
ABSTRACT 

CHAPMAN, BRIAN STEVEN. Magnetic Functionalization of Silica-Overcoated Gold 
Nanorods via Heteroaggregation and Direct Electrospinning of Sol Gel Derived Oxide 
Fibers. (Under the direction of Dr. Joseph B. Tracy). 
 

Gold nanorods (GNRs) have garnered significant interest for applications in 

photothermal therapy, drug delivery, catalysis, and biomedical imaging because of their 

shape-dependent localized surface plasmon resonance (LSPR). GNRs are also of interest for 

use in multifunctional composite nanoparticles (NPs) consisting of multiple NPs with 

different properties, which can have novel optical, magnetic, and catalytic properties. 

Another field of growing interest is electrospun ceramic fibers with sub-µm diameters and 

lengths of 100s of µm for applications including filtration, sensors, electronics and 

photovoltaics. 

Three advancements in the fields of colloidal NPs and ceramic electrospinning are 

discussed in this dissertation: (1) The development of a novel method for assembling 

composite NPs that exploits the aggregation properties of hydrophobic NPs when exposed to 

polar solvents. In this work, hydrophobic, oleylamine-stabilized magnetite NPs (Fe3O4 NPs) 

dispersed in hexanes assemble into dense coatings on the surface of silica-overcoated GNRs 

(SiO2-GNRs) dispersed in ethanol when these dispersions are mixed. By using an optimized 

volume ratio of ethanol to hexanes (2:1), heteroaggregation of Fe3O4 onto the SiO2 surface 

occurs, while avoiding homoaggregation of Fe3O4 and SiO2-GNRs. These composites are 

shown to be stable, magnetically responsive, and can be dispersed in nonpolar solvents.  

Their surfaces can also be modified for dispersion in polar solvents. (2) The development of 

direct electrospun titania (TiO2) fibers using ethanol with diameters smaller than 100 nm. In 

direct electrospinning, fibers are electrospun from a viscous sol without using a polymer 



additive to assist in fiber formation. In comparison, previous research on direct electrospun 

fibers required the use the toxic solvent, 2-methoxyethanol, and achieved fiber diameters of 

~500-1500 nm. (3) The development of direct electrospun SiO2 fibers containing SiO2-GNRs 

and a study of their thermal stability when heated in air. The fibers are shown to be heat 

stable to above 900 °C, while the SiO2-GNRs are shown to be stable to 600 °C. 
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CHAPTER 1. Noble Metal Nanoparticles 

Noble metal nanoparticles (NPs) are defined as gold, silver, palladium, and platinum 

particles with diameters below 100 nm. In this size range, these metals display properties 

distinct from their bulk counterparts. Amongst these properties, they exhibit shape-dependent 

optical absorbance, light scattering, new catalytic properties, and photothermal heating.1-3 As 

a result, NPs are finding applications in many fields, including electronics, photovoltaics, 

sensors, and a variety of biomedical applications, such as drug delivery, photothermal 

therapy, and multimodal imaging.4 

1.1 Development of Noble Metal Nanoparticle Synthesis 

Historians have found evidence of noble metal NPs in stained glass from as early as 

the 4th century BC. The most notable example is the Lycurgus Cup (Figure 1),5 an example 

of ruby glass that exemplifies ancient use of noble metal NPs. The Lycurgus cup contains 

small quantities of a gold-silver alloy NPs that result in unique optical properties. Figure 1 

shows the difference in the way light interacts with the glass, when it scatters and transmits 

light.  Up to and through the 19th century, colloidal gold NPs, also called gold sols, were 

investigated for applications in medicine, art, and alchemy, but the turning point for NP 

research was work done by Michael Faraday in the 1850s.6  Faraday developed a method for 

synthesizing stable colloidal gold NPs by reducing gold chloride with phosphorus, and he 

studied their optical properties, deducing the presence of gold particles in his solution.7 
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Work on noble metal NPs continued through the 19th and early 20th centuries, with 

major contributions from Zsigmondy, Svedberg, Mie, and Gans. Zsigmondy developed an 

ultra-microscope to image the light scattered by NPs, a technique now known as dark-field 

microscopy.8 Svedberg, in his research on colloids and proteins, developed the method of 

ultracentrifugation to isolate colloidal NPs and investigated their size-dependent properties 

during sedimentation.6 Mie and Gans developed mathematical models to explain the way 

spherical gold NPs absorb and scatter light, and Gans expanded the model to include 

ellipsoidal NPs.8  

 

Figure 1.1 The Lycurgus Cup, an example of noble metal NPs embedded in glass, made in 

the 4th century BC. (Left) Cup, when illuminated from outside, scatters light. (Middle) Cup, 

when illuminated from inside, absorbs light. (Right) TEM micrograph of AgAu NPs present 

in cup.5 

1.2 Turkevich Method 

One of the simplest and most popular method of synthesizing gold NPs was 

developed by Turkevich9 and Frens10 in the mid 20th century. Their approach to making gold 
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NPs produced uniform and monodisperse NPs with a high level of control over size. In this 

method, now known as the Turkevich method, an aqueous solution of gold chloroaurate 

(HAuCl4) is heated to 100 °C. A solution of citric acid is added with rapid stirring, which 

reduces Au3+ to Au0. Reduction with citric acid produces a high concentration of Au0. Within 

minutes, spherical gold NPs nucleate and then grow, reaching final diameters of 10-20 nm 

(Figure 1.2) The molar ratio of citric acid to gold gives control over the size of the NPs, 

where increasing this ratio results in smaller particles. 

 

Figure 1.2 16-nm citrate stabilized gold NPs, published by Frens in 1973.10 

1.3 Optical Properties of Gold Nanoparticles 

Noble metal NPs have novel optical properties. Of particular interest is the localized 

surface plasmon resonance (LSPR). The LSPR is a shape- and composition-dependent 

property of noble metal NPs, which is a direct result of the delocalized nature of metallic 

electrons. The valence electrons in bulk gold are delocalized, causing its electrical and 
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thermal conductivity, as well as its optical properties. When bulk gold is shrunk to 100 nm, 

the “delocalized” conduction band electrons are now contained in a 100 nm sphere.  It is the 

confinement of these electrons that produces the LSPR of noble metal NPs.11  

The LSPR occurs when light, an oscillating electromagnetic wave, comes into contact 

with a metal NP. The electromagnetic wave causes the electrons on the surface the NP to 

oscillate, as well. The electrons on the surface of the NP shifted toward one side, which is 

balanced by a lower electron density on the other side of the NP (Figure 1.3). This produces a 

temporary positive and negative end, or dipole to form on the surface of the NP. The NP then 

produces a restoring force. The LSPR depends on four factors, the density of electrons, the 

effective electron mass, and the shape, and size of the NP.12 

 

Figure 1.3  A diagram representing the collective oscillation of delocalized electrons in 

response to an electromagnetic field.12 
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1.3.1 Composition  

The LSPR of the NP strongly depends on the composition. In the case of gold NPs, 

the LSPR is a single peak at 520 nm, producing a vibrant red color. For silver NPs, the LSPR 

resonance is at 400 nm, appearing yellow, and in platinum, the LSPR is it at 215 nm, 

ultraviolet light. The dependence of the LSPR on the composition of the NPs derives from 

the dielectric function of the NPs, the density of electric charges, and the effective electron 

mass.  

Different elements have distinct absorption spectra, and as might be expected, when 

multiple elements are combined, the optical properties vary accordingly. As an example, 

alloys of gold and silver exhibit a single peak, between the LSPR of gold and silver.13-15 The 

wavelength of the LSPR has a linear dependence on the molar composition of the NP. The 

LSPR of a NP containing 90% silver and 10% gold will have a LSPR much closer 400 nm, 

as opposed to an alloy containing 90% gold, which would have a LSPR closer to the 520 nm, 

because of the influence of gold. The explanation for the relationship is somewhat more 

complicated than combining the dielectrics or other parameters unique to each material. The 

dielectric of an alloy of two elements is not simply a combination of components, but a 

unique dielectric that needs to be determined.16 Although this complexity exists, the LSPR 

wavelength nevertheless depends linearly on the mole fraction.16  

The effects of elemental distribution in bimetallic NPs highlight the connections 

among the composition, structure, and optical properties. The previous discussion considered 
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alloy NPs, where two elements are homogenously mixed. In a core/shell morphology, one 

element is at the center of the NP, and the second element fully encapsulates it. In the case of 

a NP with a gold core and a silver center, the absorption spectrum blue shifts and broadens, 

but not to the degree expected when comparing to the equivalent alloy.14,17,18 In some cases, 

two distinct peaks appear, depending on the thickness of the shell in addition to the red- or 

blueshift of the LSPR.19 Variation among the results can likely be attributed to alloying at the 

interface of the two elements.18  If the boundary was more distinct, then two absorption peaks 

would be observed instead of one.18 

1.3.2 Size           

The size of spherical NPs has a minor impact on the LSPR. According to Mie theory, 

the radius of the NP does have a role in determining the wavelength of the LSPR. As a 

particle increases in size, the LSPR will increase in intensity. To a lesser extent, the size also 

impacts the wavelength of the LSPR. As the size of the NP increases, the position of the 

LSPR redshifts.20 One cause of this phenomenon is the size dependence of the dielectric 

function for smaller sizes. As the size of the NP decreases, it becomes smaller than the mean 

free path of conduction electrons within the NPs. Above diameters of 25 nm, a much stronger 

redshift can be attributed to more complex quadrupole and octopole vibrational modes 

contributing to the absorption spectrum.21  
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1.3.3 Shape  

The shape of a metal NP also directly impacts its LSPR wavelength. Gold NPs 

shaped like spheres, rods, cubes, triangular prisms, and stars all have different absorbance 

spectra, despite having the same elemental composition.  Gold nanorods are one of the 

simpler and more commonly studied anisotropic NPs, and will be discussed in more detail in 

Chapter 2, whose shape-dependent optical properties are briefly reviewed here. Gold 

nanorods possess two LSPRs, a transverse LSPR that absorbs at ~520 nm, and a longitudinal 

LSPR absorbs in the red and near-infrared spectra. The two surface LSPR are directly 

influenced by the geometry of the NPs. The transverse LSPR occurs when electromagnetic 

radiation drives oscillations of electrons along the length of the nanorod, and the longitudinal 

LSPR occurs when oscillations of the electrons are driven along the width of the nanorod. 

The exact wavelength of the longitudinal LSPR does not depend on the length of the 

nanorod, but rather on the ratio of the length to diameter of the nanorod. A nanorod with an 

aspect ratio of 2:1 will absorb at ~600 nm, an aspect ratio of 4:1 will absorb at 800 nm, and 

higher aspect ratios will continue to push the LSPR further into the near infrared. It should 

also be noted that, although it is quite minor, the transverse LSPR blueshifts slightly as the 

aspect ratio increases. For instance, a 4:1 ratio will have a transverse LSPR at 515 nm, while 

a gold nanorod with an aspect ratio of 2:1 will have a transverse LSPR closer to 520 nm.22,23 

 The impact of shape on the absorption spectra of more complex noble metal NP 

shapes can be understood as an extension of the properties of gold nanorods. As a slightly 

more complex example compared to a nanorod, an oblate ellipsoid has three LSPRs, one 
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longitudinal mode and two transverse modes, corresponding to the length and width of the 

oblate ellipsoid.24 A triangular plate has a four peaks corresponding to in- and out-of-plane 

dipole and in- and out-of-plane quadrupole modes.25 The LSPR of cubes and icosohedra are 

even more complex, with 6 or more modes (Figure 1.4).26 Gold nanostars or nanourchins 

possess LSPRs corresponding to each branch of the star. Because of the large distribution of 

lengths and widths in nanostars multiple LSPRs overlap. Combining multiple absorption 

bands into an arch spanning 600-900 nm and a single 515 nm peak that the corresponds to 

the tip of the star.27,28  

 

 

 

 

Figure 1.4 Calculated change in the extinction efficiency of a silver NP as it transitions from 

a cube to an icosahedron to a sphere.26 

1.3.4 Dielectric  

The dielectric of the surrounding medium can have a strong effect on the absorption 

spectrum of noble metal NPs. Increasing the dielectric of the surrounding medium has a 

positive linear effect on the wavelength of the LSPR.12 This implies that transferring the 

same NP into different solvents will causing changes in the LSPR, even if there is no change 
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in morphology or agglomeration.26 This also means that the LSPR shifts when adding a 

coating to a NP. As an example, silica has a higher dielectric constant than many solvents, 

and by introducing a layer of silica onto a NP, the LSPR can be redshifted.29,30 The redshift 

in absorption occurs at shorter shell thicknesses, but as the shell thickness increases, 

scattering in the shell because a bigger factor, causing the LSPR to blueshift slightly.30  

1.4 Electrostatic Stabilization 

Because many of the properties of noble metal NPs directly result from confining 

electrons within the volume of the NP, it is important that they remain distinct and separated. 

This can be challenging, because the morphology of NP is much less thermodynamically 

favored than the bulk metal. Within each NP, there are powerful attractive van der Waals 

forces that if two particles were to come close enough together, they would fuse into each 

other, a process called coalescence. Although these van der Waals forces are strong, this is a 

rather short-range force, and Brownian forces determine the motion of NPs, except at short 

interparticle distances. To produce and maintain discrete NPs, repulsive interparticle forces 

are needed, especially at short interparticle distances.31 There are many ways to stabilize 

NPs; electrostatic stabilization is discussed below, and a more comprehensive discussion of 

NP stabilization can be found in Chapter 4. 

In electrostatic stabilization, positive or negative charges on the surface of the NP 

provide net repulsive Coulombic forces between NPs, which prevent agglomeration. 

Visualizing NPs as being studded with positive or negative charges on their surfaces can 
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often provide a useful understanding of how electrostatic stabilization occurs, although the 

reality is that the charges at the surface of NP is more complicated. As opposed to be being a 

simple corona of negative charge, charges in solution counterbalance the surface charges, 

forming a bilayer structure. This electrical double layer is best understood using the Stern-

Gouy-Chapman (SGC) Model. The SGC model can be broken down into four parts, the 

charged surface, the inner and outer planes of the Helmholtz layer, and the diffuse layer. The 

charged surface is the source of either positive or negative electrostatic charge. The 

Helmholtz layer is a compact layer of solvent ions with an opposite charge to the charged 

surface that balances out the charged surface. The inner and outer planes of the Helmoltz 

layers (IHP and OHP) are considered to be fixed to the charged surface and not impacted by 

thermal motion. The IHP consists of a uniform layer of ions and solvent molecules that are 

either directly bound or adsorbed onto the charged NP surface. The OHP follows directly 

after the IHP and consists of fully solvated ions that are bound to the IHP. The diffuse layer 

contains more solvated ions oppositely charged to the OHP. This layer is much more diffuse 

than the OHP and is subject to thermal motion, and as a result, is much more dynamic than 

the Helmholtz layer.32 
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Figure 1.5 Diagram of the Stern-Guoy-Chapman model of the electrostatic bilayer.32 

 The surface potential decreases linearly with distance from the charged surface in the 

IHP and OHP, although the decrease is more pronounced in the IHP. The surface potential 

decreases exponentially at the diffuse layer. The diffuse layer contains a lower concentration 

of ions, compared the Helmholtz layer, but the concentration of ions in this layer depends on 

the overall concentration of electrolyte in solution. A high concentration of electrolytes 

improves the ability of the diffuse layer to counterbalance the charges in the Helmholtz layer, 

increasing the rate at which the surface potential decreases (Figure 1.6). If enough salt is 

added to the solution, it can completely screen the surface repulsion, and agglomeration can 

occur.31  
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Figure 1.6 Plot of the surface potential from the SGC model as a function of distance from 

the charged surface at two electrolyte concentrations.32 
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CHAPTER 2. Gold Nanorods 

Research on nanoparticles (NPs) has vastly expanded since the work and time of 

Faraday. Gold nanorods (GNRs) are long and narrow gold NPs with cylindrical shapes that 

have garnered special attention because of their novel optical properties. Interest in GNRs 

stems from the intense longitudinal surface plasmon resonance (LSPR) that can be tuned to 

absorb at specific wavelengths ranging from green to near infrared by controlling the aspect 

ratio (length / width) of GNRs.1,2 

2.1 Optical Properties 

As has been discussed in Chapter 1, GNRs possess two LSPRs. The first LSPR, the 

transverse LSPR, corresponds to oscillation along the diameter of the GNR, and absorbs at 

515-520 nm. The second LSPR, the longitudinal surface plasmon, corresponds to oscillation 

along the length of the GNR, and absorbs light at longer wavelengths. The longitudinal LSPR 

has a linear relationship with the aspect ratio of the GNR, allowing for the longitudinal LSPR 

to be tuned by varying the aspect ratio of the GNRs. It should also be noted that there is a 

slight blueshift in the transverse LSPR as the aspect ratio increases.3  

2.1.1 Polarization Dependence 

Since the LSPR depends on the axis of the GNR along which the electrons oscillate, 

GNRs have polarization-dependent optical properties. This phenomenon is not noticeable 

when GNRs are dispersed in solvents, because the GNRs are randomly oriented and thus all 
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orientations are sampled.  When GNRs are aligned in a thin film2, fibers,4 or on substrate,5 

polarization-dependent properties can be measured. If the source in a spectrophotometer is 

polarized, absorption spectra can be controlled such that if the GNRs are oriented parallel to 

the polarization direction, the electric field vector, then only the longitudinal LSPR is visible, 

and if the light polarized perpendicular to the long axes of the GNRs, then only the transverse 

LSPR is observed. When light is polarized at in intermediate angle, the absorption spectrum 

will have contributions from both the longitudinal and transverse modes (Figure 2.1). 

 

Figure 2.1 Absorption spectra of GNRs aligned in a poly(vinyl alcohol) thin film when 

excited with polarized light. 0° and 90° correspond to light parallel and perpendicular to the 

long axis of the GNRs, respectively.6 

2.1.2 Dielectric 

Just as the LSPR of spherical NPs is influenced by the dielectric environment, the 

optical properties of GNRs are also sensitive to the dielectric environment. The most notable 

difference between the spherical NPs and GNRs is that the dielectric has a much more 
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dramatic impact on the longitudinal LSPR of GNRs. Altering the refractive index of the 

solvent can change the wavelength of the longitudinal LSPR resonance by as much as 100 

nm (Figure 2.3).2 Just as coatings on spherical Au NPs affect the dielectric environment and 

can cause shifting in the surface plasmon, coatings on GNRs can also cause shifts in the 

longitudinal LSPR. An overcoating of mesoporous silica can change the LSPR by as much as 

60 nm, but the effect becomes less dramatic as the shell grows thicker because the change in 

dielectric environment is less dramatic7 (Figure 2.2). 

  

Figure 2.2 (Left) Simulations showing the impact of the dielectric on the medium 

surrounding GNRs with an aspect ratio of 3.5 on their surface plasmon resonance.2 (Right) 

Simulations of extinction spectra of SiO2-GNRs illustrating how the thickness of SiO2 shells 

affects the LSPR.7  
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2.2 Gold Nanorod Synthesis  

  The first example of the synthesis of colloidal GNRs was the electrodeposition of 

gold in a porous aluminum oxide in 1997.8 The pores served as a template for the rods, which 

were released be dissolving the alumina template and adding a surfactant to prevent 

agglomeration. Since then, several methods have been developed for producing GNRs, from 

solution-based methods using surfactants, lithography, and template-based methods where 

rods are formed by a mold. Each method has its advantages and disadvantages, but the 

method used in this research and further discussed is a cetyltrimethylammonium bromide 

(CTAB)-based, seed-mediated approach. Before discussing in detail the method used in this 

research, the development of the CTAB-based approach is briefly reviewed. 

2.2.1 Development of CTAB-Coated Gold Nanorods 

The first example of the CTAB-based synthesis of GNRs was an electrochemical 

approach from 1997.9 In this method, a redox reaction was performed using a gold electrode 

in the presence of CTAB and other surfactants that form rod-shaped micelles. It was 

hypothesized that gold NPs would form within the micelles, templating a rod shape, while at 

the same time providing colloidal stability. Although the hypothesis was ultimately incorrect, 

CTAB was found to facilitate formation of rod-shaped gold NPs by more tightly binding onto 

certain facets of the gold crystal and thus preventing the deposition of gold onto those 

surfaces.10  
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The next major milestone in the synthesis of GNRs was the seed-based method by 

Jana, Gearheart, and Murphy.11 This work started with the synthesis of CTAB-stabilized 

seeds using a powerful reducing agent. The seed-based method is useful because formation 

of nanorods is a kinetic process that requires careful control of parameters to achieve uniform 

size, but this careful control is the opposite of what is required for uniform seeds. By 

separating the nucleation and growth, sodium borohydride (NaBH4), a powerful reducing 

agent can be used to form monodisperse seed crystals with diameters of 4-5 nm. The growth 

step uses ascorbic acid, a much milder reducing agent that requires the surface of the gold 

seed to completely reduce HAuCl4, reducing the formation of byproducts. Jana also 

identified that silver ions can play a role in improving the yield and quality of the product.  

The next major advancement in the development of the synthesis of GNRs was 

Nikoobakht and El Sayed’s work.12  This work identified the need to use CTAB as the 

stabilizing surfactant in the seed solution. In contrast Jana’s seeds were citrate stabilized, and 

by using only one surfactant, Nikoobakht and El Sayed were able to reduce the number of 

byproducts and improve the GNR’s monodispersity. The work also expanded the role of 

silver in the synthesis of GNRs, showing that varying the amount of Ag+ in the growth 

controlled the aspect ratio of the nanorods. Using silver, nanorods with plasmon resonances 

of 600-1300 nm were achieved.  

The work of Murray et al.13 further improved the quality of the GNRs with aromatic 

additives, further improving the monodispersity and reducing the amount of CTAB required 

by half. By adding aromatic salts such as sodium salicylate into the CTAB solution, the 
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phenyl groups in these additives penetrated the hydrophobic part of the CTAB micelles, 

which alters the structure in which they pack on the GNRs. This work had the effect of 

increasing the yield of the GNR synthesis and drastically improved the monodispersity. A 

high level of monodispersity is critical for self-assembly and colloidal crystals. Although this 

work did not discover the importance of bromide ions in the GNR synthesis, it suggested a 

reason that a high concentration of CTAB was necessary in previous work was because of a 

need for a high concentration of bromide ions. By adding potassium bromide to increase the 

bromide concentration, a lower concentration of CTAB can be used. 

2.3 Secondary Injection of Ascorbic Acid 

The results reported in chapters 5 and 7 rely primarily on the synthesis developed by 

previous members of the Tracy group, published by Kozek et al14 who were inspired by work 

published by Vigderman and Zubarev,15 where it was discovered that increasing the amount 

of reducing agent in the synthesis, 100% of HAuCl4 could be converted into GNRs. Kozek et 

al. found that a similar effect could be achieved by incorporating a continuous secondary 

injection of ascorbic acid into the GNR synthesis. The methods from the El Sayed group 

mentioned above involved two steps, making the seed then growing the rods.12 The problem 

with this approach is that it utilizes only 30% of the gold in solution. This is inefficient, and 

the excess gold needs to be promptly removed at the end of the synthesis or else the nanorods 

will continue to change shape.  
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Performing a secondary injection of ascorbic acid reduces and deposits the remain Au 

onto the surface of the existing GNRs.  This ascorbic acid addition step does not drive a 

secondary nucleation event. By controlling the rate of ascorbic acid injection, the deposition 

of gold can be controlled such that the aspect ratio can be maintained while the GNRs grow. 

Maintaining the same aspect ratio requires faster deposition on the ends of the GNRs than on 

the sides. By decreasing the injection rate of ascorbic acid, the rate of deposition of gold on 

the tips and sides becomes more equal, resulting in a decrease in the aspect ratio.  

2.4 Factors Influencing the Synthesis of Gold Nanorods 

A particularly useful aspect of many methods for synthesizing GNRs is that the shape 

of the GNRs can be controlled. By varying multiple parameters, the size and aspect ratio of 

GNRs can be controlled.  

2.4.1 Silver Ions 

Silver ions are a critical element in increasing the yield of GNRs, as was discussed in 

Section 2.2.1. Reduced silver deposits onto the sides of the GNRs, greatly increasing the 

yield of GNRs.12 In addition to improving yield, varying the concentration of silver ions in 

solution can affect the aspect ratio of the GNRs. Increasing the concentration of silver in the 

growth solution has the effect of redshifting the surface plasmon. The plasmon can be shifted 

50 nm from the initial plasmon by changing the silver concentration.12,16 There is a limit to 

this lever, where decreasing or increasing the silver concentration too much will decrease the 

yield of nanorods and increasing the yield of spherical shapes. 
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2.4.2 Bromide Ions 

Bromide ions are also important in the synthesis of GNRs. The bromide ion is an 

important part of the quaternary amine complex that forms on the GNRs surface. If bromide 

is excluded from the synthesis, for example, replacing CTAB with cetyltrimethylammonium 

chloride (CTAC) results in no GNRs.17 Adding too much additional bromide ion to the 

synthesis results in blueshifting and eventually, no nanorod formation. At a too high of a 

concentration, bromide will deposit onto the ends of the GNRs, inhibiting deposition of Au.18  

Adding bromide to the synthesis has the effect of reducing the negative impacts of impurities 

in CTAB, increasing the reproducibility the synthesis.14 Batch-to-batch issues will be 

discussed more in Section 2.6. 

2.4.3 Secondary Injection Rate 

The rate of the secondary injection of ascorbic acid is a useful lever for fine tuning 

the optical absorbance spectra after completing primary growth. The secondary injection rate, 

discussed in Section 2.3, can be selected to maintain the aspect ratio of the GNRs from the 

primary growth. Decreasing the injection rate decreases the preference for the gold atoms to 

deposit onto the ends of the GNRs. At the slowest addition rate, lasting one day, the rate of 

growth on the tips and the sides of the GNRs will be equal. This results in an overall decrease 

in the aspect ratio of the GNRs and a decrease in their plasmon resonance wavelength.14 By 

decreasing the injection rate, the plasmon resonance wavelength can be decreased by 100 

nm. This can be used to produce GNRs with aspect ratios as low as 1.5:1 with a plasmon 
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resonance of 610 nm. Work on exploiting the injection rate and silver concentration to 

produce low-aspect-ratio, short wavelength GNRs can be found in Appendix 1. 

2.4.4 Temperature 

Temperature can be a complicated variable in the synthesis of GNRs. CTAB forms 

micelles only when the temperature is above 24.8 °C.19 Therefore, the reaction mixture needs 

to kept above this temperature for the CTAB to form micelles. One the other hand, the 

synthesis of GNRs is a kinetically controlled processes. Raising the temperature increases the 

energy in the system, making it easier for gold to deposit on the sides, resulting in more a 

thermodynamically controlled process. Performing the synthesis at higher temperatures 

results in shorter aspect ratios and a broader size distribution.20 

2.4.5 pH 

pH can also play a role in the seed-mediated synthesis of GNRs. It has been shown 

that a higher (lower) pH increases (decreases) the aspect ratio of the GNRs.21 The reducing 

agent used in the GNR synthesis, ascorbic acid, is a weak acid. As a result, altering the pH of 

the growth solution changes the concentration of ascorbic acid, its monoanion, and its 

dianion. The reduction potentials of the three species are different, resulting in a change in 

the rate of the growth of GNR. 
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2.4.6 Seed Concentration 

The concentration of the seed NPs can also affect the reaction products. Injecting less 

seed into the growth solution results in a lower yield of larger GNRs with shorter aspect-

ratio, blueshifting the plasmon resonance. Injecting more seed will increase the aspect ratio 

and redshift the plasmon resonance, but there is a limit to how much increasing the seed 

concentration can impact the aspect ratio.15  

2.5 Stabilization  

As has been discussed already, CTAB is the surfactant that stabilizes the GNRs. The 

initial rationale for selecting CTAB was that it forms rod-shaped micelles under certain 

conditions. More recent research suggests that the mechanism behind the formation of 

nanorods is more complicated, which is discussed below after additional introduction to the 

structure and properties of CTAB. 

2.5.1 CTAB 

CTAB is a cationic salt consisting of a 16-carbon alkyl chain at one end and a 

quaternary ammonium group on the other end, with a bromide counterion. Depending on the 

concentration of CTAB, temperature, and the use of other additives, aqueous CTAB can 

assemble into structures ranging from spheres, worm-like rods, liquid crystal, or lamella.22-24 

A phase diagram of these structures as they depend on temperature and concentration is 

presented in Figure 2.3.  
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Figure 2.3 Phase diagram of the structure of aqueous CTAB as a function of temperature and 

concentration.25  

The key structure in the synthesis of GNRs is the micellular structure, where the 

CTAB forms a bilayer with the hydrophobic alkyl chains inside and quaternary ammoniums 

on the outside, exposed to water.26,27(Figure 2.4). The ammonium groups together with the 

bromide ions are capable of coordinating with the gold atoms along facets of the gold crystal, 

but they bind more effectively along (100) facets than (111) facets.28 This means that the 

micelle packs more densely on (100) planes and less densely on (111) planes. Consequently, 

the more densely packed CTAB reduces the rate of Au deposition on the (100) plane driving 

the gold to form a rod shape.28,29 The end result is GNRs coated with bilayers of CTAB. 

CTAB provides a combination of electrostatic stabilization through the exposed quaternary 

ammonium groups and a steric repulsion from the layer of alkyl chains.30,31 
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Figure 2.4 Depiction of the bilayer structure of CTAB-stabilized GNRs.27 

CTAB coatings result in a highly stable dispersion of GNRs, provided some excess 

CTAB is added to prevent dissociation from the surfaces of the GNRs.27  For GNRs to 

remain well dispersed, the CTAB concentration must be high enough to allow CTAB to form 

micelles. The lowest concentration of CTAB, under which micelles still form is 1 mM.32 

Below this concentration, GNRs are no longer stable. GNRs are also more resistant to 

agglomeration when salts are added in comparison with citrate-stabilized NPs. GNRs also 

need to remain in an aqueous environment. They can remain suspended when a small amount 

of alcohol is added, but larger amounts will strip CTAB from the surfaces of the GNRs, 

causing agglomeration.  

2.5.2 Polyethylene Glycol 

Although CTAB can be used to stabilize GNRs indefinitely, CTAB is a problem for 

biomedical applications because it is not biocompatible.33-35 Dispersions of GNRs containing 
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CTAB concentrations exceeding 10 mM CTAB have been shown to be cytotoxic. Below 10 

mM, the CTAB is bound to the GNRs and does not show the same level of cytotoxicity, but 

bound CTAB will eventually dissociated from the GNRs and become cytotoxic.33 To use 

GNRs in biomedical applications, CTAB needs to be removed and another material added to 

stabilize the product. A common approach is to replace CTAB with poly(ethylene glycol) 

(PEG).35 PEG will not directly bind with gold, so PEG is thiolated on one end because of the 

strong binding of thiols to gold. When PEG-thiol is added to GNRs with a CTAB 

concentration of 1 mM  or lower, the PEG-thiol can displace the CTAB.36 The improved 

stability of PEGylated GNRs comes from hydrogen bonds in the ether groups with water and 

the steric stabilization of the polyether chain.37 PEGylated GNRs are stable in many solvents, 

including ethanol, methanol, dimethyl formamide, tetrahydrofuran, and dichloromethane and 

can withstand high electrolyte environments, such as phosphate buffer.38 

Displacing CTAB during functionalization with PEG-thiol can be challenging,  

however.35,39 Recent work suggest that significant amounts of CTAB remain attached to 

GNRs after PEGylation.40,41 The binding of CTAB to the GNR surface is sufficiently strong 

that even CTAB molecules attached to the initial seed remain attached to the GNRs, instead 

of diffusing into the solution overtime. The remaining CTAB is a two-fold problem, because 

it both interferes with PEGylation and is cytotoxic even at low concentrations. One study 

suggests the number of PEG chains grafted to GNRs is as low as two or three per GNR.40 

The PEGylation procedure described above is moderately effective at PEGylating GNRs, but 
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needs refinement. An improved procedure for functionalizing CTAB-stabilized GNRs with 

PEG-thiol is reported Appendix 2.  

2.5.3 Silica 

Another method for stabilizing GNRs is to deposit SiO2 shells.42-45 Overcoating 

GNRs with SiO2 provides multiple benefits. First, SiO2 is biocompatible,46 and CTAB can be 

completely removed from GNRs. Second, SiO2 improves the thermal stability of GNRs.36,47 

Third, overcoating GNRs with SiO2 introduces surfaces that can be functionalized using 

silanes. Trialkoxysilanes, (RO)3SiR’, where RO is an alkoxy group and R’ can be one of 

many organic functional groups can be used to functionalize a silica surface with R’. This 

approach be used to coat a silica surface with a vast range of different functional groups that 

can be purchased or synthesized.48-50  

 SiO2-overcoated GNRs are used in research presented in Chapters 5, 7, and 8. The 

method used to synthesize SiO2-overcoated GNRs was developed by Wu and Tracy.42 A 

detailed description of this synthesis is included in Chapter 5. Briefly, CTAB-stabilized 

GNRs are concentrated to 2.5 mM of CTAB and ~3.8 mg/mL of GNRs. CTAB serves as 

template for deposition of a mesoporous SiO2 shell. The pH of the solution is brought to 10.4 

to drive formation of NPs, and TEOS is continuously injected into the solution over a 5 

minute period. Using this method, GNRs can be synthesized with a shell thickness of 3-20 

nm. Improved control over the thickness of thin shells can be achieved by adding a PEG-
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functionalized triethoxysilane. PEG-silane terminates growth of the SiO2 shell and can be 

used to make a SiO2 shells as thin as 2 nm.  

2.6 Reproducibility Challenges 

One of the most significant obstacles in the synthesis of CTAB-stabilized GNRs is 

inconsistencies in the purity of CTAB. A study of how the source of the CTAB affects the 

quality of the GNRs showed that many brands do not produce GNRs while others can, and 

within the brands that can produce nanorods, the morphology varied (Figure 2.5).51 The 

greater challenge of working with CTAB is that variation among lots of the same brand and 

product of CTAB is enough to cause inconsistencies in the products. Lot-to-lot variation in 

the quality of CTAB results in variations in size, aspects ratios, yield, and undesirable 

biproducts. Research suggests that a major source of variation in the quality of GNRs is the 

presence of iodide impurities in the CTAB.52,53 At low concentrations (µM range), iodide in 

the CTAB deposits on the (111) facet of the GNR, inhibiting CTAB from binding on that 

surface of the GNR, which allows gold to deposit on the ends.54 A too high concentration of 

iodide results in the formation of nanoprisms because iodide covers the entire crystal, altering 

the reactivity of crystal facets.54 
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Figure 2.5 GNR synthesis performed using CTAB from (a) Fluka, (b) MP Biomedicals, (c) 

Acros, (d) Sigma, and (e) Aldrich. The top row (1) is TEM and the bottom row (2) is SEM.51 

In practice, variations in the purity of CTAB mean that researchers cannot assume 

that a specific brand of product will produce the desired product. A protocol for identifying a 

batch of CTAB of sufficient quality is reported in Appendix 3. As a synopsis, identifying a 

batch of CTAB involves: (1) purchasing a small amount of CTAB, (2) synthesizing GNRs 

using the typical procedure, (3) examining the optical absorbance spectrum for signs of 

byproducts or low yield, and (4) adjusting the silver concentration to achieve the desired 

aspect ratio.  If minor adjustments to the procedure will not provide a high yield of 

reasonably monodisperse GNRs, then another batch will be chosen for testing. With some 

patience, a good batch of CTAB can be found and stocked.   
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CHAPTER 3. Electrospinning Ceramic Fibers 

Electrospinning is a simple method for producing polymer and ceramic fibers from a 

wide range of materials with diameters well into the nanoscale. The appeal of this method is 

its simplicity, the small diameters, and the high surface area. Numerous polymeric materials 

have been formed into fibers through electrospinning for applications, such as catalysis, 

sensing, electronics, tissue scaffolding, and filtration.1,2 This chapter reviews the basics of 

electrospinning, with a primary focus on ceramic fibers and ceramic fiber composites. 

3.1 Apparatus and Mechanism  

To build an electrospinning set-up, one needs a high-voltage power supply, syringe 

pump, a spinneret, and a grounded collector plate (Figure 3.1). In electrospinning, a polymer 

or other viscous solution is fed through the spinneret attached to a high voltage power supply. 

The large voltage electrifies the solution, driving the electrospinning process. When the 

solution is electrified, the bead of spinning solution experiences electrostatic repulsion on its 

surface that competes with the surface tension within the bulk of the solution. The combined 

forces result in the stretching and elongation of the bead into a conical shape known as a 

Taylor cone (Figure 3.2).3 When the voltage is high enough, such that the electrostatic forces 

are greater than the surface tension of the solution, a stream of solution jets from the tip of 

the cone. As the Taylor cone passes through the air, the electrified solution whips around due 

to electrostatic interactions between the external electric field and surface of the jet, the 

solvent evaporates, and the fibers continue to stretch, with final diameters as narrow as tens 
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of nm. The fibers then deposited onto the collector plate in a randomly oriented, nonwoven 

mat. 

 

Figure 3.1 The basic electrospinning set-up using a high-voltage power supply, syringe 

pump (not shown), spinneret, and a collector plate. This set up produces non-woven fiber 

assemblies.4 
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Figure 3.2 Image (top) and schematic (bottom) of the Taylor cone that forms during the 

electrospinning process when an increasing electric field (from left to right) is applied. As the 

field increases, charges on the surface increase, stretching the bead into a conical shape.5  

3.2 Electrospinning Parameters 

Although electrospinning is a relatively simple method for producing nanofibers, 

each material requires parameters to be optimized to achieve uniform fibers. If incorrect 

parameters are used, electrospray or beading can occur. The parameters can also be adjusted 

to control the overall diameter and morphology of the fibers.  
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3.2.1 Concentration of Solution for Electrospinning 

One of the most important parameters in electrospinning is the concentration of the 

solution for electrospinning. During the formation of fibers through electrospinning, there is 

competition between the forces of surface tension that favor formation of individual particles 

and the surface charges that favor the formation of fibers. In addition to forming fibers or 

particles, there is also an intermediate state, where fibers form but consist of beads of 

polymer connected by narrow fibers.6  The parameter that is most strongly connected the 

formation of beads is the viscosity or the concentration of the solution for electrospinning.7,8 

A high concentration of polymer with sufficient molecular weight will allow the polymer 

chain to become entangled, preventing the fibers from reshaping into beads or fibers. 

Increasing the concentration of the solution increases its viscoelasticity, causing it to resist 

rapid changes in shape, which inhibits formation of smooth fibers, resulting instead in beads 

in the fibers or individual particles, which is electrospray.4 In addition to be important role of 

concentration and viscosity in obtaining smooth fibers of uniform diameter, concentration 

and viscosity also have a strong effect on the overall diameter of the fibers. Increasing the 

concentration of the solution for electrospinning has been shown to increase the fiber 

diameter.9,10  

3.2.2 Flow Rate 

The syringe pump controls the flow rate at which the solution for electrospinning is 

fed into the spinneret. If the flow rate is too high, forces drawing the fibers from the spinneret 
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are unable to keep up with the solution being fed into it, resulting in formation of droplets or 

beads.11 Slightly elevated flow rates can result in the formation of fibers with larger 

diameters or ribbon-like shapes.12,13 The decrease in diameter can be attributed to a decreases 

in surface charge. When the flow rate is too low, the spinning solution is depleted faster than 

it is being fed into the solution, causing instability in the Taylor cone, which results in large 

variations in the fiber diameter.11 

3.2.3 Applied Voltage 

The applied voltage causes the electrostatic forces that drive formation of the Taylor 

cone. If the voltage is now high enough to overtake the surface tension of the spinning 

solution, electrospinning is not possible.14 Each material has a critical threshold voltage that 

needs to be overcome for electrospinning. Once this threshold voltage is exceeded, the 

impact of further voltage increases on the fiber diameter and morphology is less clear. Some 

researchers have shown that increasing voltage increases the fiber diameter,15 while others 

have reported that increasing the voltage decreases the fiber diameter,13 and others have 

reported that increasing the voltage causes bead formation of beads.16 Ultimately, the impact 

of voltage on the diameter of the fibers depends on the specific system and situation.  

3.2.4 Distance 

The distance between the tip of the syringe and the collector plate can also affect the 

morphology of the fibers. If the tip is placed too close to the collector, then there is not 

enough time for the solvent to fully evaporate from the fibers.12 Consequently, the fibers are 
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not fully “set,” and points of contact between fibers merge into junctions, having a “welded” 

appearance in electron micrograph. Instead of a nonwoven mat, a cross-linked network of 

fibers forms. The distance can also impact the number of beads present in the fiber by 

limiting the amount of stretching that occurs before deposition.13 

3.3 Patterning Fibers 

The simplest method of producing electrospun fibers results a non-woven mat of 

continuous fibers on a flat surface. Although this pattern is useful a large variety of 

applications, alignment or other arrangements of the fibers are often desired. Given size the 

size scale of electrospun fibers and their mechanical fragility, it can be difficult to physically 

manipulate fibers into a desired design. As a result, methods have been developed to control 

the deposition of fibers during the electrospinning process.1  

 In-plane alignment of fibers can be achieved in a few different ways, either 

mechanically or electrostatically.2 To mechanically produce aligned fibers, a rotating drum 

can be used to collect fibers. As the fibers are deposited on the surface of the drum, they 

mechanically align around the circumference of the drum, if is rotated at a high enough speed 

to match the rate of fiber deposition. The result is a large mat of aligned fibers on the drum 

surface. The simplest type of drum is a metal cylinder (Figure 4.1a). This method is relatively 

simple to implement but there is an intrinsic limit to the extent of alignment with rotating 

drums. Other approaches to mechanically aligning fibers include but are not limited to using 
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a wire drum instead of a solid drum (Figure 4.1b),6 or using a rotating disk collector that 

focuses the aligned fibers on a narrow strip (Figure 4.1c). 

Another approach for aligning electrospun fibers is to use electrostatics because the 

fibers are charged during the electrospinning process. By using two collection plates with a 

gap in between, an electric field is produced that directs the fibers to align across the gap, 

resulting in an aligned fiber mat. Such collectors can be made from parallel blades or wires 

(Figure 4.1d), but more complex arrays of fibers can be produced by making multiple parallel 

plates, resulting in simultaneous deposition of multiple orientations (Figure 4.1e). The fibers 

can also be collected as a twisted yarn if the fibers are collected on parallel hoops (Figure 

4.1f).  
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Figure 3.3 Various collectors for patterning electrospun fibers: (a) rotating drum,17 (b) 

rotating wire drum,6 (c) rotating disk,18 (d) parallel electrodes,19 (e) electrode array,19 and (f) 

hoop.20 Electrode diagrams are from Teo and Ramakrishna.1  
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3.4 Ceramic Fibers 

Electrospinning is not restricted to polymers. Methods have been developed to 

electrospin ceramic and semiconductor fibers using techniques from sol gel chemistry. 

Techniques for producing electrospun ceramic fibers can classified in two categories, using a 

polymer additive to assist with electrospinning along with a ceramic precursor, and 

electrospinning relying exclusively on sol gel chemistry to produce a spinnable solution 

without adding a polymer to assist electrospinning. 

3.4.1 Polymer-Assisted Electrospinning 

Producing electrospun fibers begins with ceramic precursors, either a sol or a 

nanoparticle. The precursor for a desired ceramic material is selected and mixed with a 

polymer in a common solvent. The polymer carries the sol as it undergoes pulling, drying, 

and stretching. The fibers are then calcined to remove the polymer additive and sinter the 

ceramic precursor, forming the final product.21 The ceramic precursor can interfere with the 

formation of fibers, which limits the choice of polymers for assisting electrospinning. 

Poly(vinyl alcohol) and poly(vinyl pyrolidone) are some of the more popular choices for 

polymer additives, but ceramic fibers have been produced using poly(vinyl acetate), 

polyacrylonitrile, and poly(methyl methacrylate).22 

 The appeal of polymer-assisted electrospinning is decoupling the spinnability of the 

polymer solution from the ceramic precursor sol. This provides greater flexibility in how 

ceramic precursor can be prepared to produce a desired product, with minimal concern over 
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how it will impact the spinnability of the sol. The type and concentration of the polymer 

additive can then be optimized to achieve the desired fiber morphology. As an added benefit, 

smaller diameter fibers can be achieved by lowering the concentration of ceramic precursor, 

while maintaining the same concentration of polymer. A wide range of ceramic fibers have 

been produced using polymer-assisted electrospinning, including TiO2,23 Al2O3,24 SiO2,25 and 

more complex materials, such as NiFe2O4
26 and PbZrTiO2, and even non-oxide ceramics, 

such as SiC27 and B4C.28 A more complete list of ceramics that can be produced with 

electrospinning can be found in review by Ramaseshan et al. of electrospun ceramic fibers.29 

3.4.2 Direct Electrospinning  

Although polymer-assisted electrospinning of ceramic fibers is a simple and versatile 

process, for some applications, the calcination step can be problematic. The calcination step 

results in a large amount of shrinkage or breakage when the polymer is removed. Calcination 

also results in a decrease in the optical transparency of the fibers.30
  There is also evidence 

that removal of the polymer during the calcination can be incomplete, and residual carbon 

impurities can impact the properties of the ceramic fibers.31  

To electrospin nanofibers without polymers, sol gel chemistry is exploited to produce 

a sol consisting of long chains with minimal branching and cross linking. Sol gel chemistry is 

the process of forming an inorganic gel from alkoxide precursors. SiO2 is the most common 

material formed using sol gel chemistry, but many other materials can be formed using sol 

gel chemistry. To form a sol, alkoxide precursors, water, a solvent such as ethanol, and an 



47 
 
 

 

 

acid or base are mixed together. The mixture reacts and undergoes polymerization to form a 

gel. The alkoxide first undergoes hydrolysis, forming a M-OH (M = metal) group on the 

alkoxide. The M-OH group is the active species in the polymerization reaction. After the 

initial hydrolysis reaction, polycondensation of the alkoxide complexes occurs, resulting in 

the formation of longer chains of alkoxides.32  These chemical reactions are written out 

below. 

(RO)3M(OR) + H2O ⇋ M(OR)3OH +ROH         Hydrolysis 

(RO)3MOH + (RO)3MOH ⇋ (RO)3M-O-M(OR)3 + H2O       Condensation 

(RO)3MOH + (RO)3MOR ⇋ (RO)3M-O-M(OR)3  + ROH          Alcohol Condensation 

To achieve a sol conducive to fiber formation through electrospinning, hydrolysis and 

condensation need to be controlled to facilitate formation of long-chained sols with minimal 

branching. A well understood method of guiding hydrolysis and condensation toward long 

chains is to use an acid catalyst in the synthesis.32,33
 In an-acid catalyzed sol, the rate of 

condensation is higher than the rate of hydrolysis, resulting in the formation of longer chains 

as opposed to forming new branches. In contrast, base-catalyzed processes favor hydrolysis 

over condensation, resulting in the formation of highly branched, nanoparticle-like structures. 

The difference between acid- and base-catalyzed gels is visualized in Figure 3.4. 
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Figure 3.4 The difference in sol and gel structure when formed in an acidic and a basic 

solution.34 

Another factor important in formation of long-chained sols with minimal branching is 

the ratio to alkoxide to water. Theoretically, a 2:1 ratio of water to a metal tetraalkoxide 

should result in complete condensation of the alkoxide. To do this, 2 of the 4 alkoxy groups 

would need to be hydrolyzed and the other two groups could undergo alcohol condensation 

with another alkoxy group. In reality, the reaction is not that efficient, and a ratio of 2:1 

results in an incomplete reaction. Using a ratio greater than 2:1 produces a more completely 

condensed oxide. Using a ratio less than 2:1 results in the formation of a more ladder-like 

chain of condensed alkoxides35 (Figure 3.5). Using a ratio of 2:1 alkoxide to water has been 

reported to produce the long-chained morphology required for electrospinning.36 
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Figure 3.5 The morphology of a silica sol when the molar ratio of water to alkoxide is (a) > 2 

or (b) < 2.35 

After preparation of a viscous sol capable of entanglement, the sol can be spun using 

the same electrospinning methods as polymer electrospinning. The level of control over sol 

gel chemistry required to produce a spinnable solution is a challenge that has thus far limited 

the use of direct electrospinning. Only a few alkoxide precursors are known to provide the 

level of control needed for electrospinning, and there have been only a few examples of 

direct electrospun ceramic fibers. SiO2 fibers have been produced using 

tetraethylorthsilicate.37-40  Al2O3 fibers have been produced using aluminum sec-butoxide as 

the precursor.41  TiO2 fibers have been produced from titanium (IV) isopropoxide.42,43 



50 
 
 

 

 

PbZrTiO2 has been produced using a combination of lead 2-ethylhexanoate, zirconium n-

propoxide, and titanium (IV) isopropoxide.44,45  
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CHAPTER 4. Aggregation and DLVO Theory 

Aggregation is an underutilized but potentially powerful tool for assembling 

composite nanoparticles (NPs) that involves manipulating the mechanisms for colloidal 

stability of NPs. By controlling the type and rate of aggregation in a system, novel composite 

NPs can be formed.   

4.1 DLVO Theory 

Over the years, many theories have been developed to understand colloidal stability 

and aggregation. Several of these theories have coalesced into a single theory known as the 

Derjaguin, Landau, Verway, and Overbeek, or DLVO theory of aggregation.1-3 At its 

simplest, DLVO theory is the idea that the interaction energy of two equivalent particles or 

surfaces can be understood using the equation 

௧ܸ =  ௩ܸௗௐ + ௘ܸ  ,        (1) 

where Vt is the total interaction energy, VvdW is the van der Waals potential, and Ve is 

electrostatic repulsion potential. The potential from Van der Waals forces, VvdW is a short-

range, attractive force that quickly drops to zero as distance between two particles increases. 

Van der Waals attraction is composed of three forces, the interaction between two permanent 

dipoles, called the Keesom force, the interaction between a permanent dipole and an induced 

dipole, called the Debye force, and the interaction between two induced dipoles, called the 

London dispersion force.4 VvdW can be described using the equation5,6  
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where A is the Hamaker constant, k is the Boltzmann constant, T is absolute temperature, a is 

the average particle radius, and s is the distance between two particles.   

The repulsive electrostatic force, originates from charges on the surface of a particle. 

A more detailed description particle surface changes and its formation as an electrical double 

layer can be found in Section 1.5. The potential derived from the electrostatic force, Ve can 

be described using the equations5,7 
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where n is the number concentration of ions, κ is the inverse Debye length, δ is the Stern 

layer thickness, z is the electrolyte valence, e is elementary charge of an electron, Ψd is the 

diffusion potential, N is the number of ionic species, zi is the valence of the electrolyte ion i, 

ni is the number concentration of electrolyte ions, εrs is the relative permittivity of the 

electrolyte solution, and εo is the electric permittivity of a vacuum. 

An interaction energy curve describing aggregation can be made by plotting Vt as a 

function of interparticle distance. The plot that results has multiple features that describe 

colloidal stability and aggregation (Figure 4.1). As two particles approach each other, an 

energy barrier (Ea) is encountered. At closer distances, there is a deep, attractive energy well 

(Ew), that is generally much deeper than thermal energy. As a result, particles that overcome 
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Ea, move into Ew and become trapped at a fixed distance. Figure 4.1 also includes a steep 

increase in the interaction energy at shorter distances. It should be noted that when adding 

Eq. 1 and 2, the plot goes to negative infinity as the interparticle distance approaches zero. 

DLVO theory does not account for Born repulsion, repulsive forces from electron cloud 

overlap that overwhelm the attractive forces at small interparticle distances.8,9 

 

Figure 4.1 Schematic of the interaction energy curve (Vt) of two particles, as a sum the van 

der Waals, VvdW, and the electrostatic bilayer, Ves, terms as a function of separation distance.  

Ea is the energy barrier to aggregation and Ew is energy well that keeps aggregated particles 

attached to one another. Schematic is not to scale, instead elements are adjusted to enhance 

clarity. 

Although Figure 4.1 is a general interaction energy curve, it does not describe every 

circumstance. If Ea is greater than thermal energy in the system (kT), aggregation is unlikely 

to occur (Figure 4.2a). If Ea = 0, then there is no barrier to aggregation, and when two 

particles come close enough to each other, they will immediately aggregate (Figure 4.2c). If 
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Ea is present but less than the kT, the situation is more complex. kT is a distribution of 

energies and only a fraction of particle interactions will result in aggregation. A system with 

a higher Ea will have a slower rate of aggregation than a system with a lower Ea. The 

ramifications of the height of Ea on particle aggregation will be explored in Section 4.3. 

 

Figure 4.2 Three regimes of aggregation behavior, determined by the height of the 

aggregation barrier, Ea: (a) high aggregation barrier, Ea > kT, (b) low aggregation barrier, Ea 

< kT, and (c) no aggregation barrier. 

4.2 Non-DLVO Forces 

 Although DLVO theory is a useful framework for modeling aggregation, the use of 

van der Waals attraction and electrostatic repulsions is often insufficient to adequately 

understand the forces involved in interactions between most kinds of particles.  DLVO theory 

fails to take into account the presence of solvent molecules, ligands, surface roughness, 

surface reactivity, and a host of other factors that are unique to each system. The following 

are some of the more common forces that are not included in DLVO theory, but have been 
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used to describe aggregation in particle systems, referred to as non-DLVO or X-DLVO 

forces.  

4.2.1 Steric Stabilization 

Particles are often encapsulated with a polymer coating to prevent agglomeration. 

Polymer coatings provide steric stabilization.  When two sterically stabilized particles 

collide, the polymer chains are compressed, which decreases their entropy. Reducing the 

entropy increases the Gibbs free energy of the system, resulting in elastic repulsive forces.10 

The elastic force that results from steric stabilization can be used to derive Vst, the steric 

repulsion potential. Vst can be described using two equations, one describing repulsive forces 

when the interparticle distance, s > d, the thickness of the polymer layer, another for s ≤ d.5,11 
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where d is the thickness of the polymer coating, Mw is the molecular weight of the polymer, 

߶୮ is the volume fraction of the polymer, and ρp is the density of the polymer, and a is the 

diameter of the core particle. Equation 6 assumes the polymer layer has a uniform density 

and that the polymer does not begin compression until d = s. 
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4.2.2 Osmotic Repulsion 

 Another contribution to the stability of polymer-stabilized particles is osmotic 

pressure. When two particles collide, in addition to the entropy effect discussed above, 

compression of the polymer chains also results in increased osmotic pressure, which causes 

repulsion.12 Osmotic repulsion, Vosm, can be described using three equations depending on 

the regime of behavior, which is determined by whether the interparticle distance is greater 

than the thickness of both interacting polymer layers, less than thickness of one polymer 

layer, or somewhere in-between. 
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where χ is the Flory-Huggins solvency parameter and ߥଵ is the volume of a solvent moecule. 

4.2.3. Hydrophobic Effect 

 In the context of DLVO theory of particles, the hydrophobic effect is the tendency of 

hydrophobic particles to aggregate when in an aqueous or other polar environment.13,14 The 

driving force of the hydrophobic effect is minimization of the surface area exposed to a 

hydrophilic solvent or surface. The energy cost to solvate a hydrophobic particle can be 
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minimized by decreasing the amount of exposed surface to be solvated by aggregating.15 The 

source of the hydrophobic affect is hydrogen bonding or Lewis acid-base interactions. There 

is an energy cost for breaking hydrogen bonds within the solvent, and minimizing exposure 

to the hydrophobic surface minimizes the number of bonds that are broken.16 The potential 

that results from the hydrophobic effect, VH can be described using the equations5,16,17 

௏ಹ

௦௨௥௙௔௖௘ ௔௥௘௔
= Δܩ௦బ

஺஻ ൬݁
ೞబషೞ
ഊಲಳ ൰        (10) 

where so is the minimum equilibrium separation distance of two particles due to Born 

repulsion, Δܩ௦బ
஺஻ is the free energy of acid-base interactions between particles at so, and λAB is 

the decay length for acid-base interaction, the distance at which the acid-base interaction is 

completely screened. 

4.2.4 Solvation Forces 

As was discussed in Section 1.5, the electrical double layer is more complex than a 

charged surface. In an aqueous environment, ions and water molecules bind to the surface of 

the particle and have limited mobility. This layer of solvent molecules provides a repulsive 

force that serves to prevent aggregation.17 Solvation forces can be described using the 

equation12,18   

௦ܸ = ܽߨ2 ௢ܲߣ௦
ଶ݁ି(ௗ ఒೞ⁄ )         (11) 
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where Po is the solvation pressure as the separation distance approaches zero and λs is the 

decay length for the solvation force, or the distance at which the solvation force is completely 

screened. 

4.2.5 Heteroaggregation 

DLVO theory was developed to model the aggregation of two or more particles of the 

same type, a process more precisely referred to as homoaggregation. Aggregation of two or 

more different types of particles is referred to as heteroaggregation. Heteroaggregation 

introduces an added level of complexity. When mixing dissimilar particles, A and B, 

together, heteroaggregation introduces a higher level of complexity. Instead of only one type 

of interaction, three different interactions can occur, AA, BB, and AB. When three types of 

particles are mixed together, six interactions can occur, AA, AB, AC, BB, BC, and CC. The 

situation is further complicated because each kind of particle has its own mechanisms of 

stabilization, DLVO and non-DLVO forces, and its own aggregation barrier (Figure 4.3).  

The equations discussed above were developed to model homoaggregation and must be 

modified to describe heteroaggregation. Consequently, applying DLVO theory to 

heteroaggregation is much complex than homoaggregation.19-21 
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Figure 4.3 Schematic of the interaction energies in a binary particle system. EAA, EBB, and 

EAB, are the aggregation barriers for each type of aggregation. 

4.3 Aggregate Morphology 

There are two distinct classes of aggregates that can form in a system. Diffusion-

limited aggregation or cluster aggregation (DLA or DLCA) can be best described as 

aggregation when there is no aggregation barrier (Figure 4.2c). In this regime, aggregation is 

irreversible and assumed to occur 100% of the time when two particles collide. As such, the 

only factor that limits the growth of aggregates is the collision rate of the particles. Because 

of the randomness of collisions and the irreversible nature, DLA aggregates are less dense 

and possess a fractal-like morphology (Figure 4.4). 

 In reaction-limited aggregation or cluster aggregation (RLA or RLCA), there is a 

barrier to aggregation, but it can be overcome (Figure 4.2b). In this regime, particles are 

capable of aggregation, but not all collisions result in aggregation. This implies that after a 

particle collides with an aggregate, the particle can still move deeper into the cluster before 



63 
 
 

 

 

aggregation occurs. In this regime, aggregated particles can also redisperse. Particles that 

redisperse can then collide with the cluster at a different location, but particles that aggregate 

at a site with a higher coordination number are less likely to redisperse. Because of this 

capability for reconfiguration, RLA clusters are typically more densely packed than DLA 

clusters22-26 (Figure 4.4). 

 

Figure 4.4 From top to bottom, TEM images of gold, silica, polystyrene, and simulated 

particles that have undergone (left) DLCA and (right) RLCA.22 



64 
 
 

 

 

4.4 Inducing Aggregation 

Aggregation is often viewed as a negative feature in NP research, because it indicates a lack 

of stability of the dispersion of NPs in a solvent. Some researchers have developed methods 

of exploiting aggregation to remove undesired NP, assemble NP superlattices, and to 

assemble multi-NP aggregates. 

As was discussed in Section 4.4, the barrier to aggregation can control whether less 

dense, random aggregates or more dense, structured aggregates form. Many of the 

parameters above can be adjusted by manipulating properties of the solvent or the surface of 

the NP. By subtly modifying the properties of the solvent, aggregation can be induced in 

such a way to encourage the assembly of nanoclusters and supracrystals.27 Hydrophobic NPs 

dispersed in less polar environments, such as hexanes and toluene, and are stabilized 

primarily by steric and osmotic forces. Adding more polar solvents, such as ethanol and 

methanol, can enhance hydrophobic forces28 and reduce steric forces29 to lower the 

aggregation barrier enough to induce aggregation (Figure 4.5).28-31 An alternative approach is 

to disperse NPs in a mixture of solvents of different polarities and boiling points, octane and 

octanol for example, and allow the solution to evaporate. As the solution evaporates, the 

lower boiling point solvent evaporates at a greater rate and as result, the solvent gradually 

increases, inducing aggregation of NPs with hydrophobic coatings or ligands.32,33 Precise 

amount of electrolytes can also be added to a dispersion of NPs, to screen electrostatic 

repulsion enough to induce aggregation.34 For pH sensitive NPs such as silica or titania, the 

pH can be varied to induce aggregation by changing the charge on the surface of the NP.34-36 
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With a sufficient understanding of the attractive and repulsive forces for a NP with a specific 

composition, size, shape, stabilizing agent, and solvent environment, the aggregation process 

can be controlled to favor desired products. 

 

Figure 4.5 Homoaggregation of hydrophobic gold NPs (top) to form controlled nanoclusters 

(bottom) through the addition of water. Adding water decreases the barrier to aggregation.28 

Selective heteroaggregation can be used to assemble composite NPs. The most 

common method of inducing heteroaggregation is to select oppositely charged NPs.  

Electrostatic interactions simultaneously cause repulsive forces that prevent 

homoaggregation and attractive forces that drive heteroaggregation.36-39 Under the right 

conditions, simply mixing NPs together can drive heteroaggregation.40,41  

The previous examples of inducing heteroaggregation involve selecting or modifying 

NPs for the purpose of inducing heteroaggregation. Much work on inducing 

homoaggregation to form clusters and assemblies involves tuning the solvent environment 

such that the barrier of aggregation is low enough to control homoaggregation. Until now, we 
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are not aware of research to tune the solvent environment to drive heteroaggregation in an 

analogous manner. A method of assembling hydrophobic magnetite NPs onto silica-

overcoated gold nanorods by solvent-induced heteroaggregation is presented in Chapter 5.  
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CHAPTER 5. Heteroaggregation Approach for Depositing Magnetite Nanoparticles 

onto Silica-Overcoated Gold Nanorods 

5.1 Introduction 

 Composite nanoparticles (NPs) integrate multiple NPs into single units and are 

usually formed through seeded growth of one kind of NP onto another or through crosslinker 

molecules. By combining different kinds of NPs into composite NPs, multifunctional NPs 

with novel optical, magnetic, electronic, or catalytic properties can be obtained.1-3 There are 

several approaches for synthesizing composite NPs, which can have a variety of sizes and 

morphologies, such as clusters, dendrites, chains, and sheets.4 For some applications, it is 

desirable to make compact composite NPs by maximizing the loading of functional NPs and 

minimizing the amount of crosslinker or inert matrix material. Here, we demonstrate a simple 

heteroaggregation approach for depositing coatings of magnetite (Fe3O4) NPs onto the 

surface of silica-overcoated gold nanorods (SiO2-GNRs), resulting in Fe3O4-SiO2-GNRs, 

which maintain the longitudinal surface plasmon resonance (LSPR) of gold nanorods and are 

magnetically responsive. Fe3O4-SiO2-GNRs are of special interest for biomedical 

applications because they are composed of biocompatible building blocks and are potentially 

useful for multimodal imaging or photothermal therapy with magnetic targeting. 

Heteroaggregation is a simple and versatile approach for assembling core/satellite NPs that is 

potentially widely applicable. 
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A common method for synthesizing core/satellite and core/shell NPs is seeded 

growth, where one inorganic phase is grown directly onto another,5-30 which strongly 

depends on the composition of both phases, and heterogeneous nucleation of the satellite 

phase onto the core can be difficult to control. Moreover, seeded growth can require 

significant modifications to methods initially developed for homogeneous nucleation of the 

satellite phase to suppress homogeneous nucleation and provide primarily or exclusively 

heterogeneous nucleation.10 Control over the size and morphology of the shell of satellite 

NPs is also often limited. A related method is mixing precursors for different elements and 

driving phase segregation by heating, which depends on the thermodynamics of the specific 

system.31 

Another approach is assembly of presynthesized satellite NPs onto the surface of the 

core NP. This can allow more precise control over formation of the satellite NPs, for which 

synthetic methods are often already well established. Assembly of satellite NPs onto a core 

NP can be achieved using covalent crosslinkers, non-covalent interactions, and steric effects. 

Non-covalent interactions include van der Waals interactions from strong electrostatic 

interactions to weaker dipolar interactions, biological interactions, and - interactions.32-38 

Electrostatic attraction can be enhanced by selecting core and satellite NPs with opposite 

charges or by functionalizing them with opposite charges.6,39,40 Covalent linkers are 

multifunctional molecules that can covalently bind to different types of NPs.41-48 For steric 

effects to be significant, the coating on one type of NP must entrap the other type of NP or 

entangle its coating. Coatings designed for entrapment can be added in a step prior to 
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assembly, or coating and assembly can be performed simultaneously, where the coating 

material serves as the mortar to hold NPs together. Common coating materials for entrapment 

include polymers49 and inorganic oxides obtained through sol-gel chemistry, such as silica 

(SiO2).43,50-53 

Several types of core/satellite NPs with gold nanorod (GNR) cores have been formed 

through seeded growth,6,27 van der Waals interactions,6,54 multifunctional molecules,55-59 

biomolecules,26,60,61 and polymers,56 but these methods are often limited by low-density 

coatings or non-uniform coverage. The native cetyltrimethylammonium bromide (CTAB) 

coating on GNRs is a challenge for functionalization of GNRs because CTAB is difficult to 

displace in aqueous environments,62 and CTAB-stabilized GNRs are prone to agglomeration 

in non-aqueous solvents that can facilitate removal of CTAB. The CTAB coating on GNRs 

can be destabilized by increasing the salt concentration, decreasing the CTAB concentration, 

or changing the solvent composition.63 These limitations of the CTAB coating can be 

overcome by depositing SiO2 shells onto the GNRs, which also provides colloidal stability in 

methanol and ethanol. Our heteroaggregation approach for forming core/satellite Fe3O4-SiO2-

GNRs is based on upon the ability of SiO2-GNRs to disperse in alcohols. 

Aggregation occurs when colloids, including NPs, are destabilized, form flocs, and 

settle out of solution. During aggregation processes, an energy barrier that would prevent 

aggregation is lowered or overcome, allowing aggregation to occur.64,65 In homoaggregation, 

particles of the same type flocculate, while heteroaggregation describes flocculation of 

different kinds of particles. Aggregation is a stochastic process, where particles collide with 
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one another, and if the attractive forces are strong enough or the barrier to aggregation is 

overcome, they remain bound together. In a binary particle system (A and B), three kinds of 

aggregation are possible, AA, BB, and AB. For stable colloidal suspensions, energy barriers 

prevent each kind of aggregation.66,67 Manipulating the properties of the particles or their 

solvent environment can reduce or eliminate one or more of these barriers, thus driving 

aggregation.68 If the barrier to AB aggregation is reduced or diminished while maintaining 

energy barriers for AA and BB aggregation, then heteroaggregation can occur selectively, 

without simultaneous homoaggregation.69 

Multiple experimental levers are available for altering the energy barriers to 

aggregation. For example, removing stabilizing ligands from NPs can reduce the barrier to 

aggregation.68 The solvent polarity can also be adjusted by adding a cosolvent with a 

different polarity that is miscible with the initial solvent, which can destabilize the 

dispersion.70,71 The pH and salt concentration are also commonly used levers for controlling 

aggregation.72,73 Moreover, the barrier to aggregation can be adjusted along a continuum by 

varying these parameters. Dramatically decreasing the barrier to aggregation can cause 

formation of fractal-like aggregates.74 In many instances, a more controlled assembly process 

is desired, where a minor decrease in the barrier to aggregation drives slower aggregation, 

but with improved control.75 It should also be noted that adjusting the conditions of the 

system may have different effects on AA, AB, and BB interactions, which could allow 

targeting of AA or BB homoaggregates or AB heteroaggregates. 
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We are aware of only two examples of heteroaggregation in non-aqueous systems, 

where NPs were not purposefully charged to drive heteroaggregation. We emphasize non-

aqueous systems because we show that adjusting the composition of a solvent mixture is a 

highly effective means of controlling heteroaggregation. While charging NPs can be useful 

for self-assembly, we prefer milder conditions, and steric stabilization can be more effective 

at rendering NPs dispersible in different solvent environments. In one study, oleic acid-

stabilized Fe3O4 NPs bound to the surfaces of larger SiO2 NPs over the period of a month and 

yielded only 30% coverage of the SiO2 surface.32 In another study, CdSe and Au NPs 

stabilized with hydrophobic ligands were deposited on the surface of much larger SiO2-

coated Ag nanowires.37 The extent of coverage was also limited, and heteroaggregation 

occurred over several weeks. These studies provide useful insights about heteroaggregation, 

but in both cases, the limited coverage and long assembly time were significant challenges. 

These are not intrinsic limitations, however, and we show that heteroaggregation can occur 

quickly and can give dense coatings. The key to achieving this improvement is to adjust the 

solvent conditions to properly control heteroaggregation, which was not explored in these 

prior studies. 

Controlled assembly of Fe3O4-SiO2-GNRs is achieved by inducing heteroaggregation 

via mixing of presynthesized Fe3O4 NPs and SiO2-GNRs dispersed in non-polar (hexanes) 

and polar (ethanol) solvents, respectively. Fe3O4 NPs are deposited onto the surface of SiO2-

GNRs. Although others have produced similar GNR / Fe3O4 core/satellite NPs,6,54-58 a major 

advantage of this method is its simplicity, speed (< 10 min), and potential generality. The 
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SiO2 shell mediates the interaction between the core of the GNR and the Fe3O4 NPs, and no 

additional molecular crosslinker is employed. This heteroaggregation approach can likely be 

extended to other kinds of SiO2-coated NPs or surfaces and NPs with hydrophobic ligands. 

The coatings of Fe3O4 NPs allow for manipulation of Fe3O4-SiO2-GNRs with applied 

magnetic fields. 

5.2 Experimental Section 

Experimental methods for synthesizing SiO2-GNRs,76,77 Fe3O4 NPs,78 and 

poly(ethyelene glycol) catechol (PEG-catechol)79 have already been reported elsewhere. 

Details for these syntheses are provided in the Supporting Information. 

5.2.1 Assembly of Fe3O4-SiO2-GNRs  

Hexanes (EMD, ACS, 98.5%) and anhydrous ethanol (Koptec, 99.5%) were used for 

assembly of Fe3O4-SiO2-GNRs by driving heteroaggregation of Fe3O4 NPs and SiO2-GNRs. 

The concentration of SiO2-GNRs was 3.8 mg (measured as mg of Au) / mL of methanol, 

based on the assumption of 100% yields in the synthesis and purification of GNRs76 and of 

SiO2-GNRs.77 This assumption is generally valid, because there is no apparent loss of 

material into the supernatant during centrifugation. 25 L of SiO2-GNRs in methanol was 

transferred into ethanol by dilution to 15 mL with ethanol. The dispersion was then 

centrifuged at 8,500 g (IEC Centra MP4 with 854 rotor) for 10 min and redispersed in 1 mL 

of ethanol, resulting in a final concentration of 0.095 mg/mL in ethanol. A 2-mL dispersion 

of Fe3O4 NPs in hexanes was prepared with a concentration of 1 mg/mL. These solutions, 1 
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mL of SiO2-GNRs in ethanol and 2 mL of Fe3O4 NPs in hexanes, were then mixed with rapid 

stirring, followed by centrifugation at 2,500 g for 5 min. After removing the supernatant, the 

sedimented product was redispersed in hexanes. Fe3O4-SiO2-GNRs can also be dispersed in 

other weakly polar solvents, such as toluene and tetrahydrofuran (THF). A cylindrical NdFeB 

permanent magnet (Bunting Magnetics, 1” diameter, 0.5” long, N35P1000500 for Figure 3a, 

0.5” diameter, 0.5” long, N35P500500 for Figure 3b,c) was then placed next to the side of 

the glass vial to collect the Fe3O4-SiO2-GNRs, leaving any excess free Fe3O4 NPs in the 

supernatant. 

5.2.2 Functionalization of Fe3O4-SiO2-GNRs with PEG-Catechol  

Functionalization of Fe3O4-SiO2-GNRs with PEG-catechol was conducted by 

adapting a method reported for functionalization of Fe3O4 NPs.79 For PEGylation, Fe3O4-

SiO2-GNRs were first suspended in toluene by purifying Fe3O4-SiO2-GNRs as described 

above but redispersing the product in the same volume of toluene instead of hexanes, 

resulting in the same concentration. The Fe3O4-SiO2-GNRs in toluene were sonicated for 5 

minutes to ensure they were well dispersed. PEG-catechol was dissolved in a small amount 

of toluene until reaching a final concentration of 0.1 mg/L. This solution was mixed with 

the Fe3O4-SiO2-GNRs at ratio of 2 mg of PEG-catechol per mg of SiO2-GNRs. The mixture 

was then heated to 50 °C for two hours with gentle magnetic stirring. After cooling to room 

temperature, hexanes was added to drive flocculation, followed by centrifugation at low 

speed (2,500 g), removal of the supernatant, and allowing the solvent to completely 

evaporate under ambient atmosphere. The precipitate was then dispersed in deionized water 
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(Ricca, ACS Reagent grade, ASTM Type I, ASTM Type II) or anhydrous ethanol and briefly 

sonicated to drive dispersion of PEG-Fe3O4-SiO2-GNRs. 

5.2.3 Characterization 

Transmission electron microscopy (TEM) was performed using a JEOL 2000FX 

microscope operated at 200 kV. Optical absorbance spectra were acquired with an Ocean 

Optics CHEM-USB-VIS-NIR spectrophotometer. 

5.3 Results and Discussion 

Heteroaggregation was performed using presynthesized CTAB-stabilized GNRs with 

core dimensions of 94 nm × 24 nm and a 19-nm thick mesoporous SiO2 coating dispersed in 

ethanol (Figure 1a) and oleylamine-stabilized Fe3O4 NPs with a diameter of 7 nm (Figure 1b) 

dispersed in hexanes. Under optimized conditions, adding the SiO2-GNRs in ethanol to the 

Fe3O4 NPs in hexanes yields a uniform coating of Fe3O4 NPs on the surface of the SiO2-

GNRs (Figure 1c). Fe3O4-SiO2-GNRs can be assembled and purified by centrifugation in 

under 10 minutes. The uniformity of the coating of Fe3O4 NPs depends on many variables, 

including the concentration of Fe3O4 NPs and the ethanol to hexanes ratio. For too high 

concentrations of Fe3O4 NPs (> ~10 mg/mL prior to addition to the SiO2-GNR solution), the 

Fe3O4 NPs undergo homoaggregation before binding to the SiO2 surface, resulting in large 

clusters of Fe3O4 NPs bound to the surface of SiO2-GNRs. If too much ethanol is used, the 

Fe3O4 NP coating loses its uniformity, and fractal-shaped aggregates form on the surface of 

the SiO2-GNRs, or aggregates of Fe3O4-SiO2-GNRs form (unpublished). It is important to 



78 
 
 

 

 

add the SiO2-GNRs to the Fe3O4 NPs to avoid homoaggregation of the Fe3O4 NPs, which can 

occur if a small volume of hexanes containing Fe3O4 NPs is added to a much larger volume 

of SiO2-GNRs in ethanol. The Fe3O4-SiO2-GNR products from heteroaggregation can be 

purified by centrifugation or magnetic extraction. Fe3O4-SiO2-GNRs disperse well in weakly 

polar solvents, such as hexanes, toluene, and THF, but do not disperse in ethanol, methanol, 

or water because the exterior surface of the Fe3O4-SiO2-GNRs is coated with hydrophobic 

oleylamine ligands. 

 

Figure 5.1 TEM images (common scale bar) of (a) SiO2-GNRs with 19 nm SiO2 shells, (b) 

7-nm Fe3O4 NPs, and (c) Fe3O4-SiO2-GNRs formed by heteroaggregation of Fe3O4 NPs onto 

SiO2-GNRs. 

5.3.1 Mechanism of Heteroaggregation  

When Fe3O4 NPs dispersed in hexanes are mixed with SiO2-GNRs dispersed in 

ethanol under optimized conditions, irreversible heteroaggregation occurs, while avoiding 

homoaggregation of Fe3O4 NPs or SiO2-GNRs. Under these conditions, the barrier for 

heteroaggregation is lowered while maintaining the barriers for homoaggregation. As noted 

above, using a larger proportion of ethanol also reduced the barrier for homoaggregation of 
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Fe3O4 NPs, resulting in homoaggregation of Fe3O4 NPs. The dependence on the composition 

of the solvent mixture suggests the energy barrier for heteroaggregation is lower than for 

homoaggregation of Fe3O4 NPs, which may be rationalized by the relatively weak non-polar 

interactions between oleylamine-stabilized Fe3O4 NPs, in comparison with the stronger 

interactions with the polar surfaces of SiO2-GNRs. The large size of the SiO2-GNRs may 

also provide additional driving force for heteroaggregation, because the strength of van der 

Waals interactions increases as the size of the NPs increases. Homoaggregation of SiO2-

GNRs was not observed, which might be attributed to colloidal stability imparted by the SiO2 

shells or because the concentration of SiO2-GNRs is much lower than that of the Fe3O4 NPs. 

5.3.2 Optical Properties 

Fe3O4 NPs absorb light at the blue end of the visible spectrum (Figure 2). This 

property is appealing for combining with SiO2-GNRs, because there is minimal spectral 

overlap between Fe3O4 NPs and the LSPR of GNRs. Optical absorbance spectra of Fe3O4-

SiO2-GNRs show a redshift of 30 nm in the LSPR when the coating of Fe3O4 NPs is attached 

(Figure 2). This redshift is commonly observed when iron oxide NPs are deposited onto 

GNRs12,54,55 and is attributed to the higher index of refraction of Fe3O4 (2.42)80 than 

mesoporous SiO2 (1.28-1.45).81 In addition to the redshift, the absorbance broadened and 

decreased in intensity. Product loss during centrifugation could be responsible for at least 

part of the decrease in intensity. According to previous work, the higher dielectric constant of 

the Fe3O4 NPs can also cause the absorbance to broaden and be reduced in intensity.54,55 
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Figure 5.2 Optical absorbance spectra of the assembly and purification of (1a) SiO2-GNRs in 

ethanol and (1b) Fe3O4 NPs in hexanes: (2) unpurified Fe3O4-SiO2-GNRs upon mixing and 

(3) Fe3O4-SiO2-GNRs after centrifugation and redispersion in hexanes. Note: The SiO2-GNR 

stock solution was diluted with two volumes of ethanol for acquiring (1a), and the Fe3O4 NP 

stock solution was diluted with half a volume of hexanes for acquiring (1b). These dilutions 

were chosen to mimic mixing of the stock solutions at the 2:1 hexanes:ethanol volume ratio 

for heteroaggregation, (2). After centrifugation, the product was redispersed in the same 

volume of solvent as before purification for acquiring (3).  

5.3.3 Magnetic Separation 

Fe3O4-SiO2-GNRs exhibit a strong magnetic response. When a permanent magnet is 

placed next to the dispersion of Fe3O4-SiO2-GNRs, they collect on the wall of the vial next to 

the magnet (Figure 3a). The sedimented Fe3O4-SiO2-GNRs readily redisperse with mild 
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sonication. For quantitative monitoring of the magnetic extraction process, a permanent 

magnet was placed next to the bottom of a cuvette containing Fe3O4-SiO2-GNRs (Figure 3c). 

Optical absorbance spectra were collected every 5 minutes through the part of the solution at 

the top of the cuvette, from which Fe3O4-SiO2-GNRs were depleted during magnetic 

extraction (Figure 3b). After 45 minutes, 85% of the Fe3O4-SiO2-GNRs were removed from 

solution. A measurement after 120 minutes shows that 95% of the Fe3O4-SiO2-GNRs have 

been removed. 

  

Figure 5.3 (a) Photos of the magnetic separation process conducted over 45 minutes. (b) 

Optical absorbance spectra of Fe3O4-SiO2-GNRs remaining dispersed in hexanes in the top of 

the cuvette after placing a permanent magnet next to the bottom of the cuvette for magnetic 

separation. Spectra were collected in 5-minute intervals for 45 minutes, and an additional 

spectrum was acquired after 120 minutes. (c) Diagram of the arrangement of the cuvette, 
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magnet, and beam path for measurement of the residual dispersed Fe3O4-SiO2-GNRs that are 

not pulled to the magnet. 

5.3.4 Stability  

A sample of Fe3O4-SiO2-GNRs was repeatedly magnetically separated by 

redispersing the solids captured on the wall of the vial next to the magnet in fresh hexanes 

and sonicating to investigate the robustness of the coating of Fe3O4 NPs in Fe3O4-SiO2-GNRs 

(Figure 4 and Supporting Information, Figure S1). An optical absorbance spectrum was 

acquired after each round of magnetic extraction and sonication. The spectra were 

normalized at 400 nm because Fe3O4 NPs and GNRs both contribute the absorbance at 400 

nm (Figure 2). In the normalized absorbance spectra, the peak for the LSPR begins to 

broaden and increase in intensity starting after the third extraction and more substantially 

after the fifth extraction. The increase in peak height can be explained by loss of a small 

amount of Fe3O4 NPs from the surface of the Fe3O4-SiO2-GNRs, because normalization at 

400 nm combined with a decrease in the unnormalized absorbance at 400 nm causes an 

increase in the normalized absorbance at longer wavelengths. The unnormalized spectra also 

show decreased absorbance after each magnetic extraction step because the NPs adhere to the 

walls of the glass cuvette (Supporting Information, Figure S1). Broadening of the peak for 

the LSPR could result from agglomeration of Fe3O4-SiO2-GNRs when some Fe3O4 NPs are 

removed from their surfaces or when some of the oleylamine ligands have been stripped 

away, because the hydrophobic surface coatings on the Fe3O4 NPs are required for 

maintaining dispersibility of Fe3O4-SiO2-GNRs in hexanes. 
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Figure 5.4 Optical absorbance spectra of Fe3O4-SiO2-GNRs during five rounds of 

purification through magnetic extraction, normalized at 400 nm. Before acquiring each 

spectrum, the Fe3O4-SiO2-GNRs were magnetically extracted using a permanent magnet. The 

supernatant was removed, and the sample was redispersed in a fixed volume of fresh hexanes 

and sonicated for 5 minutes.  

5.3.5 Functionalization for Dispersion in Water  

Oleylamine ligands stabilize the exposed surface of the Fe3O4 NPs, which makes 

Fe3O4-SiO2-GNRs hydrophobic. Surface functionalization without removing the Fe3O4 NPs 

from the surface is needed for dispersing Fe3O4-SiO2-GNRs in water for biomedical 

applications. The Fe3O4-SiO2-GNRs were first transferred into toluene to confer miscibility 

with PEG-catechol, which was added to displace oleylamine and PEGylate the Fe3O4-SiO2-

GNRs, yielding PEG-Fe3O4-SiO2-GNRs. The catechol group binds to the exposed Fe3O4 

surface, and the PEG moiety provides stability in ethanol and water.79 PEG-Fe3O4-SiO2-

GNRs form an aqueous dispersion that is stable for at least a month. Further experiments 

would be needed to assess their stability in buffers and biological environments. The optical 
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absorbance spectrum of PEG-Fe3O4-SiO2-GNRs shows neither scattering nor a redshift that 

would be associated with agglomeration (Figure 5a and Supporting Information, Figure S2). 

Rather, the absorbance spectrum maintains the prominent absorption band of Fe3O4-SiO2-

GNRs prior to PEGylation and shows no sign of detachment of Fe3O4 NPs. There is a 

blueshift in the LSPR by 15 nm, which can be attributed to differences in the refractive index 

of toluene and water.82 TEM of the PEG-Fe3O4-SiO2-GNRs confirms that surface 

functionalization can be conducted without displacing the coating of Fe3O4 NPs (Figure 5c). 

 

Figure 5.5 (a) Optical absorbance spectra, normalized at 400 nm, and TEM (common scale 

bar) of (b) Fe3O4-SiO2-GNRs in toluene and (c) PEG-Fe3O4-SiO2-GNRs in water. 
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5.4 Conclusions 

By employing the well-known property of NPs stabilized by hydrophobic ligands to 

aggregate when exposed to polar non-solvents, we have developed a method for quickly 

inducing heteroaggregation of Fe3O4 NPs onto the surface of SiO2-GNRs, resulting in Fe3O4-

SiO2-GNRs with a core/satellite morphology. By controlling the solvent polarity, uniform 

coatings of Fe3O4 NPs can be deposited onto the surface of SiO2-GNRs within a few minutes 

of mixing and without requiring an additional crosslinker. This method is simple and fast 

because it uses presynthesized NPs, which allows independent control over the synthesis of 

the core and satellite NPs. Fe3O4-SiO2-GNRs maintain the LSPR of the GNRs in the core and 

also exhibit strong responses to permanent magnets, thus allowing for magnetic manipulation 

and separations. Fe3O4-SiO2-GNRs disperse in non-polar and weakly polar solvents, 

including hexanes, toluene, and THF. Surface functionalization with PEG-catechol renders 

them dispersible in water. Since many types of NPs are synthesized using hydrophobic 

ligands and there are methods for overcoating NPs with SiO2, this technique could potentially 

be used to assemble a wide variety of core/satellite NPs. We anticipate this demonstration of 

a fast, non-aqueous heteroaggregation process will stimulate further work to apply 

heteroaggregation in other non-aqueous systems and to further investigate the mechanisms of 

heteroaggregation. 
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5.6 Supporting Information 

5.6.1 Chemicals for Nanoparticle Synthesis, Purification, and Heteroaggregation 

HAuCl4·xH2O (Alfa Aesar, 99.999%, where x was estimated as 3), 

cetyltrimethylammonium bromide (CTAB, Amresco, 99%), AgNO3 (Alfa Aesar, 99.9995%), 

ascorbic acid (JT Baker, 99.5%), KBr (Alfa Aesar, ACS, 99% min), deionized water (Ricca, 

ACS Reagent grade, ASTM Type I, ASTM Type II), NaBH4 (Sigma-Aldrich, 99%, 213462), 

tetraethyl orthosilicate (TEOS, Alfa Aesar, 99.9%), anhydrous methanol for diluting TEOS 

(EMD, DriSolv), methanol for SiO2-GNR purification (Macron, UltimAR), NaOH (Sigma-

Aldrich, 99%), anhydrous ethanol (Koptec, 99.5%), oleylamine (Sigma-Aldrich, 98% 

primary amine), hexanes (EMD, ACS, 98.5%), toluene (JT Baker, CMOS), benzyl ether 

(Acros, 99%), Fe(acac)3 (Strem, 99%), and tetrahydrofuran (THF, EMD, OmniSolv, Non-

UV) were used for synthesizing, purifying, and conducting heteroaggregation of SiO2-GNRs 

and Fe3O4 NPs and for dispersing the product, Fe3O4-SiO2-GNRs. 

5.6.2 Synthesis of SiO2-GNRs  

CTAB-stabilized gold nanorods (GNRs) were synthesized using a seed-mediated 

approach.1 This method produced 1 L of aqueous GNRs containing 100 mM CTAB and 190 

mg of GNRs at a concentration of ~0.8 nM. A secondary injection of ascorbic acid was used 

to reduce and deposit the residual Au precursor onto the surface of the GNRs. To prepare the 
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GNRs for overcoating with SiO2,2 100 mL of the product was warmed to 28 °C and then 

centrifuged twice at 14,200 g (IEC Centra MP4 with 854 rotor). By following the established 

purification procedure, the final GNR concentration was increased 10-fold in a final volume 

of 10 mL, and the CTAB concentration was ~1 mM.2 

The concentrated GNRs were heated to 30 °C in a water bath, and the pH was 

increased to 10.4 by slowly adding 0.1 M NaOH. 250 µL of 20% TEOS in anhydrous 

methanol was then injected into the GNRs by syringe pump at a rate to 50 µL/min, while 

stirring at 150 rpm. After completing the injection, the stir rate was adjusted to 30 rpm for 30 

min. The mixture was then left still for 20 hours, without stirring. Upon completing the 

reaction, the mixture was immediately divided equally among four 40-mL centrifuge tubes. 

The contents of each tube were diluted to 40 mL with methanol and centrifuged at 8,500 g 

for 10 min. This dilution and centrifugation process was repeated five times, with removal of 

the supernatant, redispersion of the SiO2-GNRs in fresh methanol, and sonication between 

runs. The final product was stored in methanol at a concentration of 3.8 mg/mL by dilution to 

a final volume of 5 mL with methanol. 

5.6.3 Synthesis of Fe3O4 NPS 

Oleylamine-stabilized Fe3O4 NPs with an average diameter of 7 nm were synthesized 

by scaling up a heat-up method.3 3.12 g of Fe(acac)3 was mixed with 45 mL of benzyl ether 

and 45 mL of oleylamine in a 250-mL, three-necked, round-bottomed flask equipped with a 

condenser, thermocouple, and rubber septum. The condenser was then connected to a 
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vacuum and inert gas manifold, and the system was placed under vacuum for 1 hour at room 

temperature, followed by heating to 90 °C, backfilling with N2, and then heating to 120 °C 

for 1 hour. The temperature was then ramped (at a rate of ~15 °C/min) to 290 °C and held for 

1 hour. Upon cooling to room temperature, the product was purified by centrifugation by 

adding an equal volume of ethanol to the product and centrifuging at 2,500 g, followed by 

redispersion in hexanes for storage. 

5.6.4. Synthesis and Purification of PEG-Catechol 

5.6.4.1 Chemicals for Synthesis of PEG-Catechol  

Methoxypoly(ethylene glycol) acetic acid (mPEG-CM, Laysan Bio, Inc., MW = 2 

kDa), dopamine hydrochloride (Sigma-Aldrich), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-

1-yl)uronium hexafluorophosphate (HBTU, Sigma-Aldrich, ≥98.0%), 1-

hydroxybenzotriazole hydrate (HOBt, Sigma-Aldrich, 97%), triethylamine (TEA, Sigma-

Aldrich, ≥99%), dichloromethane (DCM, Sigma-Aldrich, anhydrous, ≥99.8%), N,N-

dimethylformamide (DMF, Sigma-Aldrich, anhydrous, 99.8%), diethyl ether (Et2O, Sigma-

Aldrich, anhydrous, ≥99.7%), chloroform (CHCl3, Sigma-Aldrich, ≥99.5%), sodium sulfate 

(Na2SO4, Sigma-Aldrich, ≥99.0%, anhydrous), and hydrochloric acid (HCl, Sigma-Aldrich, 

37%) were used for the synthesis and purification of PEG-catechol. 
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5.6.4.2 Synthesis and Purification of PEG-Catechol  

PEG-catechol was synthesized by modifying a commercially available PEG-COOH.4 

Briefly, 500 mg (0.19 mmol) of mPEG-CM was dissolved in 6 mL of a 2:1 (v/v) solution of 

DCM and DMF. 72 mg (0.38 mmol) of dopamine hydrochloride and 90 mg (0.67 mmol) of 

HOBt were then added, and N2 was bubbled through the mixture for 15 min. 153 mg (0.38 

mmol) of HBTU and 100 μL (0.66 mmol) of TEA were added, and the mixture was stirred 

under N2 atmosphere at room temperature overnight. The solution volume was reduced by 

rotary evaporation, followed by acidification by adding 10 mL of 1 M HCl with mixing. The 

aqueous solution was extracted with 10 mL of CHCl3 three times. The organic phase was 

then collected and dried with Na2SO4. After the solution was concentrated to <2 mL by 

rotary evaporation, it was precipitated with 30 mL of cold Et2O at −20 °C. The crude product 

(white precipitate) was purified by redissolving in ∼2 mL of DCM and precipitation in 30 

mL of cold Et2O at −20 °C two more times. The precipitate was finally redissolved in H2O 

and lyophilized. The final purified PEG-catechol was obtained as a white solid powder and 

stored at −20 °C until needed. 1H NMR (D2O) δ (ppm): 6.7−6.8 (m, 3H, aromatic), 3.3−4.0 

(m, −O−CH2−CH2−), 3.4 (t, 2H, CH2 adjacent to aromatic ring), 2.7 (t, 2H, 

−CH2−NH−CO−). 
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5.6.5 Unnormalized Optical Absorbance Spectra 

 

Figure 5.6 Unnormalized optical absorbance spectra of Fe3O4-SiO2-GNRs during five 

rounds of purification through magnetic extraction. The normalized version of these spectra 

is provided in the main text, Figure 4. 

  

Figure 5.7 Unnormalized optical absorbance spectra of Fe3O4-SiO2-GNRs in toluene and 

PEG-Fe3O4-SiO2-GNRs in water. The normalized version of these spectra is provided in the 

main text, Figure 5. 
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CHAPTER 6. Direct Electrospinning of Titania Fibers with Ethanol 

6.1 Introduction 

Nanoscale ceramic fibers are of interest for their high surface-area-to-volume ratio 

and have widespread applications, including electronics, sensors, and catalysis.1,2 Titania 

(TiO2), in particular, has shown promise as a catalyst for photocatalytic water splitting and 

environmental remediation when in its anatase phase.3 Here, we report electrospinning of 

TiO2 nanofibers with average diameters below 100 nm and without use of a polymer 

additive. To the best of our knowledge, this is the smallest diameter TiO2 fibers obtained to 

date, where the smallest diameter previously is 510 nm.4 This work builds upon previous 

studies of direct electrospun TiO2 fibers,4,5 which required use of a toxic solvent, 2-methoxy 

ethanol6-8 and yielded fibers with diameters greater than 0.5 µm.  

 Electrospinning is an established method for producing ceramic fibers with sub-µm 

diameters and lengths exceeding 100 µm.1 In electrospinning, a high-voltage power supply is 

connected to a solution reservoir, generally a syringe, and a grounded deposition plate. As 

the solution is slowly pumped through the syringe under the applied voltage, rather than 

forming a bead at the tip of the needed, it is stretched and elongated into a “Taylor cone.” 

When the Coulomb force exerted on the Taylor cone is high enough to overcome the surface 

tension of the solution, a stream of polymer solution jets from the tip of the cone. As the jet 

of polymer travels through the air, it whips around and the solvent evaporates, solidifying 
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and stretching out the fiber. Several polymers have been electrospun into fibers, including 

poly(ethylene oxide), poly(vinyl alcohol), polyvinylpyrrolidone, and polystyrene.9  

 Two approaches have been devised for fabricating ceramic fibers by electrospinning, 

a polymer-assisted method and sol-gel chemistry. In polymer-assisted electrospinning, a 

ceramic precursor, often a sol, a salt, or a coprecipitated nanoparticle, is mixed with a solvent 

and a polymer.10 The polymer provides the appropriate rheology to allow electrospinning and 

templates the morphology of the fibers. The fibers are then calcined at temperatures above 

450 °C to simultaneously remove the polymer additive and sinter the ceramic precursors. The 

benefit of this method is that the properties of the ceramic precursors play only a small role 

in the electrospinning process, which is instead controlled by the polymer additive. The 

disadvantage of this approach is that the samples can undergo large extents of shrinkage, 

which can result in mechanical breakage1 and degradation of the optical properties of the 

fibers.11 Polymer additives can also leave carbon residue within the fibers.12 Because the 

polymer guides the electrospinning process, many types of ceramic fibers have been 

synthesized using this method, including TiO2,13 Al2O3,14
 SiO2,15

 NiFe2O4,16
 SiC,17 and B4C.18

 

 In the sol-gel chemical method for producing fibers by electrospinning, also known as 

direct electrospinning, polymer additives are excluded from the solution. Rather, by mixing 

the alkoxide precursor, solvent, water, and an acid, the viscosity of the solution can be 

controlled to allow electrospinning without adding a polymer. While direct electrospinning 

avoids the need for calcination and the associated challenges discussed above, obtaining a sol 

of the appropriate viscosity for electrospinning can be challenging. Because of this issue, 
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there have been only a few reports of direct electrospun ceramic fibers composed of SiO2,19-

21 Al2O3,22 PbZrTiO2,23,24 andTiO2.4,5  Another drawback of this method is that it the fiber 

diameters are generally greater than one µm, with one exception, where TiO2 fibers of 500 

nm were produced. As noted earlier, an issue specific to the production direct electrospun 

TiO2
4,5 is the use 2-methoxy ethanol,6-8  a known teratagen and mutagen.  

 For direct electrospinning, hydrolysis and condensation of the alkoxide precursor 

need to be controlled, such that they result in a network of long chains with minimal cross-

linking or branching.21,25  Such control can be obtained through the following steps: An acid 

rather than base should be used for catalyzing condensation. Acid catalysis drives formation 

of linear, ladder-like structures, allowing for the formation of viscous sols before gelling. In 

contrast, base catalysis causes branching and more readily produces nanoparticles, which 

does not allow for facile control of the viscosity.25 Another important parameter is the 

amount of water with respect to the alkoxide. A molar ratio of 2 water : 1 alkoxide typically 

forms a sol with the ideal morphology.22 Reducing the concentration can minimize cross-

linking and favors electrospinning, while electrospinning of more highly concentrated sols is 

inhibited.21  

 Previous reports on electrospinning TiO2 fibers either produced µm-scale TiO2 fibers 

using a toxic solvent, or used polymer additives to assist with electrospinning and required 

calcination. Here we report use of ethanol-based sols for direct electrospinning of TiO2 

nanofibers without use of polymer additives and with average diameters below 100 nm, 
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which is ~5 times smaller than previous reports on TiO2 and the first example of direct 

electrospun ceramic fibers with diameters below 100 nm. 

6.2 Experimental Section 

6.2.1 Sol Gel Synthesis 

Titanium(IV) isopropoxide (TTIP, Acros Organics, 98%), anhydrous ethanol (Sigma 

Aldrich, 99.5%), nitric acid (Sigma Aldrich, 70%), and N,N-dimethylformamide (DMF, 

OmniSolv, 99.99%) were used to prepare a titania sol for electrospinning. The spinning 

solution for the electrospun fibers solution was developed by modifying a previous method 

for electrospinning TiO2 fibers,5 including replacing 2-methoxy ethanol with ethanol. 25 mL 

of ethanol was added to a 40-mL vial with a septum cap inside a glove box, to which 1.42 g 

of TTIP was added dropwise with rapid stirring and allowing complete mixing of the solution 

between drops. The vials was then sealed, stirred for 10 minutes, and removed from the glove 

box. 15.5 µL of concentrated nitric acid was then injected through the septum cap and 

allowed to sit for an additional 10 minutes. The vial is then opened to the air, and heated and 

80 °C for 90 minutes with moderate stirring, followed by cooling to room temperature and 

rotary evaporation to reduce the total volume of the sol to ~1 mL. 50 µL of DMF was then 

added to the solution, and it was allowed to stir for 10 minutes. If not used immediately, the 

electrospinning solution was stored in a 3-mL syringe in a freezer at -16 °C. The solution 

showed no signs of gelation after 2 months of storage and remained suitable for 

electrospinning. 
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6.2.2 Electrospinning 

A home-built setup was used for electrospinning, with a vented enclosure, 

horizontally oriented syringe pump, syringe, blunt-tipped needle, grounded collector plate 

covered with Al foil, and 30 kV power supply. The syringe prepared as described above was 

fitted with a 22-gauge, 1.5”-long, blunt-tipped needle. After removing pushing any air 

bubbles and a small amount of the solution out of the syringe, it was connected to the syringe 

pump, and the metal needle was connected to the power supply with an alligator clip. Using a 

tip-collector distance of 14 cm, the flow rate was set 1.0 to µL/min, and the voltage was set 

to 14 kV. When electrospinning had finished, 10 minutes elapsed before opening the 

enclosure and removing the sample, both to allow any residual charges on the needle and 

collector to dissipate, and to purge the enclosure of titania fibers that were not anchored to 

the collector or other surfaces. When the sample was removed, all surfaces inside the 

enclosure were wiped down with a damp cloth to remove any fibers that did not deposit on 

the plate. (Caution: This high voltage poses an electrocution hazard, and electrospinning 

should only be conducted with appropriate training. Enclosing the electrospinning setup in a 

box with interlocks can reduce the potential for exposure to the high voltage. The titania fiber 

also become airborne easily and pose an inhalation hazard.) 

 This method, as with many methods for electrospinning, may have some dependence 

on the ambient humidity, which varies by season. If the parameters for electrospnning need 

to be adjusted, the correct parameters were found by first adjusting the flow rate until fibers 

start to form, followed by the voltage and tip-collector distance adjusted until continuous 
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fibers formed. The presence of fibers was verified by depositing a test sample on a small 

square of Al foil and observing with on optical microscope. 

6.2.3 Characterization and Conversion into Anatase TiO2 

The fibers were imaged by scanning electron microscopy (FEI Verios 460L). To 

prepare samples for in situ X-ray diffraction (XRD), titania fibers were collected on Si 

wafers adhered to the Al foil with double-sided tape. The samples were loaded into X-Ray 

diffractometer (PANalytical Empyreon) with a heating stage attachment (XRK 900). The 

fibers were heated under ambient atmosphere to 900 °C at a rate of 1 °C per minute. 

Diffractograms were collected continuously at rate of 1 measurement every 15 minutes. 

Values of 2 were measured from 20° to 45° with a step of 0.026°. 

6.3 Results and Discussion 

6.3.1 Fiber Morphology 

Nanoscale amorphous TiO2 fibers were electrospun directly (Figure 1a), without 

using an organic polymer to assist with electrospinning. The fibers do not show signs of 

beading or crosslinking between fibers, common challenges in electrospinning. The as-spun 

fibers have an average diameter of 71 ± 27 nm (Figure 2). This is a 5-fold decrease in fiber 

diameter compared to previous studies.4,5 The reduction of diameter can be partially 

attributed to replacing 2-methoxy ethanol with ethanol. The use of a solvents with lower a 

higher vapor pressure has been shown to decrease the diameter of polymeric nanofibers.26 
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The use of slower flow rates than are commonly applied for direct electrospinning may also 

contribute to the decreased diameter.27  

 

Figure 6.1 SEM images of amorphous TiO2 nanofibers on a Si wafer (a) after 

electrospinning and (b) after heating to 450 °C in air for 2 hours. Insets show the sample 

samples at higher magnification. 

A sample of TiO2 fibers was heated to 450 °C for two hours (Figure 1b), which 

mimics conditions for calcining fibers that contain organic polymers.13 The fibers show 

minimal morphological changes and no signs of breakage. The average fiber diameter is 64 ± 
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24 nm. This 10% decrease in diameter during heating can be attributed to generation and 

evaporation of ethanol as condensation is completed, yielding pure TiO2 fibers. 

 

Figure 6.2 Histograms of the diameter of TiO2 fibers before and after heating to 450 °C for 

two hours. For each sample, 200 fibers were measured. 

6.3.2 Guidance for Preparing the TiO2 Sol 

The following guidance was developed based on the more comprehensive literature 

for direct electrospinning of SiO2 fibers.19-21 The key to direct electrospinning of SiO2 fibers 

without polymer additives is to produce a sol where the alkoxides form into long chains and 

minimizing branching or crosslinking, resulting in the formations of clusters and eventually 

particles. This is achieved by lowering the pH of the solution, because acid-catalyzed 

reactions preferentially form chains. Control over the water content and temperature are also 

important for controlling the rate of crosslinking, even though TTIP is less reactive than 

many other titanium alkoxides. If the reaction occurs too quickly, precipitates will form and 



107 
 
 

 

 

inhibit fiber formation. The appearance of cloudiness in the sol indicates that precipitation 

has occurred. When using ethanol instead of 2-methoxy ethanol, the amount of water in the 

system must be minimize, because water behaves as a catalyst. Water needs to be introduced 

in a controlled manner to keep the reaction slow enough that reactions form, and the 2:1 ratio 

of TTIP to alkoxide recommended in the literature reacted too quickly, causing precipitate to 

form in the sol. To compensate, the only water introduced to the system is from the HNO3 

and ambient humidity. Cross-linking is further minimized by performing the reaction under 

dilute conditions. For electrospinning, the solution was placed on a rotary evaporation to 

reduce the volume to 1 mL, which yielded a solution of appropriate viscosity for 

electrospinning.  

6.3.3 Guidance for Electrospinning 

Several parameters are important for obtaining continuous TiO2 fibers with uniform 

diameters. Minor changes in the parameters for electrospinning, such as flow rate and 

voltage, can result in electrospray or short TiO2 fibers. For example, minor changes in flow-

rate, such as going from 1.0 L/min to 1.1 L/min, can change the deposition from 

continuous fibers to mostly particles. The voltage is similarly sensitive, where changing from 

10 kV to 11 kV can result no fibers. Increasing the needle-tip distance has the effect of 

increasing the overall rate of deposition, but as the tip approaches the collector, more TiO2 

particles deposit onto the collector. 
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Challenges unique to direct electrospinning of oxide fibers include the presence of 

short fibers and nanoparticles. Polymer entanglement, which is controlled by the chain length 

and molecular weight, as in important aspect of electrospinning. The individual units in a 

TiO2 sol are smaller than for electrospinning polymers. As a result, direct electrospinning of 

TiO2 can be more challenging than when using a polymer. The short chains in TiO2 sols limit 

the extent of entanglement. Non-optimal conditions for electrospinning can yield 

nanoparticles or short segments of fibers instead of contiguous fibers. To compensate for the 

lack of entanglement in TiO2 sols, parameters for electrospinning need to be chosen 

carefully.  

 During direct electrospinning of TiO2 fibers from an ethanol-based sol, some of the 

solution also crystalizes at the tip and causes clogging. Including a small amount of DMF in 

the sol slows evaporation of the solvent and inhibits crystallization of TiO2, thus facilitating 

electrospinning. 

6.3.3 In Situ X-Ray Diffraction 

 In situ XRD experiments of the TiO2 fibers during heating to 900 °C under ambient 

atmosphere monitored formation of the anatase phase, followed by transformation into the 

rutile phase. Diffractograms were acquired at intervals of ~15 °C for 2θ between 20° and 45°, 

which contains the largest peaks in the anatase and the rutile crystal structures (Figure 3). 

The intensity of the broad background from amorphous TiO2 decreases as the temperature 

approaches 500 °C. The peak for the anatase phase at 25.27° appears at 481- 496 °C. A 
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second, smaller anatase peak emerges at 37.78° between 728-743 °C and 890 °C. A rutile 

titania peak at 27.46° becomes visible at 852-867 °C.  

 

Figure 6.3 XRD of electrospun TiO2 fibers on a Si wafer while heating to 900 °C at a rate of 

1 °C / min. Diffractograms collected continuously at a rate of 1 measurement every ~15 

minutes. Diffractograms were collected for 2θ values from 20° to 45° with a step of 0.026°. 

(a) All measurements from 0 to 900 ° (b) measurements from 774 °C to 900 °C and 20 ° to 

40 ° to highlight peaks forming at higher temperatures. 
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 In comparison, in previous work on direct-electrospun TiO2 fibers, the anatase and 

rutile phases formed at 250 °C and at 600 °C, respectively.5 Comparable polymer-assisted 

electrospun TiO2 fibers reported the emergence of anatase peaks at 450 – 550 °C, with rutile 

appearing at 575 – 700 °C.28-30 For TiO2 powders and films that were analysed using a 

similar in situ method, anatase and rutile peaks appear at 400-500 °C and 600-850 °C, 

respectively.31,32 Our observed conversion temperature for the anatase phase is consistent 

with these previous studies, while rutile was not observed until reaching 890 °C. Elevation of 

the rutile phase transition temperature, which is consistent with other studies of nanoscale 

TiO2.20,31,33  

6.4 Conclusions 

These results highlight the viability of direct electrospinning of TiO2 nanofibers using 

common, green solvents, by using sol gel chemistry to adjust the viscosity of the sol and by 

adjusting the parameters for electrospinning, most notably a slow flow rate than is commonly 

used. Eliminating the polymer additive also reduces the extent of shrinkage and breakage of 

the TiO2 nanofibers during subsequent heating. Since sol gel chemistry is highly versatile and 

includes many metal oxides, this direct approach could likely be extended to other metal 

oxides and to mixed metal oxides, the solution conditions and parameters for electrospinning 

would need to be tailored for the molecular chemistry of different precursors. 
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CHAPTER 7: Silica-Overcoated Gold Nanorods in Direct Electrospun Silica 

Nanofibers 

7.1 Introduction 

 Ceramic nanofibers have tremendous promise for use in applications such as 

catalysis, electronics, sensors, and electrodes.1  Nanoparticles (NPs) can also be incorporated 

into ceramic nanofibers to impart novel optical, magnetic, electronic, and catalytic properties, 

but such incorporation has been limited primarily to NPs formed in situ or heat-stable NPs 

that are not affected by the calcination step.2 We have developed electrospun silica (SiO2) 

nanofibers containing silica-overcoated gold nanorods (SiO2-GNRs) through direct 

electrospinning and have investigated the thermal stability of the shape of the embedded 

GNRs when the fibers are heated in air.  

Electrospinning is a simple method for producing a wide range of 1-D polymers and 

ceramics. The electrospinning setup consists of a high-voltage power supply, syringe pump, 

needle, and collector. Fibers are made by applying a voltage, which provides a high electric 

field between the tip of the needle and the grounded collector plate, while pumping a viscous 

polymer solution or sol of ceramic precursors through the needle. Coulombic forces draw the 

solution into a fiber that stretches and dries while traveling from the needle to the collector, 

resulting in fibers 100’s of µm long and with diameters in the sub-µm and nm scales. The 

diameter of the fibers can be controlled by varying the concentration of the solution for 

electrospinning, applied voltage, needle-collector distance, and solution feed rate.3  
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Methods for producing electrospun ceramic fibers can be classified as two types. One 

approach is to add a ceramic precursor (salt, NPs, or sol) to a polymer solution for 

electrospinning. The polymer provides the viscosity and capability for entanglement 

necessary for electrospinning and is later removed during calcination. The other approach is 

to exploit sol gel chemistry to convert an alkoxide precursor into a sol that electrospins 

without a polymer additive. Using this method, called direct electrospinning, calcination is 

not required because there is no polymer additive. Given the relative simplicity of 

electrospinning polymer solutions, polymer-assisted electrospinning has been the generally 

preferred method for producing electrospun ceramic fibers. To prepare a sol conducive to 

electrospinning is much more difficult, and only a handful of examples can be found in the 

literature. 

Incorporating NPs into electrospun fibers is an appealing approach for enhancing the 

physical and chemical properties of electrospun fibers. NPs can possess diverse and 

scientifically and technologically important optical, magnetic, and catalytic properties, and 

many have been incorporated into electrospun fibers. Incorporating NPs into polymer fibers 

usually simply a matter of mixing NPs into the polymer solution and then electrospinning.2 

There are some reports of applying this method for ceramics nanofibers,4-6 but the calcination 

process required to remove the polymer additives can damage the NPs or negatively affect 

their arrangement. Many types of NPs cannot withstand the high temperatures of calcination. 

To obviate this challenge, NPs can be formed in situ. A precursor salt for NPs is added to the 

ceramic precursor/polymer mixture, and the salt is reduced during calcination, leaving NPs 
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dispersed throughout the fibers.2 This method has been used to incorporate many types NPs 

(Ag, Pd, Pt, Au,  ZrO2) into different ceramic matrices (TiO2, ZnO, Al2O3, SiO2).6-10  

Although this method is effective for incorporating NPs into nanofibers, it provides limited 

control over the size, shape, distribution, and location of NPs.  

By direct electrospinning a silica sol with pre-synthesized SiO2-GNRs, we have 

shown that we are able to incorporate GNRs in SiO2 fibers with minimal effects on the 

morphology of the GNRs.  Although the scope of this work is limited to GNRs, many types 

of NPs can likely be incorporated in direct-electrospun SiO2 fibers, as long as they are 

compatible with the SiO2 precursor sol or have SiO2 shells to impart compatibility. 

7.2 Experimental  

7.2.1 Chemicals  

HAuCl4·3H2O (Alfa Aesar, 99.999%), cetyltrimethylammonium bromide (CTAB, 

Amresco, 99%), AgNO3 (Alfa Aesar 99.9995%), ascorbic acid (J.T. Baker 99.5%), KBr 

(Alfa Aesar, 99% min), deionized water (Ricca, AS Reagent grade, ASTM Type I, ASTM 

Type II), and NaBH4 (Sigma-Aldrich, 99%, 213462) were used for synthesizing GNRs.  

Tetraethyl orthosilicate (TEOS, Alfa Aesar, 99.9%), methanol for mixing with TEOS (EMD, 

DriSolv), methanol for SiO2-GNR purification (Macron, Ultim AR), NaOH (Sigma Aldrich, 

99%), and HCl (BDH, 36.5-38%) were used for depositing SiO2 shells, yielding SiO2-GNRs, 

and for purification. 
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7.2.2 Synthesis of Silica-Overcoated Gold Nanorods  

CTAB-stabilized gold nanorods were made using a seed mediated synthesis method 

established by Kozek et al.11 In this method, a one-liter aqueous dispersion of gold nanorods 

is produced containing 100 mM CTAB and 190 mg of gold nanorods. A secondary growth 

process, driven by injection of additional ascorbic acid was used to reduce residual gold 

precursor and deposit it onto the surface of the GNRs. To prepare the GNRs for overcoating 

with SiO2,12 100 mL of the GNR solution was brought to 28°C and then centrifuged twice at 

12,900 rpm (IEC Centra MP4, 8,500 g). After purification, a dispersion of 10 mL of SiO2-

GNRs was prepared with a final volume 10 mL and final concentrations of GNRs and CTAB 

of 1.8 mg / mL and 1 mM respectively.  

The concentrated GNRs were heated to 30 °C in a water bath, and the pH was 

adjusted to 10.4 (measured with a Hannah Checker pH meter) using 0.1 M NaOH. 250 µL of 

20% TEOS in methanol was injected into the GNRs by syringe pump at a rate to 50 µL/min 

and with a stir rate of 150 rpm.  After completing the injection, the stir rate was adjusted to 

stir at 70 rpm for 30 min. The solution then aged without stirring for 20 hours. Upon 

completing the reaction, the product was immediately distributed among 4×40 mL centrifuge 

tubes. Each tube was diluted to 40 mL with methanol and centrifuged 5 times at 10,000 rpm 

(8,500 g) for 10 min. After each cycle of centrifugation, the supernatant was removed and the 

SiO2-GNRs were redispersed in fresh methanol and sonicated until well dispersed. The 

purified SiO2-GNRs were stored in methanol at a concentration of 3.6 mg / mL. In 

preparation for use in the sol for electrospinning, 2.2 mL of SiO2-GNRs in methanol was 
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dispersed in ethanol through rotary evaporation of the methanol and redispersion in 1.45 mL 

ethanol. 

7.2.3 Preparation of Sol for Direct Electrospinning 

The sol for electrospinning was synthesized by an established procedure.13 In this 

method, the optimal electrospinning sol was produced using a molar ratio of 1:2:2:0.01 

TEOS:ethanol:H2O:HCl. To produce the sol, 2.63 mL of TEOS was first mixed with 1.48 mL 

of the ethanol / SiO2-GNR solution and left to mix for 10 minutes. Next, 12.5 µL of 

concentrated HCl was mixed with 438 µL of water. The dilute HCl solution was then added 

dropwise to a rapidly stirring mixture of TEOS and SiO2-GNRs in ethanol, allowing for 

complete mixing of the solution between drops. The solution was then heated 80 °C under 

ambient atmosphere with moderate stirring for 30 minutes, followed by cooling to room 

temperature and rotary evaporation to reduce until the sol was ~40% solids (determine by 

heating an aliquot at 110 °C overnight) and noticeably more viscous. If not used 

immediately, the electrospinning solution was stored in a 3-mL syringe in a freezer at -16 °C.  

7.2.4 Electrospinning 

  A home-built setup was used for electrospinning, with a vented enclosure, 

horizontally oriented syringe pump, syringe, blunt-tipped needle, grounded collector plate 

covered with Al foil, and 30-kV power supply. The syringe prepared as described above was 

fitted with a 22-gauge, 1.5”-long, blunt-tipped needle. After pushing any air bubbles and a 

small amount of the solution out of the syringe, it was connected to the syringe pump, and an 
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electrical connection between the metal needle and power supply was made with an alligator 

clip. Using a tip-collector distance of 10 cm, the flow rate was set to 0.5 µL/min, and the 

voltage was set to 10 kV.  

  This method, as with many methods for electrospinning, may have some dependence 

on the ambient humidity, which varies by season. If the parameters for electrospinning 

needed to be adjusted, the correct parameters were found by first adjusting the flow rate until 

fibers started to form, followed by the voltage and tip-collector distance adjusted until 

continuous fibers formed. The presence of fibers was verified by depositing a test sample on 

a small square of Al foil and observing with on optical microscope. 

7.2.5 Heating 

  Electrospun fibers were deposited directly onto a SiN transmission electron 

microscopy (TEM) grid (Protochips) by placing the TEM grids directly on the aluminium 

foil-covered collector plate using double-sided tape. The electrospinning set-up was run long 

enough to deposit a thin layer of electrospun SiO2 fibers onto the TEM grids. Each sample 

was the inserted into a tube furnace heated in air for 3 hours (after coming temperature)  at 

400 °C, 500 °C, 600 °C, 700 °C, 800 °C, or 900 °C with a ramp rate of 30 °C / min. TEM 

images were collected (JEOL 2000FX) of SiO2-GNRs in fibers at each temperature. SEM 

images (FEI Verios 460L) were collected for the unheated fibers and after heating to 900 °C. 

SiO2-GNRs in methanol were drop cast on Cu TEM grids with ultrathin amorphous carbon 

supports. (Ted Pella, 01822)  
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7.3 Results 

  Electrospun SiO2 nanofibers containing 1% SiO2-GNRs by weight, determined by 

assuming complete condensation of SiO2, were electrospun directly onto SiN TEM grids. The 

as spun or green nanofibers were continuous with little evidence of beading or crosslinking 

between fibers, (Figure 7.1a) which are common issues in electrospinning. Although beading 

was not evident, there were some examples of fibers with uneven diameters over the course 

of the fiber’s length, with some segments over 3× wider than other segments of the fiber. The 

green nanofibers have an average diameter of 170 ± 68 nm determine by measuring the 

widest segment of the fiber (Figure 7.2). Comparing the diameters of these fibers to direct 

electrospun SiO2 in the literature, these fibers are half the size of what has been shown in the 

literature.13-16 The reduction in diameter can be attributed to our slower flow rate.17 

  Samples of SiO2 composite nanofibers were heated in a tube furnace at 900 °C for 3 

hours. After heating, the diameter of the fibers was 139 ± 79 nm, corresponding to shrinkage 

by 18% (Figure 7.2). The decrease in fiber diameter can be attributed to completing 

condensation of an incompletely crosslinked gel, and removing any residual hydroxy and 

ethoxy groups.18 The morphology of the fibers is preserved, and there are no signs of 

breakage during heating (Figure 7.1b).   
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Figure 7.1 SEM image of direct electrospun SiO2 nanofibers with incorporated SiO2-GNRs 

(a) before heat treatment and (b) after heating to 900 °C for three hours. Insets show the 

samples at higher magnification. 
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Figure 7.2 Histogram of the diameter of SiO2 nanofibers before and after heating to 900 °C 

for three hours. For each sample, 200 fibers were measured. 

 TEM of green SiO2 fibers shows that SiO2-GNRs align during the electrospinning 

proces (Figure 3b). Prior work has demonstrated alignment of gold nanorods in polymer 

fibers,19 but this is the first example of alignment in a ceramic fiber. TEM also reveals partial 

wetting of the SiO2 fibers at the interface with the TEM grid, resulting in partial flattening of 

the fibers at interface, manifested as a shadow in the center of the fiber (Figure 3b, d, g, and 

h). Wetting is visible in the green fibers, which implies that it occurrs during formation and 

deposition. Evaporation of solvent and condensation of the fiber gel are likely responsible for 

the wetting effect. The fibers take time to fully cross-link and harden, and in that time, they 

may adhere to the substrate.18 

 To explore the thermal shape stability of the SiO2-GNRs in SiO2  nanofibers, samples 

on SiN TEM substrates were heated in air for 3 hours at temperatures ranging from 400 to 
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900 °C. The fibers have good structural stability when heated to 900 °C, which is expected of 

direct electrospun SiO2 fibers.13 The thermal stability of SiO2-GNRs, on the other hand, is 

limited to lower temperatures at which they reshape into spheres. CTAB-stabilized GNRs are 

much less stable, reshaping at temperatures as low as 100 °C.20,21 GNRs stabilized by an SiO2 

shell have much better stability in air.22,23 TEM images of the SiO2 fibers shows the impact 

of temperature on the fibers (Figure 7.3). The SiO2-GNRs maintain their shape up to 600 °C. 

At 500 °C, the SiO2-GNRs begin to exhibit cavitation between the core and shell at one end 

of the GNR. This cavitation has been attributed to the removal of the CTAB layer, and the 

heating and cooling the the GNR within SiO2.
22,23 The GNRs begin to reshape at 700 °C. At 

800 °C, there is no evidence of voids. The mesoporous SiO2 shell encapsaulating the GNRs 

is visible up to 700 °C, but above 800 °C, the porosity is no longer visible, which is 

consistent with collapse of the pores. At temperatures above 650 °C gels with porous 

strucutres are know to begin densification, where the pores in the SiO2 shell collapse.22 
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Figure 7.3 TEM of (a) SiO2-GNRs and electrospun composite SiO2 nanofibers (b) before 

heat treatment and after heating for 3 hours at (c) 400 °C, (d) 500 °C, (e) 600  °C, (f) 700 °C, 

(g) 800 °C, and (h) 900 °C. 

7.4 Conclusions 

Direct electrospun SiO2 fibers have been produced containing SiO2-GNRs. The fibers 

produced are continous, bead free, and achieve average diameters of 170 nm and 139 nm 

before and after calcination, respectively. The SiO2 fibers are stable during heating, shrinking 

by ~20% and showing no of breakage when heated to 900 °C. SiO2-GNRs align during 

electrospinning, and the alignment is maintained during densification. SiO2-GNRs start 

showing signs of reshaping at 500 °C, when a void forms at one end GNR. The mesoporous 

structure of the SiO2 shell collapses at 700 °C, and the GNRs reshape into spherical 

nanaoparticles. 
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CHAPTER 8. Contributions to Other Projects 

8.1  Longitudinal Alignment and Optical Characterization of Gold Nanostars in 

Electrospun Polymer Fibers 

The goal of this project was to determine if anisotropic gold nanostars (AuNS) could 

be aligned on the macroscale by electrospinning to characterize the optical properties of the 

electrospun fibers. This project was done in collaboration with a high school student, Vamsi 

Varanasi of Enloe High School in Raleigh, NC. I served as his mentor and planned 

experiments until he had enough experience to work more independently. First, I guided him 

through the production of AuNS using an established method, where Au3+ is reduced and the 

AuNS are stabilized by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)) (HEPES).1 I 

added a final step, where PEG-thiol is added at the end of the synthesis to terminate growth 

and prevent agglomeration, a critical step for incorporating AuNS into electrospun fibers. I 

performed characterization, including TEM of the AuNS and electrospun nanofibers, 

scanning transmission electron microscopy (STEM) of AuNS in nanofibers, and SEM of the 

fibers (Figure 8.1). I also prepared samples of aligned and randomly oriented fiber when 

Vamsi was no longer available to perform experiments.  
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Figure 8.1 (a) TEM of AuNS with an inset of their optical absorbance spectrum, (b) SEM of 

aligned fibers, (c) TEM of AuNS aligned in a PEO fiber, and (d) STEM of AuNS aligned in 

fibers. 

8.2 PEGylated Gold Nanorods for Diffusion-Sensitive Optical Coherence Tomography 

The goal of this project, a collaboration with Prof. Amy Oldenburg and Prof. Richard 

Blackmon of the University of North Carolina-Chapel Hill was to measure the diffusion of 

gold nanorods (GNRs) through an extracellular matrix using optical coherence 

tomography.2,3 For this purpose, CTAB-stabilized GNRs needed to be functionalized with 

PEG-thiol to make them compatible with their samples. The method of PEGylation used in 

prior research did not consistently provide sufficient stability for use in their experiments. I 
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improved upon the procedure for PEGylation previously used in the Tracy group.4 The 

procedures for PEGylation can be found in the Appendix 2. 

8.3 Silica-Overcoated Zeolite Nanopatelets 

The goal of this project was to overcoat zeolite (AlxSixONa) nanoplatelets with a 

layer of mesoporous silica (SiO2) to improve their dispersibility and prevent stacking in 

solution. The SiO2-zeolite platelets were to be used in further projects investigating 

convective assembly. This project was a collaboration with Prof. Ben Martin and his 

undergraduate student Daniel Hernandez at Texas State University. Daniel was a Research 

Experience for Undergraduates (REU) student. I taught Daniel how to overcoat GNRs with 

silica and planned experiments to determine the best approach for overcoating zeolite with 

silica, and performed TEM on the nanoplatelets (Figure 8.2). 

 

Figure 8.2 (a) Zeolite nanoplatelets and (b) SiO2-zeolite nanoplatelets. 
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8.4 Low Aspect-Ratio Gold Nanorods 

In collaboration with a colleague, Dr. Bryan Andersen, I developed low aspect-ratio 

GNRs that have an LSPR as low as 610 nm for incorporation into electrospun PEO fibers 

with silica- overcoated quantum dot nanorods (SiO2-QDNR) to study Förster resonance 

energy transfer (FRET).5 The procedure I developed for producing low aspect-ratio GNRs is 

reported in Appendix 2. I also performed STEM on the fibers (Figure 8.3 and 8.4). 

 

Figure  8.3 STEM of electrospun PEO fibers containing aligned QDNRs and low aspect 

ratio GNRs.5 



131 
 
 

 

 

 

Figure 8.4 Optical absorbance spectra of low-aspect ratio GNRs and optical emission spectra 

of QDNRs, highlighting their spectral overlap.5 
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Appendix 1. Short Aspect Ratio Gold Nanorods 

The following is a procedure that was developed for producing low aspect ratio gold 

nanorods (GNRs) based on the method established by Kozek et al.1 By adjusting the 

concentration of silver nitrate (AgNO3) and the ascorbic acid (AA) injection rate, GNRs can 

be made that absorb at wavelengths as low as 610 nm. The rationale for these changes is 

discussed in Chapter 2. 

 

1. Start with the standard method of making 1 L of GNRs that absorb at 800 nm 

a. Quantities for growth solution 

i. 34.309 g cetyltrimethylammonium bromide (CTAB) in 450 mL H2O 

ii. 1.12 g KBr in 10 mL H2O 

iii. 0.0326 g AgNO3 in 10 mL H2O 

iv. 0.1857 g AA in 15 mL H2O 

v. 0.3789 g HAuCl4 500 mL H2O 

vi. 1.3575 mL seed solution 

b. Quantities for seed solution 

i. 0.364 g CTAB in 8 mL water 

ii. 0.011872 g KBr in 1 mL H2O 

iii. 0.00100 g HAuCl4 in 1 mL H2O 

iv. 0.000378 g NaBH4 in 0.6 mL water 

c. Secondary Growth of GNRs 
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i. 0.0832 g AA in 30 mL H2O 

ii. Injection rate of 175 µL / min 

2. Modify the procedure to make lower-aspect-ratio GNRs 

a. Primary growth: Lower the AgNO3 concentration 

i. Decrease the amount of seed by from 1xAgNO3 to 0.5x 

Can be decreased more but, yield decreases 

ii. 0.0163 g AgNO3 in 10 mL water 

iii. This blueshifts the absorption spectrum ~50 nm 

b. Secondary growth: decrease the AA injection rate 

i. Decrease the injection rate by 0.125× 

ii. 21.88 µL/min (total injection time of 22.85 hours) 

iii. Blueshifts the absorption spectrum an additional 100 to 150 nm 

 

 

 

 

 

 

 

 



136 
 
 

 

 

Appendix 2. PEGylation 

The following is an improved procedure for functionalizing CTAB-stabilized GNR with 

poly(ethylene glycol) (PEG)-thiol. By destabilizing the GNRs by reducing the CTAB 

concentration below the critical micelle concentration, increasing the temperature of the 

functionalization reaction, and using a higher molecular weight PEG-thiol, we produced 

GNRs that are more stable for biomedical applications. The rationale for developing this 

procedure is presented in Chapter 8. 

1. Changes to the procedure established by Wei-Chen Wu.2 

a. Reduced CTAB concentration from 1 mM to 0.2 mM 

b. Increased temperature of functionalization from room temperature to 40 °C 

c. Used 2000 MW PEG-thiol instead of 1000 MW PEG-thiol 

2. Procedure 

a. Start with 100 mL of unprocessed CTAB stabilized GNRs (18 mg GNRs and 

100 mM CTAB) heated to 28 °C until CTAB is completely dissolved 

i. Distribute GNRs into 2 centrifuge tubes, each with 50 mL of GNRs 

ii. Centrifuge once at 12,900 rpm (14,200 g) for 20 min 

iii. Remove 49.5 mL of supernatant (or more if possible) 

1. Best done by using first a 10 mL pipette to remove as much 

supernatant as possible without disturbing the precipitate 

2. then a 1 mL pipette to remove what could not be removed by 

the 10 mL pipette 



137 
 
 

 

 

3. then a 100 µL pipette to remove what could not be removed by 

the 1 mL pipette 

iv. Redisperse GNRs in 50 mL of H2O and sonicate for 1 minute 

v. Centrifuge at 12,900 rpm for 20 min 

vi. Remove supernatant using the same procedure described in 2a(iii) 

vii. Dilute to 5 mL using H20 

b. Prepare PEG-thiol solution 

i. Remove PEG-thiol from freezer and allow to warm to room 

temperature 

ii. Measure 20 mg of PEG-thiol in a 20 mL vial 

iii. Disperse in 5 mL of H2O 

c. Mix PEG-thiol solution and GNR solution 

d. Place in oil bath set to 40 °C and stir at 200 rpm for 24 hours 

e. Centrifuge.  

i. Distribute sample into 2 centrifuge tubes (or 1 tube if a highly 

concentrated sample (~100× or 18 mg/mL) is require and dilute to 50 

mL 

ii. Centrifuge at 10,000 rpm (8,500 g) for 10 min 

iii. Remove supernatant using the method describe in 2a(iii) 

iv. Redisperse in 50 mL of desired solvent (water, ethanol, methanol, 

dichloromethane) and repeat centrifugation 
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v. Again remove as much supernatant as possible 

vi. If a high concentration is needed, leave as is or dilute to desired 

concentration 

Appendix 3. Identifying a Good Batch of CTAB 

One of the challenges when producing GNRs is unreliable CTAB. Unfortunately, there can 

be significant lot-to-lot variability in the ability of CTAB to produce high-quality of GNRs. I 

have developed a protocol for identifying a good batch of CTAB, so that a larger amount of 

that lot can be purchased. 

 

1. Buy a small container of CTAB when you are down to the last container of the old 

batch 

a. Call the supplier (Amresco) and see how many lots are available and how 

much of each lot they have stocked 

b. Purchase a small container of the lot for which they still have significant stock 

2. Test the small batch 

a. Produce a batch of GNRs using the standard procedure established by Kozek 

et al. Quantities should be scaled to a 200 mL sample 

b. Examine the optical absorbance spectra of the primary and secondary growth 

i. Longitudinal LSPR 

1. Do the GNRs absorb at 800 nm? 

2. If not, is the LSPR 760 nm greater? 
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a. If less than 760 nm, this batch will probably not work 

b. If above 760 nm the procedure can be modified to reach 

800 nm 

3. With proper dilution (0.5 mL GNRs + 2.5 mL CTAB solution), 

does the LSPR reach an absorbance of ~1.6. 

4. Is the full width at half max (FWHM) consistent with GNRs 

you produce using a previous, good lot 

ii. Transverse LSPR 

1. Does the transverse peak look right? 

a. Is the peak small? 

b. Is the line shape correct? 

c. Are there any unexpected secondary peaks? 

c. If the longitudinal LSPR is between 760-790 nm, do the following 

i. Prepare 5 small batches of GNRs (30 mL scale) with different amounts 

of AgNO3, but only prepare the primary growth solution 

1. Warning. When preparing samples be aware of significant 

figures. If the scale only measures to 2 significant figures, 

increase the amount measured so that there are 3 significant 

figures 

2. Prepare 5 samples using 1×AgNO3, 1.1×AgNO3, 1.2×AgNO3, 

1.3 ×AgNO3, 1.4×AgNO3, and 1.5×AgNO3.  
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3. Measure at the absorption spectrum of each sample  

a. Does any sample have a longitudinal LSPR at ~820-840 

nm 

b. If yes, does the rest of the spectrum look right? 

c. If the answer is yes for 1-2 samples, perform a secondary 

growth, and confirm that the GNRs absorb at ~800 nm 

ii. Repeat on a larger scale 

d. When you have a batch with absorbance spectrum that looks good, now do 

TEM on that sample 

i. Acquire several images at a range of magnifications 

ii. Do the GNR have the expected length and width? 

iii. Is the shape of the ends round, flat, or dog-boned? 

iv. Are there any irregular shapes (diamonds, boulders, cubes), and if so, 

are they acceptably infrequent?  (This is why you should take many 

TEM images.) 

3. Punctually call the company back and buy several kg of the good lot of CTAB while 

it is still available 
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Figure A.1 Examples of absorbance spectra from primary and secondary growth of GNRs 

synthesized using different lots of CTAB using 1xAgNO3. Lot B could potentially produce 

rods with a longitudinal LSPR at 800 nm. 
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Figure A.2 Optical absorbance spectra of the primary growth of GNRs with using different 

amounts of Ag. 
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