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Abstract 

The surface properties of nanoparticles play an important role in their interactions with 

their surroundings. Silane reagents have been used for surface modifications to silica 

shells on iron oxide nanoparticles, but using these reagents presents some challenges.  

Some of these challenges include the moisture sensitivity of silane reagents and the 

formation of multilayers. An alternative approach to modifying the surfaces of these silica 

shells was developed to impart different terminal functional groups, such as a thiol, 

alcohol, or carboxylic acid, through the use of alcohol-based reagents. This reaction was 

initiated through convective heating and microwave-assisted heating. This approach to 

surface functionalization of the core-shell particles was verified through analytical 

measurements and the attachment of gold nanoparticles.  The silanol-alcohol 

condensation reaction was also extended to the mixed functionalization of the silica-

coated iron oxide nanoparticles with both thiol and carboxylic acid functionalized alcohol 

reagents. The processes and results for the silanol-alcohol condensation reaction were 

also compared with silanization process. The use of the silanol-alcohol condensation 

reaction could be extended further to other surface functionalization through the use of 

additional alcohol-based reagents.  

 

Keywords:  Iron oxide nanoparticles; silanol-alcohol condensation; surface 

modification; core-shell structure; silica coating 
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Microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy 
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X-Ray Photoelectron 
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X-ray photoelectron spectroscopy (XPS) is an analytical 
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X-rays. These X-rays interact with the sample and cause 
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Chapter 1. Introduction 

1.1. Introduction to Iron Oxide Nanoparticles 

Magnetic nanoparticles have been widely studied and incorporated into a range of 

different products.1–5 Magnetic iron oxide nanoparticles, specifically, have been widely 

studied for use in water purification techniques, MRI contrast agents, bio-separations, 

and magnetically activated hyperthermia.6–11 Importantly, these particles can be isolated 

and/or assembled through the use of applied magnetic fields. The properties of magnetic 

iron oxide nanoparticles can be altered through surface modifications. The properties of 

these nanoparticles can be further tuned by altering their size, shape, and 

composition.12,13 There are a variety of known iron oxide structures (Table 1.1).14 

Hematite ( α -Fe2O3), magnetite (Fe3O4), and maghemite (γ-Fe2O3) are the most 

commonly pursued structures.15 These types of iron oxide nanoparticles can be 

chemically synthesized. Of these structures, magnetite and maghemite structures have 

ferrimagnetic properties, respectively. Hematite exhibits magnetic antiferromagnetic 

properties. In this thesis, magnetite nanoparticles are used as a platform for the 

demonstration herein as this type of iron oxide nanoparticle has a relatively high 

oxidative stability, and it is accepted to be a nontoxic magnetic material with approval 

use in for medical applications.16 These nanoparticles will serve as a platform for coating 

with silica and functionalizing with a series of alcohol-containing reagents for 

demonstrating a new approach to tuning the surface chemistry of these materials. 

Table 1.1 Name and chemical structure of different iron oxides15 

iron oxide structure chemical structure 

magnetite Fe3O4 
maghemite γ-Fe2O3 

hematite α-Fe2O3 

feroxyhyte δ'-FeOOH 
goethite FeO(OH) 

akaganeite Fe3+O(OH,Cl) 
lepidocrocite γ-FeO(OH) 

wustite FeO 
bernalite Fe(OH)3 
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1.1.1. Properties of Magnetite Iron Oxide Nanoparticles 

Magnetite differs from most other iron oxides in that it contains iron species that 

are both divalent (Fe2+, ferrous species) and trivalent (Fe3+, ferric species). Magnetite 

has a cubic inverse spinel structure that consists of a cubic close-packed array of oxide 

ions. Figure 1.1 shows a crystal structure of the cubic unit cell of the magnetite structure. 

The schematic shows that the inverse spinel structure is made of up both octahedral and 

tetrahedral sites (Figure 1b, and 1c).15,17 These two types of interstitial sites are the 

locations of the iron ions within the inverse spinel structure. These tetrahedral sites for 

iron are located at the center of a tetrahedron of oxygen atoms, and the octahedral sites 

for iron are located at the center of an octahedron of oxygen atoms. All corners of these 

tetrahedrons and octahedrons are occupied by oxygen species. In a unit cell of the 

inverse spinel structure, there are 64 tetrahedral sites and 32 octahedral sites. Only 8 of 

the tetrahedral sites and 16 of the octahedral sites are, however, occupied by iron 

cations. Half of these 16 octahedral sites are occupied by the Fe2+ and the other half are 

occupied by the Fe3+ species. All of the occupied tetrahedral sites contain Fe3+ species.17 

This mixed occupation of Fe2+ and Fe3+ ions in the octahedral sites enables the 

magnetite structure to have ferrimagnetic properties. Ferrimagnetic materials have 

atoms arranged with opposing magnetic moments. These moments are unequal, which 

results in a spontaneous magnetization. The Curie temperature of magnetite 

nanoparticles has been observed at 850 K.18 Above the Curie temperature, these 

magnetite nanomaterials lose their permanent magnetic properties. Below the Curie 

temperature, the Fe2+ and Fe3+ ions in the octahedral sites are aligned opposite to the 

Fe3+ ions in the tetrahedral sites. A similar property has been observed in 

antiferromagnetic materials, but the magnitude of the anti-parallel spins in the magnetite 

is not equal and there is a net magnetic moment.14 The magnetic ordering of magnetite 

with the structure of inverse-spinel has spin-state of high spin.19 

 

 



3 

The magnetic properties of magnetite nanoparticles also depend upon the size 

and shape of these materials. For instance, their saturation magnetization changes with 

the size of the nanoparticles.20,21 A larger particle size results in a higher saturation 

magnetization than observed for smaller nanoparticles. This relationship between the 

magnetization and size of the magnetite particles is due to a decrease in the magnetic 

disorder at their surfaces, which results from the decrease in their surface-to-volume 

ratio.22 Magnetic nanoparticles also have a size-dependent property that has been 

widely studied. Small magnetite nanoparticles with a diameter around 15 nm have an 

additional property that can be used for biomedical applications, which is discussed 

further below. 

 

Figure 1.1  Schematic of the inverse spinel crystal structure of magnetite: (a) 
polyhedral model of the cubic unit cell of the magnetite structure; (b) 
a polyhedral model for the occupation of Fe2+ and Fe3+ ions within 
the octahedral sites; and (c) polyhedral model for the occupation of 
Fe3+ ions within the tetrahedral sites. Light blue balls are Fe3+ ions, 
orange balls are Fe2+ ions, and dark blue balls are O2- ions. Grey 
octahedrons signify the octahedral sites within the unit cell and the 
green tetrahedrons signify the tetrahedral sites within the unit cell. 

Magnetite nanoparticles with a diameter around 15 nm can generate heat under 

an alternating magnetic field.23,24 These nanoparticles are single crystal nanoparticles. 

The heat generated can be used for the targeted heating of tumors. This effect is called 

hyperthermia. The heat released is generated by the superparamagnetic properties of 

these magnetite nanoparticles. This property of these  magnetic nanoparticles allows 

them to be used as a therapeutic agent for triggering the  release of drugs or to restrict 

tumor growth.25–27 Superparamagnetism is a special form of magnetism exhibited in 
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small ferrimagnetic nanoparticles where each individual nanoparticle has its own 

magnetic domain or magnetic moment.12 When superparamagnetic nanoparticles are 

subjected to an external alternating magnetic field, they release heat. This heat is 

generated through two relaxation processes: (i) Neel relaxation; or (ii) Brownian 

relaxation. When an alternating magnetic field is applied to the nanoparticles, each 

magnetic nanoparticle tries to rotate itself to align with the applied field. As the particle 

rotates, they undergo Brownian relaxation. Heat is generated as the particle undergoes 

shear stresses with the surrounding fluid.28 The particles also undergo Neel relaxation 

where thermal energy is dissipated by the rearrangement of atomic dipole moments 

within the crystalline lattice.29 The heat generated can be assessed as a specific 

absorption rate (SAR), which yields the amount of heat generated per mass of 

nanoparticles (Equation 1.1).12,22,30 

𝑆𝐴𝑅 (
𝑊

𝑔
) =  

𝑚𝑠×𝑐𝑝

𝑚𝑛𝑝
 × (

∆𝑇

∆𝑡
)                                        (1.1) 

Equation 1.1 shows the calculation for SAR. Mass of the solution is ms, mnp is the 

mass of the nanoparticles, cp is the heat capacity of the solution, and (∆T/∆t) is the slope 

of the curve for the temperature rise vs. time while the nanoparticles are exposed to an 

alternating magnetic field. The calculated SAR values are used as a comparison 

between different nanoparticles.12,22,30 The amount of heat generated has been shown to 

be largely dependent on particle size. Previous studies have shown that particles larger 

or smaller than 15 nm have a decreased efficiency for generating heat (Figure 1.2).12 

The efficiency of heat generation for these magnetic particles decreases as their 

superparamagnetic properties diminish, such as when the individual particles have 

multiple-domains rather than a single domain.20 
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Figure 1.2  Comparison of experimentally measured values for the specific 
absorption rate (SAR) as a function of nanoparticle size. When 
exposed to an alternating magnetic field. The upper plot shows the 
SAR plotted against the diameter of the magnetic nanoparticles. The 
lower plot shows these values reported as effective SAR (ESAR) in 
which SAR is divided by the field strength of the alternating 
magnetic field. This plot shows the size-dependent heating 
efficiency for iron oxide nanoparticles. Reprinted with permission 
from Copyright © 2013 Elsevier B.V. All rights reserved.31 
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1.1.2. Synthesis of Magnetite Iron Oxide Nanoparticles 

There are a variety of processes for synthesizing magnetite nanoparticles. These 

include co-precipitation32, thermal decomposition33, and hydrothermal decomposition 

methods.34 The properties of the resulting nanoparticles are dependent on the synthetic 

route used to prepare these nanoparticles. Different synthetic routes could have a 

significant influence as a result of their reaction conditions, such as temperature, solvent, 

or surfactants. These conditions could affect the surface chemistry, shape, size, and 

water-dispersibility of the resulting nanoparticles.  

The co-precipitation method is the simplest and most efficient chemical pathway 

to obtaining magnetic nanoparticles. This process can be used to synthesize spherical 

nanoparticles with diameters from 30 to 100 nm.35 The nanoparticles are prepared from 

a mole ratio 1:2 of ferrous chloride (FeCl2·4H2O) and ferric chloride (FeCl3·6H2O) salts in 

a basic aqueous medium held at room temperature. This reaction takes place between 

pH 8 to 14.32 The reaction follows the processes outlined in Equation 1.2.32   

Fe2+ + 2 Fe3+ + 8 OH- ↔ Fe(OH)2 + 2 Fe(OH)3  → Fe3O4 + 4 H2O          (1.2) 

In this reaction, the reaction starts with ferrous chloride and ferric chloride instead of iron 

(II) hydroxide and iron (III) hydroxide because the solubility of these hydroxide based 

species in aqueous solutions is very low.36 The size of nanoparticles that are 

synthesized by the co-precipitation method can be changed by altering the pH. The first 

controlled preparation of superparamagnetic magnetite nanoparticles was performed by 

Massart et al. using alkaline precipitation of ferrous and ferric salts.32  

There are two stages that are involved in the synthesis. A short period of 

nucleation occurs when the concentration of the species reaches a critical 

supersaturation. This step is followed by the slow growth of the nuclei from the diffusion 

of solutes to the surfaces of the crystal.37 The factors on which the phase and size of the 

nanoparticles depend upon include the concentration of cations, the presence of counter 

ions, and the pH of the solution.38,39 The main advantage of the co-precipitation process 

is that it is cost-effective, and a large number of nanoparticles can be synthesized at 

once.40 There are some disadvantages to the co-precipitation process. The synthesized 

nanoparticles tend to have a high degree of particle agglomeration. The high proportion 

of agglomeration in the product is due to the large surface area to volume ratio of these 
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nanoparticles, and their relatively high surface energy. The agglomeration of the 

nanoparticles results in a decrease in their surface energy. These nanoparticles also 

interact through the strong magnetic attractions between the particles.41 The control over 

particle size distribution in the product is also limited, which results in a polydispersed 

sample of nanoparticles.38,42 As the nucleation step is short, there is a relatively short 

amount of time in which to control the particle size.43 There are ways to restrict particle 

agglomeration by stabilizing the particles with surfactants during or after the synthesis. 

For instance, octanoic acid can be added during the synthesis to decrease the 

agglomeration of the product.44 In summary, the co-precipitation syntheses can produce 

a large amount of iron oxide nanoparticles within a short amount of time, but it is limited 

in its ability to control the particle size and particle agglomeration.  

Nanoparticles with a narrower size distribution can be achieved through thermal 

decomposition methods.44–46 In this approach, iron oxide nanoparticles are obtained from 

a high-temperature (i.e., higher than 200 °C) decomposition of coordinated iron 

precursors. These precursors include iron acetylacetonate or iron carbonyls dissolved in 

organic solvents with the addition of stabilizers. Various organic molecules, such as oleic 

acid, 1-tetradecene, and oleylamine, are added to the reaction as stabilizers.33 These 

surfactant molecules form nanodroplets of different sizes. Aqueous iron salt solutions 

can be encapsulated within these droplets to constrain the processes of nucleation and 

growth of the nanoparticles.43 The size of the nanoparticles can be controlled by 

changing the reaction temperature and other parameters.44 For instance, an increase in 

the concentration of ferric ion species promotes the growth of the particles in one 

direction leading to anisotropic elongation of the structures. The advantages of thermal 

decomposition method include control over the size and shape of the nanoparticles. 

Unlike the co-precipitation process, nanoparticles with a narrow size distribution can be 

synthesized from thermal decomposition.47 In the thermal decomposition method, iron 

oxide nanoparticles with different morphologies can also be synthesized by altering the 

concentrations of the reagents or the reaction times.48 A limitation of this process is that 

these particles are usually hydrophobic and can only disperse in nonpolar solvents.44–46 

The residual stabilizer present in the system may restrict the post-synthesis exchange of 

the surfactants on the surfaces of the as-synthesized nanoparticles.49 The resulting 

nanoparticles can be transformed into hydrophilic materials by exchange of the 

surfactants with molecules containing hydrophilic groups, but these steps could require 
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sophisticated methods, and multiple steps are often needed to complete this 

exchange.50 This could lead to loss of material, or the particles could aggregate during 

this procedure.   

There are other methods to prepare iron oxide nanoparticles of a narrow size 

distribution that also are hydrophilic.51–53 The solvothermal process produces 

monodisperse iron oxide nanoparticles in a sealed container or an autoclave of high 

reaction temperatures (i.e., above 200 °C) using either aqueous or non-aqueous 

solutions under high vapor pressures. This process is usually performed in a sealed 

container. This method is suitable for the growth of high-quality nanoparticles while 

maintaining good control over their composition. The product can also be hydrophilic. 

The synthesis of iron oxide nanoparticles by solvothermal techniques happens in two 

steps: (i) initial formation of small nanocrystals; and (ii) the aggregation into larger 

nanoparticles. Sodium citrate can bond to the surfaces of the initial nanocrystals, which 

prevents aggregation with other nanocrystals. The high surface energy of the 

nanocrystals can causes aggregation of the nanocrystals to reduce the surface energy. 

Subsequently, the resulting nanoparticles can be polycrystalline. As this aggregation 

step is rapid, the nanocrystals do not have time to rearrange. The resulting shape of 

these nanoclusters is spherical. Citrate molecules are still present on the surfaces of the 

nanoclusters, so the resulting nanoparticles are hydrophilic. The size of these 

nanoparticles increases with prolonged incubation times.52  

In this thesis, a solvothermal method was used to synthesize hydrophilic 

magnetite nanoparticles with an average diameter of 200 nm.54 The size of the 

nanoparticles can easily be changed with different synthetic routes. The purpose of the 

thesis is to demonstrate the chemical functionalization of silica-coated magnetic 

nanoparticles through the silanol alcohol condensation reaction. As a visualization of the 

success of this functionalization, 20-nm diameter gold nanoparticles were attached onto 

silica-coated iron oxide nanoparticles. The surfaces of these particles were prepared to 

exhibit external thiol functionality. The size of the iron oxide nanoparticles was selected 

because it would be easy to differentiate the two different types of nanoparticles by size. 

This size ratio also enables a significant number of gold nanoparticles to attach onto the 

functionalized magnetic nanoparticles. If the size of the iron oxide nanoparticles was 20 

nm, for example, there would be a minimal number of gold nanoparticles that could 

attach to their surfaces. With an average diameter of 200 nm, a higher relative number 
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of gold nanoparticles could attach onto the thiol functionalized surfaces of these 

magnetic particles. The differences in the results between control samples and the thiol 

functionalized iron oxide nanoparticles could be easily observed as a result of this 

experimental design. The co-precipitation method could have been used to synthesize 

the 200-nm diameter iron oxide nanoparticles as well. However, nanoparticles that are 

synthesized through the co-precipitation method can easily aggregate as observed in 

our own experiments. The solvothermal synthesized nanoparticles were less likely to 

aggregate, and this process also produced hydrophilic nanoparticles. These hydrophilic 

nanoparticles were also desired as they could be directly coated with silica through the 

Stöber method.  
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1.1.3. Applications of Iron Oxide Nanoparticles 

Iron oxide nanoparticles have been incorporated into many products due to their 

favourable properties. Magnetic nanoparticles can be easily separated from other 

species by using external magnets. As mentioned in the above sections, the properties 

of iron oxide nanoparticles can also be tuned by altering their size, shape, and surface 

chemistry. There are other advantages to these nanoparticles as well. These 

nanoparticles are biocompatible and non-toxic. These nanoparticles could be used in a 

variety of biomedical applications. Some of these biomedical applications include 

magnetic resonance imaging contrast agents,55–57 or therapeutic agents.58,59 These 

nanoparticles have been utilized for different application in other areas as well. For 

instance, due to their strong magnetic properties, these nanoparticles can be easily 

removed from their environment such as for remediation efforts. Iron oxide nanoparticles 

have been used as a water purifying agent to remove heavy metals or organic molecules 

from water.3 Some disadvantages of the iron oxide nanoparticles are discussed in the 

following sections (i.e., Section 1.2). Some of the applications of iron oxide nanoparticles 

have been listed below in Table 1.2.  

Table 1.2  Applications of iron oxide nanoparticles in different fields 

Field Application 

Biomedical Drug delivery57,60,61 
 MRI contrast agent55–57 

Therapeutic agent (i.e., cancer therapy)58,59 
 

Agriculture and Food Fertilizer2 
 

Environmental Remediation Waste water treatment1 
Heavy metal removal from water3 
 

Energy Energy storage62 
 

Sensors Electrochemical sensor63,64 
 

Catalysts Catalyst agent4,5 
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1.2. Introduction to the Surface Modification of Silica-
Coated Iron Oxide Nanoparticles 

One of the advantages of magnetic iron oxide nanoparticles includes tunable 

properties through the attachment of different functional groups to the surfaces of these 

particles. This functionalization enables the iron oxide nanoparticles to be utilized in 

different applications. For instance, different functionalities such fluorescent tags for 

tracking purpose could be coupled onto the surface through EDC/NHS coupling with the 

carboxylic functionalized surface groups.65 The stabilizing agents such as polyethylene 

glycol (PEG) could be attached onto the surface to increase colloidal stability of 

nanoparticles in the biological media (Fig. 1.3).
66

 There are also certain limitations to 

using iron oxide nanoparticles without surfactants or surface coatings. These 

nanoparticles can easily decompose or aggregate into bigger clusters. Due to their large 

surface area to volume ratio, the iron oxide nanoparticles tend to form large aggregates 

that lower their surface energy.
67,68

 This aggregation could also lead to changes in their 

magnetic properties. The other problem of these nanoparticles is that they can be easily 

oxidized. For instance, magnetite nanoparticles can be oxidized in air and lose their 

magnetic properties. In biomedical applications, the bare iron oxide nanoparticles can 

also undergo rapid biodegradation when exposed to biological systems.  

 

Figure 1.3  Schematic of different functionalities that could be attached onto the 
surfaces of iron oxide nanoparticles. 
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One of the ways to functionalize the surfaces of iron oxide nanoparticles is 

through a process of ligand exchange. Ligand exchange is where the ligand of interest is 

dissolved into a suspension with the nanoparticles. The functional species attached to 

the surfaces of the nanoparticles are substituted by the ligand of interest, which is 

maintained in excess in solution. One of the challenges of the ligand exchange process 

is that the iron within the nanoparticles could be lost during this process. It has been 

shown previously that iron (III) was may be removed from the surfaces of the 

nanoparticles by acidic dissolution upon binding 2,6-dihydroxy benzoic acid.69 Therefore, 

protective coatings for these nanoparticles are critical for their use in these and other 

applications. One of the easiest ways to overcome these challenges is through 

additional surface functionalization. Surface coatings are prepared on iron oxide 

nanoparticles to give these materials further chemical protection and additional 

functionality to their surfaces.  

There are a number of different methods for surface modifications that can be 

used to functionalize the surfaces of the iron oxide nanoparticles. For example, polymers 

can be used to coat the nanoparticles. High molecular weight polymers, such as 

chitosan
70,71

 or dextran,
72,73

 tend to have a poor affinity to the surfaces of these 

nanoparticles, resulting in loss of this coating over time and aggregation of the 

nanoparticles.
66,74

 Silica is another popular class of coating material that is used to 

functionalize nanoparticles. This type of surface coating can protect the core 

nanoparticles from degradation and they can also reduce dipole-dipole interactions 

between iron oxide nanoparticles to reduce particle aggregation.
75

 The silica surfaces 

are terminated by silanol groups, which can react with various coupling agents to 

covalently attach different molecules to the surfaces of these nanoparticles. 
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1.2.1. Silica-Coated Iron Oxide Nanoparticles and Their Surface 
Modification 

The silica coating of hydrophilic iron oxide nanoparticles has been commonly 

achieved using the Stöber method.76,77 The Stöber method uses tetraethyl orthosilicate 

(TEOS) to form silica coating on the surfaces of nanoparticles. The formation of silica 

shells on iron oxide nanoparticles can be broken down into two processes: (i) hydrolysis; 

and (ii) condensation.78 The hydrolysis and poly-condensation reaction start at various 

sites of the TEOS reagents upon reaction with water solution as mixing occurs. These 

steps can be catalyzed through the addition of a base or an acid. The sol-gel chemistry 

of silica is otherwise very slow under neutral reaction conditions. In addition to acidic or 

basic catalysis, there are many other factors that could affect the rates of hydrolysis and 

condensation, such as the selection of solvents or the presence of chelating agents.79  

The catalyst can change the resulting structure of the silica gel due to differences 

in the rate of hydrolysis facilitated by the catalyst. Hydrolysis results in the replacement 

of an alkoxy group with a hydroxyl through a pentacoordinate transition state in either 

the acid and base-catalyzed systems. Figures 1.4 and 1.5 show the mechanism of the 

acid and base-catalyzed reactions, respectively. The rate of each hydrolysis step 

depends on the stability of the transition state, which depends on the relative electron 

withdrawing or donating power of the silanol versus the silicon alkoxy groups (i.e., 

ethoxy). The acidic condition has a relatively slower hydrolysis step when compared to 

basic conditions. The condensation process is also catalyzed by either an acid or base, 

and depends on the hydrolysis step. This step results in the formation of siloxane bonds. 

If hydrolysis is completed, the resulting product is (OH)3Si-O-Si(OH)3, which has 6 sites 

for subsequent condensation reactions. In basic conditions, the hydrolysis step is quick 

as there are multiple condensation sites available, so the product leads to highly 

branched agglomerates. This condensation can result in the formation of a colloidal gel. 

For acidic conditions, as the hydrolysis step is slower, there are a limited number of 

condensation sites available. The limited number of reaction sites leads to the formation 

of chain-like structures in the acid catalyzed reaction.  
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Figure 1.4  Mechanism of acid catalyzed silane alkoxides: a) hydrolysis; and b) 
condensation. 

 

 

 

Figure 1.5  Mechanism of base catalyzed silane alkoxides: a) hydrolysis; and b) 
condensation. 
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Further modifications to the surfaces of the silica shell can be achieved through 

co-condensation reactions using silane chemistry. Different functional groups can be 

attached to these surfaces, such as primary or secondary amine groups, as well as thiol 

groups. These functional groups can be further modified through different coupling 

agents. These coupling reactions typically require coupling agents to activate the 

functional groups during the coupling process. For instance, an amine-functionalized 

silica shell can be prepared using aminated silanes, such as (3-

aminopropyl)triethoxysilanes (APTES).80–83 These silanes provide reactive sites for 

covalently attaching linkers to biomolecules.84 These attachments can be achieved using 

coupling agents such as N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), and N-

hydroxysuccinimide (NHS) ester. These agents are used to covalently attach amine-the 

functionalized silica shells to carboxylic groups of another reactant species.65 Reacting 

with different functional groups will require different coupling agents. For instance, a thiol 

-functionalized silica shell can be prepared using a thiolated silane, such as 3-

mercaptopropyltriethoxysilane. Maleimide-functionalized reagents can then be attached 

to the thiol-functionalized silica surfaces via formation of thioether bonds.85 Coupling 

agents that are used for aminated silanes would not work for thiol functionalized 

surfaces. The advantages of using silane-based reagents include their ease of preparing 

coatings on different surfaces and the lower energy barrier towards condensation to form 

covalent bonds with these surfaces.86 

There are some disadvantages to using silane reagents. These reagents are 

susceptible to competing side reactions,87 tend to undergo intermolecular 

polymerization, and can form multilayers.88 Previous literature depict that alkoxysilane 

reagents tend to make the “islands” of clustered silane reagents.89 Figure 1.6 shows a 

schematic of both a single layer and a multi-layer formation with amine functionalized 

silane reagents. As depicted in Figure 1.6b, the possible orientation of silanes could be 

random and can lead to a multi-layer formation.   

Another challenge of silane reagents are the quality of surface coating.90 

Previous literature also states that there is a dramatic variation in the surface coverage 

of the same silane reagents for silica particles obtained from different suppliers.91 These 

coatings, for example, can consist of 2% to 300% surface coverage of the silane 

reagents. It is desirable to have processes for functionalizing silica through processes 
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that can be carried out more reproducibly, that utilize more widely accessible reagents, 

and that adds a diverse array of chemical functionality to these surfaces. 

 

Figure 1.6  Possible reaction routes for the formation of amine functionalized 
nanoparticles through the use of (3-aminopropyl)triethyoxysilane or 
APTES. The reaction routes depict (a) a monolayer formation and (b) 
a multilayer formation at the surfaces of the nanoparticles.  

1.2.2. Surface Modification through a Silanol-Alcohol Condensation 
Reaction 

The functionality of silica surfaces can be tuned further through the covalent 

attachment of alcohol containing molecular reagents. Alcohol-based reagents can be 

covalently attached to silica surfaces through a condensation reaction to form self-

assembled monolayers (SAMs). This reaction route has been previously utilized to tailor 

the properties of silica-coated wafers, glass slides, or quartz substrates. There are 

several advantages of the silanol-alcohol condensation reaction over silane-based 

surface modifications. For example, the reaction by-product is water (Figure 1.7). Other 

silane reagents can have different by-products. For instance, chlorosilanes produce HCl 

during the surface modification process. These by-products might also restrict the usage 
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of the nanoparticles, so the product purification steps become important. Alcohol 

molecules are also relatively stable in the water while silane reagents tend to react and 

self-polymerize in the presence of water. In addition, there are many more alcohol 

reagents readily available for purchase than silane-based reagents. The downside of the 

functionalization using alcohol-based reagents is their slow reaction kinetics. The silanol-

alcohol condensation reaction also requires a substantial amount of energy input into the 

system.92,93 Covalently attached monolayers derived from alcohol-based reagents can 

be achieved using a range of stimuli for driving the condensation reaction. These stimuli 

include convective heating92,94, UV-irradiation95, and microwave assisted heating96,97. 

This approach to the functionalization of silica has not been previously extended to 

silica-coated iron oxide nanoparticles.  

 

Figure 1.7  Schematic of the silanol-alcohol condensation reaction between an 
alcohol reagent and a silanol functionalized silicon oxide surface. 

Convective heating processes, such as through the use of an oil bath, were 

previously used to initiate the silanol-alcohol condensation reaction on silicon-based 

wafers.94 Optimization of the experimental conditions was achieved based on the results 

of analyses from different instrumental techniques, such as infrared spectroscopy or X-

ray photoelectron spectroscopy. The success of the condensation reaction was first 

confirmed through infrared spectroscopy. Elevated temperatures approaching 250 ⁰C 

were initially required to observe a change to the properties of a silica substrate.98 Later 

with the development of other analytical techniques, results from X-ray photoelectron 

spectroscopy demonstrated that the silanol-alcohol condensation reaction can be 

achieved at much lower temperatures, such as 120 ⁰C.92 Other experimental conditions 

were also evaluated such as different alcohol reagents or changes in the reaction times. 

For example, different concentrations of 1-octanol were reacted with the silicon substrate 

while also adjusting the reaction times. The attachment of 1-octanol to the silicon 

substrate rendered it hydrophobic, as the attachment of 1-octanol led to an increase in 
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the water contact angle.94 Hydrophobic materials are known to have water contact 

angles higher than 90⁰. Water contact angle measurements of 100⁰ were achieved when 

immersing the silica substrate in the alcohol reagents at 120 ⁰C for over 24 h. When 

varying the concentration of 1-octanol, a higher water contact angle was achieved with 

an increase in the concentration of alcohol reagent (Figure 1.8). This previous study also 

demonstrated that polar aprotic solvents can be used to facilitate the formation of 

alcohol-based monolayers. Previous studies also demonstrated the importance of 

minimizing water content in the reaction. A higher water content in the reaction leads to 

a lower water contact angle after the reaction with the 1-octanol. This could correspond 

to the presence of fewer alcohol reagents attached to the silica surfaces.94  

 

 

Figure 1.8  Water contact angle measurement for silicon substrates after 
reacting with 1-octanol dissolved in propylene carbonate while 
varying: a) concentration of 1-octanol; and b) temperature of the 
reaction. Reprinted with permission from © Copyright 2015 
American Chemical Society.94 

Microwave-assisted heating has a higher efficiency of heating than convective 

heating processes. Microwave heating induces more homogenous heating throughout 

the solution. Convective heating is not homogenous. The heating by convective 

processes is achieved through “wall heating” where the wall of the container is heated, 

and the heat is transmitted to the solution within (Figure 1.9). This heating method has 

been widely used to initiate reactions in material science and other types of syntheses. 

Microwave-assisted heating has been applied to the silanol-alcohol condensation 

reaction as well. As a comparison to the conventional heating process, 1-octanol was 
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also attached to the surfaces of a silica substrate using microwave assisted heating.96 

Water contact measurements and X-ray photoelectron spectroscopy were performed on 

the product to compare the results from microwave assisted heating with those from 

convective assisted heating. The rate of the reaction by microwave assisted heating was 

significantly faster than the convective heating method as observed from trends in water 

contact angle measurements. It was shown that the water contact angle was able to 

reach its maximum value over 100⁰ within 30 min for the microwave assisted heating 

(Figure 1.10). The weakly bound octanol was removed through the Soxhlet extraction. 

Conventional heating (by oil bath) took around 24 h to reach a similar water contact 

angle value. These results show that microwave heating is more efficient when 

compared to convective heating.96  

 

 

Figure 1.9  Comparison between conventional heating versus microwave 
heating methods: a) comparison of temperature profiles achieved by 
each method; and b) distribution of thermal gradients within vials, 
under microwave and oil-bath conditions. Reprinted with permission 
from © Gude et al.; license Chemistry Central Ltd. 2013.99  
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Figure 1.10  Water contact angle measurement for silicon substrates after 
reacting with 1-octanol dissolved in propylene carbonate using 
different heating sources: a) a microwave reactor; and b) an oil bath. 
Reprinted with permission from © Copyright 2016 American 
Chemical Society.96  
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1.3. Objectives of the Thesis 

This thesis describes to demonstrate an alternative method to functionalize the 

surfaces of silica-coated iron oxide nanoparticles through a silanol-alcohol condensation 

reaction. The syntheses of the sought-after nanoparticles, and characterization of their 

surface modifications are the focus of the thesis. The aim of these studies is to build a 

foundation for silanol-alcohol condensation reactions using alcohol-containing reagents 

to modify the surfaces of silica-coated nanoparticles. This surface modification method 

has previously been applied to functionalize the surfaces of planar silica-coated silicon 

substrates. Previous literature demonstrated that this process can be used to change the 

properties of the planar silica surfaces with alcohol-based reagents. In this thesis, the 

silanol-alcohol condensation method was applied to functionalize the surfaces of silica-

coated iron oxide nanoparticles. 

The work in Chapter 3 demonstrates that the silanol-alcohol condensation 

reaction can be used to modify the surfaces of nanoparticles. In Chapter 3, a thiol-

functionalized alcohol containing reagent, 11-mercapto-undecanol, was attached to the 

surfaces of silica nanoparticles. Gold nanoparticles were attached to these thiol coated 

nanoparticles to assist in verifying the surface modifications. Attachment of a large 

number of gold nanoparticles demonstrated that the thiol functionalization was 

successful. To further verify the modified surface chemistry, a thiol quantification assay 

via an Ellman’s test was performed on the nanoparticles. The assay verified the 

presence of thiols on the surfaces of the purified nanoparticles. The work discussed in 

Chapter 4 seeks an optimization of the silanol-alcohol condensation reaction using a 

microwave-assisted process for surface modification, and the formation of monolayers 

prepared from a mixture of reagents on the surfaces of nanoparticles. Overall, the 

purpose of this thesis is to demonstrate surface modifications to silica-coated iron oxide 

nanoparticles. The silanol-alcohol condensation reaction could be achieved either using 

the microwave assisted heating or convective heating using an oil bath. The 

condensation reaction can be used to attach multiple types of alcohol-based reagents 

onto the surfaces of silica-based nanoparticles or silica coatings on nanoparticles. This 

approach to functionalizing nanoparticles could be extended into other types of 

functional alcohol reagents that can be utilized for different applications.  



22 

Chapter 2. Characterization of Functionalized 
Silica-Coated Iron Oxide Nanoparticles 

In this thesis, the as-synthesized and functionalized nanoparticles were analyzed 

through the use of a number of different instruments. The size, shape, surface 

chemistry, and elemental compositions of functionalized nanoparticles were analyzed. In 

this chapter, these details of these instruments and their use are discussed.  

2.1. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a technique where images are 

produced through the interactions of a high energy focused electron beam with a thin 

sample. This technique can provide a magnified view of a sample from 1,000 to 

1,000,000 times. It is frequently used to study the morphology, composition, and crystal 

structure of a sample. In this thesis, TEM was used to verify the size and shape of 

nanoparticles and to verify the presence of a silica coating on the iron oxide 

nanoparticles. This technique was first demonstrated by Max Knoll and Ernst Ruska in 

1931. Ruska was awarded the Nobel Prize in physics for the development of electron 

optics and design of the transmission electron microscope.100–102 

Electrons possess a wave-like characteristic that can be explained through the 

Louis de Broglie equation: 

λ = 
ℎ

𝑝
  = 

ℎ

𝑚𝑣
                                            (2.1) 

Here, λ is the wavelength of electrons in nm, h is Planck’s constant (6.626x10-34), 

and p, m, and v are the momentum, mass, and the velocity of the electron. When the 

accelerating voltage of the filament for a TEM is above 50 kV, electrons can be extracted 

from a filament or another electron source into the vacuum of the TEM system. If the 

accelerating potential is increased above 50 kV, this decreases the wavelength of the 

electron, which enables the electrons to penetrate through several microns of a solid 

sample. If this solid sample is crystalline, the incident electrons can be diffracted by 

crystal planes within the sample. This could be used for incident electron diffraction 

analyses of the solid sample. 100–102 
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A sample needs to be first loaded onto a metal mesh for TEM analysis. This 

mesh is typically made of copper, nickel, or gold with support films of Formvar (polymers 

made up of polyvinyl alcohol and formaldehyde as copolymers with polyvinyl acetate) 

that is coated with a thin film of carbon (e.g., < 10-nm thick). Any solution left on the 

mesh is evaporated prior to insertion into the TEM. The metal mesh is then loaded onto 

a specimen holder and this holder inserted into the vacuum of the TEM system. The 

TEM that was used for the research in this thesis has a side-entry stage where the 

sample holder is loaded horizontally through an airlock. After sample insertion, the TEM 

column is put under high vacuum (<10-6 Pa). Air is removed from the TEM column to 

minimize the scattering of the incident electrons by gas molecules.  

The mechanics of a TEM system are briefly explained through the electron beam 

passage. High-energy electrons are first generated from the electron gun. For the TEM 

system that was used in this thesis, a Schottky source was used for generating the 

electron beam. This source consisted of a V-shaped tungsten filament with the tip 

coated with zirconium oxide. The emitted electrons are accelerated towards the anode, a 

round metal plate that has a central hole. This acceleration forms a high energy electron 

beam. Only 1% of the electrons produced pass through the central hole. Therefore, the 

beam current of the TEM system is only 1% of the emission current from the electron 

source. The electron beam that passes through the hole in the metal plate is 

subsequently focused and condensed onto the sample using a series of electromagnetic 

lenses. The electron beam that goes through the sample holder is focused onto the 

detector using condenser and objective lenses that are located under the sample holder. 

The focused electron beam hits the electron detector, which converts the projected 

electron image into a visible form (e.g., negative, or a digital display). 100–102  

There are certain downsides of TEM analyses that can restrict the usage of TEM 

techniques for studying the morphology of samples. These potential challenges include 

sample damage by the incident electron beam, interpretation of the transmitted images, 

and sample requirements that include restrictions on their thickness. Different solutions 

have been found to overcome some of these challenges. When the high energy electron 

beam is projected onto the sample, it can cause radiation damage to the sample. The 

damage tends to increase with higher accelerating voltages. Certain techniques such as 

specimen cooling or sensitive charge-coupled devices coupled with the TEM can 

decrease the electron dose required to create images of the samples. The decreased 
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electron dose minimizes damage to the samples. Another challenge is that TEM only 

presents a projected 2D view of the samples. A single TEM image cannot provide 

information regarding the depth and 3D morphology of the sample. Electron tomographic 

techniques are often used to overcome this problem. The tomographic techniques use a 

series of TEM images, obtained at different angles and combined together to produce a 

3D view of the sample. In this thesis, a tomographic TEM technique was used to 

produce a 3D view of the sample to show the true sample morphology. The major 

challenge with TEM analyses is that the samples need to thin enough to allow the 

electrons to pass through the sample. For high-resolution TEM, a sample thickness on 

the order of 100 nm is usually suggested.89 This restriction of the sample thickness can 

limit the type of samples that can be analyzed by TEM. Extra sample preparation steps 

can be taken to prepare samples. This preparation includes the focused ion beam (FIB) 

techniques. Unfortunately, this technique can be quite expensive so, therefore, 

accessibility to these instruments can be restricted.100–102  

 

Figure 2.1  A schematic diagram of a simplified view of the components of a 
transmission electron microscope (TEM). This schematic diagram is 
not drawn to scale.  

  



25 

An electron microscope is a powerful tool that can be used to analyze small 

quantities of samples and relatively small samples that cannot be analyzed through 

typical optical microscopy techniques. The electron beam interactions with the sample 

provide information about its crystal structure and also produces a wide range of 

secondary signals from the sample (Figure 2.2). These signals can be used to study 

other properties that cannot be analyzed through brightfield (BF) TEM analyses. For 

instance, energy dispersive X-ray spectroscopy, as explained in the next section, can be 

used to map the elemental composition of the samples.100–102 

 

Figure 2.2  A diagram that shows the possible signals that can be generated 
from the interaction between a high-energy electron beam and a 
sample. This diagram is not drawn to scale. The directions of the 
signals are to show the general direction where the signals could be 
detected. 
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2.2. Energy Dispersive X-Ray Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is used to generate an elemental 

map of the sample. This technique is often coupled with SEM or TEM techniques. 

Electron microscopy alone can provide magnified images of a sample, but this imaging 

alone cannot be used to distinguish different types of elements within the samples. The 

use of EDS can give information related to the composition of the elements within a 

sample. As these techniques can be coupled, the images of the sample can be paired 

with elemental mapping. In this thesis, EDS techniques were used to obtain an 

elemental map of the gold-iron-silica core-shell structure to differentiate the layers and 

components of these complex structures.100,101  

The EDS techniques utilize the characteristic X-ray emission that comes from the 

sample to generate the elemental maps. The characteristic X-rays are produced from 

the interaction between the high energy electron beam and the atoms in a sample. The 

high energy electrons penetrate through the outer valence bands and interact with the 

inner-shell electrons. If the critical ionization energy is met, electrons can be knocked out 

of inner shells electron. The critical ionization energy is the amount of energy required 

for the inner-shell electrons to be ionized. The ejection of an inner shell electron forms a 

hole in the inner shell and the atom is ionized for a few seconds. An outer shell electron 

releases energy to fill the inner shell hole. This transition corresponds with the emission 

of a characteristic X-ray. The energy of this characteristic X-ray emission is the energy 

difference between the outer shell electron and the inner shell hole. This energy 

transition is specific to each element.99 The energies of the X-rays produced increase as 

the electrons are more tightly bound to the nucleus, so an atom with a higher Z number 

(atomic number) would require a higher critical ionization energy. Each element typically 

has at least one characteristic peak in the EDS spectrum and the elements can be 

distinguished by the specific photon energy associated with the observed peaks, which 

correspond to the energy of the emitted X-rays. High Z number elements can have 

several peaks, which can overlap with the peaks from other elements in the sample. The 

peaks, however, form a fingerprint in terms of peak position and relative peak intensity 

that can be used to distinguish different elements. When an EDS measurement is 

coupled with an analytical electron microscope, elemental maps can be overlaid with the 

electron microscopy images.100,101 
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Figure 2.3  Schematic depiction of the mechanism of energy dispersive X-ray 
spectroscopy: a) an incident electron beam penetrates through the 
electron shell; b) the incident electron beam ejects an inner shell 
electron; and c) the resulting hole in the inner shell is filled by one of 
the outer shell electrons, which results in the emission of a 
characteristic X-ray. This schematic is not drawn to scale.  

There are some disadvantages to EDS techniques. As mentioned above, high Z 

number elements have several peaks and these peaks can overlap with the peaks of 

other elements. Therefore, a single peak could contain overlapping signals from different 

elements. For instance, titanium and oxygen are not easy to distinguish from one 

another in their EDS spectra.102 If the user has an idea of what kind of elements are 

present in the sample, peak fitting (e.g., accounting for peak positions and their relative 

intensities) can be used to differentiate these peaks. The other challenges of EDS 

techniques are the detection of relatively light elements, such as lithium or boron. Other 

techniques such as electron energy loss spectroscopy (EELS) are known to have a 

lower detection limit for lighter elements.101 The relative high background signal in EDS 

analyses at low photon energies can also be a challenge. This background is associated 

with the incident electron beam. When the incident electrons pass close to an atomic 

nucleus, much of this primary electron beam is scattered within the sample. This process 

leads to the Bremsstrahlung emission of electrons. The characteristic X-ray emission 

lines are, therefore, superimposed onto this Bremsstrahlung background. This 

background spans from low to high energies as a broad continuous peak.100,101  

Energy dispersive X-ray spectroscopy is a powerful technique that can generate 

elemental maps to differentiate the distribution of elements within a sample. For this 

thesis, EDS and elemental mapping were utilized to differentiate the layers of the core-

shell structures. Unfortunately, EDS could not provide information on the molecular 
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coating itself. Other techniques such as X-ray photoelectron spectroscopy and a 

colorimetric assay (i.e., Ellman’s Test) were, therefore, used to analyze the molecular 

coatings on the nanoparticles.  

2.3. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is an analytical technique that is 

frequently used to study the chemical composition of the surfaces of a sample. The XPS 

can also determine the chemical bonding states of the elements in the sample. In this 

thesis, XPS was utilized to verify the chemical composition of customized surface 

coatings on the silica-coated iron oxide nanoparticles. This technique verified the 

successful surface modification of the nanoparticles. High-resolution XPS was 

developed in the 1950’s under the leadership of Kai Siegbahn.103 The first commercial 

XPS was developed at the end of the 1960’s.104 This technique is similar to EDS in terms 

of its use of the secondary signal coming from the interactions between from an incident 

energy source and the atoms of a sample. There are specific differences between these 

two techniques. High energy electrons are used to induce the emission of characteristic 

X-rays in EDS analyses, but a monochromatic X-ray source is often used to excite the 

inner shell electrons in XPS analyses. Characteristic X-rays ejected from the sample are 

used to determine the elemental composition in EDS, but the kinetic energy of the 

ejected inner shell electrons (i.e., photoelectrons) provide chemical information of the 

sample in XPS.104 

 The XPS system measures the energy of the photoelectrons that are ejected 

from the sample. The surfaces of the sample are irradiated with incident X-rays. A 

common X-ray source is an aluminum or magnesium operating at power from 500 to 

1000 W.104 In this thesis, an aluminum source (1487 eV) was used to generate the 

incident X-ray beam. These X-rays interact with the inner shell electrons of the atoms in 

the samples. Similar to how an inner shell electron is ejected by a high energy electron 

beam in EDS, the X-ray causes a photoelectron to be ejected from the inner shell.104 The 

placement of the sample under vacuum is also required to avoid scattering or absorption 

of the photoelectrons by gas molecules, and to restrict contamination of the surfaces 

from adsorbed volatile species. The emission of photoelectrons is limited to a depth of 

approximately 10 nm, as they are otherwise absorbed or heavily scattered by the 

sample.105 The kinetic energy of the photoelectrons is analyzed by an electron energy 
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analyzer. The measured energy is approximately the difference between the binding 

energy of the electron and the incident photon energy. The electron binding energy is 

specific to each element and the orbital from which the photoelectron was ejected. A 

survey scan is used to assess the elements in a sample over a wide range of energy 

levels. Higher resolution scans measure a narrower range of energies of a particular 

photoelectron emitted from the orbital of a single element. A high-resolution scan is used 

to determine the chemical states of the elements within a sample.104  

 

Figure 2.4  Schematic depiction of the mechanism associated with X-ray 
photoelectron spectroscopy: a) an incident X-ray penetrates through 
the outer shell electrons; and b) the incident X-ray causes an inner 
electron (or photoelectron) to be ejected from the shell. 

One advantage of XPS is that it has a relatively low background signal. The XPS 

also induces relatively less sample damage than many other analytical techniques. 

Another advantage is the relatively high sensitivity of XPS for surface chemistry 

analyses. There are also some disadvantages to XPS as well. For example, the 

penetration depth of the photoelectrons is only about 10 nm. Therefore, it has a limited 

depth of analysis. Other techniques, such as EDS coupled with STEM, can be used to 

analyze sample compositions a greater depth. Some of EDS techniques can analyze the 

composition of a sample with a thickness of up to 100 nm.104  
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2.4. Ellman’s Test, Thiol Quantification Assay 

In 1959, the Ellman’s Test was introduced as a versatile water-soluble technique 

to quantify the free sulfhydryl groups (-SH) present in an aqueous solution.106 This test is 

now frequently used to quantify the thiol content in biochemical species, such as in 

proteins or low-molecular-mass thiols such as glutathione. Other methods that can be 

used to quantify the presence of thiol include inductively coupled plasma mass 

spectrometry (ICP-MS),107 thermogravimetric analysis (TGA),108 and liquid 

chromatography in tandem with mass spectrometry (LC-MS).109 These techniques tend 

to require larger amounts of sample, can be relatively expensive, and can be time-

consuming. The Ellman’s Test is relatively simple, inexpensive, and fast. There are 

limitations to the Ellman’s Test. It can be susceptible to matrix effects from certain 

buffers. The Ellman’s reagent also has a low stability under acidic conditions, and can 

have pH dependent absorbance. Between pH of 7.3 to 10, the Ellman’s reagent do not 

have independent absorbance.110  

The concentration of thiol molecules is measured by the Ellman’s Test through 

the reaction of the Ellman’s reagent and the thiol containing the sample. The Ellman’s 

reagent, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), and the sample are mixed in a 

phosphate buffer at a pH of 8. The DTNB has highly oxidizing disulfide bond (pKa 4.5). 

This disulfide bond is reduced by the free aliphatic thiol groups in an exchange reaction, 

and forms a mixed disulfide bond along with the yellow colored 2-nitro-5-nitrobenzoic 

acid (TNB2-) species (Figure 2.5). The amount of TNB2- is quantitatively related to the 

amount of thiol in the sample (1 TNB2-:1 thiol), which can be quantified through the UV-

Vis absorbance of TNB2- at 412 nm. As the amount of thiol content in sample increases, 

the absorbance at 412 nm increases as well.111 Previous literature has demonstrated 

that the disulfide exchange reaction between sulfur groups that are attached to the 

aromatic groups and the alkyl thiol groups should reach completion.112 

It has been previously demonstrated that the Ellman’s Test can be used to 

analyze the thiol content on the surfaces of thiol-functionalized silica nanoparticles. This 

method was compared to results of electrospray ionization time of flight mass 

spectroscopy (TOF-MS) to validate that this test as a reliable means to quantify the thiol 

content of the surfaces of nanoparticles. It was demonstrated that thiol quantification for 

freely accessible (thiols pointing outwards, opposite to the nanoparticle core) can be 
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achieved using the Ellman’s Test. To analyze the thiols bound to the surfaces of 

nanoparticles, the nanoparticles need to be dispersed in the solution containing the 

Ellman’s reagent.113 In this thesis, the Ellman’s Test was used to quantify the amount of 

freely available thiol on the surfaces of the functionalized nanoparticles. Figure 2.6 

shows the schematic of the reaction between the thiol functionalized silica-coated iron 

oxide nanoparticles and the Ellman’s reagent. As the Ellman’s reagent reacts with a 

thiolate anion, to quantify the presence of these species, the orientation of thiol 

functionalization can also be verified. If the orientation of thiol groups were towards the 

core of the nanoparticles (e.g., resulting from binding or adsorption to the silica), there 

would not be a colorimetric response from the Ellman’s reagent.  

 

Figure 2.5  A possible reaction between L-Cys (blue) and the Ellman's reagent 
(DTNB2-, dark purple) is shown. The concentration of L-cys is related 
to the formation of TNB2- (orange). The spectrum shows the molar 
absorption of both the Ellman’s reagent (dark purple) and the TNB2- 
(orange). Insert within the spectrum shows the relationship between 
the concentration of L-Cys and the Ellman’s reagent. Reprinted with 
permission from © Copyright 2015 American Chemical Society.111 
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Figure 2.6  Schematic of the reaction between thiol functionalized silica-coated 
iron oxide NPs and the Ellman's reagent. 
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Chapter 3. Assembly of Gold Nanoparticles onto 
Silica-Coated Iron Oxide Nanoparticles Assisted by a 
Silanol-Alcohol Condensation Reaction 

3.1. Notice of Permission 

The following chapter is adapted with permission from copyright © The Royal 

Society of Chemistry 2019: Kang, H., et al., “Tunable functionalization of silica-coated iron 

oxide nanoparticle via silanol-alcohol condensation reaction:, Chemical 

Communications, 2019, 55, 10452-10455.114 The majority of the work presented in this 

chapter has been performed by myself, including experiments, data acquisition and 

writing, under the supervision of Dr. Byron Gates. Dr. Michael T. Y. Paul performed the 

TEM tomography analysis. Mr. Faryad Rana Ali performed the XRF analyses of iron 

oxide nanoparticles and provided advice on the synthesis and silica coating of iron oxide 

nanoparticles. Dr. Austin Lee provided advice on the silanol-alcohol condensation 

reaction and Dr. Irene Andreu provided advice on the formation of the core-shell 

structures. Ms. Melissa J. Radford provided an assistance in the procedures to quantify 

the thiol surface coverage of the functionalized silica-coated iron oxide nanoparticles.  

3.2. Introduction 

Among magnetic nanoparticles, the magnetite phase of iron oxide (Fe3O4), 

specifically, have been widely studied for use in water purification, as well as for use in 

therapeutic purposes and as MRI contrast agents.6,8–11,115 Surface modifications to these 

NPs are important for improving their colloidal stability and their utility in a range of 

applications. A challenge with handling many Fe3O4 NPs is that they can easily 

aggregate or decompose.67,68 Stabilization of Fe3O4 NPs is often sought through 

modifications to their surface chemistry. The surfaces of Fe3O4 NPs can be modified 

through the attachment of polymer coatings70–72,116 or silane reagents.9,80–82 Polymer 

coatings have several limitations that include a significant increase in the hydrodynamic 

size of the NPs, which can affect their in vivo circulation time and cellular uptake.74,117 

Alternatively, silica coatings have been widely utilized to create core-shell NPs. 

Advantages of a silica coating include its hydrophilicity76 and the ability to minimize 
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unwanted magnetic interactions between individual NPs such as induced particle 

agglomeration. 

The functionalization of silica can be achieved through the covalent attachment 

of silane reagents, such as 3-mercaptopropyltrimethoxysilane (3-MPTMS) or (3-

aminopropyl)triethoxysilane (APTES).80–82 Other functionalities are also available, such 

as fluorinated, nitrile or methyl terminated reagents. There are, however, a number of 

challenges of using silane-based reagents. For example, these reagents are susceptible 

to competing side reactions,87 sensitive to moisture, tend to undergo intermolecular 

polymerization, and can form multilayers.88 It is desirable to tune the surface chemistry 

of the silica coatings through processes that can overcome these challenges. 

Silica surfaces can also be tuned through the covalent attachment of alcohol 

containing molecular reagents. Alcohol-based reagents can be covalently attached to 

silica through a condensation reaction. This approach has been previously utilized to 

form self-assembled monolayers (SAMs) on planar silica.94,96 There are several 

advantages of utilizing the condensation reaction between silanols and alcohols. The 

reaction by-product is water, whereas for chlorosilanes reacting with silanols the by-

product is hydrogen chloride.118,119 Alcohol-based reagents are often stable in the 

presence of water, whereas silane-based reagents will undergo hydrolysis and 

polymerization. This process of functionalizing silica surfaces by a silanol-alcohol 

condensation reaction has not previously been extended to silica-coated NPs.  

In this study, we utilized oil bath assisted heating to functionalize silica-coated 

Fe3O4 NPs through a silanol-alcohol condensation reaction. As a demonstration of this 

reaction pathway, a thiol functionalized alcohol reagent—11-mercapto-1-undecanol—

was covalently attached to the surfaces of silica. After purification of the product, gold 

(Au) NPs were assembled onto the silica coatings as a potential utilization of the thiol 

surface functionalization. The reactivity of thiols with Au surfaces is well-known.120,121 

The thiols served as an anchor for attaching Au NPs onto the magnetic NPs. The 

formation of these assemblies assisted in verifying the successful covalent attachment of 

the thiolated reagents to the silica through a silanol-alcohol condensation reaction. A diol 

and a carboxylic acid terminated linear alcohol were also attached to the silica-coated 

Fe3O4 NPs to demonstrate the wider utility of this reaction pathway. For these reactions, 

propylene carbonate was selected as a polar aprotic solvent because it is considered to 
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be a green solvent,122 and it has been demonstrated to be stable under similar reaction 

conditions.94 The reactions were maintained at 80 °C assisted by oil bath heating to 

demonstrate a relatively low temperature process that would be applicable for a range of 

reagents. 

3.3. Experimental 

 All of the chemicals were of analytical grade and were used as received without 

further purification. Iron (III) chloride hexahydrate (97%), gold (III) chloride trihydrate 

(≥99.9%), sodium citrate tribasic dihydrate (ACS reagent, ≥99.0%), sodium dodecyl 

sulfate (≥98.5%), propylene carbonate (99%), polyethylene glycol 5,000 monomethyl 

ether (PEG; 5,000 MW), and tetraethyl orthosilicate or TEOS (98%) were all obtained 

from Sigma-Aldrich (USA). Chemicals such as 11-mercapto-1-undecanol (97%), 11-

undecanoic acid (96%), 1,10-decandiol (98%), and polyvinylpyrrolidone (≤100%, 10,000 

MW) were all obtained from Aldrich. An aqueous solution of ammonium hydroxide (28% 

to 30%) was obtained from BDH (USA). Ellman’s reagent (95 to 100%, lot # TC262582) 

was obtained from Thermo Scientific (USA). Urea (99%) and hydrogen peroxide (a 30% 

aqueous solution) were obtained from Fisher Scientific (USA). Polyethylene glycol (PEG, 

100%, 200 MW) was obtained from Alfa Aesar (Belgium). Methoxy terminated PEG-thiol 

(mPEG5000-SH, 5,000 MW) was obtained from NanoCS (USA). Hydrochloric acid (36 to 

38.5%, v/v, in water) was obtained from VWR (USA). Nitric acid (68 to 70%, v/v, in 

water) was obtained from ACP (USA). Sulfuric acid (95 to 98%, v/v, in water) was 

obtained from Caledon (USA). Ultrapure, deionized (DI) water (18.2 MΩ·cm) was 

obtained using a NANOpure DIamondTM system from Barnstead (USA).  

3.3.1. Synthesis of Iron Oxide Nanoparticles (Fe3O4 NPs) 

These nanoparticles (NPs) were synthesized via a modified solvothermal 

method.54 Iron (III) chloride hexahydrate (0.12 M), sodium citrate tribasic dihydrate (0.06 

M), and urea (1.0 M) were dissolved in ethylene glycol (10 mL) with the aid of vigorous 

mechanical stirring for 60 min. This mixture was transferred to a Teflon lined stainless-

steel autoclave (Model No. 4749, Parr Instruments Co., Moline, IL, USA), sealed, and 

heated at 200 °C for 8 h. After cooling the solution to room temperature, black particles 

were isolated from the solution using an external magnet (Fig. 3.1). The supernatant was 
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decanted and the isolated particles were suspended in 20 mL of ethanol. These steps 

for washing and isolation of the magnetic NPs were repeated a total of three times. After 

this process of washing the NPs, the isolated solids were dried in an oven at 70 °C for 2 

h. 

 

Figure 3.1  Schematic of purification of nanoparticles using the external 
magnet. 

3.3.2. Silica Coating of the Fe3O4 NPs 

The magnetic NPs were coated with a layer of silica using a Stöber sol-gel 

process.77 A portion of the dried iron oxide NPs (10 mg) were re-suspended in a mixture 

of 16 mL DI water and 64 mL ethanol with the aid of sonication (Bransonic, Ultrasonic 

cleaner, 50 to 60 Hz) for 1 h. This solution of NPs was stirred using an overhead 

mechanical stirrer (Fisher Scientific, Compact Overhead Stirrer, 50 W output) rotating at 

500 rpm during the addition of ammonium hydroxide and tetraethyl orthosilicate (TEOS). 

The ammonium hydroxide (1 mL) was added all at once, and subsequently, the TEOS (1 

mL) was added dropwise over a period of 5 min. This mixture was stirred continuously 

for 6 h. After this process, the particles were magnetically isolated from the solution, and 

the particles were washed by suspending these solids in 20 mL of ethanol with the 

agitation of the solution for 3 min. This purification process was repeated at least two 

more times. 
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3.3.3. Functionalization of the Silica-Coated Fe3O4 NPs 

Functionalization of the silica-coated iron oxide NPs was achieved using a 

modified silanol-alcohol condensation reaction.94 The silica-coated iron oxide NPs were 

washed again, but propylene carbonate was used in place of ethanol. The supernatant 

was removed after isolating the NPs from the solution, and these pelleted solids were 

suspended into a fresh solution of propylene carbonate. This purification process was 

repeated one more time to remove traces of ethanol from the solution. The desired 

alcohol reagent, such as 11-mercapto-1-undecanol, was prepared as a 500 mM solution 

in 2 mL of propylene carbonate. This solution of alcohol reagent was mixed with the 

pelleted NPs. The vial containing this solution was sealed with a plastic cap and 

wrapped in parafilm. A suspension of these NPs was obtained by vortexing the solution 

for 5 min and sonicating for another 5 min. The sealed container was subsequently 

heated at 80 °C over 24 h by immersion in an oil bath under magnetic stirring. This 

temperature can also be easily achieved using oil, water, or sand bath assisted heating. 

The set-up was covered with aluminum foil to reduce exposure to ambient light. After 24 

h, the NPs were isolated by use of an external magnet from the excess, unreacted 

reagents. The isolated NPs were magnetically washed three times with isopropanol as 

the rinse solution. Following each step of this procedure, the washed NPs were 

suspended in 10 mL of isopropanol by agitation using a vortexer for 3 min followed by 

sonication for another 3 min. Isopropanol was chosen as the wash solvent as it 

effectively removed excess 11-mercapto-1-undecanol from the functionalized silica-

coated iron oxide nanoparticles. Different wash conditions to remove excess 11-

mercapto-1-undecanol were tested (Appendix A). Supernatants from different wash 

conditions were collected and added to the gold nanoparticle solution. When 11-

mercapto-1-undecanol is coated onto the gold nanoparticles, these nanoparticles 

become hydrophobic and agglomerate when dispersed in water. This leads to a change 

in the color of the NP suspension to a dark purple color from an initially bright red 

solution. If there is 11-mercapto-1-undecanol left in the supernatant of the wash solution, 

the color of the gold nanoparticle solution will turn to a darker shade of purple. If there is 

no 11-mercapto-1-undecanol left in the supernatant of the wash solution, the color of the 

gold nanoparticle solution will remain a bright red color. For isopropanol, the gold 

nanoparticle solution remained bright red solution after the third wash cycle (e.g., see 
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data in Table A2 in Appendix A). Washing with isopropanol three times was effective at 

removing the excess 11-mercapto-1-undecanol.  

3.3.4. Synthesis of the Gold Nanoparticles (Au NPs) 

The gold NPs (Au NPs) were prepared via a modified citrate reduction method.123 

A 250 mL glass round bottom flask and a stir bar (Fisherbrand stir bar, 7 mm x 2.5 mm) 

were cleaned by immersion in aqua regia (3:1, v/v, HCl:HNO3) for 15 min. These acid 

cleaned supplies were rinsed several times with DI water. This cleaning process was 

repeated using a piranha solution (7:2, v/v, H2SO4:H2O2). These supplies were further 

rinsed with DI water. CAUTION: Aqua regia and piranha solutions are extremely 

corrosive. These solutions should be handled with extreme care. A solution of gold salt 

(5.11 mM HAuCl4) was prepared in DI water one day prior to the synthesis of the Au NPs 

to maximize the dissolution of the gold salt. A portion of this solution was diluted from 

1.45 mL to 50 mL using DI water and transferred to the precleaned 250 mL round 

bottom flask. A water-cooled condenser was attached to this flask prior to heating the 

solution. The solution was subsequently stirred with a magnetic stir bar while heating to 

100 °C using a heating mantle connected to a variable current controller (GC-15005-01, 

Chemglass, USA). While heating the gold salt solution, 5 mL of a 4.46 mM solution of 

sodium citrate tribasic dihydrate was separately prepared and heated for 10 min at 60 °C 

using a water bath. Upon boiling the solution of gold, the hot solution of sodium citrate 

tribasic dihydrate was added all at once to the stirred solution in the round bottom flask.  

The mixture was heated for an additional 10 min before removing the heat and allowing 

the stirred flask to cool to room temperature. The as-synthesized Au NPs were isolated 

from the unreacted excess gold salts through centrifugation (Thermo Electron 

Corporation, IEC microlite microcentrifuge) at 9,500 rpm (8,400 g) for 15 min, decanting 

of the supernatants and re-dispersion of the isolated solids in DI water with the 

assistance of a vortexer for 3 min. 

3.3.5. Assembly of Au NPs onto the Silica-Coated Fe3O4 NPs 

A solution of Au NPs (10 nM in 0.1 mL water), a solution of silica-coated iron 

oxide NPs (1 mg in 0.1 mL isopropanol) and a solution of mPEG5000-SH (10 µL, 3% w/v 

in water) were mixed in a 1.5 mL Eppendorf tube (VWR, 89000-028). This mixture was 

agitated on an orbital shaker at 250 rpm (VWR orbital shaker, VWR 57018-754) for 1 h 
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at room temperature while covered with aluminum foil to prevent exposure to ambient 

light. After this process, the magnetic NPs were isolated from the excess reagents, 

including freely suspended Au NPs, through the use of external magnets. The isolated 

solids were washed three times with isopropanol. During this process, the magnetic 

particles were suspended in 1 mL of isopropanol with the assistance of vortexing for 3 

min followed by sonicating for another 3 min. This procedure for assembling the Au NPs 

onto the magnetic core-shell particles was used, as outlined above, regardless of the 

surface chemistry on the silica-coated iron oxide NPs. When evaluating the influences 

on the self-assembly process of adding non-covalently interacting surfactants with the 

particles, the amount of each surfactant added to the suspension was maintained in 

place of the mPEG5000-SH. 

3.3.6. Characterization of the NPs and Their Assemblies 

The concentration of Au NPs in solution was estimated using extinction 

spectroscopy.124 The extinction spectra of the suspensions of Au NPs were obtained 

using an 8453 UV-Vis spectrometer from Agilent (USA). Cuvettes used for these 

measurements were FisherbrandTM disposable cuvettes (Fisher, Catalog #14-955-127) 

with a fixed path length of 1 cm. The peak maxima at 521 nm associated with the 

plasmon resonance of the Au NPs were used when determining the particle 

concentration. The extinction coefficient for these particles (8.78 × 108 M-1cm-1) was 

obtained from prior art.124 

Analyses of the particles by transmission electron microscopy (TEM) and energy 

dispersive X-ray spectroscopy (EDS) were obtained using an FEI Tecnai Osiris 

operating at 200 kV (Thermo Fisher, USA). Dimensions of the NPs were estimated 

through TEM analyses by measuring between 20 and 50 particles per sample set. 

Tomographic analyses by TEM were obtained by tilting the sample from +60° to −60° 

using a Fischione advanced TEM tomography holder (Model 2020, USA). The TEM 

images used for the tomography reconstruction were obtained at a tilt of every 2°. The 

reconstruction was performed by Inspect 3D (Thermo Fisher, USA), and the data 

visualized by Amira 6.5 (Thermo Fisher, USA). 

The number of Au NPs attached to the surfaces of the silica-coated Fe3O4 NPs 

were calculated through TEM analyses. For these measurements, the average number 
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of Au NPs was determined by assessing at least 5 randomly chosen different core-shell 

particles observed in the TEM samples. As the projected bright field TEM images only 

clearly depict the NPs on one side of the assemblies, it was assumed that the number of 

Au NPs would be equal on the bottom of the Fe3O4 NPs. The number of Au NPs coated 

on the core-shell particles in the projected images was, therefore, doubled for the 

reported values. The TEM tomographic analyses indicated that this was a valid 

assumption given the uniformity of the coatings observed for the thiol-functionalized 

magnetic NPs.  

The Ellman’s Test was used to quantify the amount of thiol functional groups 

present on the surfaces of the core-shell particles after reacting with 11-mercapto-1-

undecanol. The purified particles were suspended in isopropanol. A calibration curve for 

the Ellman’s Test was established using a series of standards containing 11-mercapto-1-

undecanol (i.e., 0 mM, 0.08 mM, 0.17 mM, 0.25 mM, 0.33 mM, 0.41 mM, and 0.50 mM 

11-mercapto-1-undecanol) each prepared by dissolving 11-mercapto-1-undecanol in 

isopropanol. A portion of each sample (250 µL of the particles in isopropanol) or the 

standard solutions of 11-mercapto-1-undecanol (250 µL, prepared in isopropanol) were 

each separately mixed with 2.5 mL aliquots of 0.1 M sodium phosphate buffer and 50 µL 

of the Ellman’s reagent (4 mg/mL, suspended in 0.1 M sodium phosphate buffer). These 

solutions were agitated with the assistance of a vortexer (Vortex-Genie 2, Scientific 

Industries, USA) for 15 min before obtaining an absorbance spectrum for each mixture 

with an Agilent 8453 UV-Vis spectrometer. These assessments were performed at room 

temperature. The concentration of thiol functional groups present on the surfaces of the 

NPs was estimated from the standard curve. 

The density of thiols on the surfaces of the magnetic particles was estimated 

using the quantitative results from the Ellman’s Test and the total surface area estimated 

for the silica-coated Fe3O4 NPs. The number of thiol groups in a sample was determined 

using the standardized results from the Ellman’s Test. The total available surface area 

on each core-shell nanoparticle was calculated using the following steps: (i) the total 

number of NPs in a sample was calculated using the mass of silica-coated Fe3O4 NPs 

used for the Ellman’s Test in combination with the density of these materials and the 

average volume per NP; (ii) the density of the Fe3O4 NPs was estimated to be 5.19 

g/cm3, and the density of the silica shell was estimated to be 1.90 g/cm3;78 (iii) the 

average volume of the silica shell and the Fe3O4 core were each determined from TEM 
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based measurements; and (iv) the total collective surface area of particles in the sample 

was calculated by multiplying the estimated total number of NPs by the nominal surface 

area per nanoparticle, which was also estimated using particle diameters obtained from 

the TEM measurements and assuming each particle had a spherical shape. 

3.4. Results and Discussion 

Formation of Au NP assemblies on the core-shell structure visually illustrated the 

grafting of thiolated reagents onto the silica-coated Fe3O4 NPs (Fig. 3.2). A methoxy-

terminated poly(ethylene glycol) thiol (mPEG5000-SH) was added to the suspension to 

reduce aggregation of the NPs during the assembly process. These conditions were 

optimized through a series of experiments, including a number of control studies, as 

outlined in further detail below. The average diameter of the Fe3O4 NPs was 

approximately 250 nm and the silica coatings had an average thickness of 70 nm 

(Fig.3.3, and Fig. B1 in Appendix B). There are two distinctive layers to the silica-coated 

and functionalized NPs. These layers are further differentiated through the TEM 

tomography data and the EDS analyses (e.g., Fig. 3.6, and Fig. 3.7).  The Fe3O4 core is 

much darker and dense layer than the silica coating. The less dense and grey layer is 

the silica coating. The X-ray diffraction analysis of these NPs confirms that the phase of 

the Fe3O4 is magnetite (Fe3O4) (Fig. 3.4). The average diameter of the Au NPs was 20 

nm (Fig. 3.5). These particles can be easily distinguished from each other by the 

difference in their size. The purified assemblies were assessed by transmission electron 

microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) based analyses to 

confirm the composition of the resulting assemblies (Fig. 3.6 and 3.7). A high number of 

Au NPs were assembled onto the silica-coated Fe3O4 NPs, suggesting a successful 

attachment of thiol functionalization. Elemental mapping by EDS further confirmed the 

composition of each component in these assemblies (Fig. 3.6d and 3.7). Tomographic 

analyses by TEM were performed to verify the surface coverage of the Au NPs. A 

uniform distribution of Au NPs was observed over all surfaces of the magnetic NPs (Fig. 

3.8). The average number of Au NPs per assembly was determined by assessing the 

TEM data from 5 different core-shell particles. These assemblies contained 

approximately 320 ± 90 Au NPs per Fe3O4 core. 
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Figure 3.2  Representative schematic diagram of thiol functionalization of silica-
coated iron oxide nanoparticles (Fe3O4 NPs) achieved using the 
silanol-alcohol condensation reaction. This diagram is not drawn to 
scale. 

 

Figure 3.3  Transmission electron microscopy (TEM) analyses of (a,b) the Fe3O4 
NPs, and (c,d) the silica-coated Fe3O4 NPs. 
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Figure 3.4  Powder X-ray diffraction patterns for: (a) Fe3O4 nanoparticles 
prepared by the described solvothermal synthesis; and (b) a 
reported Fe3O4 reference (ICSD no. 35000). 

 

 

Figure 3.5  Representative TEM analyses of the gold nanoparticles (Au NPs). 
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Figure 3.6  Assemblies of gold nanoparticles (Au NPs) attached to thiol 
functionalized core-shell NPs of silica-coated Fe3O4 as characterized 
by (a,b) transmission electron microscopy (TEM); (c) high-angle 
annular dark-field (HAADF) imaging as performed by scanning TEM; 
and (d) energy dispersive X-ray spectroscopy (EDS). The thiol-
functionalized silica surfaces were prepared by a silanol-alcohol 
condensation reaction. 
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Figure 3.7 Energy dispersive X-ray spectroscopy (EDS) analysis of the Au NPs 
assembled onto the surfaces of a thiol functionalized, silica-coated 
Fe3O4 NPs. These images show the high-angle annular dark field 
(HAADF) image obtained by scanning TEM techniques, and EDS 
maps of Fe, Si, and Au within these assemblies. A representative 
EDS spectrum is also included, depicting the composition of the 
assembly along with contributions from the copper TEM grid.  
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Figure 3.8  Tomographic analyses performed by TEM techniques of Au NPs 
assembled onto the surfaces of the magnetic core-shell 
nanoparticles, which had been functionalized with 11-mercapto-
undecanol. A series of TEM images were acquired, including at tilts 
of (a) +60°, (b) 0° and (c) -60°. Representative orthoslices of (d) the 
yz-plane and (e) the xy-plane show the distinct layers of these 
assemblies.  

 

Figure 3.9  A representative three-dimensional rendering produced from the 
tomographic data associated with the assemblies displayed in Fig. 
3.7. This rendering was prepared from the reconstruction of a series 
of aligned images obtained at every 2° between +60° and -60°.   
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The thiols covalently attached to the surfaces of the particles were quantified 

through the Ellman’s Test, an assay. The Ellman’s Test has been widely used as a 

colorimetric assay for quantifying thiols in a range of samples.106,125 These uses include 

quantifying the amount of thiol functional groups available on the surfaces of NPs.113 A 

calibration curve was prepared from standard solutions containing 11-mercapto-1-

undecanol at concentrations ranging from 0 to 0.50 mM (Fig. 3.10). The thiolated 

reagents did not readily dissolve in the phosphate buffer. Isopropanol was used instead 

for the dissolution of this thiol species. The samples containing thiol-functionalized NPs 

were also dispersed in the same amount of isopropanol prior to mixing with the 

phosphate buffer used in the Ellman’s Test. From these analyses, it was estimated that 

each thiol group occupies a surface area of approximately 1.9 ± 0.1 nm2, or 0.53 thiols 

nm-2 on the magnetic NP. A previous study suggested an average surface coverage of 

4.6 silanols nm-2 depending on the method used to prepare the silica.126 This prior study 

also suggested that the accessibility of the silanol groups for further reactivity depends 

on the degree of surface hydration. These results suggest that many of the silanol 

groups were reacted with the thiolated reagents, but that likely the process could be 

optimized further in the future. In the absence of heating the solution during the 

functionalization step (i.e., without inducing the silanol-alcohol condensation reaction), 

the surface coverage of thiol groups decreased to one group per approximately 7.3 ± 1.2 

nm2 or 0.14 thiols nm-2. This lower surface coverage was attributed to non-specific 

adsorption of 11-mercapto-1-undecanol onto the silica. An elevated reaction temperature 

was required to functionalize the surfaces through the condensation reaction. The 

formation of disulfide bonds between the surface thiol functional groups would not likely 

happen. Previous literature shows that the disulfide bond formation between two 

different 12-mercapto-1-dodecanol molecules can be achieved when the reaction was 

performed under reflux in presence of an acid.127  Other literature achieved the formation 

of a disulfide bond with the presence of an oxidizing agent, such as sodium iodide.128  

For this study, the 11-mercapto-1-undecanol was incubated with silica-coated Fe3O4 

NPs under heat without presence of acid or oxidizing agent. The disulfide bond between 

11-mercapto-1-undecanol species would, therefore, not be very likely happen under the 

conditions pursued herein.  
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Figure 3.10 (a) Absorbance spectra from the Ellman’s Test for a series of 
standards prepared from 11-mercapto-1-undecanol at the 
concentrations noted in the legend. The response of each standard 
to the Ellman’s Test was recorded as a function of its absorbance at 
412 nm, as indicated by the dashed vertical pink line. (b) A 
calibration curve was prepared from these standard solutions 
containing increasing concentrations of 11-mercapto-1-undecanol. 
The red circle on this plot indicates the concentration of thiols 
associated with the core-shell particles functionalized with 11-
mercapto-1-undecanol via a silanol-alcohol condensation reaction. 
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Formation of the assemblies with bare, silica-coated Fe3O4 NPs verified whether 

covalent attachment of a thiol functionalized surface coating was required for the 

formation of the Au assemblies. These assemblies had a significantly lower number of 

Au NPs associated with the magnetic particles with an average of only 6 ± 3 Au NPs per 

Fe3O4 core (Fig. 3.11a and b). All parameters for the assembly process were held 

constant. These results indicated that neither the addition of mPEG5000-SH to the 

suspension or potential electrostatic interactions between the particles drive the 

assembly processes. The formation of assemblies was also evaluated using Fe3O4 NPs 

that were only incubated with the thiol functionalized alcohol reagent at room 

temperature (i.e., not at elevated temperatures). The resulting assemblies had 

approximately 16 ± 16 Au NPs per magnetic particle. The relatively large standard 

deviation in these results was due to the high disparity in the number of attached Au NPs 

(Fig. 3.12). These results suggest that the alcohol reagent can interact in a non-uniform 

manner through non-specific binding with the silica surfaces, but that elevated 

temperatures were required to achieve a more uniform and dense surface coverage of 

the alcohol reagent. The successful, uniform assembly of Au NPs onto the silica required 

the covalent attachment of the thiol functionality to the surfaces of the magnetic NPs. 

These results provided an indirect method of verifying the thiol functionalization of the 

silica. 

The conditions for preparing the assemblies were also optimized by tuning a 

series of variables. Different reagents were used to assess their impact on the stability of 

the Au NPs during the assembly process. These surfactants were mixed with the Au and 

the silica-coated Fe3O4 NPs, replacing the thiolated mPEG5000. These surfactants 

included polyvinylpyrrolidone (PVP, MW: 10,000), sodium dodecyl sulfate (SDS), and 

two different poly(ethylene glycols) (PEGs): PEG200 (MW: 200) and PEG5000 (MW: 

5,000). Each of these reagents was evaluated for their ability to assist in the formation of 

the desired assemblies. All other conditions were held constant during the processes for 

purification and assembly with the thiol coated magnetic NPs. The isolated products 

were assessed by TEM (Fig. 3.11). The inclusion of these reagents tended to increase 

the number of Au NPs attached to the silica in comparison to samples prepared in the 

absence of additional surfactants. Relatively few Au NPs were, however, attached to the 

magnetic cores following the assembly process when using non-covalently interacting 

surfactants, in contrast to assemblies prepared in the presence of mPEG5000-SH. In all 



50 

cases, except for the addition of mPEG5000-SH, the Au NPs did not form uniform 

assemblies over the silica surfaces. The mPEG5000-SH likely minimized aggregation of 

the NPs during attachment of the Au to the thiol functionalized silica surfaces. The 

mPEG5000-SH was necessary to achieve a relatively high loading and an even coverage 

of Au NPs on the magnetic particles. The addition of mPEG5000 did not have comparable 

result to the addition of mPEG5000-SH, as mPEG5000 did not readily dissolve in the 

isopropanol. 
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Figure 3.11  The TEM analyses of samples prepared by mixing with Au NPs thiol 
functionalized core-shell nanoparticles with the addition of (a,b) no 
additives, (c,d) sodium dodecyl sulfate (SDS), (e,f) polyethylene 
glycol (PEG) (MW 5,000), (g,h) polyvinylpyrrolidone (PVP), and (i,j) 
PEG (MW 200). 
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Figure 3.12  Representative images from the TEM analyses of samples prepared 
by mixing Au NPs with the Fe3O4 NPs that were incubated with thiol 
alcohol reagent at room temperature (i.e., without using elevated 
heating to trigger the silanol-alcohol condensation reaction).  

The assembly process was further tuned by adjusting the concentration of both 

the Au NPs and the thiol functionalized Fe3O4 NPs. These adjustments were correlated 

to changes in the loading of Au NPs on the magnetic cores. The concentration of the Au 

NPs was reduced from 10 nM to 1 nM, and Fe3O4 NPs concentrations were reduced 

from 4.7 to 0.94 nM. The formation of the sought after assemblies are governed by the 

solvent properties and the inclusion of specific surfactants.129,130 In our system, thiol 

functionalized Fe3O4 NPs were not stable in water, but relatively stable in isopropanol. 

The addition of PEG-SH were stabilized both types of NPs in the isopropanol and water 

mixture. At the lower concentrations, not surprisingly, the assemblies contained fewer Au 

NPs. These assemblies contained an average of 12 ± 3 Au NPs per Fe3O4 particle (Fig. 

3.12a). When the concentrations of both types of NPs were increased, the average 

loading of Au NPs increased to 320 ± 90 Au NPs per Fe3O4 NPs (Fig. 3.13). The PEG-

SH stabilized the Fe3O4 NPs through non-covalent surface interaction.  

The solvent plays a critical role in the formation of the assemblies. Tuning the 

nanoparticle assemblies can be performed through changes to a miscible solvent 

mixture or the ionic strength of the solution.129,130 In this thesis, the thiol functionalized 

silica-coated Fe3O4 NPs are stable in isopropanol, but they are not colloidal in water. 

The Au NPs are, in contrast, stable in water and in the mixture of isopropanol and water. 

The thiol functionalized NPs will precipitate out of solution over time if they are not 
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otherwise stabilized upon mixing the Fe3O4 NPs in isopropanol with the aqueous 

dispersion of Au NPs. The thermodynamically stable configuration is the formation of Au 

NPs assembled onto the surfaces of the thiol functionalized magnetic NPs.  

In this study, the mPEG5000-SH was added a couple of minutes after mixing the 

solution of thiol functionalized silica-coated Fe3O4 NPs and Au NPs. The PEG-SH has a 

favourable interaction with the surfaces of the thiol functionalized silica-coated Fe3O4 

NPs. The PEG-SH interacts with the coatings prepared by the silanol-alcohol 

condensation reaction, stabilizing these hydrophobic residues against aggregation within 

the aqueous solution. Once the PEG-SH reagents interact with the surfaces of the 

magnetic NPs it will, however, be difficult for Au NPs to access the remaining thiols 

groups on the surfaces of the magnetic NPs. The PEG-SH reversibly interact with the 

surfaces of the thiol capped Fe3O4 NPs. These interactions will, however, make it difficult 

for Au NPs to access the thiols on the surfaces of the Fe3O4 NPs. Holding all other 

conditions equal, a decrease in the concentration of Fe3O4 NPs led to a lower surface 

coverage of Au NPs (Fig. 3.13a and 3.13c). If the amount of PEG-SH was also 

decreased to maintain a constant ratio of PEG-SH to Fe3O4 NPs, the number of Au NPs 

in the assemblies also increased (Fig. 3.14). Hence, the PEG-SH is added after allowing 

the particles to interact for an initial period of time to initiate formation of the clusters 

before passivating the surfaces of thiol functionalized Fe3O4 NPs.  
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Figure 3.13  Representative TEM images of Au NPs assembled onto the thiol-
functionalized core-shell particles as prepared by varying the 
concentration of both the Au NPs and the magnetic nanoparticles. 
The direction of increasing concentration of each type of particles is 
indicated by the arrows adjacent to the images. 

 

 

Figure 3.14  The representative TEM analyses of the sample prepared by mixing 
10 nM of Au NPs with 0.94 nM of the thiol functionalized core-shell 
magnetic NPs with addition of 0.06% (w/v) mPEG5000-SH. The amount 
of mPEG5000-SH in this sample was adjusted to maintain the same 
ratio of Fe3O4 NPs to PEG-SH that was used to prepared the majority 
of the assemblies. 
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Table 3.1  Quantification of the number of Au NPs per thiol functionalized core-
shell nanoparticle as a function of varying the concentration of both 
the magnetic NPs and the Au NPs.  

[Fe3O4 NPs] [Au NPs] [PEG-SH] # of Au NPs per magnetic particle a 

0.94 nM 1.0 nM 0.3 % (w/v) 12 ± 3 
4.7 nM  1.0 nM 0.3 % (w/v) 43 ± 12 

0.94 nM  10 nM 0.3 % (w/v) 18 ± 6 
4.7 nM  10 nM 0.3 % (w/v) 320 ± 90 

0.94 nM  10 nM 0.06% (w/v) 190 ± 40 
a Mean values calculated for each sample along with the distribution from these means reported as one times the 
standard deviation. These values were each calculated from a sample of at least 5 separate core-shell particles.  

The silanol-alcohol condensation reaction could be utilized to expand the surface 

chemistry of silica-coated NPs. These additional functional groups also served as further 

controls to assess the specificity of self-assembling Au NPs onto silica-coated magnetic 

cores. Additional reagents included molecules with a linear hydrocarbon backbone and 

either a terminal carboxylic acid or alcohol (i.e., a diol). For example, 11-

hydroxyundecanoic acid or 1,10-decanediol were grafted onto the silica surfaces using 

the same procedures developed for covalently attaching the thiolated reagents. All other 

conditions were held constant during these processes, including the steps of assembly 

and sample purification. The carboxylic acid functionalized magnetic NPs displayed a 

mildly favourable interaction with the Au NPs (38 ± 7 Au NPs per core particle). The diol 

functionalized magnetic NPs had fewer Au NPs attached to their surfaces with 21 ± 9 Au 

NPs per core particle (Fig. 3.15 and Fig. 3.16). The incorporation of a thiol 

functionalization was a key factor for the successful formation of the desired assemblies. 

The additional surface functionalities demonstrated herein could, however, be used in 

the future to attach other species or functional moieties onto these cores. 

Table 3.2  Quantification of the number of Au NPs on the surfaces of the 
magnetic particles with different functionalities+ 

type of functionalization # of Au NPs per magnetic particlea 

native silica surfaces 6 ± 3 
room temperature incubation with 11-mercapto-1-undecanol 16 ± 16 

carboxylic acid functionalization (11-hydroxyundecanoic acid) 38 ± 7 
alcohol functionalization (1,10-decandiol) 21 ± 9 

thiol functionalization (11-mercapto-1-undecanol) 320 ± 90 
+ All particles were prepared from a shell of silica on an iron oxide core.                                                                            
a Mean values calculated for each sample along with the sample variance reported as one time the standard deviation 
from the mean. These values were each calculated from a sample of at least 5 separate core-shell particles.  
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Figure 3.15  The TEM analyses of  particles prepared from mixing Au NPs with 
(a,b) silica-coated Fe3O4 NPs, (c,d) carboxylic acid (11-
hydroxyundecanoic acid or HDA) functionalized core-shell 
nanoparticles, and (e,f) alcohol (1,10-decandiol) functionalized core-
shell nanoparticles. 
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Figure 3.16  Scatter plot of a number of Au NPs on the surfaces of the 
functionalized silica-coated Fe3O4 NPs. The white triangles represent 
the calculated mean values and the error bars represent one 
standard deviation from these means. 

3.5. Conclusions 

We demonstrated the functionalization of silica-coated Fe3O4 NPs with a thiol 

terminated linear alcohol reagent through the silanol-alcohol condensation reaction. The 

Ellman’s Test was used to quantify the surface thiol content. It was calculated that these 

surfaces were covered with 0.53 thiols per nm2. As a demonstration of a successful 

surface functionalization, we formed assemblies of Au NPs on the silica-coated Fe3O4 

NPs. The covalent attachment of alcohol reagents was extended to a carboxylic acid 

species and a diol. Through covalently linking other alcohol species to the silica through 

the silanol-alcohol condensation reaction, this process could be utilized for a range of 

applications in future studies. In addition to driving the assembly of Au NPs onto thiol 

functionalized magnetic particles, the covalent attachment of alcohols onto the surfaces 

of silica particles enables further tuning of their surface chemistry through use of widely 

available and relatively stable reagents. 
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Chapter 4. One-pot Preparation of Multi-functional 
Silica-Coated Iron Oxide Nanoparticles Using the 
Microwave-Assisted Silanol-Alcohol Condensation 
Reaction 

4.1. Notice of Permission 

A manuscript based on the work described in this chapter is currently being 

prepared for a publication. The majority of the work presented in this chapter has been 

performed by myself, including experiments, data acquisition and writing, under the 

supervision of Dr. Byron Gates. Ms. Audrey Taylor performed the XPS analyses and Mr. 

Faryad Rana Ali provided advice on the synthesis and characterization of iron oxide 

nanoparticles. Ms. Melissa J. Radford and Ms. Stephanie Sonea provided assistance in 

quantifying the thiol surface coverage on the functionalized silica-coated iron oxide 

nanoparticles.  

4.2. Introduction 

The surface modification of nanoparticles is important as this chemistry is closely 

related to the properties of the nanoparticles. Often the surface chemistry used during 

the synthesis of a nanoparticle is not the same as the desired, final form of the surface 

chemistry. One of the ways for tuning their surface functionalization is through a ligand 

exchange at the surfaces of nanoparticles. A previous study has, however, 

demonstrated that the ligand exchange of catechol on the surfaces of iron oxide 

nanoparticles could etch iron out of magnetite nanoparticles.69 Other methods for the 

surface functionalization of these Fe3O4 nanoparticles include silica coating. A silica 

coating can minimize the magnetic interactions between nanoparticles and, thus, reduce 

particle agglomeration.75 As the silica coating acts as a protective layer, it could minimize 

the etching of iron from the nanoparticles. Different functionalities, such as linkers to a 

biomolecule, can be prepared by covalently modifying the surfaces of silica-coated iron 

oxide nanoparticles.131–134 A common approach to tuning the chemistry of silica capped 

nanoparticles is the use of silane reagents, such as 3-mercaptopropyltrimethoxysilane 

(3-MPTMS), or (3-aminopropyl)triethoxysilane (APTES).80–82 These silane reagents are 
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susceptible to side reactions and tend to form multilayers on the surfaces of 

nanoparticles.88 The co-deposition of two different silane reagents onto the silica 

surfaces can be a challenge for controlling the ratio of the two reagents in a one-pot 

process.135–137 Although this approach to modify the surfaces of silica has been widely 

adopted, it can be challenging to reproduce. Alternative methods with more control over 

the reaction kinetics are desirable.91 

Silica surfaces can also be functionalized through the silanol-alcohol 

condensation reaction.71,73,75 This condensation reaction modifies silica surfaces by 

covalently attaching alcohol reagents to the silica. Unlike silane-based reagents, alcohol-

based reagents are relatively stable in the presence of water. Previously, the silanol-

alcohol condensation reaction was utilized to covalently attach linear alcohol reagents 

onto the surfaces of silica-coated iron oxide nanoparticles (Chapter 3). This reaction is 

relatively slow in comparison to the reaction of silica with reactive silane-based reagents. 

As a result, this reaction requires longer reaction times and elevated reaction 

temperatures.
92,94,96

 To attach alcohol reagents onto silica surfaces more effectively and 

efficiently, different strategies have been previously pursued. One of these alternative 

methods is the use of microwave radiation to initiate the reaction. Microwave radiation 

has been shown to heat reactions more effectively than convective heating, such as 

through the use of an oil bath.96  Microwave radiation has been widely used to initiate 

reactions in organic synthesis,138,139 and material science.53,140,141 It has also been used 

to initiate the silanol-alcohol condensation reaction on planar, silica-coated substrates.96 

The silanol-alcohol condensation reaction assisted by microwave radiation was shown to 

be more efficient than the condensation reaction achieved through convective heating 

with an oil-bath.  

In this study, the silanol-alcohol condensation reaction was tuned by 

simultaneously functionalizing silica-coated NPs with two different alcohol reagents. This 

one-pot approach is desirable to avoid a multi-step surface functionalization. We have 

previously achieved a well-tuned surface coating through the silanol-alcohol 

condensation reaction.94,96,97 This process can be used to tune the hydrophobic and 

oleophobic properties of a planar silica-coated substrate through preparing a mixed 

monolayer of a hydrocarbon and a perfluorocarbon species. In the case of the NPs, we 

adjusted the ratio of 11-mercapto-1-undecanol (a thiol containing alcohol reagent) and 

12-hydroxy-1-dodecanoic acid (a carboxylic acid containing alcohol reagent) in the 
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reaction mixture as a demonstration of preparing monolayers of a mixed functionality. 

This silanol-alcohol condensation reaction was performed using microwave-assisted 

heating. The functionalization of the NPs following this reaction was assessed through 

the use of the Ellman’s Test, a colorimetric assay. An increasing concentration of 11-

mercapto-1-undecanol in the reaction mixture should be correlated with an increase in 

the thiol content of the surfaces of the functionalized NPs. The surface functionalities 

formed simultaneously via the silanol-alcohol condensation reaction were further verified 

through X-ray photoelectron spectroscopy (XPS) analyses. The XPS analyses were 

used to assess the composition of these surface coatings. Higher resolution XPS 

analyses of the carbon species identified the presence of thiol and carboxylic acid 

functionalization on the surfaces of the NPs. We also compared the results of initiating 

the silanol-alcohol condensation reaction with microwave radiation to the prior work in 

Chapter 3 using convective heating methods.  
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4.3. Experimental 

All of the chemicals were of analytical grade and were used as received without 

further purification. Iron (III) chloride hexahydrate (97%), gold (III) chloride trihydrate 

(≥99.9%), sodium citrate tribasic dihydrate (ACS reagent, ≥99.0%), sodium dodecyl 

sulfate (≥98.5%), propylene carbonate (99%), polyethylene glycol monomethyl ether 

(PEG, 100%, 5,000 MW), (3-mercaptoproyl)-trimethoxysilane (95%), and tetraethyl 

orthosilicate (98%) were all obtained from Sigma-Aldrich (USA). Chemicals such as 11-

mercapto-1-undecanol (97%), 12-dodecanoic acid (96%), and polyvinylpyrrolidone 

(≤100%, 10,000 MW) were all obtained from Aldrich. An aqueous solution of ammonium 

hydroxide (28% to 30% v/v in water) was obtained from BDH (USA). Ellman’s reagent 

(95 to 100%, lot # TC262582) was obtained from Thermo Scientific (USA). Urea (99%) 

and hydrogen peroxide (a 30% v/v aqueous solution) were obtained from Fisher 

Scientific (USA). Polyethylene glycol (PEG, 100%, 200 MW) was obtained from Alfa 

Aesar (Belgium). Methoxy terminated PEG-thiol (mPEG5000-SH, 5,000 MW) was 

obtained from NanoCS (USA). Hydrochloric acid (36 to 38.5% v/v in water) was obtained 

from VWR (USA). Nitric acid (68 to 70% v/v in water) was obtained from ACP (USA). 

Sulfuric acid (95 to 98% v/v in water) was obtained from Caledon (USA). Ultrapure, 

deionized (DI) water (18.2 MΩ·cm) was obtained using a NANOpure DIamondTM system 

from Barnstead (USA). 

4.3.1. Synthesis of Iron Oxide Nanoparticles (Fe3O4 NPs) 

Iron oxide nanoparticles (NPs) were synthesized via a modified solvothermal 

method.54 Iron (III) chloride hexahydrate (0.12 M), urea (1.0 M), and sodium citrate 

tribasic dihydrate (0.06 M) were mechanically stirred in ethylene glycol (10 mL) for 60 

min. This solution was then transferred to a Teflon lined stainless-steel autoclave (Model 

No. 4749, Parr Instruments Co., Moline, IL, USA). This autoclave was sealed and heated 

at 200 °C for 8 h. After 8 h, this solution was cooled to room temperature. The isolated 

black particles were washed three times with 20 mL of ethanol. The isolation of the 

magnetic NPs during the washing steps was performed using an external magnet. After 

the third wash, the NPs were dried in an oven at 70 °C for 2 h. 
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4.3.2. Silica Coating of the Fe3O4 NPs 

The magnetic NPs were coated with a layer of silica using a Stöber sol-gel 

process.77 Dried magnetic NPs (10 mg) were suspended in a mixture of 64 mL ethanol 

and 16 mL DI water. This solution was stirred with an overhead mechanical stirrer 

(Fisher Scientific, Compact Overhead Stirrer, 50 W output) at a speed of 500 rpm. The 

ammonium hydroxide (1 mL) was added all at once. Tetraethyl orthosilicate (TEOS, 1 

mL) was subsequently added after this step, but in a dropwise manner. The resulting 

mixture was stirred for 6 h at room temperature. After this process, the particles were 

washed three times with 20 mL of ethanol. Similar to the purification of the iron oxide 

NPs, the isolation of the silica-coated NPs were performed using an external magnet. 

4.3.3. Functionalization of Silica-Coated Fe3O4 NPs Using Oil Bath 
Assisted Heating 

Functionalization of the silica-coated iron oxide NPs was achieved using a 

modified silanol-alcohol condensation reaction.94 The silica-coated iron oxide NPs were 

washed again, but propylene carbonate was used in place of ethanol. The supernatant 

was removed after isolating the NPs from the solution, and these pelleted solids were 

suspended into a fresh solution of propylene carbonate. This purification process was 

repeated one more time to remove traces of ethanol from the solution. The desired 

alcohol reagent, such as 11-mercapto-1-undecanol, was prepared as a 500 mM solution 

in 2 mL of propylene carbonate. This solution of alcohol reagent was mixed with the 

pelleted NPs. The vial containing this solution was sealed with a plastic cap and 

wrapped in parafilm. A suspension of these NPs was obtained by vortexing the solution 

for 5 min (Scientific Industries Vortex-Genie 2 Mixer, USA) and sonicating for another 5 

min (Bransonic, Ultrasonic cleaner, 50-60 Hz). The sealed container was subsequently 

heated at 80 °C over 24 h by immersion in an oil bath under magnetic stirring. This 

temperature can also be easily achieved using water or sand bath assisted heating. The 

set-up was covered with aluminum foil to reduce exposure to ambient light. After 24 h, 

the NPs were isolated from the unreacted, excess reagent by use of an external magnet. 

The isolated NPs were magnetically washed three times with isopropanol as the rinse 

solution. Following each step of this procedure, the washed NPs were suspended in 10 

mL of isopropanol by agitation using a vortexer for 3 min followed by sonication for 

another 3 min. 
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4.3.4. Functionalization of Silica-Coated Fe3O4 NPs Using a 
Microwave Reactor 

The silica-coated iron oxide NPs were transferred to a glass microwave reaction 

vessel and washed again with propylene carbonate as the rinse solvent. The 

supernatant was removed after isolating the NPs from the solution, and these pelleted 

solids were suspended into a fresh solution of propylene carbonate. This purification 

process was repeated one more time to remove traces of ethanol from the solution. The 

desired alcohol reagent, such as 11-mercapto-1-undecanol, was prepared as a 500 mM 

solution in 6 mL of propylene carbonate. This solution of alcohol reagent was added to a 

glass microwave reaction vessel containing the pelleted NPs. The mixture was briefly 

agitated for 3 min using a vortexer. The mixture was inserted into the microwave reactor, 

an Ethos Plus Microwave Labstation (model ATC-FO 300, Milestone Microwave 

Laboratory System, USA). The ramp time was set to 3 min with the target temperature of 

80 °C. The temperature was held constant for 2 h. The maximum energy output of the 

microwave reactor was also set to 500 W. After 2 h, the NPs were isolated from the 

unreacted, excess reagent by use of an external magnet. The isolated NPs were 

washed three times with isopropanol as the rinse solution. Following each step of this 

procedure, the rinsed NPs were suspended in 20 mL of isopropanol by agitation using a 

vortexer for 3 min followed by sonication for another 3 min. 

4.3.5. Functionalization of Silica-Coated Fe3O4 NPs using Silane 
Reagents 

Previous reports have used toluene as a solvent for reacting thiol functionalized 

silane reagents with silica-coated iron oxide nanoparticles.80,142,143 Silica-coated iron 

oxide NPs were isolated from solution using the external magnet, and these pelleted 

solids were re-suspended into 15 mL of toluene. The (3-mercaptopropyl)-

trimethoxysilane (3-MPTMS) reagent (500 µL in total) was added dropwise to the 

suspension of particles. The solution was stirred continuously with a magnetic stir bar, 

and was held at 70 °C (using an oil bath) for 2 h under an atmosphere of nitrogen. After 

2 h, the solution was removed from the heat and left to stir overnight at room 

temperature. After 24 h, the NPs were isolated from the unreacted, excess reagent by 

use of an external magnet. The isolated NPs were washed two times with ethanol as the 

rinse solution. Following this purification process, the rinsed NPs were suspended in 20 
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mL of isopropanol by agitation using a vortexer for 3 min followed by sonication for 

another 3 min. 

4.3.6. Synthesis of the Gold Nanoparticles (Au NPs) 

Gold NPs (Au NPs) were prepared via a modified citrate reduction method.123 All 

the glassware used for this synthesis was cleaned by immersion in aqua regia (3:1, v/v, 

HCl:HNO3) for 15 min. These acid cleaned supplies were rinsed several times with DI 

water. This cleaning process was repeated using a piranha solution (7:2, v/v, 

H2SO4:H2O2). These supplies were further rinsed with DI water. CAUTION: Aqua regia 

and piranha solutions are extremely corrosive. These solutions should be handled with 

extreme care. A solution of gold (5.11 mM HAuCl4) was prepared in DI water and stirred 

for 24 h. This solution was further diluted to 50 mL (0.148 mM HAuCl4) with DI water. 

This diluted solution was stirred with a magnetic stir bar in a 250 mL round bottom flask 

while heating to 100 °C using a heating mantle connected to a variable current controller 

(GC-15005-01, Chemglass, USA). A water-cooled condenser was attached to this flask 

while heating. Separately, a 5 mL solution of a 4.46 mM sodium citrate tribasic dihydrate 

was prepared and heated for 10 min at 60 °C using a water bath without stirring the 

solution. When the solution of gold reaches boiling point, the solution of sodium citrate 

tribasic dihydrate was added to the stirred gold solution. The resulting mixture was 

heated for an additional 10 min before cooling the solution to room temperature. The 

suspended Au NPs were isolated from the excess reagents through centrifugation at 

9,500 rpm for 15 min. The supernatants were decanted and the Au NPs were re-

dispersed in DI water with the assistance of a vortexer for 3 min. 

4.3.7. Assembly of Au NPs onto the Silica Fe3O4 NPs 

A solution of silica-coated iron oxide NPs (1 mg in 0.1 mL isopropanol), a solution 

of Au NPs (10 nM in 0.1 mL water), and a solution of mPEG5000-SH (10 µL, 3% w/v in 

water) were combined in a 1.5 mL Eppendorf tube (VWR, 89000-028). This mixture was 

covered with aluminum foil and agitated on an orbital shaker at 250 rpm (VWR orbital 

shaker, VWR 57018-754) for 1 h at room temperature. After 1 h, the magnetic NPs were 

isolated from the excess reagents such as freely suspended Au NPs, through the use of 

external magnets. The isolated NPs were washed three times with isopropanol. During 

this purification process, the isolated NPs were suspended in 1 mL of isopropanol using 
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a vortexer (3 min) and a sonicator (3 min), and isolated from solution again using 

external magnets.  

4.3.8. Characterization of the NPs 

The Ellman’s Test was used to quantify the surface coverage of thiol functional 

groups on silica-coated Fe3O4 NPs. A calibration curve was created using a series of 

standard solution containing 11-mercapto-1-undecanol (i.e., 0 mM to 0.50 mM 11-

mercapto-1-undecanol) in isopropanol. The Ellman’s reagent (50 µL, 4 mg/mL, 

suspended in 0.1 M sodium phosphate buffer), sodium phosphate buffer (2.5 mL, 0.1 M) 

and either the sample of interest or a standard solution of 11-mercapto-1-undecanol 

(250 µL, prepared in isopropanol) were mixed together. These solutions were mixed with 

the assistance of a vortexer for 15 min before obtaining an absorbance spectrum for 

each of the mixtures with an Agilent 8453 UV-Vis spectrometer. These assessments 

were performed at room temperature. The concentration of thiol groups present on the 

surfaces of the functionalized NPs were calculated from the calibration curve prepared 

from the series of standard solutions.  

The calculated concentration of thiol groups determined from the Ellman’s Test 

was used to estimate the coverage of thiols on the surfaces of the magnetic NPs. The 

total surface area of the silica-coated Fe3O4 NPs were estimated using the following 

steps: (i) the total number of NPs in a sample used for the Ellman’s Test was calculated 

using the mass of the silica-coated Fe3O4 NPs, the density of these materials, and the 

average volume per NP; ; (ii) the density of the silica shell was estimated to be 1.90 

g/cm3; and the density of the Fe3O4 NPs was estimated to be 5.19 g/cm3; 78 (iii) the 

average volume of the silica shell and the Fe3O4 core were calculated from TEM 

measurements; and (iv) assuming each particle was spherical, the total collective 

surface area of the silica-coated Fe3O4 NPs was estimated by multiplying the nominal 

surface area per NP (calculated using the diameter of NPs observed in TEM analyses) 

by the estimated total number of NPs in a sample. 

X-ray photoelectron spectroscopy (XPS) measurements were conducted 

to verify the surface functionalization of the silica-coated Fe3O4 NPs. These 

measurements were acquired using a Kratos Analytical Axis ULTRA DLD system 

(Kratos Analytical, United Kingdom) with a monochromatic aluminum source (Al Kɑ at 
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1486.7 eV) operating at 150 W with a 90° takeoff angle. Survey spectra (0 to 1200 eV) 

were acquired using a pass energy of 160 eV, a dwell time of 100 ms, and 1 sweep. 

High-resolution spectra were obtained using a pass energy of 20 eV, a dwell time of 500 

ms, and averaging the integrated signal from 10 sweeps. 

Transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS) analyses were obtained using an FEI Tecnai Osiris operating at 200 

kV (Thermo Fisher, USA).  The number of Au NPs attached on the core-shell structure 

of the silica-coated Fe3O4 NPs was estimated from TEM analyses. For this estimation, 

the average of number of Au NPs was determined by counting the Au NPs in at least 5 

different assemblies within each TEM sample. As the bright field TEM images provide 

the information from only one side of these assemblies, the number of Au NPS on the 

opposite side was estimated to be equivalent. The number of Au NPs in the projected 

images was doubled to achieve the reported value. Previous analyses have 

demonstrated this approach to be valid.   
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4.4. Results and Discussion 

The Fe3O4 NPs used in these studies were similar to those used in Chapter 3. 

The average diameter of the Fe3O4 NPs was 250 nm and the silica coatings had an 

average thickness of 70 nm. Multi-functionalization of silica-coated Fe3O4 NPs were 

performed with different ratios of 11-mercapto-1-undecanol (thiol functionalized alcohol 

reagent) and 12-hydroxy-1-dodecanoic acid (carboxylic acid functionalized alcohol 

reagent).The silanol-alcohol condensation reaction was initiated with microwave 

radiation.   

The Ellman’s test was used to quantify the surface coverage of thiol groups on 

the surfaces of the functionalized NPs. Four different ratios of 11-mercapto-1-undecanol 

and 12-hydroxy-1-dodecanoic acid were tested in these studies. All of these conditions 

were analyzed in triplicate. As expected, the observed trend between the relative 

amounts of each reagent of thiol used during the silanol-alcohol condensation reaction 

and the surface coverage of thiol reagents was nearly linear (Fig. 4.1). The silica-coated 

Fe3O4 NPs that were functionalized with only 12-hydroxy-1-dodecanoic acid gave no 

response to the Ellman’s reagent. When the silica-coated Fe3O4 NPs were functionalized 

with only the 11-mercapto-1-undecanol, the surface coverage was 2.4 ± 0.1 nm2 per thiol 

or 0.42 thiols nm-2 on the surfaces of the magnetic NPs. When the carboxylic acid and 

thiol containing alcohol reagents were mixed equally, the thiol content on the surfaces of 

the NPs was 5.2 ± 0.9 nm2 per thiol or 0.19 thiols nm-2. This thiol surface coverage was 

approximately half of thiol surface coverage when only reacting with 11-merapto-1-

undecanol. These values fit the expected trend for a well-mixed system with an 

equivalent number of each reagent attached to the surfaces of the NPs after the silanol-

alcohol condensation reaction. As expected, an even higher ratio of 11-mercapto-1-

undecanol to the 12-hydroxy-1-dodecanoic acid in the reaction mixture increased the 

number of thiols on the surfaces of the NPs (Fig. 4.1). The results from the use of a 

mixture of alcohol reagents and the trends therein suggest that these reagents 

equivalently react with the silanol groups on the silica. Adjusting the thiol content in the 

mixture of reagents correlates to the thiol content of the surfaces of the modified NPs. 

These results indicate that a one-pot approach to tuning the surface chemistry of the 

silica particles can be achieved through the silanol-alcohol condensation reaction. The 

Ellman’s Test verified the presence and the amount of thiol groups on the surfaces, but 
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this technique could not provide information regarding the carboxylic acid groups on the 

surfaces of the NPs.  

 

Figure 4.1  Comparison of the thiol content of the functionalized silica-coated 
Fe3O4 NPs prepared using the silanol-alcohol condensation reaction. 
These custom coatings were prepared by varying the ratio of 11-
mercapto-1-undecanol (SH) and 12-hydroxy-1-dodecanoic acid 
(COOH) within the reaction mixture as indicated on the axes. 

In Chapter 3, the silica-coated Fe3O4 NPs were also coated with carboxylic acid 

and diol containing alcohol reagents. These two different types of alcohol 

functionalization were verified in Chapter 3 with the formation of Au NP assemblies, but 

these were not confirmed therein using another analytical method. In this chapter, the 

carboxylic acid functionalization was further verified through X-ray photoelectron 

spectroscopy (XPS). An XPS survey scan indicated the composition of the surfaces of 

the silica-coated Fe3O4 NPs (Fig. 4.2). As the Fe3O4 NPs is covered by a 70-nm thick 

silica coating, the iron peaks were not present in this spectrum. This was due to the 

penetration depth of photoelectrons being 10 nm. This XPS spectrum indicates the 

presence of C, O, Si and possibly S species on the surfaces of the silica-coated Fe3O4 

NPs. The Si2S species overlaps with the S2p species, which presents a challenge to 

quantitatively assess the presence of RSH species on these particles.144 Higher 

resolution XPS analyses were, therefore, used to differentiate the carbon species bound 

to the surface of the NPs. The HR-XPS C1s spectra contained distinctive peaks for both 

the carboxylic acid and thiol functional groups (Fig. 4.3 and 4.4). For the thiol-

functionalized NPs, the C1s peak at 286.2 eV signified the presence of a C-S bond 

associated with the thiol functional group and a peak at 284.8 eV confirmed the 
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presence of C-C bonds associated with the carbon backbone of the thiol species (Fig. 

4.3). The prior art has reported the C1s peak for the C-S bond to be located at 286 

eV.145–148  The C1s peak position of C-C species is well understood to be located at 284 

eV.145–149 This result confirms that thiol groups were present on the surfaces of the NPs. 

For the carboxylic acid functionalized NPs, there was no distinct C-S peak present in the 

HR-XPS C1s spectrum (Fig. 4.4).94 Features associated with the carboxylic acid were, 

however, present in this HR-XPS spectrum. The broad shoulder at 286 eV signifies a 

bond between carbon and oxygen and the peak centred at 290.2 eV was associated 

with the C=O species.94 The previous literature has indicated that the C-O bonds are 

located at 286 eV,150 but that this peak is much broader than the C-S species. The 

corresponding carbon species for the carboxylic acid is the C=O bond at 289 eV.94,96 

These XPS analyses further confirmed the presence of the carboxylic acid groups on the 

surfaces of the NPs.  

 

Figure 4.2  Representative X-ray photoelectron spectroscopy survey scan of 
thiol funictonalized silica-coated Fe3O4 NPs. This functionalization 
was prepared by the microwave-assisted silanol-alcohol 
condensation reaction. 
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Figure 4.3  Representative high resolution X-ray photoelectron spectroscopy 
(HR-XPS) analysis of thiol functionalized silica-coated Fe3O4 NPs. 
This functionalization was prepared by the microwave-assisted 
silanol-alcohol condensation reaction.   

 

Figure 4.4  Representative HR-XPS analysis of carboxylic acid functionalized 
silica-coated Fe3O4 NPs. This functionalization was prepared by the 
microwave-assisted silanol-alcohol condensation reaction.   
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The surface chemistry of the functionalized NPs prepared from a 50/50 (mole 

ratio) mixture of 11-mercapto-1-undecanol and 12-hydroxy-1-dodecanoic acid were also 

analyzed by HR-XPS. This analysis sought to verify the presence of both the SH and 

COOH functional groups on the exterior surfaces of the NPs. The HR-XPS results for the 

C1s species suggest that both the thiol and carboxylic acid groups were present on the 

NP’s surfaces (Fig. 4.5). The peak at 286.2 eV indicates the presence of the C-S bond 

on the surfaces, which signifies the thiol groups were present on these surfaces. This 

position of the C-S bond was identical to that for the thiol only functionalized NPs, but 

the intensity of the peak was lower that of the thiol functionalized NPs relative to the C-C 

species (Fig. 4.3 and 4.5). The peak at 290.2 eV and a broad peak at 286 eV confirms 

the presence of the C=O and C-O bonds from the carboxylic acid groups, respectively. 

The positions of the peaks for these C=O and C-O species matched the peaks from the 

carboxylic acid functionalized NPs, but the intensity of these peaks also decreased 

relative to the C-C species in contrast to the coatings prepared from solely 12-hydroxy-1-

dodecanoic acid (Fig. 4.4 and 4.5). If the ratio of these distinct peaks are compared 

relative to the C-C species, the mixed functionality on these NPs contained 45% of the 

C-S content relative to the thiol functionalized NPs, 43% of the C=O, and 45% of the C-

O content compared to the carboxylic acid functionalized NPs. The C-S and C-O peak 

ratio might not be accurate as these two peaks have a significant overlap in the HR-XPS 

spectrum, but indicates the magnitude of the relative changes in this sample relative to 

the monofunctionalized NPs (Fig. 4.5). This decrease in relative peak intensity for either 

species could signify that there were less thiol and carboxylic groups present on the 

surfaces of multi-functionalized NPs. A similar result was also demonstrated in the 

Ellman’s Test. As the thiol concentration in the reaction mixture decreased, the amount 

of thiol groups present on the surfaces of the NPs also decreased. The combination of 

results from the Ellman’s Test and the XPS analyses confirmed that two different alcohol 

reagents can be simultaneously grafted onto the surfaces of the silica-coated Fe3O4 NPs. 

Previous literature has demonstrated thioesterification reactions, the reaction between a 

carboxylic acid group and a thiol group to form a thioester bond, which can be achieved 

under refluxing conditions in the presence of 4,4’-azopyridine as catalyst.151 This 

reaction may happen under our reaction conditions even without the presence of this 

specific catalyst. The XPS analyses, however, could not provide information regarding 

whether this side reaction between 12-hydroxy-1-dodecanoic and 11-mercapto-1-

undecanol took place. Further work is warranted here in the future. 
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Figure 4.5  Representative HR-XPS analysis of 50 SH/ 50 COOH (mole ratio) 
functionalized silica-coated Fe3O4 NPs. This functionalization was 
prepared by the microwave-assisted silanol-alcohol condensation 
reaction.   

 The formation of Au NP assemblies on the core-shell structures was also 

used for visualizing the surface functionalization of the samples prepared by the 

microwave-assisted processes. A uniform distribution of Au NPs was observed over all 

of the surfaces of these magnetic NPs, similar to the results from an oil-bath heated 

sample (Fig. 4.6). The average number of Au NPs per assembly was determined by 

assessing the TEM data from 5 different core-shell particles. These assemblies 

contained 168 ± 35 Au NPs per magnetic core. The amount of Au NPs attached to the 

surfaces of the sample treated by the microwave-assisted reaction was lower than on 

the magnetic NPs functionalized with thiols using an oil-bath assisted reaction. This 

result was expected as the surface coverage of thiols for the microwave-assisted 

reactions at a reaction time of 2 h were slightly lower than the oil-bath heated sample 

reacted for 24 h.  
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Figure 4.6 Representative TEM images of Au NPs assembled onto the thiol-
functionalized core-shell particles. These thiol functionalized 
particles were prepared by a microwave-assisted silanol-alcohol 
condensation reaction. 

The surface coverage of covalently linked species resulting from a microwave-

assisted silanol-alcohol condensation reaction was not previously compared in a 

quantitative manner with the results of the same function achieved using a convective 

heating method. The functionalities prepared by either technique on silica substrates 

were previously compared by qualitative techniques, such as water contact angle 

measurements.96 For the study outlined herein, a quantitative assessment was 

performed using silica-coated Fe3O4 NPs that were functionalized with a thiol containing 

alcohol reagent. These thiol functionalized NPs were prepared using three different 

conditions for the silanol-alcohol condensation reaction conditions: (i) convective heating 

at 80 ⁰C for 24 h; (ii) microwave-assisted heating at 80 ⁰C for 2 h; and (iii) room 

temperature for 24 h. The Ellman’s Test was used to quantify and compare the surface 

coverage of thiols on the silica capped NPs as a result of each of these three thermal 

processes. Each of these conditions were performed in triplicate and the results 

compared to identify trends therein. Similar to Chapter 3, a calibration curve was 

prepared from a series of standard solutions containing 11-mercapto-1-undecanol at 

concentrations ranging from 0 to 0.50 mM.  

The samples heated in an oil-bath at 80 °C for 24 h had the highest thiol 

coverage in comparison to the other conditions used to initiate the silanol-alcohol 
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reactions (Fig. 4.8). It was estimated that each thiol group occupies a surface area of 1.9 

± 0.1 nm2, or 0.53 thiols nm-2 on these magnetic NPs. The sample prepared by 

microwave-assisted heating had the second highest thiol surface coverage with a thiol 

surface area of 2.4 ± 0.1 nm2, or 0.42 thiols nm-2 on these magnetic NPs (Fig. 4.8). A 

statistical analysis of the results with the error assessed as three times the standard 

deviation from the calculated mean values suggests a significant overlap between these 

results. Although these results suggest a comparable surface coverage for these two 

methods, a larger sample size would be needed to determine an absolute quantification 

of thiols present on the surfaces of the NPs due to either set of process conditions. Even 

though the thiol surface coverage maybe lower for the microwave-assisted reaction than 

for the oil-bath heated samples, it only took 10% of the reaction time by microwave-

assisted heating to achieve 78% of the surface coverage achieved from the oil-bath 

heating. The room temperature incubated sample had the lowest surface coverage of 

thiols. This condition had only a quarter of the surface coverage of the other two reaction 

conditions.  As explained in Chapter 3, the coverage resulting from a room temperature 

reaction is likely due to the non-specific adsorption of 11-mercapto-1-undecanol onto the 

silica surfaces. A reaction time longer than 2 h using the microwave-assisted heating 

might be able to achieve a higher surface coverage of thiols in a fraction of the time 

required for the oil-bath heated reaction.  

Nanoparticles coated with (3-mercaptopropyl)trimethyoxysilane (MPTMS) silane 

reagent were compared with the NPs prepared with a thiol functionalization through the 

silanol-alcohol condensation reaction. The MPTMS functionalized NPs had 10 times 

more thiol on their surfaces than the NPs functionalized via the silanol-alcohol 

condensation reaction. It was estimated that each thiol occupied an average surface 

area of 0.16 ± 0.02 nm2, or there were 6.2 thiols nm-2 on the surfaces of the magnetic 

NPs. This coverage is higher than the reported value for silanol groups present on the 

surfaces of silica (4.6 silanols nm-2).126 The difference in these values might be due to 

the uneven coating of MPTMS on the NPs. The formation of uneven and multilayered 

surface coverages have been known to be a challenge that can result from surface 

functionalization with silane reagents.89,91  

 Energy dispersive X-ray spectroscopy (EDS) analyses were used to further 

analyze the elemental composition of thiol functionalized NPs. A comparison was made 

between the results achieved by the microwave-assisted silanol-alcohol condensation 
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reaction and the MPTMS coated silica-coated Fe3O4 NPs. For the sample prepared by 

the microwave-assisted reaction, the sulfur signal observed by EDS is relatively low (Fig. 

4.9). The MPTMS coated Fe3O4 NPs had a higher sulfur signal in comparison. Similar 

results were seen in the Ellman’s Test when comparing these same samples (Fig. 4.8). 

The thiol coverage as a result of the MPTMS species created islands on the surfaces of 

the NPs (Fig. 4.10). These results suggest the formation of a multilayer, prepared as a 

non-uniform coating of thiol species from the MPTMS reagent. In contrast, a lower 

surface coverage, but a more uniform coverage was achieved using the silanol-alcohol 

condensation reaction.  

 

Figure 4.7  Representative TEM analyses of (a) the iron oxide nanoparticles, (b) 
the silica-coated Fe3O4 NPs, (c) the 11-mercapto-1-undecanol 
functionalized silica-coated Fe3O4 NPs, and (d) (3-
mercaptopropyl)trimethoxysilane (MPTMS) functionalized silica-
coated Fe3O4 NPs. 
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Figure 4.8 Scatter plot of thiol coverage on the surfaces of the silica-coated 
Fe3O4 NPs.  The oil bath-assisted, microwave-assisted, and room 
temperature reaction conditions were performed to assess their 
ability to induce a silanol-alcohol condensation reaction. The 
MPTMS functionalization was achieved using a silane reagent. 
These data were compiled from the results of the Ellman’s Test 
performed on three replicate samples.  

 

Table 4.1  Quantification of thiol coverage on the surfaces of the functionalized 
silica-coated Fe3O4 NPs correlated with reaction conditions.  

reaction condition thiol coverage (thiols per nm-2) 

silanol-alcohol condensation:  
oil bath assisted heating – 24 h @ 80 °C 

 
0.53 ± 0.04 

silanol-alcohol condensation:  
microwave-assisted heating – 2 h @ 80 °C  

 
0.43 ± 0.03 

silanol-alcohol condensation:  
no heating – 24 h @ RT 

 
0.14 ± 0.03 

silane reagent functionalization: 
(3-mercaptopropyl)trimethoxysilane (MPTMS) –  

2 h @ 70 °C+ 24 h @ RT 
6.1 ± 0.8 
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Figure 4.9  Energy dispersive X-ray spectroscopy (EDS) analyses of the 
microwave radiation assisted thiol functionalization of silica-coated 
Fe3O4 NPs achieved by an silanol-alcohol condensation reaction. 
These images show a high-angle annular dark field (HAADF) image 
obtained by scanning TEM techniques, and EDS maps of Fe, Si, and 
S within this particle. A representative EDS spectrum is also 
included, depicting the composition of the particle along with 
contributions from the copper TEM grid. 
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Figure 4.10  The EDS analyses of the MPTMS functionalized Fe3O4 NPs. These 
images show the HAADF image obtained by scanning TEM 
techniques, and EDS maps of Fe, Si, and S within this particle. A 
representative EDS spectrum is also included, depicting the 
composition of the particle along with contributions from the copper 
TEM grid. The intensity scale for the EDS heat maps is provided on 
the right-hand  side.  
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4.5. Conclusion 

We further demonstrated the ability to functionalize the surfaces of silica-coated 

Fe3O4 NPs through the silanol-alcohol condensation reaction. This reaction was tuned 

through adjusting the reaction conditions, as well as the alcohol reagents. The silanol-

alcohol condensation reaction achieved by microwave-assisted heating was used to 

covalently link carboxylic acid and thiol terminated species to these NPs. An XPS 

analysis verified the presence of the carboxylic acids and thiols on the surfaces of the 

functionalized NPs. A mixed functionalization of the NPs with both carboxylic acid and 

thiol groups on their surfaces were also formed through the microwave-assisted silanol-

alcohol condensation reaction. Composition of these surface coatings were confirmed 

through XPS measurement and the Ellman’s Test. As a demonstration of the surface 

functionalization achieved using the microwave-assisted process, the assemblies with 

Au NPs were formed on the thiol functionalized silica-coated Fe3O4 NPs. These 

assemblies contained 168 ± 35 Au NPs per magnetic core. The silanol-alcohol 

condensation was further evaluated by assessing three different methods for initiating 

this reaction: (1) microwave-assisted heating; (2) oil-bath assisted heating; and (3) a 

room temperature reaction. These three conditions were compared for the thiol content 

on the surfaces of the resulting NPs. The Ellman’s Test was used to quantify the thiol 

content on their surfaces. The oil-bath heating resulted in the highest thiol content on the 

surfaces of the NPs with 0.53 thiols per nm2. The microwave-assisted heating resulted in 

the second highest thiol content with 0.42 thiols per nm2. The microwave-assisted 

heating did, however, achieve 80% of the maximum loading achieved using the oil-bath 

assisted heating within one-tenth of the reaction time. Longer reaction times with the 

microwave-assisted process may achieve a higher thiol surface coverage, potentially 

surpassing that of the oil-bath assisted heating. With the possibility of attaching different 

functionalities to the surfaces of the NPs using a one-pot reaction, this process could be 

utilized for a range of different applications in future studies.  
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Chapter 5. Summary and Outlook 

The research outlined in this thesis sought to modify the surfaces of silica-coated 

iron oxide nanoparticles (Fe3O4 NPs) through the silanol-alcohol condensation reaction. 

This method of covalently attaching alcohol reagents to the surfaces of silica has not 

been pursued before for silica-coated Fe3O4 NPs. Surface modifications of silica-coated 

Fe3O4 NPs have been achieved previously via the use of silane-based reagents or 

polymers. Challenges associated with these prior methods include a lack of covalent 

interactions with the polymers or instability of the silane-based reagents. There are 

several advantages of using alcohol-based reagents over these methods. Alcohol-based 

reagents have a relatively low toxicity and are mostly stable to moisture. The large 

diversity of functional groups available as alcohol reagents is one of the advantages. 

The silanol-alcohol condensation reaction is an alternative method for the 

functionalization of silica-coated Fe3O4 NPs. 

Chapter 1 reviewed the methods to synthesize and modify the surfaces of Fe3O4 

NPs with a focus on preparing and modifying silica coatings. The advantages and 

disadvantages, as well as the mechanisms involved in these processes, are discussed 

therein. Chapter 2 introduced the characterization tools and techniques used in the 

studies outlined in this thesis. These techniques include transmission electron 

microscopy, energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, 

and the Ellman’s Test. The mechanism of each technique was discussed therein.  

In Chapter 3, the silica-coated Fe3O4 NPs were functionalized with a thiol-

terminated linear alcohol reagent, 11-mercapto-1-undecanol, using a convective 

assisted initiation of the condensation reaction. The thiol surface coverage was 

quantitatively analyzed via the Ellman’s Test. It was estimated that each thiol group 

occupies a surface area of 1.9 ± 0.1 nm2, or 0.53 thiols nm-2 on the magnetic NP. As a 

visualization of the successful surface modification, gold nanoparticles were attached to 

the thiol functionalized silica-coated Fe3O4 NPs. There were 320 ± 90 Au NPs per Fe3O4 

core. In contrast, the native silica-coated iron oxide nanoparticles only had 6 ± 3 Au NPs 

per Fe3O4 core. This difference signifies that the thiol groups were indeed present on the 

surfaces of the NPs. This surface modification technique was extended to two different 

alcohol-based reagents, 12-hydroxy-1-dodecanoic acid, and 1,10-decanediol. Both of 
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these conditions had lower than 50 Au NPs per Fe3O4 NPs. The relative change in the 

number of gold nanoparticles assembled onto these functionalized nanoparticles 

suggested that these two alcohol reagents were present on the surfaces of these NPs.  

In Chapter 4, a microwave-assisted silanol-alcohol condensation reaction was 

pursued in an attempt to further extend the methods used to prepare these functional 

coatings. Similar to Chapter 3, a thiol-terminated alcohol reagent was used as a 

standard for comparison of different methods for initiating the condensation reactions. 

The microwave-assisted heating was compared with the results achieved by convective 

heating using an oil-bath. The microwave-assisted sample had the 2.4 ± 0.1 nm2, or 0.42 

thiols nm-2 on these magnetic NPs, which was lower than the sample prepared using oil 

bath assisted heating. The carboxylic acid terminated surfaces were also prepared 

through a microwave-assisted silanol-alcohol condensation reaction. The surface 

functionalization was confirmed by X-ray photoelectron spectroscopy (XPS). The silanol-

alcohol condensation reaction was also extended in Chapter 4 to preparing silica 

surfaces simultaneously functionalized with two different alcohol reagents. X-ray 

photoelectron spectroscopy and the Ellman’s Test were used to verify the composition of 

these mixed surface modifications. The increase in thiol content was correlated to the 

increase of thiol alcohol reagents in the reaction mixture.  

There were some additional challenges that still need to be overcome in the 

silanol-alcohol condensation reaction for the functionalization of Fe3O4 NPs: 

1. Optimization of the assembly of Au NPs onto the core-shell structures: (i) 

optimization of the molecular weight of the PEG species could improve the achieve 

results; and (ii) the ratio of the PEG species to the Au NPs to the Fe3O4 NPs could 

also require further optimization.  

2. Increasing the efficiency of silanol-alcohol condensation reaction: the Ellman’s Test 

indicates that the silanol-alcohol condensation reaction reached approximately 10% 

of thiol surface coverage, which was lower than that achieved using the silane 

reagent (i.e., MPTMS).  

3. Optimization of the synthesis and silica-coating of smaller Fe3O4 NPs: the size of the 

Fe3O4 NPs is sought to be around 15 nm for use in biomedical applications. Due to 

their high surface area to volume ratio these small nanoparticles tend to agglomerate 
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and form large clusters. When these large clusters are treated by the silica coating 

processes multiple nanoparticles would be coated within a single layer of silica. 

Further work is necessary to optimize this process. 

4. Further verification of the surface functional groups should also be pursued: Different 

types of analytical methods should be pursued to verify the surface bound functional 

groups on the NPs. The results of techniques pursued in this study included: Fourier 

transform infrared spectroscopy (FT-IR, Appendix C), Raman spectroscopy 

(Appendix D), Ellman’s Test (Chapters 3 and 4), thermogravimetric analysis (TGA, 

Appendix E), and X-ray photoelectron spectroscopy (Chapter 4). Some of these 

analyses were suitable, but some of them could not provide sufficient information 

regarding the surface functional groups. Different methods could be pursued in the 

future to study the surface modification in further detail.91 

The silanol-alcohol condensation process, however, could be further optimized to 

increase the loading of the alcohol reagents covalently attached to the surfaces of the 

NPs. Since only 13% of silanol groups are functionalized with alcohol reagents, there is 

a lot of room for improvement. Reaction conditions could be optimized to increase the 

efficiency of the condensation reaction. There has been previous literature that suggests 

the silanol-alcohol condensation reaction performed under basic conditions could 

improve the efficiency of the reaction.98 Solvents also have an effect on the efficiency of 

the condensation reaction. Three different polar aprotic solvents were tested previously. 

Propylene carbonate seemed to have the highest efficiency out of these solvents.94 

There might be a better solvent than propylene carbonate that could be used for the 

condensation reaction. Increasing the reaction temperature could also improve the 

condensation reaction. The water contact angle of silica substrates this functionalized by 

this method increased with increasing reaction temperature.94 As shown previously, 

different reaction conditions such as the introduction of a base or further optimization of 

the reaction temperature could increase the loading of alcohol reagents on the surfaces. 

Further studies on optimizing the use of microwave radiation could also enable the 

condensation reaction to be completed possibly within a few hours. Longer reaction 

times could lead to an increase in alcohol reagents attached to the surfaces of the NPs. 

Previous work from our group shows that longer microwave reactions leads an increase 

in the amount of carboxylic acid groups on the silica-coated Au NPs.152  
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In this thesis, the assembly of Au NPs onto the functionalized silica-coated Fe3O4 

NPs was performed to further verify the covalent attachment of the thiol species to the 

surfaces of silica-coated Fe3O4 NPs and the reactivity of the thiol through the ability to 

bind to the Au NPs. If the assembly steps are studied in further detail, the assembly of 

Au NPs of different sizes could be pursued to analyze the relationship between the 

number of Au NPs attached to the silica-coated Fe3O4 NPs and the size of the Au NPs.   

The covalent attachment of alcohol reagents to silica surfaces can be applied to 

different applications by further tuning of the surface chemistry through the selection of 

additional reagents. Another aspect of future studies can be the pursuit of applications 

with the silica-coated Fe3O4 NPs, which could be enabled using the silanol-alcohol 

reagents. This thesis focused on the development of the silanol-alcohol condensation 

reaction to silica-coated Fe3O4 NPs, but the applications of these functionalized NPs 

were not pursued. The functionalized NPs can be applied to different fields by attaching 

other molecules to their surfaces, such as fluorescent tags for tracking the NPs or linkers 

to biomolecules for use in therapeutic purposes.  
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Appendix A.   
 
Tests to select the best solvent for use as the wash 
solution when functionalizing the silica-coated iron 
oxide nanoparticles and for the formation of core-
shell structures 

Table A1.  A summary of and guide to solvents used in the tests in correlation 
to the results in Table A2.  

solvent # (for Table A2) solvent 

1 methyl ethyl ketone 

2 ethyl acetate 

3 isopropanol 

4 isopropanol + di(ethylene glycol) 

5 ethanol 

6 ethanol + di(ethylene glycol) 

7 ethanol + heat (60 °C) 

8 ethanol + di(ethylene glycol) + heat (60 °C) 

9 toluene 

10 toluene + di(ethylene glycol) 
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Table A2.  A summary of a selection of the solvents tested for washing the 
functionalized silica-coated iron oxide nanoparticles and for 
formation of core-shell structures.a 

# 
wash #1 +  

Au NPs 
wash #2 +  

Au NPs 
wash #3 +  

Au NPs 
solvent +  
Au NPs 

solvent + Fe3O4 
NPs 

1 
 

X + not miscible 
 

X + not miscible 
 

X + not miscible 
 

X 
 

O 

2 
 

X + not miscible 
 

X + not miscible 
 

X + not miscible 
 

X 
 

X 

3 
 

X 
 

X 
 

O 
 

O 
 

O 

4 
 

X 
 

X 
 

O 
 

O 
 

O 

5 
 

X 
 

X 
 

X 
 

O 
 

O 

6 
 

X 
 

X 
 

X 
 

O 
 

O 

7 
 

X 
 

X 
 

X 
 

X 
 

O 

8 
 

X 
 

X 
 

X 
 

X 
 

O 

9 
 

O + not miscible 
 

X + not miscible 
 

O + not miscible 
 

O + not miscible 
 

X 

10 
 

O + not miscible 
 

X + not miscible 
 

O + not miscible 
 

O + not miscible 
 

X 
a O = no precipitation/color change observed; X = precipitation or aggregation/color change observed.  
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Appendix B.   
 
Dynamic light scattering analysis of different types 
of nanoparticles 

 

Figure A1.  Transmission electron microscopy and dynamic light scattering 
data for: a) bare iron oxide nanoparticles; b) silica-coated iron oxide 
nanoparticles; and c) gold attached to the thiol functionalized silica-
coated iron oxide nanoparticles.  
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Appendix C.  
 
Fourier transform infrared spectroscopy (FT-IR) 
results for thiol functionalized silica-coated iron 
oxide nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1.  Fourier transform infrared spectroscopy (FT-IR) results for thiol 
functionalized silica-coated iron oxide nanoparticles. 
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Appendix D.   
 
Raman spectroscopy results for thiol and carboxylic 
acid functionalized silica-coated iron oxide 
nanoparticles and bare silica-coated iron oxide 
nanoparticles 

 

Figure D1.  Raman spectroscopy results for thiol (red) and carboxylic acid 
(black) functionalized silica-coated iron oxide nanoparticles and 
bare silica-coated iron oxide nanoparticles (blue).  
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Appendix E.   
 
Thermogravimetric analysis of thiol and carboxylic 
acid functionalized silica-coated iron oxide 
nanoparticles and bare silica-coated iron oxide 
nanoparticles 

 

 

 

 

 

 

 

 

Figure E1.  Thermogravimetric analysis of functionalized silica-coated iron 
oxide nanoparticle: (black) the thiol functionalized NPs; (red) 50% 
thiol/ 50% carboxylic acid functionalized NPs; and (blue) bare silica-
coated iron oxide NPs. 

 

 


