obtained from the SANS spectra for 

the dodecanethiol stabilized palladium nanoparticles. The dodecanethiol ligand length at 

ambient pressure was determined to be between 11 Å.  At elevated CO2 mole fractions, 

the dodecanethiol shell decreases to ~6.5 Å prior to nanoparticle precipitation.  The 

shorter ligand length of hexanethiol combined with the Q range allowable at high 

scattering angles (θ) did not provide enough resolution for measurements of the ligand 

length and shell SLD (SLDshell) for the gold and palladium particles.  
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Figure B1:  Mean particle diameter for gold and palladium nanoparticles capped by 
hexanethiol or dodecanethiol dispersed in n-hexane, d14/CO2 GXL as a function of CO2 
mole fraction.   

 

Figure B2:  Dodecanethiol shell thickness of palladium nanoparticles with varying CO2 
mole fraction determined from a core-shell model fit of SANS spectra. 
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The fit values of SLDshell for dodecanethiol on palladium nanoparticles are shown 

in Figure B3 with varying CO2 mole fraction.  The increase in CO2 mole fraction results 

in a decrease in the SLDshell, beginning at ~25% CO2 mole fraction.  The low and even 

negative SLDshell values at elevated CO2 mole fractions indicate that the molar 

composition of the shell is largely composed of the hydrogenated alkanethiol tail opposed 

to the gas-expanded hexane.  Analysis of the SLDshell values as a function of increasing 

CO2 mole fraction demonstrates decreasing ligand solvation which supports decreased 

nanoparticle dispersibility.  Using Equation 3.1 from Chapter 3 will yield the 

dodecanethiol ligand solvation—the shape of the curve is identical to that shown in 

Figure B3 and is therefore omitted.  However, Table B1 shows the ligand solvation data.  

Corresponding to the decreases in SLDshell, the ligand solvation decreases with increasing 

CO2 mole fraction as a result of the weakened solvent conditions. 

 
Figure B3:  Scattering length densities of dodecanethiol stabilized ligands on 3.4 nm 
palladium nanoparticles with varying CO2 mole fraction dispersed in n-hexane-d14. 
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Table B1:  3.4nm Pd NPs capped by dodecanethiol data measured from SANS 
experiments performed at NIST (core-shell model) 

% CO2 
diam. 
 (nm) 

SLDshell  
(Å-2) 

Shell 
 Thickness (Å) 

%Ligand 
 Solvation χ2 

0 3.52 5.11E-06 11.0 84 2.23 
25 3.42 4.79E-06 10.3 85 1.94 
37 3.35 4.00E-06 8.0 76 1.85 
51 3.01 1.67E-06 6.5 39 1.86 
66 2.53 -7.22E-08 6.4 6 1.55 

 

The ligand surface coverage and percent ligand solvation was determined by 

evaluating the SLDshell, SLDsolv, the SLD of dodecanethiol ligand (SLDDDT), and the 

mean core-diameter values.  The mean surface coverage was determined to be 57% for 

the palladium nanoparticles (see Equation 3.2 in Chapter 3).  The ligand solvation of 

dodecanethiol on the palladium nanoparticles was measured to be 84% at ambient 

pressure.  As the CO2 mole fraction increased in the GXL, the ligand solvation decreased 

to approximately 6% prior to nanoparticle precipitation.  The large ligand solvation is a 

result of the extreme curvature of the palladium nanoparticle and the low surface 

coverage (57%).   

 

Conclusions 

SANS demonstrated that increasing CO2 mole fraction result in decreases in the 

dispersible core-diameter of gold and palladium nanoparticles.  The short ligand length 

and limited q range during SANS experiments prevented the measurement of the ligand 

structure and solvation of hexanethiol stabilized gold and palladium nanoparticles.  We 
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observed the dodecanethiol ligand shell on palladium nanoparticles to decrease from 11 

Å to nearly 6.5 Å prior to precipitation at 66 mol% of CO2. A core-shell model fit to the 

SANS spectra demonstrated the dodecanethiol ligand shell to be 84% solvated at ambient 

pressure—a result of the extreme curvature of the palladium nanoparticle and the low 

surface coverage (57%).  As the CO2 mole fraction increased in the gas-expanded 

mixture, the dodecanethiol solvation decreased to nearly 0% prior to nanoparticle 

precipitation. 
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APPENDIX C 

TRANSMISSION ELECTRON MICROSCOPE OPERATING PROCEDURES 

Getting Started 

• Ensure both liquid nitrogen traps are full.  One is located on the rear of the 
microscope and the other is near the condenser stage.  I topped off both traps at 
least every hour during experimentation. 
  

• Ensure the accelerating voltage is at least 100 kV.  For the images obtained in this 
dissertation, 120 kV was always used.  
 

• Turn on the filament current, and make sure that the filament bias is on.  
 

• Place your sample in the sample holder and load into the “standby” position 
within the column. 
 

Alignment Procedure for Imaging Mode 
 

• Ensure the objective and diffraction apertures are in the out position 
 

• Ensure that you are at the lowest magnification setting (far left controller on left 
panel turned all the way counter clockwise) 
 
 

• Push the beam horizontal button, BH, on the right hand panel, and then use the 
multifunction xy knobs to center the brightly focused beam. If you cannot see the 
beam, adjust the brightness (middle knob on the left panel) until it is a small 
focused spot. 
 

• Align the condenser using the two xy screws located on the aperture (this is the 
large metal knob located at the right/middle section of the column well above 
head level when seated). 
 
 

• Systematically increase the brightness and simultaneously increase the 
magnification until you are at 600 kx magnification.  Each time the magnification 
is increased, the spot size will also increase, but light intensity will decrease.  
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• Insert your sample by rotating it clockwise enabling it to fully load into the 

column 
 

• Decrease the magnification to ~100 kx and find something to focus on.  
Nanoparticles are a good choice! 
 

• Increase the magnification until the object of interest is reasonably visible 
 

• Press the wobble button, WOB, and adjust the Z control knob to adjust the height 
of your sample until your specimen stops moving 

 
• Toggle off the wobble button, WOB 

 
• Turn on modulation, MODU, and adjust the xy knobs until your specimen stops 

moving—this ultimately controls the beam tilt.  The small knobs will now control 
the beam tilt.  

 
• Toggle off modulation, MODU 

  
• Re-evaluate the beam alignment.  If it is not centered, use the xy controls to re-

center the beam. 
 

 
• Press the IN/OUT button to insert the aperture 

 
• Find another specimen on to evaluate on the sample and turn on the monitor for 

imaging mode, and insert the camera. 
 

• Begin taking images with the AMT Camera.. 
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APPENDIX D 

IMAGEJ ANALYSIS 

ImageJ is a commercially freeware software which enables the user to measure 

nanoparticle size and shape.  Here I outline the basic steps for successful nanoparticle 

sizing. 

1) Set scale 

 

 
CLICK >>Analyze >> Set Scale 
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Adjust Threshold until your particles look nice and circular  
CLICK >> Image >> Adjust Threshold 
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If you have nanoparticle coloring issues, where they overlap etc, that’s ok, just use the 
section of the image where the particles look great! 

 
If particles are touching each other, it can get tricky.  So use the Watershed tool. 
CLICK >>Process >> Binary >> Watershed 
Make sure your particles are spherical, and clearly represent the sample you are 
measuring! 

 
2) Make sure you have the correct measurements selected to measure 

CLICK >>Analyze >> Set Measurements 
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3) Count your particles 

CLICK >> Analyze >> Analyze Particles 
*make sure to “show outlines” to verify you are counting what you think you are 
counting. 
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4) Collect data 
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5) Data Analysis: 
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APPENDIX E 

MULTI-ANGLE LIGHT AND DYNMAIC LIGHT SCATTERING 

General Notes 

• Clean all glassware thoroughly prior to sample preparation and sample loading 

• Ensure no fingerprints are evident on the outside of the scintillation vial by 

cleaning with a Kimwipe and alcohol 

• Light scattering samples should be loaded into scintillation vials and contain at 

least 5 mL of sample. 

• The calibration constant should be measured and updated once a month and hand 

written on a sticky note visible on the front of the instrument.  Please see the 

Astra Operator’s manual for further discussion. 

Getting Started 

• Load your solvent sample into the instrument 

• Initiate the Astra Software 

• Begin a new experiment 

o CLICK >> File >> New >> Experiment from Default 

§ I have already created default templates for DLS so no new 

templates creations are necessary 
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o Selective solvent  

 

 
o Give your sample a name 
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o  For colored solutions, including nanoparticle dispersions make sure you 

set the divide laser to the FORWARD MONITOR 

 

o Make sure your calibration constant matches the value hand written on the 

top of the instrument—the calibration constant should be measured once a 

month 

o CLICK >> Experiment >> Run 

 

o CLICK >> Experiment >> Run Indefinitely 

o Failure to do so will result in the experiment automatically 

terminating after 15 min 
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o Click Basic Collection to monitor scattering from solvent 

o Measure the solvent scattering for ~2 to 5 min 

o Ensure that scattering from your solvent is a FLAT LINE 

producing low scattering intensities—this is dependent upon 

the solvent 

o Remove the solvent, and put your sample into the instrument. 

o Measure sample light scattering for at least 5 min 

o Ensure that the sample scattering is a flat line, and the 

scattering intensity at least an order of magnitude larger than 

the solvent scattering 

o Remove sample from instrument, and replace with the solvent again 

o Measure the solvent scattering for ~2 to 5 min 

o Ensure that scattering from your solvent is a FLAT LINE 

producing low scattering intensities—this is dependent upon 

the solvent 
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o Select your background scattering in the baselines menu for LS 

detector 11 and then CLICK Autobaseline 

o Ensure all LS detectors have a flat line 

 

o CLICK Peaks in the left menu to define peaks 
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o CLICK Report Detailed to obtain the light scattering results 
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