
ABSTRACT 

LYNCH, BRIAN BERNARD. The Synthesis, Self-Assembly, and Application of Magnetic and 

Silica Nanoparticles (Under the direction of Joseph B. Tracy). 

 

While some synthesis methods for magnetic and silica nanoparticles are more than 40 

years old, increasing knowledge about the compositions governing the properties of the 

nanoparticles, the mechanisms guiding the synthesis of nanoparticles, and the conversion 

chemistry that can be applied to the nanoparticles has accelerated the field to enable the creation 

of new types of nanoparticles.  Gaining knowledge about the structure and properties of 

materials enables one to make informed decisions about how to proceed with implementing the 

materials into an application. 

This thesis provides a comprehensive discussion of new synthesis methods and potential 

applications for magnetic and silica nanoparticles.  The thesis begins by (1) describing the 

development of a silica-overcoating procedure for nickel nanoparticles that reduced 27 nm nickel 

nanoparticles to 2-3 nm nickel nanoparticles, converted the nickel nanoparticles to nickel 

hydroxide nanoparticles, and encapsulated these nanoparticles within a 30 nm silica nanoparticle.  

Next, (2) the thesis details an investigation into the conversion chemistry of nickel nanoparticles 

to nickel sulfide and nickel selenide nanoparticles using 4 different sulfur precursors and 2 

different selenium precursors.  The final large study (3) surrounds the application of 6 different 

nanoparticles by chemically incorporating them into a hydrogel structure and measuring their 

physical and chemical properties.  Lastly, (4) the thesis describes 3 smaller projects that were 

conducted with the important contributions made to the Tracy group and the larger scientific 

community. 
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CHAPTER 1: THESIS OVERVIEW AND TIMELINE OF PROJECTS 

This thesis summarizes the three main projects and three smaller projects that I worked 

on during my time at NC State that seek to gain a further understanding of nanoparticle (NP) 

synthesis, self-assembly and applications.  The first section describes the organic mechanism 

associated with developing a porous inorganic NP catalyst.  The second section discusses the 

conversion chemistry associated with the transition from Ni to Ni sulfide and Ni selenide NPs.  

In the third section, I seek to provide an explanation of the properties associated with the 

incorporation of six different types of NPs into a hydrogel.  The final three sections provide 

some details into the progress I have made on unpublished smaller projects that included 

studying the conversion chemistry of Ni NPs in various solvents, developing methods for 

synthesizing two types of NPs and continuing work started on heteroaggregation to assemble 

multifunctional core/satellite NPs. 

In January of 2015, I officially joined the Tracy group.  My first project expanded on the 

work that Dr. Bryan Anderson had completed throughout his PhD.  His work was focused on 

overcoating CdSe/CdS quantum dot nanorods (QDNRs) with silica.  My first task was to develop 

a procedure and understand the mechanism by which silica could overcoat Ni NPs.  This project 

allowed me to be become fluent in NP synthesis and more specifically, Ni NPs.  Throughout this 

time, I was also supervising Drew Kelliher, an undergraduate in the Tracy group.  His objective 

was to modify a procedure for synthesizing Ni NPs for the conversion of Ni NPs to nickel 

sulfides and nickel selenides.  In his senior year, Drew became busy with many things that 

prevented him from fully finishing the project.  I continued working on this project to bring it to 

completion.  Throughout the course of my PhD, I became fluent in many different NP synthesis 

procedures.  This experience prepared me for my last major project, which involved NP-
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hydrogel composites.  The project was part of a collaboration between Prof. Niels Holten-

Andersen, Dr. Qiaochu Li, and Jake Song at MIT and the Tracy group.  This project combined 

expertise of our group in NPs with Holten-Andersen group’s expertise in hydrogels for a study of 

the chemical and rheological properties of NP-hydrogel composites. 

During my time at NC State, I have also worked on many smaller projects and was 

involved in many collaborations.  These projects included studying the effect of chloroform on 

Ni NPs, developing a synthesis procedure for NiFe2O4 and CoFe2O4 NPs, and incorporating 

NiFe2O4 and CoFe2O4 NPs onto SiO2-overcoated gold nanorods to continue to the 

heteroaggregation worked started by Dr. Brian Chapman.  My time at NC State also involved 

collaborations with 16 different research groups across the country.  Throughout my graduate 

school career, I was also able to mentor 5 undergraduate students. 
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CHAPTER 2: BACKGROUND 

2.1 Nanoparticles 

Nanoparticles (NPs) are defined as small pieces of matter of any shape having all 

dimensions on the nanometer scale (10-9 m).  NPs thus composed of anywhere from 10s of atoms 

to 100,000,000s of atoms.  Although not known as NPs then, effects of NPs were first observed 

in the 4th century with the Lycurgus cup, which was composed of small amounts of a gold-silver 

alloy.1  This cup became famous because of its color change when illuminating it from different 

angles (Figure 2.1). 

 

Figure 2.1: The Lycurgus cup, containing Au NPs, with light shown (a) onto the cup and (b) 

through the cup.  This effect highlights the colloidal properties of Au NPs to scatter light.1 

 

Throughout the 20th century, interest in NPs has grown, as science has progressed to 

better understand the size, shape, and properties of the NPs.2, 3  Scientists have noted that the 

properties of NPs are different from those of bulk materials.  Because of the small sizes, the 

interactions of the atoms within the structure and the surface properties are much more 

significant than for bulk materials.  The small size also means that the surface area: volume ratio 

increases as the size of the NP decreases, which is especially relevant for applications that need 

materials with large surface areas. 

(a) (b)
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Today, NPs are used in many applications in the medicine,4 electronics,5 and catalysis,6 

among many others.  It is important to understand the properties associated with each type of NP 

for knowing how to select and optimize them for the best applications.  NPs can already be found 

in many products, including skis,7 automotive shocks,8 and batteries.9 

Ni and SiO2 NPs and the conversion chemistries associated with Ni NPs are two of the 

main topics of this thesis.  In the first main project (Chapter 3), Ni NPs were incorporated into 

SiO2 NPs in a reverse microemulsion reaction.  The second main project (Chapter 4) the 

conversion chemistry of Ni NPs into NixSy and NixSey NPs.  Finally, the last main project 

(Chapter 5) details the incorporation of several different types of NPs into hydrogels.  Many 

other smaller projects were also completed throughout the course of my PhD.  Descriptions of 

each of those studies are provided in Chapters 6-9. 

2.2 Ni NPs 

Ni NPs are transition metal NPs known for their electronic, catalytic, and magnetic 

properties, which are of interest for numerous applications.  Most applications of Ni NPs revolve 

around their surface properties.  As the Ni NPs become smaller, the surface area:volume ratio 

increases and thus enables more of the Ni surface to be exposed for any given application.  Ni 

NPs can be synthesized in many different ways to control the size and shape of the particle, 

which can determine the magnetic and electronic properties of the NPs.10-12   

Nickel has been shown to be suitable as a catalyst in many different reactions including 

dry methane reforming,13, 14 hydrogenation of CO,15, 16 and the growth of carbon nanotubes.17, 18  

When choosing a material for catalysis, one of the most important selection criteria is the surface 

area, which is a common advantage of NPs; therefore, NPs are a very advantageous choice for 

many reactions. 
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2.2.1 Etching of Ni NPs 

The trend in many different applications, especially surface-driven applications, of NPs is 

to move to smaller and smaller sizes.  Many physical techniques such as ball-milling,19 

lithography,20 and severe plastic deformation21 can be used to decrease the size of the NPs, but 

there are physical limits to how small the NPs can be.  Chemical methods, including etching, are 

well suited for obtaining small NPs.   

Etching uses an acid or base to divide larger NPs into smaller NPs.22-32  In Au NPs, the 

etching process has been reported using a range of chemicals, including multivalent polymers,23 

thiols,24 weak acids,22 protiens,25  and bases.26, 27  In other metal NPs, controlled etching has been 

performed using weak acids,32 strong acids,31 and bases.29, 30  The main base used in these 

processes is NH4OH.  NH4OH is a corrosive chemical to many bulk metals.33, 34  On the 

nanoscale, this translates into NH4OH having the ability to break apart Ni NPs into smaller Ni 

NPs. 

2.2.2 Kirkendall Effect in Ni NPs 

Conversion chemistry describes the process, where chemical reactions can be performed 

on NPs, resulting in a change in composition that is often accompanied by a change in 

morphology.35  In Ni NPs, this change could happen when Ni NPs are converted to NiPx NPs, for 

example.  The Ni NPs establish a diffusion couple with the reactants, such as, P in the 

environment.  Depending on how the penetrating species enters into the Ni NP, the conversion 

chemical reaction could be considered the Kirkendall effect or galvanic exchange.35  The most 

relevant type of conversion chemistry for the reactions discussed later in this thesis is the 

Kirkendall effect.36  When applied to NPs, the Kirkendall effect states that void formation is a 

result of the outward diffusion of the metal atoms being faster than the inward diffusion of the 
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reactive species (Figure 2.2).  In Ni NPs, some examples of the Kirkendall effect are the 

formation of NixPy,
37 Ni3C1-x,

38 Ni/SnO2,
39 and Ni1.77Co1.23S4 NPs.40 

 

Figure 2.2: The Kirkendall effect for metal nanoparticles can be described by the diffusion 

couple that is established between the metal (M) and the reactive species (X).32 

 

2.3 Silica NPs 

SiO2 is one of the most abundant components of the earth’s crust.41  Geologists who have 

mined for silica have found SiO2 NPs, but often times, the SiO2 contains metal impurities.42  

Therefore, pure SiO2 NPs are most frequently chemically synthesized.  The Stober method, a sol-

gel method, was published in 1968 and set the foundation for SiO2 NP synthesis.43  This method 

yield NPs with size-controlled diameters ranging from 50-2000 nm by reacting a tetraalkyl 

silicate with an alcohol and water mixture using an ammonia catalyst.  Since Stöber’s 

groundbreaking publication, many modifications have been made on his procedure to create 

SiO2, SiO2-composite, and carbon NPs.44, 45  SiO2 and SiO2-overcoated NPs are also commonly 

obtained through reverse microemulsion46-48 and flame syntheses.49-51  A reverse microemulsion 

approach is typically chosen when synthesizing NPs that either need to be highly uniform or 

have additional components other than SiO2.  A flame synthesis method is usually used for large-

scale applications, where throughput is much more of a priority than monodispersity.  Flame 

synthesis methods also work by oxidizing tetraethyl orthosilicate (a SiO2 precursor) to create 

SiO2 NPs.  Incorporating other components, such as other types of NPs, can be challenging in 

this approach. 
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2.3.1 Reverse Microemulsions 

An emulsion is defined as a system of two solutions that are normally immiscible with 

one another.  A surfactant is a molecule with a hydrophobic end and a hydrophilic end (Figure 

2.1) that has the ability to combine the two immiscible solutions of the emulsion.  The collection 

of surfactant molecules where the hydrophilic ends are aligned on the outside of the molecule 

and the hydrophobic ends are inside is called a micelle (Figure 2.2).  In an oil-and-water 

emulsion, soap acts as a micelle and brings the oil within the emulsion inside the micelle and off 

of a dirty surface.  In a reverse micelle, the surfactant is turned around, with the hydrophilic ends 

on the outside and the hydrophobic ends on the inside of the micelle (Figure 2.3).  In reverse 

micelles, the oil or organic phase is the solvent, and the water or aqueous phase is on the inside 

of the micelle.  The self-assembly of the surfactant in a system is governed by the 

thermodynamics of the system.52 

 

Figure 2.3: Depiction of a (a) surfactant (b) micelle, and (c) reverse micelle. 

  

Micelles and reverse micelles commonly have nanoscale dimensions, which can make 

them useful as confined environments for synthesizing NPs.  A microemulsion forms when the 

micelles have sizes below 100 nm.53  Because NPs are often synthesized in organic environments 

(a) (b) (c) 
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and have organic ligands, reverse microemulsions are more common than microemulsions for 

NP synthesis.  Micelles and reverse micelles are dynamic systems.  Collisions between reverse 

micelles can allow transfer of their contents with each other, which can increases the size of the 

contents within the micelle.54  The solvent has been found to be the prevailing factor that directs 

the reverse micelle’s abilities to exchange material, which determines, the size of NPs obtained 

through synthesis in reverse microemulsions,55 while the surfactant coats the surface of the 

NPs.56, 57  Increasing the strength of the interactions between the solvent and the surfactant 

creates a more stable system, which allows for larger NPs to grow and prevents the aggregation 

of NPs.56  The water content within the system has also been argued to be a very important factor 

in determining the collision behavior, and thus, final NP size.  Researchers have come to 

different conclusions about the exact effect of water in the system,52, 58-60 but it is clear that often, 

the initial water content is important in determining the final NP size.61-63  Reverse 

microemulsions have been seen to be an effective method for synthesizing SiO2,
64 Pd,65 and 

NiPt66 NPs, among many others.48, 67, 68  This technique is relatively common in the field. 

The reverse microemulsion method for synthesizing NPs was first published in 1990, and 

many modifications have also been reported.46, 69-72  In this method, a non-ionic surfactant 

creates the reverse micelle within an organic solvent.  Tetraethyl orthosilicate, the SiO2 

precursor, is added along with a small amount of water and proceeds through the hydrolysis (Eq. 

2.1), alcohol condensation (Eq. 2.2) and water condensation reactions (Eq. 2.3).  NH4OH is 

commonly used as a base catalyst for improving control over the reaction. 

Eq. 2.1  ≡ 𝑆𝑖 − 𝑂𝑅 +  𝐻2𝑂 ⇌ ≡ 𝑆𝑖 − 𝑂𝑅 + 𝑅𝑂𝐻 

Eq. 2.2  ≡ 𝑆𝑖 − 𝑂𝑅+ ≡ 𝑆𝑖 − 𝑂𝐻 ⇌ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝑅𝑂𝐻 

Eq. 2.3  ≡ 𝑆𝑖 − 𝑂𝐻+ ≡ 𝑆𝑖 − 𝑂𝐻 ⇌ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂 
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Mixing occurs throughout this process and for a long period of time after the components 

are added to the mixture.  Stirring facilitates collisions of the reverse micelles so that they can 

temporary connect with each other allowing transfer of the contents from one reverse micelle to 

another.  This transfer allows for the growth of the SiO2 NPs.69, 71 

2.4 Hydrogels 

Hydrogels are, by definition, three-dimensional hydrophilic networks of crosslinked 

polymer chains that increase in volume, or swell, when water is added to them.73  Synthetic 

hydrogels began with designs similar or identical to natural hydrogels, but were optimized to 

maximize a certain property of the gel.  The interest in hydrogels stems from their applicability 

in many areas such as agriculture,74-76 sensing,77-79 and tissue engineering.80-82  Hydrogels can be 

created by either physically or chemically crosslinking the gel (Figure 2.4).83  Chemical 

crosslinks are permanent, non-reversible bonds that bind the polymer chains together, while 

physical crosslinks are normally caused by molecular self-assembly, which is usually a result of 

entanglements of the polymer chains or non-covalent supramolecular interactions between the 

polymer chains.84-86  A supramolecular interaction between polymer chains is any interaction that 

is not a covalent bond between the chains such as a hydrogen bond, metal-ligand complex, or 

electrostatic bond.83  Because chemical crosslinks are composed of covalent bonds that form 

between the polymers, chemically crosslinked hydrogels are more brittle than physically 

crosslinked hydrogels and can not self-heal.87   
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Figure 2.4: Schematic of (a) chemical and (b) physical crosslinks.  The physical crosslinks have 

transient bonds that are constantly breaking and re-forming.73 

 

Metal-ligand complexes are especially relevant for the work outlined in Chapter 5 of this 

thesis.  In these systems, physical crosslinks form when two or more ligands donate a non-

bonding electron pair to empty orbitals in a transition metal.83  Metal-ligand coordination 

crosslinks inherently have high stabilities and quick rates of formation.  As a result, the 

hydrogels exhibit high levels of toughness, hardness, adhesion, and self-repair.88-90  There are 

many examples in nature of these metal-ligand complexes physically crosslinking biological 

structures together with metal ions found in nature that have served as inspiration for synthetic 

hydrogels.91-93 

2.4.1 PEG-Catechol Hydrogels 

Sea mussels is usually thought of as a rather simple creature, but recently, the fibers used 

by mussels to latch onto rocks have garnered interest in the materials science field.  Their 

structure is rather simple (Figure 2.5), having few biological components.94    

 

 

 

(a) (b) 
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Figure 2.5: Biological structure of mussel. 

 

Researchers have learned, however, that the polymeric fibers create a strong bond 

between the mussel and the whatever rock they latch onto.  Bond strengths of between 0.1 and 

107 N/m2 have been reported, depending on the surface to which it is attached.95  The byssal 

thread, which connects the mussel to the byssus or the foot that attaches to the rock has been 

found to have a breaking energy of 12.5 × 106 J/m3, five times that of a vertebrate tendon.96  

Byssal threads are also 6 times tougher and 15-20 times more extendable than tendons.  They can 

also recover initial lengths and stiffnesses if given sufficient time to relax.97  The amino acid 

largely responsible for these properties is 3,4-dihydroxyphenylalanine (DOPA) (Figure 2.6),94, 98 

which has a catechol group.  

 

Figure 2.6: Structure of 3,4-dihydroxphnylalanine (DOPA) with catechol functional group 

highlighted within the molecule. 
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If larger amounts of the catechol group are added to the DOPA-containing molecule, 

larger amounts of adhesion are observed.99, 100  Mussel fibers have also been examined and show 

that Fe3+ ions are present within the structure of the fibers.90  Therefore, to mimic the byssal 

threads, hydrogels have been synthesized using polyethylene glycol (PEG) terminated with 

catechol.101  The addition of Fe3+ ions drives physical crosslinking of the PEG-catechols to form 

a gel network.102  Many different types of PEG-catechol have been synthesized with varying 

branching and chain lengths.103-105  Catechols consistently exhibit an affinity for Fe3+ ions or 

Fe3O4 NPs.102, 106-108  This affinity typically results in an increased modulus and toughness after 

adding Fe3+ to the system. 

2.4.2 Rheology of Hydrogels 

Rheology is the study of the flow of matter in solids and liquids.  Stress () and strain () 

are two fundamental properties measured in rheology.  Stress is defined as the force applied/unit 

area (Eq. 2.4) and strain is defined as the elongation()/total original length (0) of the object (Eq. 

2.5). 

Eq. 2.4 𝜎 =
𝐹𝑜𝑟𝑐𝑒 𝐴𝑝𝑝𝑙𝑖𝑒𝑑

𝐴𝑟𝑒𝑎
 

Eq. 2.5 𝑆𝑡𝑟𝑎𝑖𝑛 =  
𝜀

𝜀0
 

Dynamic stress and strain can also be defined using the angular frequency (𝜔), where t is time, 

and  is the phase lag between the stress and the strain. (Eq. 2.6 and Eq. 2.7, respectively) 

Eq. 2.6 𝜎 = 𝜎0sin (𝜔𝑡 + 𝛿) 

Eq. 2.7 휀 = 휀0sin (𝜔𝑡) 

The angular frequency can further be defined (Eq. 2.8), where f is the frequency of oscillatory 

strain. 

Eq. 2.8 𝜔 = 2𝜋𝑓 
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The complex modulus (G*) of a material is defined as the sum of the storage modulus (G’) and 

the loss modulus (G’’) multiplied by i,or √−1.  G’ describes a material’s ability to store energy 

as straining is occurring to the material or the elastic portion of the modulus (Eq. 2.9).   

Eq. 2.9 𝐺′ =
𝜎0

𝜀0
cos (𝛿) 

G’’ is a measure of the amount of energy dissipated as heat during straining or the viscous 

portion of the modulus (Eq. 2.10).   

Eq. 2.10  𝐺′′ =
𝜎0

𝜀0
sin (𝛿) 

If G’ > G’’ the material is considered to behave as a solid.  Conversely, if G’’ > G’, the material 

is considered to behave as a liquid.  If G’ = G’’, the material is classified as a viscoelastic gel.  In 

hydrogels, liquid, solid, and viscoelastic conditions are seen and therefore, the loss factor, tan(δ), 

or the ratio of the G’’ : G’, can be used to assess the extent to which the material resembles a 

solid, liquid, or viscoelastic gel (Figure 2.7). 

 

Figure 2.7: Depiction of the storage, loss, and shear modulus for materials.  The storage and loss 

modulus can be related to one another by using the angle created in this depiction (δ). 

 

A frequency sweep is a common rheological test performed to analyze the physical 

properties of a material.  In a frequency sweep, the modulus of a material is measured over the 

course of decreasing frequencies.  This measurement simulates a range of changes in stress: high 
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frequencies correspond to quick changes, while low frequencies correspond to slow changes in 

stress. 

The relaxation modulus is a second very important rheological measurement used to 

describe materials.  The relaxation modulus represents the stress of a material over time as a 

result of a constant strain applied to the material.  The relaxation modulus can be used to 

describe the type and degree of bonding that exists in a particular material.  Relaxation time (τ) 

can also be found by fitting the relaxation data to the Kohlrausch stretched-exponential model 

(Eq. 2.11), where G0 is the initial modulus, G(t) is the modulus at a given time (t), and a is a 

fitting factor. 

Eq. 2.11  𝐺(𝑡) = 𝐺0 exp[−(𝑡/𝑡𝑎𝑢)𝑎] 

A previous study done by our collaborators used the PEG-catechol gels and studied the 

rheology of the gels when Fe3+ ions, Fe3O4 NPs, and mixtures thereof were incorporated.102  The 

gels showed a liquid-like behavior when the NP concentration was below 1.0 vol.%, viscoelastic 

when at 1.0 vol.% and solid-like when greater than 1.0 vol.%.  At identical mass concentrations, 

the ion gel showed viscoelastic behavior, while the NP and mixed NP-ion gels had solid-like 

behavior.  The NP-ion gel was found to exhibit a greater degree of solid-like behavior than the 

NP-gel.  The relaxation behaviors of the gel also differed; the ion gel showed a much steeper 

decline in the normalized modulus relative to the NP and the NP-ion gels.  The NP-ion gel had 

minimal decrease in the normalized modulus over the course of the relaxation time scale relative 

to even the NP-gel.  This study was used as a basis for the further research on this topic.  In this 

prior study, Fe was the only metal tested, but further research can be tested on other 

compositions and sizes of the NPs. 
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2.4.3 Raman Spectroscopy 

Raman spectroscopy is an optical spectroscopy technique.  Upon illumination, the 

molecules within the sample elastically and inelastically scatter the photon.  While most photons 

are elastically scattered, inelastic scattering can be used to analyze the sample.  Inelastically 

scattered photons can leave the sample at a higher frequency (anti-Stokes Raman scattering) or 

lower frequency (Stokes Raman scattering).109  The difference in frequency between the 

elastically scattered photons and inelastic scattering corresponds to the vibrational energies of the 

bonds within the molecules.  Raman is sensitive to vibrations that are associated with a change in 

polarizability.110  This difference is recorded and plotted as the Raman spectrum, which is thus a  

measurement of the collection of bonds within a sample and their relative proportions.111  Since 

many molecules have unique signatures, Raman spectroscopy can often be used to analyze the 

composition of a sample.  As a vibrational spectroscopy technique, Raman spectroscopy also can 

show when bonding occurs over a broad or narrow range of energies.112 

Confocal Raman spectroscopy combines a confocal microscope with a Raman 

spectrometer.  In this method, the user is able to zoom in on particular features of a sample and 

collect the spectra for those areas or features.  The spatial resolution of confocal Raman 

spectroscopy has also been shown to be higher than other types of Raman spectroscopy.113  

Confocal Raman spectroscopy was an important analysis technique used for measuring the 

chemical composition of the hydrogels with NPs reported in Chapter 5.   
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CHAPTER 3: SYNTHESIS AND CHEMICAL TRANSFORMATION OF NI 

NANOPARTICLES EMBEDDED IN SILICA 

The following material was published in Nanoscale (Vol. 9, No. 47, pp. 18959-18965, 

2017) as “Synthesis and chemical transformation of Ni nanoparticles embedded in silica” by 

Brian B. Lynch, Bryan D. Anderson, W. Joshua Kennedy, and Joseph B. Tracy.  Lynch’s 

contributions to this study were in the development of the synthesis, the understanding of the 

organic mechanisms in play, analysis of the TEM images, and writing the manuscript.  Anderson 

and Kennedy provided support in the EDS mapping and XPS analysis. 

3.1 Motivation 

The motivation for this study was to encapsulate Ni NPs with SiO2 shells.  Initially, the 

NPs were intended to be used as a catalyst in the dry methane reforming (DMR) reaction.  Ni is 

an effective catalyst for this reaction, but when the CH4 and CO2 reactants come into contact 

with the Ni catalyst, coking, or deposition of non-reactive carbon, occurs on the surface of the 

catalyst and thus, deactivates it.  A porous SiO2 shell is expected to provide some protection to 

inhibit coking, while allowing the Ni NP core to still be accessible for DMR. 

Fundamentally, the motivation for this study was to examine if the procedure developed 

by a previous group member, Dr. Bryan Anderson, for quantum dot nanorods (QDNRs) could be 

adapted for Ni NPs. 
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3.2 Manuscript 
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3.3 Extensions Done with Related Ni NPs 

The published paper shown in section 3.2 analyzed SiO2-overcoating 27 nm Ni NPs with 

a reverse micelle procedure, but further studies were also done examining the effect of 

concentration, size, and composition of the Ni NPs. 

The concentration of 2 mg/mL of Ni NPs was used for the studies reported in Section 3.2.  

In other experiments, a deviation from that concentration was used, holding all other variables 

constant.  When the concentration was reduced from 2 mg/mL to 1 mg/mL, polydispersed NPs 

with less incorporation of Ni NPs form (Figure 3.1).  There are small pockets of SiO2 NPs, but 

this system lacks shape uniformity.  The Ni NPs have been reduced in size by the NH4OH at this 

point, but the SiO2 has yet to encapsulate the Ni NPs.  This image resembles Figure 1a in section 

3.2.  Reducing the concentration of Ni NPs may have affected the speed of the reaction, which 

appears slower than when a higher concentration is used. 

 

Figure 3.1: SiO2-overcoated Ni NPs synthesized with a concentration of Ni NPs of 1 mg/mL 

instead of 2 mg/mL. 

 

A second variable, size, was studied by adding 100 nm Ni NPs added to the synthesis at a 

concentration of 2 mg/mL.  As seen when starting with 27 nm Ni NPs, TEM images of SiO2-

overcoated 100 nm Ni NPs show similar 2-3 nm Ni NPs encapsulated within a ~30 nm SiO2 NP 
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(Figure 3.2).  The size of the NPs may, therefore, have little effect.  An important conclusion 

from these results is that NH4OH appears to etch the 100 nm Ni NPs in a similar way to the 27 

nm Ni NPs.  

 

Figure 3.2: SiO2-overcoated Ni NPs starting with Ni NPs with diameters of 100 nm. 

 

The final variable tested was composition, using a batch of 40-50 nm Nippy NPs and a 

batch of 20-45 nm CoxNiy NPs.  All other variables remained constant for this synthesis.  The 

NixPy NPs were also incorporated into the SiO2 NPs in the same way as the 27 nm Ni NPs 

(Figure 3.3).  Additional testing of how the P incorporated into the SiO2-overcoated NixPy NPs 

was not done, but could be of interest for the future. 

 

Figure 3.3: SiO2-overcoated NixPy NPs were synthesized using 40-50 nm NixPy NPs and the 

SiO2-overcoating procedure used in the SiO2-overcoated Ni NPs. 
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 CoxNiy NPs that were synthesized with a 1:1 Co:Ni molar ratio were similarly 

incorporated into SiO2 shells (Figure 3.4).  The SiO2-overcoated CoxNiy NPs exhibited similar 

structures to the SiO2-overcoated Ni NPs.  No further analysis was completed on these NPs, but 

the structure of the final product could potentially include etched pieces of both Ni and Co.   

 

Figure 3.4: SiO2-overcoated NixCoy NPs were synthesized using 20-45 nm NixCoy NPs and the 

SiO2-overcoating procedure used in the SiO2-overcoated Ni NPs. 

 

The ratio of tetraethyl orthosilicate (TEOS):water was also varied in this procedure.  In 

work on the SiO2-overcoatings of QDNRs, Dr. Bryan Anderson, a previous group member, 

found that changing the ratio could affect the shaping and morphological control of the SiO2 

around the QDNRs.1  The SiO2-overcoating procedure used for the SiO2-overcoated Ni NPs used 

0.3 mL TEOS and 0.6 mL NH4OH.  NH4OH is an aqueous solution and therefore is also source 

of water for the reaction.  Two brief studies were done varying this ratio: adding 0.6 mL H2O 

(Figure 3.5) and no NH4OH and 0.6 mL H2O and 0.6 mL NH4OH (Figure 3.6). 
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These experiments showed that NH4OH etched the Ni NPs into smaller oxidized Ni NPs 

throughout the course of the SiO2-overcoating reaction and was a catalyst for the reaction.  When 

0.6 mL H2O were added to the solution without any NH4OH, the final product showed Ni NPs 

with Igepal-520 surrounding them (Figure 3.5).  The SiO2-overcoating reaction did not occur, 

confirming that NH4OH was necessary as a base catalyst for the SiO2-overcoating reaction. 

 

Figure 3.5: Ni NPs overcoated with the SiO2-overcoating procedure using 0.6 mL of H2O and 0 

mL of NH4OH. 

 

The second variation on the variation of H2O in the system was to add an additional 0.6 

mL of H2O to the 0.6 mL of NH4OH. While TEM images have artifacts from significant drift, 

they show much larger SiO2-overcoated Ni NPs (80-100 nm) (Figure 3.6).  The Ni NPs can also 

be seen clearly in the SiO2 shells and appear to remain a similar size to those synthesized; 

therefore, there was little to no etching of the Ni NPs that occurred.  The reason for these 

changes was not further investigated or determined, but that could be part of future work.  
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Figure 3.6: SiO2-overcoated Ni NPs using 0.6 mL NH4OH and 0.6 mL H2O. 
 

3.4 Potential Directions Forward 

Aside from the extensions of the synthetic method, collaborators have also been supplied 

with SiO2-overcoated Ni NPs for investigating their performance as catalysts for DMR: Dr. 

Fanxing Li (Department of Chemical and Biomolecular Engineering at NC State) and Prof. 

Joshua Tong (Department of Materials Science and Engineering at Clemson University). 

Additionally, Aaron Henson, an undergraduate in the Tracy group, has also conducted 

experiments to try to reduce the reaction time for deposition of SiO2. 

This project could also be extended to more sizes and compositions of NPs.  The scale of 

the synthesis was also relatively small (~150 mg/batch), so future work could include scaling up 

the amount of product so that it could be a more realistic alternative DMR catalyst. 
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CHAPTER 4: SULFIDATION AND SELENIDATION OF NI NANOPARTICLES 

This manuscript “Sulfidation and Selenidation of Ni Nanoparticles” by Brian B. Lynch, 

Andrew P. Kelliher, Alexander Japit, Bryan D. Anderson, and Mehmet Sarac is currently in 

preparation.  The primary objective of this study was to better understand the conversion 

chemistry of Ni NPs to NixSy and NixSey NPs.  Lynch’s contribution to this project was the 

synthesis of the NixSey NPs and acquisition and analysis of TEM and XRD data.  Japit conducted 

the initial NixSy NP syntheses.  Kelliher built on the foundation that Japit had established and 

finished all of the NixSy syntheses.  Anderson and Sarac contributed to this project by training 

and mentoring Japit and Kelliher. 

4.1 Introduction 

Conversion chemistry refers to performing chemical reactions on presynthesized 

nanoparticles (NPs) is changed, which is often accompanied by morphological changes, such as 

void formation.  The Kirkendall effect describes a mechanism for void formation in metal NPs, 

when a chemical reaction causes faster outward diffusion of metal core atoms than inward 

diffusion of reactive species to form a compound product.  Upon accumulation of vacancies in 

the core of the NPs, a void or multiple voids form within the core of the NP.1  The Kirkendall 

effect has been demonstrated for reactions of many different types of NPs, including Co2,3 and 

Cd.4  Ni NPs conversion chemistry is generally well-established for oxidation and phosphidation 

reactions,5,6 but less is known about sulphidation and selenidation reactions.  Transition metal 

chalcogenide NPs have been proposed for applications in batteries, solar cells, and 

supercapacitors.7  In this study, we have investigated suphidation and selenidation of Ni NPs 

using several common precursors. 
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Because of the chemical similarity of S and Se, there are several similarities in 

sulphidation and selenidation reactions of metal NPs.2,8-20  The solution-phase conversion of Co, 

Cd, and Pb into their corresponding sulphide compounds has been reported.2,8-12  As S 

precursors, these studies employed elemental S in dichlorobenzene (DCB),2,9 S in 

trioctylphosphine (TOP),10,11 S in oleylamine,12 and 1-octadecanethiol.13  In other NP syntheses, 

thiourea14,15 and 1-hexadecanethiol16 have been used as sulfur precursors.  Similarly, as Se 

precursors, selenourea in oleylamine17,18 and elemental selenium in TOP19-21 have been used.  In 

all of these studies, the S or Se precursor was injected into the reaction mixture at an elevated 

temperature towards the end of the initial NP synthesis. 

Here, we report the Kirkendall effect during sulfidation and selenidation of Ni NPs.  The 

effects of four different S precursors, 1-hexadecanethiol (HDT), elemental S in trioctylphosphine 

(TOP:S), elemental S in oleylamine (S(OLA)), thiourea in oleylamine (TU(OLA), and two 

different Se precursors, selenourea in oleylamine (SU(OLA)) and elemental Se in 

trioctylphosphine (TOP:Se), on the conversion chemistry of Ni NPs were investigated.  In 

thiourea and selenourea, S and Se have double bonds to the central carbon, while they are singly 

bonded in the other precursors.  Previous studies have shown that the chemical properties of the 

precursors can affect the composition, size, and morphology of the products of conversion 

chemical reactions.22-24  The composition and morphology of the products were investigated, and 

trends in the results for different precursors are established.  Depending on the precursor chosen 

and the initial composition of those precursors, different compositions might be successively 

obtained as the product becomes enriched in S or Se 
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4.2 Experimental Methods 

The S precursors were prepared and used in the following manner: HDT (Alfa Aesar, 

97%) was used as received.  TOP:S was prepared by mixing 0.480 g (15.0 mmol) of elemental 

sulfur (Alfa Aesar, 99.999%) and 7.2 mL (21.9 mmol) of trioctylphosphine (TOP, Strem, 97%) 

under inert atmosphere for 8 hours.  A dispersion of S(OLA) was prepared by mixing 0.128 g 

(3.99 mmol) of elemental S (Acros, 80-90%) in 2 mL (6.08 mmol) of oleylamine (Acros, 97% 

primary amine) for 24 hours.  A dispersion of TU(OLA) was prepared by mixing 0.608 g (7.99 

mmol) of thiourea in 8 mL (24.3 mmol) oleylamine.  In all syntheses, a molar ratio of 1.6 S:Ni 

remained constant. 

For selenidation reactions, the analogous molar ratio of 1.6 for Se:Ni was used.  

Precursors for the selenidation reactions were elemental selenium (Alfa Aesar, 99.999%) in 

trioctylphosphine (TOP:Se) and selenourea (Sigma-Aldrich, 98%) in oleylamine (SU(OLA)).  To 

make the initial solutions, 0.393 g (3.2 mmol) of selenourea was dissolved in 3.18 mL (9.67 

mmol) of oleylamine and 1.32 g (16.1 mmol) of elemental selenium was dissolved in 7.2 mL 

(16.1 mmol) of TOP.  These solutions were left to mix for 24 hours before being used for 

synthesis. 

Dendritic 100 nm Ni NPs were synthesized as reported previously25 by degassing 0.5 g 

(1.707 mmol) nickel acetylacetonate (Ni(acac)2∙xH2O, where x is assumed to be 2), 5 mL 

(15.2mmol) oleylamine, and 4.4 g (11.4 mmol) trioctylphosphine oxide (TOPO) under vacuum 

on a Schlenk line in three-necked, round-bottomed flask at 80 °C for 2 hours.  The flask was then 

backfilled with N2 and the reaction was heated to 230 °C for 30 minutes.  A 1-mL aliquot of the 

template NPs was removed from each sample as a control sample for verifying the NP size and 

composition, since these NPs served as templates for the conversion reaction into sulphides.  The 
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aliquots were imaged by TEM to confirm the dendritic Ni structure, which was observed for 

every sample (Figure 4.1). 

Sulfidation and selenidation were initiated by injecting one of the following precursors, 

which contained 3 mmol of S or Se: 0.95 mL HDT, 1.47 mL TOP:S, 1.54 mL S(OLA), 3.07 mL 

(TU(OLA)), 3.07 mL SU(OLA), or 1.38 mL TOP:Se dispersion into the flask of Ni NPs and 

heating to 300 ° C for 30 minutes.  The reaction products were purified by five cycles of 

centrifugation after adding excess methanol and redispersing in hexanes. 

Transmission electron microscopy (TEM) samples were prepared by dropcasting NPs 

dispersed in hexanes onto Cu TEM grids with ultrathin carbon support times and imaged in a 

JEOL 2000FX transmission electron microscope.  Samples for X-ray diffraction (XRD) were 

prepared by dropcasting highly concentrated NPs in dichloromethane onto an amorphous silica 

glass slide.  XRD was performed using a Rigaku SmartLab X-Ray Diffractometer with Bragg-

Brentano geometry.  Refinement of the XRD data was completed using the Rietveld refinement 

tools in HighScore Plus.  All refinements started by subtracting out the amorphous silica 

background signal that was present in the each set of data.  The data were then fit with the 

matching compositions.  All data presented is presented in its raw form. 

4.3 Results and Discussion 

Template Nickel Nanoparticles.  In a previous study, Ni(acac)2, oleylamine, and TOPO were 

mixed and degassed at 80 °C for 2 hours before ramping to 240 °C for 30 minutes.  Dendritic Ni 

NPs resulted from this procedure.25  For this study, an aliquot was taken before all injections of S 

or Se precursors.  Figure 4.1 shows a representative TEM images and XRD spectra of a Ni NP.  

Though the XRD spectra was taken for the HDT sample, all other samples showed identical 

results (Figure 4.1).  The broad increase in intensity around 20-25˚ is a result of the background 
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signal from the glass slide onto which the NPs were deposited.  This XRD spectra and the 

accompanying TEM image are identical to those seen in the previous study. 

  
Figure 4.1: TEM and XRD of Ni NPs in an aliquot taken before injection of each precursor, 

which confirm the branched structure and composition of the template NPs. 

 

Nickel Sulfide Nanoparticles.  In syntheses where HDT and TOP:S precursors were used to 

drive sulfidation, similar results were observed (Figure 4.2).  XRD refinements done using 

HighScore Plus show Ni9S8 as the predominant phase when HDT is used as the precursor (66 

wt.%) and Ni3S2 (59 wt.%) as the predominant phase when TOP:S is used as the precursor.  The 

secondary phase for HDT was Ni3S2 at 34 wt.%  and for TOP:S was NiS at 42 wt.%.  All three 

phases are adjacent to one another on the Ni-S phase diagram.  From the Rietveld refinement, the 
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composition of each sample as well as the ratio of the Ni:S within the sample was calculated 

(Table 4.1).  These calculations did not account for any of the residual organic molecules that 

could be left within the sample, so all compositions add to 100%.  
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Figure 4.2: (a, b) TEM and (c, d) XRD of nickel sulfide NPs synthesized using HDT and TOP:S 

precursors. Reference data for Ni3S2 (PDF 04-007-5742), Ni9S8 (PDF 04-007-0778), and NiS 

(PDF 04-007-0707). 
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Table 4.1: Concentrations of Ni and S by mol.% contained in the Ni-S samples as determined by 

ICP-OES measurements. 
 

Precursor Avg. Comp 

XRD 

Avg. Comp 

ICP 

mol.% P 

ICP 

HDT Ni55S45 Ni48S39 0.053 

TOP:S Ni56S44 Ni47S29 0.585 

S(OLA) Ni46S54 Ni20S19 <0.003 

TU(OLA) Ni48S52 Ni21S20 0.012 

TOP:Se Ni60S40 Ni29S13 0.068 

SU(OLA) Ni76S24 Ni24S4 0.000 
 

For the HDT and TOP:S sample, there are very similar compositions of Ni and S present.  

This is not surprising considering the XRD refinement concluded very similar compositions.  

ICP-OES data was also collected for each sample and the average composition of the NixSy 

compound is also presented (Table 4.1).  These data also show that both the HDT and TOP:S 

precursors produce similar compositions of Ni and S.  Since ICP-OES also took into account 

elements besides Ni and S, a ratio of the ratios of Ni:S between ICP and XRD refinement was 

calculated (Table 4.1).  For the HDT and TOP:S samples, the ratio of Ni:S was within 

approximately 20% for both samples.  Because the error range for the refinement was estimated 

to be approximately 10% for each component within each sample, this difference is not 

exceptionally high. 

The morphology of the NixSy NPs products from HDT and TOP:S also seemed to be 

similar.  Both samples exhibited NPs with diameters between 100 and 240 nm with the majority 

of the product NPs having large, pronounced voids.  HDT resulted in hollow NixSy NPs with a 

mean diameter of 154 nm (range 100-200 nm), and TOP:S yielded hollow NPs with a mean 

diameter of 170 nm (range 125-240 nm).  The voids formed in the TOP:S NPs were observed to 

be larger than those in the HDT NPs.  All NPs produced using the S and Se precursors had broad 

size distributions and rather irregular shapes. 
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It should be noted that even though phosphorous is present in the TOP:S experiment, the 

S molecules are preferentially incorporated into the NPs.  TOP was intentionally removed from 

the initial template Ni NP synthesis procedure to avoid any NxPy formation.  It is clear here that 

when P and S precursors are added at the same time, the mechanism incorporates S into the NPs 

instead of P even though there is more P in the precursor (molar ratio of 1.46 P:S).  These results 

have also been confirmed by ICP-OES.  The content of P in all samples was <0.6 mol.%. 

Use of S(OLA) and TU(OLA) produced identical compositions of NixSy NPs.  In the 

S(OLA) sample, Rietveld refinement showed that Ni3S4, the primary phase, constituted 43% of 

the mass of the sample, and NiS and NiSO4∙6(H2O), the secondary phases, constituted 31 wt.% 

and 26 wt.%, respectively.  In the TU(OLA) sample, NiS was the predominant phase (47 wt.%)  

and NiSO4∙6(H2O) and Ni3S4 were the secondary phases (29 and 25 wt.%, respectively).  The Ni-

S phase diagram shows NiS and Ni3S4 as adjacent phases close to 50 mol.%, where one would 

expect with at the Ni:S precursor ratio .  

The water present in Ni(acac)2∙xH2O could be the source for water in NiSO4∙6(H2O) 

phase forms.  The SO4
2- in the molecule likely forms when oxygen in Ni(acac)2∙xH2O reacts with 

S in the S(OLA) and TU(OLA) precursors. Refinement and ICP-OES data (Table 4.1) shows 

very similar Ni and S compositions in both of these experiments.  The ratio of Ni:S is slightly 

lower than that of the HDT and TOP:S experiments.  It seems that the Ni is less incorporated into 

the NPs relative to the HDT and TOP:S samples. 

The difference between the S(OLA) refinement and ICP-OES data is again within 20% of 

each other.  The difference can as again be attributed to the error in the refinement calculations.  

It seems that the refinement calculations underestimate the compositions of Ni in the NixSy 

systems. 
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Figure 4.3: (a, b) TEM and (c, d) XRD of nickel sulfide NPs synthesized using S(OLA) and 

TU(OLA) precursors. Reference data for NiS (PDF 04-007-0707), NiSO4∙(H2O)6 (PDF 04-009-

4339), and Ni3S4 (PDF 04-006-5369). 
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The structure of the NPs produced by S(OLA) and TU(OLA) precursors are also very 

similar.  NPs shown in Figure 4.3 show NPs with sizes ranging from ~100-300 nm with an 

average diameter around 150 nm and small voids within these NPs. 

Void formation when using each of the four trials sources of S is consistent with the 

Kirkendall effect.26  When each S precursor is catalytically decomposed into elemental S, a thin 

shell of the product phase forms, and a diffusion couple is established, in which S diffuses 

inward and Ni atoms diffuse outward.  When the outward diffusion of Ni is faster than the 

inward diffusion of S, vacancies are collected in the core of the NP, which leads to void 

formation. 

The range of compositions of the products for different S precursors indicates a causal 

link; different precursors may provide different concentrations of S, leading to different levels of 

enrichment in the products.  Among the S precursors investigated, HDT and TOP:S yielded 

similar products, and S(OLA) and TU(OLA) yielded similar products.  These two pairs of 

precursors exhibited different behaviours, which suggests differences in their decomposition or 

possibly a common effect when oleylamine is present.27  Oleylamine has been determined to be a 

reducing agent in the initial Ni NP synthesis;25 however, when used within a precursor, it is not 

conclusive what its exact role in these syntheses is.  We see that the addition of oleylamine 

causes an additional NiSO4∙6H2O phase to form. NiS and Ni3S4 are also richer in S content 

relative to the Ni3S2 and Ni9S8 phase formed in the syntheses without oleylamine.  The use of 

TOP:S and TU(OLA) precursors both resulted in a NiS phase, but the NiS phase was the primary 

phase when oleylamine was used and a secondary phase when TOP was used.  Based on this 

observation, it is clear that oleylamine acts in some way to increase the amount of S 

incorporation within the NP.  In the TU(OLA) synthesis, the larger incorporation of S could also 
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be a result of the small molecule size, making the S more accessible in the reaction.  This would 

effectively allow more of the thiourea, relative to the other S-containing compounds, to 

incorporate into the Ni NPs. 

Nickel Selenide Nanoparticles.  Conversion chemistry with selenium precursors was analysed 

in a similar way to the sulphur precursors.  The two precursors used for the selenidation of nickel 

were TOP:Se and SU(OLA).  XRD data (Figure 4.4) shows the TOP:Se precursor having 97.2 

wt.% as  Ni3Se2 phase and 2.8 wt.% being NiSe phase, while the SU(OLA) results in Ni3Se2 as 

the primary phase (50 wt.%) and NiSe (10 wt.%)  and Ni (40 wt.%)  as the secondary phases.  

This shows that there is still some unreacted Ni NPs in the SU(OLA) sample.  Se is thus shown 

to be less reactive in urea precursors than S in these syntheses.  The incorporation of Se is also 

much less than in the S syntheses (Table 4.1).  

The discrepancy between the refinement and the ICP-OES data is also much larger than 

in the sulphide study.  As in the S(OLA) and TU(OLA) samples, <60 wt.% was accounted for in 

the ICP-OES data.  The large discrepency could be a result of amorphous selenium components 

forming throughout the synthesis.  These compounds would be undetected with XRD, but would 

still be measured in ICP-OES.  

The Ni-Se phase diagram shows similar results to the Ni-S phase diagram for these 

reactions: the phases present are next to one another and around 50 mol.% S. It should also be 

noted that the precursor with oleylamine has a higher amount of Se incorporated into the NP, 

which is analogous to the sulphide study.  There may be an effect when oleylamine is introduced 

that allows for a larger portion of the Se within the Se-containing molecule to incorporate into 

the NP.  The selenourea molecule is very similar in structure to the thiourea, so the molecule 

structure may also be involved in the synthesis of the higher-containing-Se NPs.   
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Figure 4.4: (a, b) TEM and (c, d) XRD of nickel selenide NPs synthesized using TOP:Se and 

SU(OLA) precursors. Reference data for Ni (PDF 04-002-7521), NiSe (PDF 04-003-7226) and 

Ni3Se2 (PDF 04-007-3698). 

 

 

 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

NiSe 

in
te

n
s
it

y
 

Ni3Se2 

2θ(˚) 

Ni 



   

52 

 

TEM shows that the average NP size for the TOP:Se synthesis is 102 nm (range 60-134 

nm) and for SU(OLA) is 175 nm (range 120-210 nm).  Void formation can also be seen in both 

nickel selenide species.  The voids in the SU(OLA) sample are less dispersed (40-70 nm) and 

more pronounced than those in the TOP:Se sample (30-115 nm).  Comparing these results to that 

of the sulphide NPs, the products of TOP:S and TOP:Se both contain voids with the selenide 

NPs being slightly larger.  A comparison of the samples prepared using SU(OLA) and T(OLA) 

similarly yields useful insights, including the lack of formation of selenoates.  Overall, the 

selenide products are larger in size and also have larger voids.  Because of the relatively uniform 

morphologies in each sample, one can conclude that the phases within each sample are 

distributed throughout the NPs.  It is reasonable to assume that the NPs shown are polycrystalline 

in nature and contain each of the phases presented in their relative mass compositions. 

4.4 Conclusion 

The reagents selected for these experiments were chosen based on literature, but because 

of the ability of Ni to catalytically decompose organic molecules, many other molecules could 

have been chosen and likely could have also produced similar products.  These experiments 

showed the great variety in the selection of precursors that could lead to various NP 

compositions.  The size of the NPs and of the voids created during the synthesis varied based 

upon the type of precursor selected.  Though the syntheses used different reagents, the reagents 

were similar enough so that comparisons could be made.  Overall, the NPs from both syntheses 

are shown to be between 100-400 nm in diameter and have a composition close to the initial 

molar concentration of 1.6 S or Se:Ni. 
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CHAPTER 5: EFFECTS OF CROSSLINKING AND NANOPARTICLE COMPOSITION 

AND SIZE ON THE MECHANICAL BEHAVIOR OF NANOPARTICLE HYDROGELS 

5.1 Introduction 

The fibers of sea mussels are of significant interest to marine biologists and materials 

scientists because of their strong adhesion, stiffness, and ability to self-heal.1, 2  Within a mussel 

fiber, there are many mussel foot proteins (mfps), two of which (mfp-3 and mfp-5) are most 

prevalent within the fibers that adhere to surfaces.3-5  Studies of the composition of mussel fibers 

have identified that metal-ion coordination between Fe3+ and 3,4-dihydroxyphenyl-L-alanine 

(DOPA) is responsible for these properties.6  DOPA contains a catechol functional group, which 

has since inspired many researchers to create artificial hydrogels similar to the natural fibers for 

biomedical,7-9 environmental,10-12 and sensing13-15 applications. 

The presence of multiple catechols often gives rise to primary and secondary bonding.  In 

a mussel fiber, there is secondary bonding in metal-ion bonds between Fe3+ ions and the 

catechol, hydrogen bonds, π-π interactions between aromatic rings of catechol molecules, and π-

π interactions between the phenyl groups in the mfp-1 protein exist within the mussel fiber.6, 16-21  

All secondary bonds are transient, reversible interactions.16, 22  A hydrogel-like polyethylene 

glycol (PEG)-catechol is an example of a hydrogel that can exhibit physical crosslinking.23  

Many forms of PEG-catechol have been coordinated with Fe3+ to synthetically produce and 

modify the structure of mussel fibers.23, 24  Primary bonding in PEG-catechols can only occur 

through covalent bonds when the catechols oxidize to o-quinone in the first step of a covalent 

crosslinking reaction that polymerizes catechols into a polydopamine (PDA)-like structure.18, 25, 

26  This initial oxidation step requires a catalyst, and it is known that alkaline conditions or 

catechol oxidase enzymes can catalyze this oxidation reaction.27  Simulations of the binding of 



   

56 

 

catechols to transition metal ions have shown that Fe3+ binds well to catechol moieties but not as 

well as other metals such as Ni3+ or Co3+.  These simulations suggest that while secondary 

bonding between Fe3+ and catechols is strongly dominant in these systems, covalent crosslinking 

can also occur when Fe3+ ions are added to catechol.28  Research on synthetic catechol hydrogels 

has often been focused on the effects of the composition and quantity of metal ions on the 

rheology and adhesion of the gel.28-31  It is generally understood that Fe3+ ions complex most 

effectively with catechol-based hydrogels and therefore result in the gels with greater moduli 

than other metal ions.  However, the polymerization of DOPA to polydopamine (PDA) was also 

seen to be partially catalyzed by Ni2+, Co2+, and Mn2+ ions, but only after some polymerization 

had occurred,32 suggesting that other metals or metal ions could also change the rheological 

properties of a catechol-based hydrogel.  

Chemically embedding metal or metal oxide NPs into hydrogels has been shown to alter 

the magnetic and rheological properties of hydrogels, thus providing a way of controlling their 

properties.33-35  While Fe3+ ions has been used in many catechol-based hydrogels, few studies 

have investigated NPs.23, 36, 37  NPs have been used to catalyze polymerization reactions, such as 

for synthesizing poly(vinyl alcohol) (PVA)38 and PEG-propargyl ether.39  Introducing NPs 

presents a different environment and potentially different effects, because the catechols now 

coordinate with surfaces instead of ions.  The properties of the exposed surfaces can also be 

modified by changing the size and composition of the NPs.  For example, magnetite (Fe3O4) NPs 

can be compared with Fe3+ ions, but NPs of other ferrites, such as NiFe2O4 and CoFe2O4, can 

also be synthesized, which potentially impart richer surface chemistry by allowing two different 

metals to interact with catechols.  Furthermore, formation of CoO and NiO shells on the surfaces 

of, Ni and Co NPs, respectively, is well known.40, 41  Therefore, the interactions of catechols with 
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any of these NPs would be with the metal oxides or hydroxides, depending on the solvent 

environment instead metal ions. 

Herein, we report the effects of introducing Fe-, Co-, and Ni-based NPs of different sizes 

and compositions via a ligand exchange process into a PEG-catechol hydrogel to evaluate the 

effects of the NPs on the chemical and mechanical properties of the gels.  Rheology and Raman 

spectroscopy were used to analyze the physical and chemical properties of the NP-gels, 

respectively.  We propose a mechanism, by which NPs within the NP-gel catalyze the chemical 

crosslinking process of the catechol functional group during assembly of the NP-gels. 

a-  

b-  

5.2 Experimental Procedures 

4 nm Fe3O4 NPs.  The synthesis of 4 nm Fe3O4 NPs involves two main steps, the first of which 

is synthesis of Fe oleate following an established procedure.42, 43  Fe oleate was prepared by 

combining 10.8 g (40 mmol) of FeCl3·6H2O (99%, Acros Organics) with 36.5 g of Na oleate 

(120 mmol) (97%, TCI America), 80 mL of ethanol, 60 mL of distilled water, and 140 mL of 

hexanes in a 500 mL beaker.  After mixing the mixture at 70 °C for 4 hours, the product was 

then washed with 30 mL of distilled water three times using a separatory funnel.  The aqueous 

phase was disposed of, leaving the organic Fe-containing phase in the funnel.  The remaining 

product was emptied into a beaker and left to dry in a fume hood overnight. 

In the second step, 1.80 g of Fe oleate was added to 0.570 g (2.02 mmol) of oleic acid 

(90% Sigma-Aldrich), 1.61 g (6.00 mmol) of oleyl alcohol (80-85%, Alfa Aesar), and 10.0 g 

(58.7 mmol) of diphenyl ether (99%, Acros Organics).  This mixture was heated to 250 °C at a 

rate of approximately 10 °C/min under N2.  The temperature was then held at 250 °C for 30 

minutes before quickly cooling the outside of the flask by spraying it with room-temperature 
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acetone.  The product was dispersed in 50 mL of acetone and centrifuged for 5 minutes at 5000 

rpm (IEC Centra MP4 with 816 rotor, 4100 g). 

7 nm Fe3O4 NPs.  The method for synthesizing 7 nm Fe3O4 NPs was adapted from an 

established procedure.44  7 nm Fe3O4 NPs were synthesized by adding 1.05 g (3 mmol) of 

anhydrous Fe(III)  acetylacetonate (Fe(acac)3, 99%, Strem) to 15 mL of benzyl ether (99%, 

Acros Organics) and 15 mL of oleylamine (80-90% C18 content, Acros Organics) in a 3-necked 

round-bottomed flask.  The mixture was stirred for an hour under vacuum before heating at a rate 

of approximately 5 °C/min to 120 °C while covering the flask with glass wool.  Once the 

temperature reached 100 °C, the flask was backfilled with N2.  While stirring, the mixture was 

left for 1 hr at 120 °C, followed by ramping the temperature to 210 °C at a rate of 10-15 °C/min 

and holding the temperature for 1 hr before cooling to room temperature by switching off and 

removing the heating mantle.  The NPs were then purified by adding 50 mL of ethanol (200 

proof) followed by 1 centrifuge cycle at 5000 rpm for 5 minutes.  The remaining product was 

dispersed in tetrahydrofuran (THF). 

3 nm NiFe2O4 and CoFe2O4 NPs.  3 nm CoFe2O4 and NiFe2O4 NPs were synthesized by 

modifying the procedure for synthesizing 7 nm Fe3O4 NPs.  0.356 g (1 mmol) of anhydrous 

Co(III) acetylacetonate (Co(acac)3, 98+%, Strem) or 0.257 g (1 mmol) of Ni(II) acetylacetonate 

hydrate (Ni(acac)2, 98%, TCI America) was substituted for 1 mmol (0.353 g) of Fe(acac)3 and 

added to 2 mmol (0.706 g) Fe(acac)3.  All other remaining steps remained the same as for the 

synthesis of 7 nm Fe3O4 NPs. 

8 nm Ni NPs.  Ni NPs were synthesized by adapting a previous procedure.45  0.256 g (1 mmol) 

of Ni(II) acetylacetenoate hydrate (Ni(acac)2, 98%, TCI America) was added to 3.69 mL (11.2 

mmol) of oleylamine (80-90% C18 content, Acros Organics) in a septum vial and heated to 100 
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°C under nitrogen.  At the same time, 2.50 mL (5.60 mmol) of trioctylphosphine (TOP, 97%, 

Strem) was heated to 100 °C and stirred under vacuum in a three-necked, round-bottomed flask.  

After 30 minutes, the round-bottomed flask was back filled with N2, and the Ni(acac)2 solution 

was injected by syringe.  The temperature was then ramped to 220 °C at a rate of 10-15 °C/min.  

After heating for another 30 minutes at 220 °C, the flask was allowed to cool to room 

temperature.  The NPs were purified by adding 30 mL of ethanol and centrifuging at 5000 rpm 

for 5 minutes.  The product was then dispersed in ~15 mL THF and centrifuged two more times 

in a 1:1 ratio of THF:ethanol.  The final product was dispersed in THF. 

8 nm Co NPs.  0.200 g (0.517 mmol) of trioctylphosphine oxide (TOPO, 99%, Strem) was 

dissolved in 97.2 mmol (11.0 mL) of 1,2 dichlorobenzene (DCB, 99%, EMD) in a three-necked, 

round-bottomed flask under inert atmosphere.  The solution was degassed for 1 hr at room 

temperature and stirred.  A cold trap was used to prevent DCB from entering and damaging the 

pump.  While the flask was under vacuum, 0.123 mL (0.620 mmol) of dodecanoic acid (99.5%, 

Alfa Aesar) was dissolved in 1.00 mL of DCB under an inert atmosphere.  The solution was 

heated with a heat gun to completely dissolve the dodecanoic acid in the DCB.  0.540 g (1.50 

mmol) Co2(CO)8 (stabilized with 1-5% hexanes, Strem) was also dissolved in 3.00 mL (26.5 

mmol) DCB in a septum vial and stirred for at least 20 minutes.  After 1 hr, the round-bottomed 

flask was backfilled with N2, and the solution of dodecanoic acid was injected into the round-

bottomed flask.  The flask was then heated to 181 °C, the boiling point of DCB, at a rate of 10-

15 °C/min.  Within 5 seconds of boiling, the Co2(CO)8 solution was injected into the round-

bottomed flask.  The temperature was quickly ramped back to 181 °C.  The reaction proceeded 

for 6 minutes at 181 °C, before the round bottom was quenched in a water bath.  The product 

was purified by adding 1-2 parts of ethanol to the product.  The mixture was centrifuged at 4000 
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rpm for 1 minute (IEC Centra MP4 with 816 rotor, 3280 g).  The supernatant was discarded, and 

the NPs were dispersed in hexanes.  Ethanol was added again, and the mixture was centrifuged at 

4000 rpm for 1 minute once again.  The supernatant was again discarded and the NPs were 

dispersed in THF. 

Ligand Exchange with PEG-Amine.  Displacement of the initial ligands from each type of NP 

was conducted in an identical manner for each NP sample.  100 mg of NPs (measured as the 

mass remaining in a vial after rotary evaporation) was dispersed in 5 mL THF.  The mass of the 

NPs stated here included the mass of the NPs and corresponding ligands present after synthesis.  

100 mg of monofunctional PEG-amine (MW 2,000, Laysan Bio) was added to the dispersion of 

NPs and mixed in an oil bath for 24 hours at 40 °C.  30 mL of hexanes were added, and the 

mixture was centrifuged for 5 minutes at 5000 rpm.  After removing the supernatant, this 

procedure was repeated two 2 more times.  The final product was then left to dry in a fume hood 

for at least 1 hour. 

Thermogravimetric Analysis (TGA) on PEG-Amine-NP Samples.  A TA Instruments SDT 

Q600 thermogravimetric analyzer was used to measure the inorganic composition of the NP-

PEG-amine samples.  The 2-5 mg sample was inserted into the TGA at 20 °C.  The instrument 

was ramped from 20 °C to 600 °C at a rate of 10 °C/min under N2, while measuring the mass. 

4-Arm PEG-Catechol (4PEGc) Synthesis.  4PEGc was synthesized following a reported 

procedure.46  10 g of 4-arm PEG NHS (JenKem) was purged with N2 in a two-necked, round-

bottomed flask.  Dopamine hydrochloride (Sigma) was added (2.0× mol equivalent to the NHS 

group) to the 4-arm PEG, which was then dissolved in 80 mL of anhydrous dichloromethane.  

Triethylamine (2.5× mol equivalent relative to –OH) was added, and the solution was stirred for 

15 minutes.  The reaction proceeded for 18 hr at room temperature under a nitrogen atmosphere.  
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A separatory funnel was used to extract the product with chloroform and dried with sodium 

sulfate.  Rotary evaporation was used to reduce the volume of the solution, after which the 

product was precipitated in diethyl ether three times before drying under vacuum.  

NP-Gel Synthesis with PEG-Catechol.  A constant relative mass of 4.2 mg (10 wt.%) NP and 

mass of 38 mg of PEG-catechol was used for all NP-gel samples.  The amount of NP-PEG-

amine was calculated based on the TGA results.  NP-PEG-amine, PEG-catechol, and 0.38 mL of 

deionized water were added and gently mixed in a small circular plastic mold.  The gel was then 

covered in Parafilm to prevent evaporation of water and heated at 40 °C for 24 hrs.  The gels 

were then stored in capped 20 mL vials to prevent evaporation during storage.   

Ion Gels.  Iron (III) chloride hexahydrate (FeCl3·6H2O,  98%, Sigma-Aldrich), iron (II) 

chloride tetrahydrate (FeCl2·4H2O, 98%, Sigma-Aldrich), cobalt chloride dihydrate 

(Co2Cl·2H2O, 99%, Sigma-Adrich), and nickel chloride hexahydrate (Ni2Cl·6H2O, reagent plus, 

Sigma-Aldrich) were used as sources of Fe3+, Fe2+, Co2+ and Ni2+ ions, respectively, to prepare 

ion gels.  The ion gels were prepared using 10 g of 4-PEGc.  The 4-PEGc was combined with 

N,N-Bis(2-hydroxyethyl)glycine (bicine, 99%, Sigma-Aldrich), water and the ion source such 

that the total volume was 100 μL, the concentration of buffer was 0.2 M and the stoichiometry of 

the gel was 2 catechol : 1 ion. 

Raman Spectroscopy.  Chemical characterization was performed using a WITec Alpha 300 

Access confocal Raman microscope.  A 785 nm laser was used for all trials with the filter on the 

laser varying 1% and 25%, depending on the sensitivity of the sample.  Acquisition times ranged 

between 0.5 and 5 s, but all samples had 200 accumulations acquired.  The laser slit was set to 

200 μm, and the laser hole was set to 500 μm.  11-pt cubic Savitzky-Golay smoothing was 

applied to the spectrum for the 7 nm Fe3O4 NP sample. 
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Rheology.  The response of the gels was measured using a TA Instruments Discovery HR-2 

rheometer with a parallel plate geometry (20 mm diameter, flat).  For each experiment, the 

sample was enclosed in a solvent trap, and damp Kimwipes were placed above the solvent trap to 

prevent dehydration of the sample.  Oscillatory frequency sweeps and stress relaxation tests were 

performed for each sample.  The frequency was varied between 100 and 0.1 rad/s at a constant 

1% strain while acquiring the storage (G’) and loss (G’’) moduli.  The relaxation behavior was 

measured by applying a 10% step strain (γ) over 200 s, during which the stress (σ) and relaxation 

modulus (G(t)) were measured. 

5.3 Results and Discussion 

5.3.1 NP Synthesis 

The size and shape of the NPs were characterized by transmission electron microscopy 

(TEM), which shows spherical shapes and narrow size distributions (Figure 5.1).  Measurements 

of the diameters of 100 NPs from each sample all have standard deviations below 1 nm (Figure 

5.2).  Elemental analysis by inductively-coupled plasma – optical emission spectoscopy (ICP-

OES) on the 3 nm NiFe2O4 and CoFe2O4 NPs to confirm the composition of the NPs.  The 

NiFe2O4 NPs have a 1:2.1 molar ratio of Ni:Fe and the CoFe2O4 NPs have a 1:2.0 molar ratio of 

Co:Fe. 
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Figure 5.1: TEM images of (a) 8 nm Ni NPs, (b) 7 nm Co NPs, (c) 7 nm Fe3O4 NPs, (d) 5 nm 

Fe3O4 NPs, (e) 3 nm NiFe2O4 NPs, and (f) 3 nm CoFe2O4 NPs. 
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Figure 5.2: Size distributions from TEM images of (a) 8 nm Ni NPs, (b) 7 nm Co NPs, (c) 7 nm 

Fe3O4 NPs, (d) 5 nm Fe3O4 NPs, (e) 3 nm NiFe2O4 NPs, and (f) 3 nm CoFe2O4 NPs. 
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5.3.2 Nanoparticle Functionalization 

All 6 types of NPs were initially synthesized with organic ligands.  Ligand exchange was 

conducted to chemically incorporate the NPs into the 4PEGc hydrogel.  A first ligand exchange 

process was completed with PEG-amine.  Introducing an intermediate PEG-amine ligand 

allowed the initial organic ligands to be removed from the system.  PEG-amine was purposefully 

chosen for its dispersibility in water and because it binds to the NPs, but not as tightly as 4PEGc.  

For obtaining consistent weight loading of the NP-gels for all types of NPs, based on their 

inorganic content, TGA was first used to analyze the relative composition of NPs and PEG-

amine ligands in each sample after completing the first ligand exchange procedure (Figure 5.3 

and Table 5.1). 

Figure 5.3: TGA under N2 for NP-PEG-amine samples. 
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Table 5.1: Residual wt.% for each NP-PEG-amine sample, obtained from TGA measurements. 

NP-PEG-Amine Sample wt.% NP 

7 nm Co 47 

7 nm Fe3O4 33 

3 nm NiFe2O4 28 

8 nm Ni 26 

3 nm CoFe2O4 20 

5 nm Fe3O4 20 

 

5.3.3 Rheology Measurements 

NP-gels were prepared through ligand exchange of the PEG-amine with 4PEGc with the 

same mass concentration of NPs in each sample.  The relaxation (Figure 5.4) and the storage and 

loss moduli (Figure 5.5) were measured for each NP-gel.  The shape of each NP-gel relaxation 

curve resembles that of related, reported NP-gels.23  Furthermore, the Co and CoFe2O4 NPs have 

similar relaxation rates, and the Ni and NiFe2O4 NPs have similar relaxation rates.  The Ni, Co, 

NiFe2O4 and CoFe2O4 NP-gels all relax more slowly than the Fe3O4 NP-gels.  This result was 

unexpected, because the affinity of catechol for Fe3+ ions is well known.   

The relaxation times were calculated by fitting the relaxation measurements using the 

Kohlrausch stretched-exponential relaxation model (Eq. 5.1), which describes the relaxation 

behavior of many viscoelastic polymers,47 

Eq. 5.1  𝐺(𝑡) = 𝐺0exp [−(𝑡/)𝑎], 

where G0 is the plateau modulus, τ is the relaxation time, and a is a fitting parameter that is 

unique for each material.  The fitting parameter for each NP-gel in this study was between 0.28 

and 0.33, showing some consistency between materials and previous studies.23  For these 

samples, the relaxation times generally decrease as the plateau modulus decreases (Table 5.2).  
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Figure 5.4: Relaxation measurements for each NP-4PEGc sample. 

 

Table 5.2: The relaxation time () and fitting parameter (a) were calculated for each NP-gel 

sample by fitting to Eq. 5.1.  The quality of each fit is indicated by the R2 value.  The plateau 

modulus was taken from the raw relaxation data.  

  

Sample Relaxation Time 

() (s) 

ln() a R2 for fit Plateau Modulus 

(Pa) 

7 nm Co NPs 4.46 × 105 13.0 0.30 0.99 1.83 × 104 

3 nm CoFe2O4 

NPs 

6.26 × 104 11.0 0.33 0.98 1.80 × 104 

3 nm Ni Fe2O4 

NPs 

1.16 × 104 9.4 0.31 0.98 1.53 × 104 

8 nm Ni NPs 2.26 × 104 10.0 0.27 0.98 1.06 × 104 

7 nm Fe3O4 NPs 2.71 × 103 7.9 0.29 0.96 3.26 × 103 

5 nm Fe3O4 NPs 4.74 × 102 6.2 0.28 0.97 5.13 × 103 
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Figure 5.5: Storage (G’, top) and loss modulus (G’’, bottom) of the NP-gel samples. 

 

The storage and loss moduli (Figure 5.5) of all six NP-gels indicate a solid-like phase 

over all frequencies.  The modulus measurements are less conclusive than the relaxation data for 

analyzing the rheology of the NP-gels, since all NP-gels have the same trend in modulus across 

the range of angular frequencies, but at different magnitudes. 

5.3.4 Raman Spectroscopy 

Raman spectroscopy was used to probe the chemical composition and bonding of each 

NP-gel sample (Figure 5.6).  All NP-gel samples have vibrations expected for catechol 

molecules, 1200-1600 cm-1.48  There is some variance in the sharpness of these peaks among 

samples at energies above 1200 cm-1, which indicates that binding occurred over a broader range 

of discrete energies for some of the samples than for others.  The peaks found for the Co, Ni and 

Fe binding to O are consistent with previous reports49-51 and can be seen in both the NP and the 

Fe3+ ion gels, but not in Co2+ and Ni2+ ion gels.  The ferrite NP-gels have metal-oxygen binding 
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peaks that combine those of Ni-O or Co-O and Fe-O.  The relative heights of the peaks are 

highly informative about the chemical incorporation of NPs in the NP-gels through the second 

ligand exchange process.  Fe3O4 NPs have the greatest incorporation followed by the ferrite NPs 

and then the Ni and Co NP gels.  This is consistent with Fe3+ binding to catechols most 

favorably.  In the ferrite NPs, the increased binding is due to the catechol’s affinity for the Fe(III) 

within the ferrite structure. 

Most peaks in the Raman spectra are rather broad, which suggests that binding occurs 

over a range of energies and thus configurations for all of the samples.  This is consistent with 

binding to atoms on different locations (e.g., crystal facets) on the surface of the NPs and with 

catechols experiencing different steric constraints.  For the Fe3O4 NP gel and the Fe3+ ion gel, the 

high intensities in the Fe-O region of the spectrum indicate significant interactions between 

catechols and the surface of the Fe3O4 NPs. For the Co and Ni NP-gels, however, there is much 

less binding in the metal-O binding section in comparison with the Fe3O4 and ferrite NPs.  This 

is consistent with observations of Co2+ and Ni2+ ions mixed with catechol molecules and water.52  

In these experiments, no gel formed, and the catechol remained in a liquid state (Figure 5.7).  

Therefore, the slow relaxation for the Co and Ni NP samples is distinct from that of Co2+ and 

Ni2+ ions. 
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Figure 5.6: Raman spectra for each NP-4PEGc hydrogel.  The box with dashed lines indicates 

vibrations associated with covalent bonds within the catechol ring. 

 

Proposed Mechanism.  The slow relaxation of the Co and Ni NPs resembles materials with 

covalent bonds,53, 54 suggesting that both primary and secondary bonding occur during the final 

ligand exchange process.  A NP-gel with only secondary bonding, like the Fe3O4 NP-gels has 

been reported previously, and its relaxation curve has a distinctly different shape than an Fe3+ ion 

gel.23  The binding of the Co, CoFe2O4, Ni and NiFe2O4 NPs to the catechol, as shown in the 

Raman spectra by the low intensities of peaks for metal to catechol oxygen bonds, is also 

consistent with a lack of secondary bonding by the metal ions to the catechols.  The large relative 

intensities within the organic portion (1200-1600 cm-1) of the Raman spectra for the Co, 

CoFe2O4, Ni, and NiFe2O4 NP-gels are consistent with increased catechol-catechol interactions 

in comparison with NP-catechol interactions.  The Raman spectrum for PDA is quite similar to 

that of catechol.  Because the peaks in the Raman spectra have significant breadth, distinguishing 

between a polymerized and non-polymerized structures is difficult.  A PDA-like structure could 
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form, if the NPs could catalyze the initial oxidation of catechols to o-quinone, driving covalent 

crosslinking. 

Scheme 127, 55 outlines one possible mechanism by which catechols could undergo 

polymerization into PDA-like structures.  As ligand exchange within the 4PEGc hydrogel 

proceeds, the Co, CoFe2O4, Ni, and NiFe2O4 NPs may catalyze crosslinking of catechols 

(Scheme 1).  Co and Ni NPs may catalyze oxidation of 4PEGc (Scheme 1a), followed by further 

steps to form a PDA-like structure.  The Raman spectra show that there is still some secondary 

coordination between the polymer and the Co, CoFe2O4, Ni, and NiFe2O4 NPs, but much less 

than for the Fe3O4 NPs.  We hypothesize that the Co- and Ni-based NPs coordinate with the 

4PEGc polymer but more significantly catalyze its oxidation to form the crosslinked structure.  

The Co NP-gel has the slowest relaxation, suggesting that the oxidation of the catechol is faster 

when catalyzed by Co.  The smaller amount of Co within the CoFe2O4 NPs, relative to Co NPs, 

results in less catalysis of covalent crosslinking within the CoFe2O4 NP-gel.  Fe within the 

CoFe2O4 NP-gel adds some secondary binding, which also contributes to the relaxation behavior.  

The Ni NP-gel has a faster relaxation than the Co and CoFe2O4 NP-gel, but still slower than 

either of the Fe3O4 NP-gels, indicating that the Ni NP can also catalyze oxidation of catechols, 

but at a slower rate than the Co NPs.  Ni and NiFe2O4 NP gels have quite similar relaxations, 

showing that the oxidation caused by Ni has a more prominent effect than secondary binding of 

Fe to the catechol.  

Relaxation data also provide information about the size effect of NPs within a catechol 

NP-gel.  While the Fe3O4 NP-gels have the fastest relaxation, the relaxation of smaller NPs is 

faster than the relaxation of larger NPs of the same composition.  At a constant wt.% loading in 

the NP-gels, smaller NPs have a higher total surface area than larger NPs.  The higher surface 
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area per NP for the larger NPs likely facilitates the crosslinking of more catechols on the larger 

NPs, however, which appears to dominate and cause slower relaxation of the larger NPs.   

 

Figure 5.7: (a) Co2+, (b) Ni2+, (c) Fe2+, and (d) Fe3+ ion gels prepared by mixing the respective 

salts with 4PEGc and water.  The Co2+ and Ni2+ are purely liquid samples, while the Fe2+ and 

Fe3+ ions caused gels to form. 

 

Scheme 1: Proposed mechanism for polymerization of catechols on the end of a PEG(A)-

catechol molecule into a PDA-like structure.  The reaction proceeds through (a) oxidation, (b) 

aryloxy free radical generation, (c) phenol coupling, and (d) further oxidation to form the 

crosslinked structure.27, 55 

 

5.4 Conclusion   

Six NP-hydrogel composites were prepared, and rheology and Raman spectroscopy were 

applied to investigate and correlate their chemical bonding and mechanical properties.  The 

unexpectedly high modulus and slow relaxation for gels incorporating Ni- and Co-based NPs is 

attributed to their behavior as catalysts for covalent crosslinking of 4PEGc.  All six NP-hydrogel 

composites exhibit some degree of secondary bonding, which is exclusively observed in Fe3O4 

NP-4PEGc composites.  Raman spectroscopy along with relaxation measurements data prove 

that coordination between the NPs and 4PEGc hydrogel structure occurs initially, but is then 

accompanied in samples with Ni- and Co- based NPs, by catalyzed chemical crosslinking.  While 

(a) (b) (c) (d)
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such crosslinking of catechols within hydrogels has not been demonstrated previously, this 

mechanism is consistent with related reports.  This study was exclusive to one type of 

functionalized-PEG hydrogel, but it could potentially be extended to many other types 

functionalized-PEG hydrogels, which could have different behaviors when using other types of 

NPs.  
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CHAPTER 6: NI NPS IN CHLOROFORM 

This project was a collaboration between Prof. Joseph Tracy’s group and Prof. Veronica 

Augustin’s group.  Lynch’s role was to supply the Ni NPs to Eowyn Lucas, an undergraduate in 

Prof. Augustyn’s group. 

6.1 Motivation 

Worldwide energy consumption has increased by over 40% over the last 30 years.1  To 

compensate for the extra needed energy, there are many forms of alternative energy in research 

and development stages.  One form of alternative energy is hydrogen (H2).  H2 is difficult and 

dangerous to produce because of its extremely high energy density.2, 3  One of the most effective 

ways to make H2 is through the water splitting reaction (Eq. 6.1), which is composed of two half 

reactions: the oxygen evolution reaction (OER) (Eq. 6.2) and the hydrogen evolution reaction 

(HER) (Eq. 6.3).   

Eq. 6.1  2𝐻2𝑂 →  2𝐻2 + 𝑂2 

Eq. 6.2  2𝐻2𝑂 →  4𝑒−  +  𝐻+  + 𝑂2 

Eq. 6.3  2𝐻+ + 2𝑒− → 𝐻2 

OER is a highly unfavorable reaction with a large energy barrier as it requires water, a 

stable molecule, to breakdown and form 4 electrons, and an oxygen-oxygen bond.  Therefore, 

catalysts have been developed to overcome the energy barrier needed for the reaction to proceed.  

Early studies found IrO2 and RuO2 to be highly effective catalysts in OER,4-6 but Ir and Ru are 

expensive elements, so researchers have sought out more cost-effective catalysts for this 

reaction.7-9  Bulk Ni, Fe, and alloys of the two metals are known to be suitable substitutes for 

IrO2 and RuO2.
10-12 
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The initial motivation for this work was to continue work using Ni, Fe, and alloyed 

combinations of the elements, but as NPs.  Four different types of Ni NPs with varying amounts 

of Fe incorporated were supplied to the Augustyn group.  The NPs were initially dispersed in 

hexanes.  When deposited on the electrodes in the Augustyn lab, the NPs agglomerated, 

requiring the selection of new solvents and testing for compatibility with the electrode and the 

NPs.  Throughout the course of this project, our objective shifted from developing effective 

catalyst materials to understanding the chemistry of Ni NPs in various solvents. 

6.2 Experimental Methods 

25 nm Ni NPs were synthesized using the Ni NP procedure developed in our group.13  

Once synthesized, a volume of methanol equivalent to what the NPs were already dispersed in 

was added to the centrifuge tube.  The centrifuge tube was then centrifuged for 1:30 at 5200 rpm.  

The supernatant was discarded and the NPs were dispersed in ~5 mL of hexanes and sonicated.  

5 mL of methanol was added to the centrifuge tube and the tube was again centrifuged for 1:30 at 

5200 rpm (IEC Centra MP4 with 816 rotor, 4264 g).  A third cycle of purification ensued before 

the NPs were dispersed in a non-polar solvent. 

6.3 Results and Analysis 

Ni NPs were dispersed in several solvents including acetone, toluene, cyclohexane, THF, 

dicholorobenzene, chloroform.  The purification procedure was also modified in different ways 

to determine the optimal purification procedure that would provide the best dispersion of the 

NPs.  The optimal procedure was found to be adding 3.5 mL of hexanes and 1.0 mL of ethanol to 

1.5 mL of stock NP solution from the synthesis.  After this initial centrifuge cycle, the NPs were 



   

80 

 

then suspended in chloroform.  Figure 6.1 shows the trials that gave the most positive results 

after 29 hours. 

 

Figure 6.1: Ni NPs were first purified by adding 1.5 mL stock NP solution, 3.5 mL hexanes and 

1.0 mL ethanol and centrifuging for 1:30 at 5000 rpm.  The samples were then (a) dispersed in 

hexanes, (b) dispersed in toluene, (c) dispersed in toluene and centrifuged for 1:30 before being 

redispersed in toluene, (d) dispersed in hexanes, centrifuged for 1:30 at 5000 rpm before being 

redispersed in hexanes, and (e) dispersed in chloroform.  The NPs were left to sit for 29 hours. 

 

As a catalyst, the Ni NPs suspended in chloroform distributed well onto the designated 

electrode.  The performance of the catalyst was also very consistent between trials, showing 

homogeneity of the solution. 

TEM images taken one day after the synthesis of the Ni NPs dispersed in chloroform 

show a 2-3 nm shell outlining the NPs (Figure 6.2).  Thin NiO shells are known to form on Ni 

NPs, but this shell was not observed for Ni NP samples dispersed other solvents.  The 

electrochemistry results also were not stable over time, which suggests the Ni NPs underwent an 

undesired aging process in chloroform. 

(a)            (b)            (c)           (d)            (e) 
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Figure 6.2: TEM image of Ni NPs dispersed in chloroform. 

 

Initial Raman spectroscopy spectra (Figure 6.3) later suggested chloroform chemically 

modifies the surface of the Ni NPs to NixCy.  The peaks at ~1400 and 1500 cm-1 indicate the 

presence of C in the Ni NPs.14 

 
 

Figure 6.3: Raman spectroscopy results of 3 different spots on a Ni NP sample dispersed in 

chloroform.   
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This study provided important information about Ni NPs and their dispersibility in 

different solvents.  It also showed a caution to future researchers about the risk of forming NixCy 

from Ni NPs when dispersed in chloroform.  NixCy forms quickly (one day or less) after the 

synthesis of the NPs. 

6.4 Other Contributions to the Project 

Fe-doped Ni NPs as well as NiFe2O4 NPs were also provided for this project.  The Fe-

doped Ni NPs were synthesized by implementing the same changes to the Ni NPs procedure as 

had been previously done.15  Fe was added in via an Fe acetate precursor in molar amounts of 5, 

10, and 18% Fe.  Similar shells around the NPs were seen in the TEM images, but preliminary 

XPR measurements did not allow for unambiguous assignment of the composition on the surface 

of the NPs.  Fe(acac)3 was also used to synthesize the Fe-doped Ni NPs, but the NP size 

distribution was much more polydispersed than Fe acetate, so Fe acetate was chosen as a 

precursor. 
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CHAPTER 7: FERRITE NPS 

7.1 Motivation 

For several ongoing and future projects, methods are needed for synthesizing smaller 

Fe3O4 NPs.  CoFe2O4 and NiFe2O4 NPs are also useful for comparison to both Fe3O4 NPs and Co 

and Ni NPs.  This project is an extension of a method for making 7 nm Fe3O4 NPs1 that is widely 

used in our group because of its simplicity and reproducibility. 

7.2 Synthesis Procedure 

The synthesis of 7 nm Fe3O4 NPs uses 1.05 g (3 mmol) of Fe(acac)3.  For the synthesis of 

smaller Fe3O4, CoFe2O4, and NiFe2O4 NPs, 1 mmol of Fe(acac)2, Co(acac)3 or Ni(acac)2 was 

substituted for 1 mmol of Fe(acac)3.  The corresponding masses are 0.254 g Fe(acac)2, 0.356 g 

Co(acac)3, or 0.257 g Ni(acac)2 added to 0.706 g Fe(acac)3.  These salts were then combined 

with 15 mL benzyl ether and 15 mL oleylamine and stirred for an hour under vacuum in a round-

bottomed flask.  The solution was then heated at a rate of ~3-5 °C/min (30% on the temperature 

controller) to 120 °C and covered with glass wool.  When the temperature reached 100 °C, the 

flask was backfilled with nitrogen.  The mixture was heated at 120 °C for 1 hour, and then the 

temperature was ramped to 210 °C at a rate of 10-15 °C/min (~65% on the temperature 

controller).  The solution was left to react for 1 hr before cooled to room temperature by 

replacing the heating mantle with a cork ring.  While cooling, the glass wool was taken off the 

flask at 150 °C, and the N2 was turned off at 100 °C.  The NPs were then purified by adding 50 

mL of ethanol using 1 centrifuge cycle at 5000 rpm and 5 minutes.  The sedimented product can 

be dispersed in hexanes, THF, toluene and other similar non-polar organic solvents. 
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7.3 Results and Discussion 

When substituting 1 mmol of Fe(acac)2 for 1 mmol of Fe(acac)3, the NP diameter did not 

change significantly.  The NPs also had diameters of 4-5 nm and more polydispersity than 

desired (Figure 7.1a).  When using 2 mmol of Fe(acac)2 and 1 mmol of Fe(acac)3, the 

polydispersity slightly increased, with polydisperse diameters of 5-8 nm (Figure 7.1b).  Because 

of the polydispersity, a new procedure was adapted for synthesizing smaller Fe3O4 NPs using 

iron oleate.2, 3 

 

Figure 7.1: (a) 4-5 nm Fe3O4 NPs synthesized with 2 mmol Fe(acac)3 and 1 mmol Fe(acac)2 and 

(b) 5-8 nm Fe3O4 NPs synthesized with 1 mmol Fe(acac)3 and 2 mmol Fe(acac)2. 

 

Both NiFe2O4 and CoFe2O4 NPs are ~3 nm in diameter (Figure 7.2).  Inductively coupled 

plasma atomic emission spectroscopy (ICP-OES) was performed on both samples to verify their 

composition, specifically the metal content.  ICP-OES showed that the molar ratio of Ni:Fe was 

1:2.1 Ni in NiFe2O4 NPs and 1:2.0 Co:Fe in CoFe2O4 NPs.  These results confirm the 

assignments of NiFe2O4 and CoFe2O4. 

 

(a) (b) 
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Figure 7.2: (a) 3 nm NiFe2O4 NPs synthesized with 2 mmol Fe(acac)3 and 1 mmol Ni(acac)2 and 

(b) 3 nm CoFe2O4 NPs synthesized with 1 mmol Co(acac)3 and 2 mmol Fe(acac)3. 
 

  

(a) (b) 
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CHAPTER 8: HETEROAGGREGATION PROGRESS 

Previous group member, Dr. Brian Chapman, developed a procedure for attaching Fe3O4 

NPs to SiO2-overcoated gold nanorods (SiO2-GNRs).1  Lynch continued this project and 

contributed by investigating and confirming the attachments of CoFe2O4 and NiFe2O4 NPs 

instead of Fe3O4 NPs to the SiO2-GNRs and also by initiating collaborative work with members 

of Prof. Milad Abolhasani’s group to conduct heteroaggregation processes using microfluidics.  

All aspects of this project were transferred to a new graduate student, Mehedi Rizvi, to complete 

for a portion of his PhD.  

8.1 Motivation 

Dr. Brian Chapman’s work on the heteroaggregation of Fe3O4 NPs and SiO2-GNRs 

established the methods for decorating SiO2-GNRs with Fe3O4 NPs and an understanding of the 

assembly process. Heteroaggregation is a simple method for assembling multifunctional GNRs 

that does not require addition of a molecular crosslinker. 

It is important to investigate the generality of the heteroaggregation process, especially 

with regard to NP composition and size, which should be tailored for different applications. 

Larger magnetic NPs could potentially mask the optical properties of GNRs and might cause 

undesired agglomeration.  Smaller magnetic NPs may be less responsive to applied magnetic 

fields, however.2-4 

Beyond synthesis of the starting materials the heteroaggregation process consists of 7 

steps: mixing the SiO2-GNRs and Fe3O4 NPs, using centrifugation to separate the 

heteroaggregated NPs from the solvents, disposing of the supernatant, redispersing the 

heteroaggregated NPs in hexanes, separating the NPs magnetically, removing the hexanes 

supernatant, and dispersing the heteroaggregated NPs into hexanes.  Automation and scaling this 
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process would make it more efficient, which would facilitate both further research and 

development of applications. 

8.2 Progress on Varying NPs 

3 nm NiFe2O4 and CoFe2O4 NPs were synthesized following the procedures described in 

Chapter 7.  The Fe3O4 SiO2-GNR sample, shown in Dr. Chapman’s paper, was used as a basis 

and reference for comparison with other types of NPs.  NiFe2O4 NPs were successfully 

heteroaggregated onto the surface of SiO2-overcoated GNRs at a ratio of mass concentrations of 

1:4 SiO2-GNRs : NiFe2O4 NPs and the ratio of solvents was 2:1 hexanes : ethanol (Figure 8.1a).  

Replacing NiFe2O4 NPs with an equal amount of CoFe2O4 NPs similarly yielded overcoatings of 

CoFe2O4 NPs (Figure 8.1b).  These are the same ratios that have been used for decoration with 

Fe3O4 NPs. 

Additional experiments were completed to investigate decoration of SiO2-GNRs with 8 

nm Au NPs (Table 8.1), 40 nm Ni NPs (Table 8.2), and 40 nm Fe3O4 nanocubes (NCs, Table 

8.3).  Furthermore, 7 nm Fe3O4 NPs (Table 8.4), 3 nm Fe3O4 NPs (Table 8.5), 3 nm NiFe2O4 NPs 

(Table 8.6) and 3 nm CoFe2O4 NPs (Table 8.7) were also examined for decoration of SiO2-

overcoated CdSe/CdS quantum dot nanorods (SiO2-QDNRs).  In each of these systems, minimal 

or no heteroaggregation was observed under the conditions tested, and future research includes 

understanding the properties of the NPs and the conditions of the system that do and do not lead 

to heteroaggregation.  The ratio of hexanes: ethanol generally appears to have a larger impact on 

heteroaggregation processes than the ratio of concentrations.  As long as the concentration of 

NPs is at least 3x higher than the concentration of SiO2-GNRs or SiO2-QDNRs, the NPs will 

stick to the SiO2 regardless of how high the ratio of the concentrations may be.  In contrast, the 
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ratio of solvents is crucially important.  In future work, finding optimum solvent ratios will be 

the critically important for developing new heteroaggregated systems. 

 

Figure 8.1: SiO2-GNRs decorated with (a) NiFe2O4 NPs and (b) CoFe2O4 NPs through 

heteroaggregation processes. 

 

Table 8.1: Heteroaggregation parameters for 8 nm Au NPs and SiO2-overcoated GNRs. 
 

Sample Au NPs 

Solvent 

Amount of 

Au NPs 

(mL) 

Ratio of Concentrations 

(Au NPs:SiO2-GNRs) 

SiO2-GNR 

Solvent 

Amount of 

SiO2-GNRs 

(mL) 

390 Hexanes 1 4 Ethanol 0.5 

391 Hexanes 0.75 4 Ethanol 0.75 

392 Hexanes 0.5 4 Ethanol 1 

393 Hexanes 0.25 4 Ethanol 1.25 

 

Table 8.2: Heteroaggregation parameters for 40 nm Ni NPs and SiO2-overcoated GNRs. 
 

Sample Ni NPs 

Solvent 

Amount of 

Ni NPs (mL) 

Ratio of Concentrations 

(Ni NPs:SiO2-GNRs) 

SiO2-GNR 

Solvent 

Amount of 

SiO2-GNRs 

(mL) 

406 Hexanes 1 4 Ethanol 0.5 

407 Hexanes 0.75 4 Ethanol 0.75 

408 Hexanes 0.5 4 Ethanol 1 

409 Hexanes 0.25 4 Ethanol 1.25 

 

 

 

 

 

 

(b) (a) 
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Table 8.3: Heteroaggregation parameters for 40 nm Fe3O4 NCs and SiO2-overcoated GNRs. 
 

Sample Fe3O4 

NCs 

Solvent 

Amount of 

Fe3O4 (mL) 

Ratio of Concentration 

(Fe3O4 NCs: SiO2-

GNRs) 

SiO2-GNR 

Solvent 

Amount of 

SiO2-GNRs 

(mL) 

413 Toluene 1 4 Ethanol 0.5 

414 Toluene 0.75 4 Ethanol 0.75 

415 Toluene 0.5 4 Ethanol 1 

416 Toluene 0.25 4 Ethanol 1.25 

422 Toluene 1.12 4 Ethanol 0.375 

423 Toluene 1.12 4 Ethanol 0.3 

 

Table 8.4: Heteroaggregation parameters for 7 nm Fe3O4 NPs and SiO2-overcoated QDNRs. 
 

Sample Fe3O4 

NPs 

Solvent 

Amount of 

3 nm 

Fe3O4 

(mL) 

Ratio of Concentration 

(Fe3O4 NPs: SiO2-

GNRs)  

SiO2-GNR 

Solvent 

Amount of SiO2-

GNRs (mL) 

464 Hexanes 2 4 Ethanol 1 

466 Hexanes 2 4 Ethanol 1 

467 Hexanes 2 4 Ethanol 2 

471 Hexanes 2 4 Ethanol 1 

472 Hexanes 4 4 Ethanol 1 

473 Hexanes 0.4 4 Ethanol 0.5 

474 Hexanes 5 4 Ethanol 0.5 

482 Hexanes 1 4 Ethanol 2 

483 Hexanes 1 4 Ethanol 4 

 

Table 8.5: Heteroaggregation parameters for 3 nm Fe3O4 NPs and SiO2-overcoated QDNRs. 
 

Sample Fe3O4 

NPs 

Solvent 

Amount of 

Fe3O4 

(mL) 

Concentration of SiO2-

QDNRs 

SiO2-QDNR 

Solvent 

Amount of SiO2-

QDNRs (mL) 

475 Hexanes 1 4 Ethanol 2 

476 Hexanes 1 4 Ethanol 4 

495 Hexanes 1 4 Ethanol 1.2 

496 Hexanes 1 4 Ethanol 1.4 

497 Hexanes 1 4 Ethanol 1.6 

498 Hexanes 1 4 Ethanol 1.8 
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Table 8.6: Heteroaggregation parameters for 3 nm NiFe2O4 NPs and SiO2-overcoated QDNRs. 
 

Sample NiFe2O4 

NPs 

Solvent 

Amount of 

NiFe2O4 

(mL) 

Ratio of 

Concentrations 

(Fe3O4: SiO2-

QDNRs) 

SiO2-QDNR 

Solvent 

Amount of SiO2-

QDNRs (mL) 

477 Hexanes 1 0.21 Ethanol 2 

478 Hexanes 1 0.21 Ethanol 4 

 

Table 8.7: Heteroaggregation parameters for 3 nm CoFe2O4 NPs and SiO2-overcoated QDNRs. 
 

Sample CoFe2O4  

NPs 

Solvent 

Amount of 

CoFe2O4 

(mL) 

Ratio of Concentration 

(CoFe2O4: SiO2-

QDNRs) 

SiO2-

QDNRs 

Solvent 

Amount of 

SiO2-QDNRs 

(mL) 

479 Hexanes 1 4 Ethanol 2 

480 Hexanes 1 4 Ethanol 4 

 

8.3 Microfluidic Heteroaggregation Progress 

With minor modifications, heteroaggregation was adapted to microfluidics by performing 

mixing in a microfluidic process.  The ratios of concentrations and solvents were kept the same 

as in Dr. Chapman’s published work.  The conditions for the microfluidic reactor were 

multiphase slug flow at 1500 µL/min.  TEM images (Figure 8.2) from the trial show similar 

characteristics to the work done by Chapman.  In the future, microfluidic processes for 

heteroaggregation will be optimized for automation and scaling up of the full assembly process. 

 

Figure 8.2: TEM images (a) and (b) from the same sample of SiO2-GNRs with heteroaggregated 

Fe3O4 NPs deposited onto the surface of the NP using microfluidic heteroaggregation. 

  

(b) (a) 
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CHAPTER 9: SUMMARY OF OTHER SIGNIFICANT COLLABORATIONS 

A large part of my research has also been focused on collaborations.  Throughout my four 

years, I have been a part of 16 total collaborations in departments and universities around the 

country.  The collaborations with Prof. Holten-Andersen’s group at MIT (Chapter 5), Prof. 

Augustyn’s group at NC State (Chapter 6), and Prof. Abolhasani’s group at NC State (Chapter 8) 

have already been mentioned in previous chapters.  This chapter outlines a few other notable 

collaborations during my time at NC State.  The remaining collaborations mostly entailed 

providing materials to a specific group. 

9.1 Ni NPs Supplied to FSU  

This project was led by Dr. Bridgett Ashley and Prof. Geoff Strouse at Florida State 

University.  The study was looking to shorten and simplify the procedure developed in the Tracy 

group to synthesize Ni NPs.1  The Strouse group specializes in NP microwave syntheses.  Their 

goal was to synthesize Ni NPs of various sizes with the same properties using a microwave 

reactor as those synthesized in a wet chemistry lab.  Lynch contributed Ni NPs of 3 different 

sizes: 15, 25, and 40 nm to be compared as a control for the various properties that were studied.  

Dr. Ashley showed that the NPs synthesized with the microwave reactor did, in fact, have the 

same properties to those synthesized by Lynch.  The paper was published in October 2017 in 

ACS Nano.2 

9.2 GNRs Supplied to UVA 

Drew Kelliher, a co-author on the work detailed in Chapter 4, continued working with the 

Tracy group after joining the Prof. Patrick Hopkin’s group at UVA.  The focus of this work is 

measure the thermal properties of ensembles of gold nanorods (GNRs).   Lynch’s contributions 

to this project were in supplying the GNRs of various types to Kelliher.  So far, the GNRs 
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supplied were CTAB-stabilized GNRs, PEG-functionalized GNRs, and SiO2-overcoated PEG-

functionalized GNRs.  After synthesis, the GNRs were dispersed in THF.  Diaplex, a commercial 

shape memory polymer, was also dissolved in THF at a concentration of 5×10-3 mg/mL.  GNRs 

were added at a very low concentration so that only a slight tint of red could be seen in the 

solution.  The solutions were then drop-casted on either a crystalline or amorphous SiO2 

substrate that was provided by Kelliher and Hopkins.  The substrates were then shipped back to 

UVA for property testing.  This collaboration has resulted in multiple poster presentations and a 

manuscript that is currently in preparation. 

9.3 GNRs Supplied to UNC and Elon University 

One of the Tracy group’s long-standing collaborations is with Amy Oldenburg’s group at 

UNC.  Their group focuses on biomedical imaging.  Lynch supplied GNRs to their group over 

the course of the last four years in the form of: CTAB-stabilized GNRs, SiO2-overcoated PEG-

functionalized GNRs, and heteroaggregated Fe3O4 NPs on SiO2-overcoated GNRs functionalized 

with PEG-catechol.  Dr. Rich Blackmon, a former post-doc for Prof. Amy Oldenburg, recently 

started a faculty position at Elon University.  Rich’s work mainly focused on the 

heteroaggregated NPs, so many samples of them were sent to Elon during this time as well. 

9.4 GNRs Supplied to Jason Bochinski’s Group at NC State 

Prof. Jason Bochinski in the Physics department at NC State also collaborated with the 

Tracy group during Lynch’s time at NC State.  His research characterizes the interactions 

between light and the GNRs.  The GNRs provided to the Bochinski group were solely CTAB-

stabilized GNRs.  This is an ongoing collaboration with the Tracy group. 
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APPENDICES 
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APPENDIX 1: DIFFERENTIAL SCANNING CALORIMETRY STUDY 

Differential scanning calorimetry (DSC) was employed during the initial stages of the 

NP-gel project to gain more information about the ligands on the NP-gels.  The goal of the DSC 

tests was to measure the exact amount of ligand on a NP sample.   

We theorized that this could be done by increasing the temperature of the system beyond 

a point at which the ligands would burn off.  The heat flow of the ligands burning off could then 

be plotted as a function of time and temperature.  Integrating the heat flow with respect to time 

would allow us to find the total heat at a given temperature.  The corresponding TGA data 

provided from the same instrument would allow us to find the exact mass at each given 

temperature.  The mass burnt off at a given temperature could be used to calculate the amount of 

ligands burning off on the NP sample.  This data could be combined with the DSC data to find 

out the total number of ligands and how many of those ligands were bonded to a NP. 

The project was limited by a number of factors all relating to the precision of the 

particular instrument we were using.  The first element was the calibration data needed to run an 

experiment.  Many baseline scans looked very typical, but when a pan was inserted with a 

sample in it, the baseline scan was often slightly different than the zero point for the data 

recorded.  While this is still suitable for many other laboratory experiments, it was a larger error 

relative to the precision needed for our experiment.  The second factor of imprecision was the 

mass recorded on the instrument.  The mass of each sample was recorded at the beginning of 

each trial by placing a blank pan into the DSC, zeroing the pan, placing sample into the pan, 

placing the pan in the DSC and then measuring the mass of the sample.  In various trials, the 

mass fluctuated by a large amount relative to the weight of a ligand.  The last component of 

imprecision was in the heat flow collected by the instrument.  The heat flow from a DSC is very 



   

99 

 

precise and accurate for macro-scale systems, but the scale of NPs and ligands is much smaller 

and thus, limits the precision of the measurement.  Because of all of these limitations, the DSC 

study was abandoned after a number of months of work. 

A1.1 MATLAB Code to Analyze DSC Results 

Throughout the couple months of working with the DSC, I developed MATLAB codes to 

analyze the data and compare it against baseline data.  These scripts can be used for future DSC 

or similar work.  The script presented here was broken up into multiple portions for each peak 

seen in the range of temperatures. 

The first step in creating the script was to convert the raw data into text files.  The script 

shown below (AllPeaksFit) had 5 text files: raw temperature data, raw, heat flow data, heat flow 

data taking the peaks out, temperatures corresponding the heat flow data with the peaks taken 

out, and the time over which the measurement was taken.  The first five lines call for the 

temperature data from the raw data text file to be taken from the text file and placed into an array 

in MATLAB.  The next 4 sections do the same for the other 4 text files. 

Next, a fit for the data was created using the [fitresult, gof] function.  This called on a 

function file (FirstFit).  In this function file, the data and the type of fit for the data were 

specified. 

From this fit, the coefficients of the fit were pulled out (p1-p4) by splitting the 

coeffsvalues array into individual values.  The fit was then plotted.  Lastly, the fit created was 

subtracted from the raw data and the difference between the two functions were plotted as a 

function of temperature.  The peak was then integrated with respect to time by using the trapz 

function.  This same method was used for each peak seen in the data.  The script is essentially 

copied for the remaining 3 peaks.  The corresponding heats found were labeled FirstPeakHeat, 
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SecondPeakHeat, ThirdPeakHeat, and FourthPeakHeat.  For each peak, there is a separate 

function file that fits the data.   

 

AllPeaksFit.m file 

 

 

%First, you'll need to put the raw data and data without peaks and time into 

5 text 
%files.  These next 5 sections call the 5 text files to be put into 5 
%different MATLAB arrays.  The names of the arrays can be changed, but they 
%will need to be consistent with the rest of the file. 

  

fileID = fopen('FirstTWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FirstTWithoutPeaks = data{1}; 

  
fileID = fopen('FirstHeatFlowWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FirstHeatFlowWithoutPeaks = data{1}; 

  
fileID = fopen('FirstRawData.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FirstRawData = data{1}; 

  
fileID = fopen('FirstRawDataHeatFlow.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FirstRawDataHeatFlow = data{1}; 

  

fileID = fopen('FirstTime.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FirstTime = data{1}; 

  
%The fit will then be constructed using a fitting function in a second 
%funtion file 
[fitresult, gof]=FirstFit(FirstTWithoutPeaks,FirstHeatFlowWithoutPeaks); 

  
%coeffsvalues is an automatically generated array with all of the 
%coefficients of the fit contained within it.  This next section pulls out 
%the coefficients from the array 
Mycoeffs=coeffvalues(fitresult); 
p1=Mycoeffs(1); 
p2=Mycoeffs(2); 
p3=Mycoeffs(3); 
p4=Mycoeffs(4); 

  
%This next section plots the fit as a function of temperature 
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x_one=FirstRawData; 
y=FirstTime; 
f=p1.*x_one.^3+p2.*x_one.^2+p3.*x_one+p4; 

  
plot(FirstRawData,f) 

  
%This section subtracts the raw data from the fit and plots the data as a 
%function of temperature.  It can also be plotted as a function of time 
differenceone=FirstRawDataHeatFlow-f; 
plot(x_one,differenceone) 
xlabel('Temperature (C)') 
ylabel('Subtracted Heat Flow (mW)') 
title('NiFe2O4') 
hold on 

  
%To integrate the function, you'll need to create a final text file and 
%import it into MATLAB.  The numb 
range=1:1:946; 
FirstPeakHeat=trapz(y(1:946),differenceone(1:946)) 

  

  
%Second Peak 
fileID = fopen('SecondTWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
SecondTWithoutPeaks = data{1}; 

  
fileID = fopen('SecondHeatFlowWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
SecondHeatFlowWithoutPeaks = data{1}; 

  
fileID = fopen('SecondRawDataT.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
SecondRawDataT = data{1}; 

  
fileID = fopen('SecondRawDataHeatFlow.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
SecondRawDataHeatFlow = data{1}; 

  

fileID = fopen('SecondTime.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
SecondTime = data{1}; 

  

  

[fitresult, gof]=SecondFit(SecondTWithoutPeaks,SecondHeatFlowWithoutPeaks); 
Mycoeffs=coeffvalues(fitresult); 
p1=Mycoeffs(1); 
p2=Mycoeffs(2); 
p3=Mycoeffs(3); 
p4=Mycoeffs(4); 
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x_two=SecondRawDataT; 
y=SecondTime; 
f=p1.*x_two.^3+p2.*x_two.^2+p3.*x_two+p4; 

  
plot(SecondRawDataT,f) 

  
differencetwo=SecondRawDataHeatFlow-f; 
plot(x_two,differencetwo) 
xlabel('Temperature (C)') 
ylabel('Subtracted Heat Flow (mW)') 
title('NiFe2O4') 
hold on 
range2=1:1:889; 
FirstPeakHeat2=trapz(y(1:889),differencetwo(1:889)) 

  
%Third Peak 

  
fileID = fopen('ThirdTWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
ThirdTWithoutPeaks = data{1}; 

  
fileID = fopen('ThirdHeatFlowWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
ThirdHeatFlowWithoutPeaks = data{1}; 

  
fileID = fopen('ThirdRawDataT.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
ThirdRawDataT = data{1}; 

  
fileID = fopen('ThirdRawDataHeatFlow.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
ThirdRawDataHeatFlow = data{1}; 

  
fileID = fopen('ThirdTime.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
ThirdTime = data{1}; 

  

  
[fitresult, gof]=ThirdFit(ThirdTWithoutPeaks,ThirdHeatFlowWithoutPeaks); 
Mycoeffs=coeffvalues(fitresult); 
p1=Mycoeffs(1); 
p2=Mycoeffs(2); 
p3=Mycoeffs(3); 
p4=Mycoeffs(4); 
p5=Mycoeffs(5); 

  
x_three=ThirdRawDataT; 
y=ThirdTime; 
f=p1.*x_three.^4+p2.*x_three.^3+p3.*x_three.^2+p4*x_three+p5; 
plot(ThirdRawDataT,f) 
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differencethree=ThirdRawDataHeatFlow-f; 
plot(x_three,differencethree) 
xlabel('Temperature (C)') 
ylabel('Subtracted Heat Flow (mW)') 
title('NiFe2O4') 
hold on 
range3=1:1:296; 
FirstPeakHeat3=trapz(y(1:296),differencethree(1:296)) 

  
%Fourth Peak 

  
fileID = fopen('FourthTWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FourthTWithoutPeaks = data{1}; 

  

fileID = fopen('FourthHeatFlowWithoutPeaks.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FourthHeatFlowWithoutPeaks = data{1}; 

  
fileID = fopen('FourthRawDataT.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FourthRawDataT = data{1}; 

  
fileID = fopen('FourthRawDataHeatFlow.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FourthRawDataHeatFlow = data{1}; 

  
fileID = fopen('FourthTime.txt','rt'); 
data = textscan(fileID,'%f'); 
fclose(fileID); 
FourthTime = data{1}; 

  

  
[fitresult, gof]=FourthFit(FourthTWithoutPeaks,FourthHeatFlowWithoutPeaks); 
Mycoeffs=coeffvalues(fitresult); 
p1=Mycoeffs(1); 
p2=Mycoeffs(2); 
p3=Mycoeffs(3); 
p4=Mycoeffs(4); 
p5=Mycoeffs(5); 
p6=Mycoeffs(6); 

  
x_four=FourthRawDataT; 
y=FourthTime; 
f=p1.*x_four.^5+p2.*x_four.^4+p3.*x_four.^3+p4.*x_four.^2+p5.*x_four+p6; 

  
plot(FourthRawDataT,f) 
differencefour=FourthRawDataHeatFlow-f; 
plot(x_four,differencefour) 
xlabel('Temperature (C)') 
ylabel('Subtracted Heat Flow (mW)') 
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title('NiFe2O4') 
hold on 

  

range4=1:1:946; 
FirstPeakHeat4=trapz(y(1:1014),differencefour(1:1014)) 

  
plot(x_one,differenceone,'b',x_two,differencetwo,'b',x_three,differencethree,

'b',x_four,differencefour,'b') 
xlabel('Temperature (C)') 
ylabel('Subtracted Heat Flow (mW)') 
title('NiFe2O4') 

 
 

FirstFit.m function file 

 
function [fitresult, gof] = createFit(FirstTWithoutPeaks, 

FirstHeatFlowWithoutPeaks) 
%CREATEFIT(FIRSTTWITHOUTPEAKS,FIRSTHEATFLOWWITHOUTPEAKS) 
%  Create a fit. 
% 
%  Data for 'untitled fit 1' fit: 
%      X Input : FirstTWithoutPeaks 
%      Y Output: FirstHeatFlowWithoutPeaks 
%  Output: 
%      fitresult : a fit object representing the fit. 
%      gof : structure with goodness-of fit info. 
% 
%  See also FIT, CFIT, SFIT. 

 
%  Auto-generated by MATLAB on 16-May-2018 16:58:12 

  
%% Fit: 'untitled fit 1'. 
[xData, yData] = prepareCurveData( FirstTWithoutPeaks, 

FirstHeatFlowWithoutPeaks ); 

  
% Set up fittype and options. 
ft = fittype( 'poly3' ); 

  
% Fit model to data. 
[fitresult, gof] = fit( xData, yData, ft ); 

  
% Plot fit with data. 
figure( 'Name', 'untitled fit 1' ); 
h = plot( fitresult, xData, yData ); 
legend( h, 'FirstHeatFlowWithoutPeaks vs. FirstTWithoutPeaks', 'untitled fit 

1', 'Location', 'NorthEast' ); 
% Label axes 
xlabel FirstTWithoutPeaks 
ylabel FirstHeatFlowWithoutPeaks 
grid on 
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APPENDIX 2: NP SYNTHESIS PROCEDURES 

Throughout the course of my PhD, I typed out many different NP procedures that were 

used in our group.  These procedures originated from papers, which are referenced, but are 

simplified to an easier-to-read version that is more practical when doing the synthesis in the lab.   

I intend each of these procedures to be a living document where future students can edit based on 

where they see fit.  Many of these documents have helpful tips needed when preparing NPs in 

our lab.  They can definitely be expanded upon, but are a good starting point for anyone learning 

a new synthesis in the group. 
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A2.1 3 nm Fe3O4 NPs Synthesis1, 2 

Iron Oleate Complex 

• Add 10.8 g FeCl3·6H2O, 36.5 g sodium oleate to 80 mL ethanol + 60 mL distilled water 

+ 140 mL hexanes to a large beaker 

• Stir and heat in oil bath to 70˚C.  Hold at 70˚C for 4 hours 

• Wash with 30 mL of distilled water 3x using a separatory funnel 

o The solutions separate rather slow.  The last separation may need to wait 

overnight.  If keeping in separatory funnel overnight, put cap onto top of funnel so 

that hexanes does not evaporate 

• After 3rd separation, let remaining organic solvents evaporate in fume hood 

o This step could take a day or more 

3 nm Fe3O4 NPs 

• Dissolve 1.8 g of iron oleate complex, 0.57 g of oleic acid, and 1.61 g (1.89 mL) of oleyl 

alcohol in 10 g (9.26 mL) of diphenyl ether at room temperature in a 20 mL vial 

• Heat to 250˚C at a rate of 10˚C/min for 30 minutes under N2 (solution should turn from 

brown to black) 

• Cool to room temperature quickly using acetone 

2.2 nm Fe3O4 NPs 

• Dissolve 1.8 g of iron oleate complex and 3.22 g (3.79 mL) of oleyl alcohol in 10 g (9.26 

mL) of diphenyl ether at room temperature 

• Heat to 250˚C at a rate of 10˚C/min for 30 minutes under N2 (solution should turn from 

brown to black) 

• Cool to room temperature quickly using acetone 
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Purification 

• Add 50 mL of acetone and centrifuge for 5 min at 5000 rpm  

• Disperse in a non-polar organic solvent 
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A2.2 24 nm Ni Particles3 

• Add 0.2 g (Ni(acac)2, 98% TCI) to 5.0 g trioctylphosphine oxide (TOPO) in a 3-neck 

round bottom flask in the glove box 

• Get 2.0 mL oleylamine (97%) in a syringe in glove box 

• Set-up condenser flask, thermocouple and plug for round bottom flask, and stir bar 

• Add the oleylamine right before heating 

• Heat to 80°C and pull a vacuum for 2 hours 

• Release vacuum 

• Turn knob on N2 tank 

• Increase N2 flow rate in glove box to 2 

• Start rapidly heating to 240°C (10 minute heat-up) 

• Switch vacuum knob to N2.  Watch oil level.  Make sure oil does not go up tube 

• Inject 0.3 mL trioctylphosphine (TOP) at 100°C 

• Let sit at 240°C for 30 minutes 

• Cool to room temperature 

Flocculation procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add methanol (1:1 ratio) 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add enough hexanes to clean them and sonicate 

• Add a relatively small amount of methanol 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add hexanes and sonicate 
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• Add small amount of methanol and centrifuge at 5200 rpm for 1:30 

• Throw away solvent 

• If clear, add ethanol, sonicate, and centrifuge at 5200 rpm for 1:30 

• Discard solvent 

• Add cyclohexane and sonicate 
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A2.3 Hollow NiP NPs4 

• Add 0.2 g (Ni(acac)2, 98% TCI) to 5.0 mL 1-octadecene (ODE) (90%) in a 3-neck round 

bottom flask in the glove box 

• Get 2.0 mL oleylamine (97%) in a syringe in glove box 

• Set-up condenser flask, thermocouple and plug for round bottom flask, and stir bar 

• Add the oleylamine right before heating 

• Heat to 80°C and pull a vacuum for 2 hours 

• Release vacuum 

• Turn knob on N2 tank 

• Increase N2 flow rate in glove box to 2 

• Start rapidly heating to 240°C (10 minute heat-up) 

• Switch vacuum knob to N2.  Watch oil level.  Make sure oil does not go up tube 

• Inject 0.3 mL trioctylphosphine (TOP) at 100°C 

• Let sit at 240°C for 30 minutes 

• Cool to room temperature 

• Add 4.70 mL TOP 

• Rapidly heat to 300°C 

• Maintain temperature for 30 minutes 

Flocculation Procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add methanol (1:1 ratio) 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add enough hexanes to clean them and sonicate 
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• Add a relatively small amount of methanol 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add hexanes and sonicate 

• Add small amount of methanol and centrifuge at 5200 rpm for 1:30 

• Throw away solvent  
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A2.4 100 nm Ni NPs5 

• Add 0.5 g (Ni(acac)2, 98% TCI) to 4.4 g trioctylphosphine oxide (TOPO) in a 3-neck 

round bottom flask in the glove box 

• Get 5.0 mL oleylamine (97%) in a syringe in glove box 

• Set-up condenser flask, thermocouple and plug for round bottom flask, and stir bar 

• Add the oleylamine right before heating 

• Heat to 60°C and pull a vacuum for 2 hours 

• Release vacuum 

• Turn knob on N2 tank 

• Increase N2 flow rate in glove box to 2 

• Start rapidly heating to 230°C (15 minute heat-up) 

• Switch vacuum knob to N2.  Watch oil level.  Make sure oil does not go up tube 

• Inject 0.1 mL trioctylphosphine (TOP) at 100°C 

• Let sit at 230°C for 30 minutes 

• Cool to room temperature 

Flocculation procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add ethanol (1:1 ratio) 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add enough hexanes to clean them and sonicate 

• Add a relatively small amount of ethanol 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add hexanes and sonicate 
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• Add small amount of ethanol and centrifuge at 5200 rpm for 1:30 

• Throw away solvent 

 

  



   

114 

 

A2.5 Aerogel Procedure 

(taken from www.aerogel.org) 

• Mix 17.52 mL ethanol, 1.81 mL water and 1.7 µL HCl 

• Mix 22.33 mL TEOS with ethanol/HCl solution 

• Stir at room temperature for 90 minutes 

• Add 29.20 mL ethanol, 4.7 mL water, and 7.78 µL NH4OH  

• Stir for at least 30 minutes 

• Let solution age for 24 hours at room temperature 

• Age at 25 C in ethanol for 4 days 

• Wash with ethanol at 60C 1 time/day for 3 days 

• Do solvent exchange with hexanes 1 time/day for 4-8 days 

• Dry at room temperature 
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A2.6 Au NPs6 

• From glovebox, get 1.5 + 0.6 mL oleylamine, 50 mg Au precursor (tetrachloroauric acid) 

from freezer, and 24 + 0.5 mL toluene  

(2 1 mL syringe, 1 20 mL syringe, 1 3 mL syringe + needle) 

• Add Au to 20 mL vial 

• Use 100 mL RBF, stir bar, septum cap and thermocouple (no hook up to schlenk line, 

done in presence of air) 

• Inject 24 mL of toluene + 1.5 mL oleylamine 

• Set temperature to 115°C at 24% power 

• Mix 0.6 mL of oleylamine + 0.5 mL toluene with Au in 20 mL flask 

• When you see soln. starting to condense on flask, inject Au soln. 

• Leave for 2 hours at 115°C 

• Let soln. cool to at least 40°C 

Flocculation procedures 

• Empty RBF into 2 centrifuge tubes 

• Add toluene to RBF (5-10 mL) to clean it out 

• Add ~3 mL methanol to each centrifuge tube 

• 4500 rpm for 2 minutes 

• Disperse in toluene 

Absorbance peak should be around 525 nm 
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A2.7 Au(core)/Ag (shell) NPs7 

Au Core 

• Dissolve 93 mg didodecyldmethylammonium bromide (98% TCI America) in 10 mL of 

toluene 

• Stir and add 36 mg of AuCl3 (Alfa Aesar 64.4% Au) 

• Sonicate for 10 s 

• Prepare solution of 71 mg NaBH4 in 200 µL of distilled water at room temperature 

• Add 36 µL of this solution dropwise and stir vigorously for 25 minutes 

• Add 0.82 mL of DDA (Alfa Aesar, 98%+) and stir for 15 minutes 

• Clean NPs using methanol and ethanol 

• At the end, redisperse in 15 mL of toluene 

Ag Solution 

• Dissolve 10, 20, or 40 mg of AgOAc (Alfa Aesar, 99%) depending on if the molar ratio 

of Au:Ag is 2:1, 1:1, or 1:2 in 7 mL of toluene and 0.3 mL DDA 

Two-Step Method 

• Add 15 mL of Au NPs to 0.82 mL DDA in a round bottom flask 

• Reflux at 120°C bubbling N through system for 90 min 

• Add AgOAc solution 

• Reflux again at 120°C under N atmosphere 

• Cool to room temperature 

• Divide into 5 mL aliquots and centrifuge with 7.5 mL ethanol and 2.5 mL methanol 

• Disperse each aliquot in 4 mL of toluene 

Two-Step Annealing Method 
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• Disperse Au(core)/Ag(shell) particles in OLA 

• Evacuate for 1 hour at room temperature then back-fill with Nitrogen 

• Ramp quickly (15C/min) to 250°C 

• Hold at 250°C for 2 hours 

• Purify using methanol and ethanol and disperse in toluene 

One-Step Method for AuAg Alloy Nanoparticles 

• Disperse Au NPs in 18 mL OLA 

• Disperse AgOAc in 8 mL OLA and combine with Au NPs 

• Evacuate for 1 hr at room temperature.  Then backfill with Nitrogen 

• Ramp temperature to 250°C and hold for 2 hours 

• Purify with methanol and ethanol and disperse in toluene 
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A2.8 CdSe/CdS Quantum Dot Nanorods8 

Day 1 

• Use 20 mL vile with small stir bar 

• Mix 1.16 g Se with 8.66 mL TOP in glovebox 

• Let stir overnight 

Day 2 

• Use 100 mL round bottom flask to mix 15.0 g TOPO, 1.4 g ODPA, 0.30 g CdO 

• Mix with 1” stir bar and heat the 150°C for 1 hr under vacuum 

• Turn up stir rate and switch to N2 

• Heat to 300°C (Set at 320°C) 

• Wait for solution to turn clear (may need to hold at 300°C or 310°C) 

• Inject 7.5 g (9.025 mL) TOP 

• Increase to 380°C 

• After flask hits 380°C, take off heating mantle until temperature hits 370°C and turn up 

N2 level 

• Inject 2.15 mL TOP:Se stock solution at 370°C 

• Determine amount of time to mix based on size of seed 

• Quench and inject toluene slowly once solution gets to ~200°C to prevent solidification. 

Use toluene from glovebox (get syringe of about 10 mL) 

Flocculation procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add methanol (15 mL product:10 mL ethanol, do 

50/50 methanol/ethanol and higher speeds if needed) 
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• Centrifuge at 5600 rpm for 1 min and throw away solvent 

• Disperse in toluene, sonicate 

• Centrifuge at 5600 rpm for 1 min 

• Disperse in toluene, sonicate 

• Centrifuge at 5600 rpm for 1 min 

• Discard solvent 

• On last run, scoop out product and put in vile with needle injection cap 

• Pull vacuum overnight to dry product 

Day 2 after 

• Make TOPS solution 

Day 3 

• Use spreadsheet to figure out how much seed is needed 

• Mass and combine with TOPS 

• Add 15.0 g TOPO, 1.45 g ODPA, 0.375 g CdO, 0.4 g HPA to a 100 mL RBF 

• Heat to 150°C for 1 hr under vacuum 

• Sonicate CdSe and TOPS until solution turns clear (~1 hr.) 

• Use 50% power to heat to 370°C 

• When the temperature drops to 360°C, inject 7.5 g TOP+9 mL CdSe stock solution 

• Increase power to 100% and wrap in glass wool (try to reach 370°C in 1:30) 

• Keep at 370°C for 6 minutes after injection  

 

Use same flocculation procedures 

Don’t clean all of solution.  Inject ~1 mL into a small centrifuge tube and add methanol. 
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After particles are cleaned, add ~1 mL of toluene and stick in a 7 mL vile 

 

QY of short rods can get up to ~75% 

Qy of longer rods (close to 150 nm) is closer to 25% 
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A2.9 CoNi Particles9 

• Add 0.2 g (Ni(acac)2, 98% TCI) to 5.0 g trioctylphosphine oxide (TOPO) in a 3-neck 

round bottom flask in the glove box 

• For CoNi NPs, add Co(acac)2 here 

• Get 2.0 mL oleylamine (97%) in a syringe in glove box 

• Set-up condenser flask, thermocouple and plug for round bottom flask, and stir bar 

• Add the oleylamine right before heating 

• Heat to 50°C and pull a vacuum for 1.5 hours 

• Release vacuum 

• Turn knob on N2 tank 

• Increase N2 flow rate in glove box to 2 

• Start rapidly heating to 240°C (10 minute heat-up) 

• Switch vacuum knob to N2.  Watch oil level.  Make sure oil does not go up tube 

• Inject 0.3 mL trioctylphosphine (TOP) at 100°C 

• Let sit at 240°C for 30 minutes 

• Cool to room temperature 

Flocculation procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add ethanol (1:1 ratio) 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add enough hexanes to clean them and sonicate 

• Add a relatively small amount of ethanol 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 



   

122 

 

• Add hexanes and sonicate 

• Add small amount of ethanol and centrifuge at 5200 rpm for 1:30 

• Throw away solvent 

• If clear, add ethanol, sonicate, and centrifuge at 5200 rpm for 1:30 

• Discard solvent 

• Add cyclohexane and sonicate 
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A2.10 Fe3O4 NPs10 

• Add 1.05g Fe(acac)3,  15 mL benzyl ether and 15 mL oleylamine to a round bottom flask 

• Pull vacuum for 1 hr and stir at room temperature 

• Set to 30% power and 120°C for 1 hr 

• Switch to N2 when it hits 100°C (0.5 scfh) 

• After 1 hr, ramp to 210°C for 1 hr 

• Cool to room temperature by removing the heat source (slowly) 

• Take glass wool off when it gets to 150°C 

• Turn N2 off at 100°C 

Purification 

• Add 50 mL ethanol 

• Centrifuge for 5 min at 5000 rpm 

• Disperse in hexanes, THF, or toluene 
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A2.11 Ligand Exchange for Fe3O4 NPs-Oleylamine to 3-Mercaptopropionic Acid 

• Add 1 mL of 3-MPA, 1 mL of cyclohexane and 0.5 mL of NPs in hexanes at 20 mg/mL 

to a large centrifuge tube 

• Wait 20-30 minutes and NPs should precipitate 

• If no precipitate, add a little ethanol 

• Centrifuge for 5 minutes at 3500 rpm 

• Discard supernatant 

• Add ~10 mL cyclohexane 

• Centrifuge for 5 minutes at 3500 rpm 

• Add ~10 mL ethanol 

• Centrifuge for 5 minutes at 3500 rpm 

• Add ~10 mL acetone 

• Centrifuge for 5 minutes at 3500 rpm 
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A2.12 NiFe2O4 and CoFe2O4 NPs 

• Add 0.706g Fe(acac)3, 0.257 g Ni(acac)2 or 0.356 g (1 mmol) Co(acac)3 and 15 mL 

oleylamine to a round bottom flask 

• Pull vacuum for 1 hr and stir at room temperature 

• Set to 30% power and 120°C for 1 hr 

• Switch to N2 when it hits 100°C (0.5 scfh) 

• After 1 hr, ramp to 210°C for 1 hr 

• Cool to room temperature by removing the heat source (slowly) 

• Take glass wool off when it gets to 150°C 

• Turn N2 off at 100°C 

Purification 

• Add 50 mL ethanol 

• Centrifuge for 5 min at 5000 rpm 

• Disperse in hexanes 
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A2.13 NiSe NPs 

• Mix 7.2 mL TOP with 1.18 g elemental Selenium-will take out 1.38 mL 

•  Mix 0.379 g selenourea with 3.07 mL oleylamine 

• Let sit for at least a couple hours to let selenourea and elemental selenium dissolve 

 

• Add 0.5 g (Ni(acac)2, 98% TCI) to 4.4 g trioctylphosphine oxide (TOPO) in a 3-neck 

round bottom flask in the glove box 

• Get 5.0 mL oleylamine (97%) in a syringe in glove box 

• Set-up condenser flask, thermocouple and plug for round bottom flask, and stir bar 

• Add the oleylamine right before heating 

• Heat to 80°C and pull a vacuum for 2 hours 

• Release vacuum 

• Turn knob on N2 tank 

• Increase N2 flow rate in glove box to 2 

• Start rapidly heating to 230°C (10 minute heat-up) 

• Switch vacuum knob to N2.  Watch oil level.  Make sure oil does not go up tube 

• Let sit at 240°C for 30 minutes 

• Take aliquot with glass syringe 

• Inject Se precursor 

o 1.38 mL of TOP:Se 

o 3.07 mL Selenourea in oleylamine 

• Ramp to 300°C for 30 minutes  

• Cool to room temperature 
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Flocculation procedures 

• If solution is cooled to room temperature, heat solution to 65°C in a water bath 

• Inject sample into centrifuge tube and add methanol (1:1 ratio) 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add enough hexanes to clean them and sonicate 

• Add a relatively small amount of methanol 

• Centrifuge at 5200 rpm for 1:30 and throw away solvent 

• Add hexanes and sonicate 

• Add small amount of methanol and centrifuge at 5200 rpm for 1:30 

• Throw away solvent 

• If clear, add ethanol, sonicate, and centrifuge at 5200 rpm for 1:30 

• Discard solvent 

• Add cyclohexane and sonicate 
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A2.14 Surface modification of Fe3O4 NPs (with mPEG-c or PEG-Amine) 

For surface modification, 100 mg as-synthesized NPs are re-dispersed in 5 mL THF, and 

100 mg mPEG-c is added. The mixture is stirred in a closed container at 50 ℃ for 24 hours to 

complete surface ligand exchange. Then the mixture is precipitated in 30 mL hexane, and the NP 

precipitate is washed by 30 mL hexane for twice. After drying out the remaining hexane, the NP 

is stored as powder and can be readily re-dispersed in water into a homogeneous colloid solution. 

The weight percent of Fe3O4 core in the PEGylated NP is determined to be around 50 % from 

thermal gravimetric analysis (TGA) results. The mass of Fe3O4 core is used for NP wt.% 

calculation in each hybrid gel sample. 
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A2.15 SiO2-Overcoating of Ni NPs11 

• Find concentration of particles in solution (C1) using rotovap 

• C1*V1=C2*V2 (C2=2 mg/mL, V2=10.2 mL) 

o Figuring out how much of original solution you need before you dilute up to 10.2 

mL with cyclohexane 

• Inject 100 mL of cyclohexane into a jar 

o Leave some to the side 

• Add 10.6 g of IGEPAL CO 520 (underneath fume hood) to 20 ml vile 

o Use remaining cyclohexane to clean out vile and pipet tip 

• Stir on stir plate for ~5 minutes 

• Add 10.2 mL of particles 

• Stir for at least 15 minutes 

• Add 600 µL NH4OH (in fridge) 

• Stir for 30 minutes 

• Add 0.3  mL TEOS (glove box) to 4.7 mL cyclohexane 

• Mix for 48 hours 

Purification 

• Split sample into 4 samples and add 2.5 mL ethanol to each 

• Centrifuge for 2 minutes at 5700 rpm 

• Dump waste 

• Add 3 mL of ethanol to each tube 

• Sonicate for ~10 minutes 

• Centrifuge for 4 minutes at 5700 rpm 
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• Dump waste 

• Add 3 mL of ethanol 

• Sonicate 

• Centrifuge until solution is clear (3x or so) 

• Disperse in ethanol 

 

 

  



   

131 

 

A2.16 SiO2-Overcoating of QDNRs12 

• Find concentration of particles in solution (C1) using rotovap 

• C1*V1=C2*V2 (C2=2 mg/mL, V2=1.02 mL) 

o Figuring out how much of original solution you need before you dilute up to 10.2 

mL with cyclohexane 

• Inject 10 mL of cyclohexane into a 20 mL vial 

• Add 1.60 g of IGEPAL CO 520 (underneath fume hood) to 20 ml vial 

• Stir on stir plate for ~5 minutes 

• Add 1.02 mL of particles 

• Stir for at least 15 minutes 

• Add 534 µL DI Water + 600 µL NH4OH (in fridge) 

• Let stir for 30 minutes 

• Make soln. of 0.3  mL TEOS (glove box) + 4.7 mL cyclohexane 

• Add 0.5 mL of TEOS soln.  

• Mix for 24 hours 

Purification 

• Centrifuge for 3 minutes at 9000 rpm 

• Dump waste 

• Add 3 mL of ethanol to each tube 

• Sonicate 

• Centrifuge for 3 minutes at 9000 rpm 

• Dump waste 

• Add 3 mL of ethanol 
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• Sonicate 

• Centrifuge for 3 minutes at 9000 rpm 

• Dump waste 

• Disperse in ethanol 
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A2.17 SiO2-Overcoated GNRs13 

• Purify 100 mL of GNR stock solution (2 centrifuge runs at 10000 rpm for 20 minutes) 

• Dilute purified GNRs to 10 mL 

• Calibrate pH meter 

• Dilute solution with NaOH solution until  

o pH is 10-10.4 for fully coated GNRs  

o pH is 10.4-10.5 for lobed rods 

• Add ratio of TEOS:Anhydrous MeOH 

o 0.4 mL:1.6 mL for fully coated GNRs 

o 0.05 mL:0.95 mL for lobed rods 

• Mix anhydrous methanol and TEOS in 7 mL vial right before injection 

• Use syringe pump to inject methanol and TEOS soln. into GNR soln. (bend needle).  Put 

vial far to the left of glass dish 

• Inject soln. over the course of 5 minutes while mixing at 150 rpm and 29°C 

• After 5 minutes, turn down stir rate to 70 rpm and let it stir for 30 min 

• Take out stir bar 

• Let the soln. sit for 20 hrs at 29°C 
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A2.18 TEM 

Startup Procedure 

• Check vacuum 

• Hit HT to turn on instrument 

• Let sit at 91µA for 1 min or so 

• Make sure objective aperture is out (lever flipped to the right) 

• Increase accelerating voltage little by little (increase by 1, wait 10 seconds). Check 

vacuum and verify accelerating voltage. 

• Flip pressure back to 10-4 

• Adjust objective focus to increase objective lens current to 7.01 

Sample Loading 

• Take out sample holder 

• Check O-Ring 

• Load sample 

• Put sample holder back in and let it draw vacuum 3 times 

Setting up Electron Emission 

• Turn up filament slowly to 3 and wait 3 minutes 

• Turn up to 4 and wait 2 minutes 

• Slowly increase to stopper 

• Make sure current is no more than 15µA more than starting current 

• Turn off lights and open window cover 

Beam Alignment 
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• Press Low Mag 

• Center sample with 1-2 knob on end of sample holder 

• Line up center dot with part of your sample 

• Switch to Mag1 and hit bright 16 

• Turn brightness counter clockwise to find beam 

• Beam shift to center 

• Spread the beam counter clockwise 

• Center with condenser aperture knob 

• Repeat this procedure if both are not centered 

• Select Mag1 

• Converge the beam to crossover 

• Center the beam using Beam Shift X&Y 

• Select COND STIG button on left Panel 

• Correct any astigmatism using DEF X & DEF Y 

Column Alignment 

• Select spot size 2 

• Converge the beam 

• Use GUN SHIFT X&Y to center beam 

• Switch to spot size 4 

• Converge the beam and center with BEAM SHIFT X&Y 

• Repeat as needed until both are centered 

(At spot size 4, spread the beam clockwise and center with BEAM SHIFT) 

Eucentric Height 
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• Set magnification to 5kx and current to 7.1 

• Focus on a feature 

• Start to tilt 

• Adjust eucentric height by bringing back feature into focus 

• Tilt back to 0 and adjust focus using objective focus knob 

Wobblers 

• Set magnification to 10-40kx 

• Converge the beam and center using BEAM SHIFT X&Y 

• Use the Wobbler X, Wobbler Y 

• Select BRIGHT TILT 

• In MAG1, set magnification for 50-120kx 

• Select a feature  

• Hit Wobbler HT, and adjust accordingly 

Objective Lens Astigmatism 

• Insert objective aperture 

• Select OBJ STIG 1 

• Pull up FFT 

• Adjust using DEF X&Y 

• Turn off OBJ STIG 

Diffraction 

• Spread the beam completely clockwise until you hear a beep 

• Set the desired camera length using SELECTOR 

• Adjust DIFF FOCUS to obtain a caustic image 
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• Adjust astigmatism with INT STIG X&Y 

• Center using PROJ ALIGN X&Y 
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