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Abstract 

Surface Functionalization of TiO2 Nanoparticles:  Photo-stability and 

Reactive Oxygen Species (ROS) Generation 

 

Kacie M. Louis 

Under the supervision of Professor Robert J. Hamers 

University of Wisconsin-Madison 

 Metal oxide nanoparticles are becoming increasingly prevalent in society for 

applications of sunscreens, cosmetics, paints, biomedical imaging, and photovoltaics.  

Due to the increased surface area to volume ratio of nanoparticles compared to bulk 

materials, it is important to know the health and safety impacts of these materials. 

 One mechanism of toxicity of nominally “safe” materials such as TiO2 is through 

the photocatalytic generation of reactive oxygen species (ROS).  ROS production and 

ligand degradation can affect the bioavailability of these particles in aqueous organisms.  

We have investigated ROS generation by functionalized TiO2 nanoparticles and its 

influence on aggregation and bioavailability and toxicity to zebrafish embryos/larvae. For 

these studies we investigated anatase TiO2 nanoparticles.  For application purposes and 

solution stability, the TiO2 nanoparticles were functionalized with a variety of ligands 

such as citrate, 3,4-dihydroxybenzaldehyde, and ascorbate.  We quantitatively examined 

the amount of ROS produced in aqueous solution using fluorescent probes and see that 

more ROS is produced under UV light than in the dark control. 
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 Our measurements show that TiO2 toxicity reaches a maximum for nanoparticles 

with smaller diameters, and is correlated with surface area dependent changes in ROS 

generation. In an effort to reduce toxicity through control of the surface and surface 

ligands, we synthesized anatase nanoparticles of different sizes, functionalized them with 

different ligands, and examined the resulting ROS generation and ligand stability.   

 Using a modular ligand containing a hydrophobic inner region and a hydrophilic 

outer region, we synthesized water-stable nanoparticles, via two different chemical 

reactions, having much-reduced ROS generation and thus reduced toxicity. These results 

suggest new strategies for making safer nanoparticles while still retaining their desired 

properties.  We also examine the degradation of the different ligands on the surface of the 

particles using XPS and FTIR.  The combination of ROS production and ligand 

degradation can affect the bioavailability of these particles in aqueous species. 
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Chapter 1 

Introduction and Background 

1.1 Introduction to Nanoscale Materials 

 Nanomaterials are defined as having at least one dimension in the range of 1 to 

100 nm.(1, 2)  Although nanomaterials have been used for hundreds of years as dyes, the 

modern emergence of nanotechnology began in the 1980s with the invention of the 

scanning tunneling microscope in 1981 by Gerd Binnig and Heinrich Rohrer and the 

discovery of fullerenes in 1985 by Harry Kroto, Richard Smalley, and Robert Curl.(3)  

However, the first use of the idea, later termed nanotechnology, was introduced by 

physicist Richard Feynman who gave a talk at the American Physical Society meeting at 

CalTech in 1959 titled “There’s Plenty of Room at the Bottom.”  This talk focused on the 

ability to manipulate materials at the atom or molecular scale and that at this scale gravity 

would become less important as surface tension and Van der Waals interactions become 

more important.  In the 1980s, Dr. K. Eric Drexler authored books titled “Engines of 

Creation: The Coming Era of Nanotechnology” and “Nanosystems: Molecular 

Machinery, Manufacturing, and Computation” where the former is considered the first 

book on the topic of nanotechnology.(4, 5)  

 The nanodomain deals with nanoparticles, nanofibers, nanowires, thin films, and a 

variety of other morphologies.  Nanomaterials have attracted attention due to the 

fascinating electronic, optical, magnetic, and catalytic properties that are associated with 

their nanoscale dimensions.(1, 2)  Once materials are in the nanometer range, one can 

manipulate their properties by size and shape control.   
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 The stability of a colloid system is determined by a balance between the 

attractive van der Waals forces which want to cause aggregation and the repulsive 

electrostatic forces which keep the particles apart.  This interplay is known as the 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which describes the forces between 

two charged surfaces interacting in a liquid medium.(6)  Colloid suspensions are not 

thermodynamically stable; therefore a “stabile” suspension refers to a suspension that is 

sustained over a given period of time.  Once the particles have fallen into the primary 

minimum of DLVO, the particles are agglomerated and unable to be separated.  

However, there is a secondary minimum where the particles are aggregated but can be 

agitated by an external force to separate the particles.  For good suspension, typically the 

colloids need to have a large surface charge with an expanded double layer (the surface 

charge with the corresponding layer of counter charges).  The mobilization and stability, 

however, are dependent not only on surface charge but also on colloid-surface contact, 

grain size, flow rate, and chemical properties of the solution.(1, 6) 

 To maintain stability of colloids in a solvent, the repulsive forces must dominate.  

To do this there are two primary mechanisms:  steric and electrostatic repulsion.  For 

steric repulsion, large organic molecules (i.e. polymers) are adsorbed onto the surface of 

the particles, preventing the surfaces of the particles from coming into contact.  The 

thickness of the organic layer needs to be sufficient to ensure the van der Waals forces 

will be weak.  For electrostatic repulsion, a distribution of charges is formed on the 

surface through either pH or charged organic ligands.  Nanoparticles have a specific pH 
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Figure 1.1:  Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which describes the forces 

between two charged surfaces interacting in a liquid medium. 
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where the net charge on the surface is zero, which is called the point of zero charge 

(PZC).(3,4)  At this point the particles will not repel each other and will irreversibly 

agglomerate.  Below the PZC the charge on the particles is positive and above it the 

charge is negative; in both these cases the particles electrostatically repel each other.      

1.2 Synthesis and Functionalization of Metal Oxide Nanomaterials 

 Metal oxide nanoparticles are attractive for many applications including catalysis, 

sensors, electronic materials, and environmental remediation.(8–16)  Controlled synthesis 

of these materials is important for success in these applications.  A number of synthetic 

approaches fully investigated and reported in the literature include flame aerosol, sol-gel, 

hydrolysis, chemical vapor deposition, and various others.(17–32)  As Oskam describes, 

solution-phase methods provide a large degree of control over the synthesis products 

including the nanoparticle size.(33)   

 The solution-based synthesis of nanoparticles can be described in four steps:  

precursor formation, nucleation, growth, and aging as shown in Figure 1.2.  The graph 

described each of the four steps in terms of precursor concentration and time.  The 

precursor groups are commonly formed via hydroxylation and hydrolysis reactions.  Then 

condensation of M-OH2 and HO-M groups and condensation of 2M-OH groups 

contribute to the nucleation of a solid material.  There are two main growth mechanisms.  

If the incorporation of atoms is slow, the growth is kinetically limited, whereas if the 

incorporation of atoms is fast, growth is diffusion limited.  The two different mechanisms 

lead to different particle size distributions.  Kinetically limited particles tend to have 

larger size distributions since the growth rate is dependent on the surface area leading to 
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faster growth of the larger particles.  The diffusion limited growth mechanism has a 

greater impact on smaller particles leading to a narrowing of the size distribution.  For 

metal oxide synthesis, diffusion-limited growth is generally expected.  After growth, the 

particle sizes can change by the aging process, normally Ostwald ripening and 

aggregation.(33) 

 Size control once the growth of the nanoparticles is complete can be 

accomplished using surface functionalization with organic molecules.  In addition to size 

control, functionalization can also stabilize nanoparticles in colloidal suspensions by 

adding steric or ionic repulsion and can also be useful for the applications of the 

nanoparticles.  Several approaches have been studied for the formation of molecular 

layers on the surface of metal oxides.(20, 25, 26, 30, 34–47)  These surface 

functionalizations of metal oxides have commonly been performed using carboxylic 

acids, catechols, phosphonates, amines, thiols, and silanes as the anchoring groups to the 

surface.  Recently the Hamers group has been exploring possible ways of creating more 

stable linkages to the surface including photochemical grafting(48–50) and thermal 

grafting through Williamson Ether type reactions.(51) 

1.2 Photocatalysis of TiO2 

 The heterogeneous photocatalytic properties of titanium dioxide were discovered 

in 1972 by Fujishima and Honda with the splitting of water on TiO2 electrodes.(52)  In a 

heterogeneous photocatalysis system, the photoinduced molecular transformations occur 

at the surface of the catalyst.(52)  In the case of a catalyzed photoreaction, the initial  
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Figure 1.2:  Precursor concentration versus time for the precursor formation nucleation, growth and 

aging of nanoparticles synthesized using a solution-based method.(33) 
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photoexcitation occurs in an adsorbed molecule which then interacts with the ground 

state of the catalyst substrate.  For a sensitized photoreaction, the excitation takes place in 

the catalyst substrate and then transfers an electron into the ground state of the adsorbed 

molecule.  It is the subsequent electron transfer that leads to the chemical reactions in the 

heterogenous photocatalysis system.   A good photocatalyst maximizes the efficiency of 

the electron-hole reactions and has little recombination resulting in heat dissipation.(52–

58)   

 As a photocatalyst, TiO2 produces reactive oxygen species (ROS) when exposed 

to light at or above its band-gap (3.2 eV or 386 nm for the anatase phase) where the 

electron can reduce molecular oxygen into the superoxide anion (O2·
-
) and the hole can 

oxidize water into hydroxyl radicals (OH·).  It is also possible for the hole to directly 

oxidize organic material at the surface of the TiO2, which can be advantageous for the 

destruction of organic compounds in polluted air and wastewaters.(11)   

1.3 Introduction to the Health and Safety of Nanoscale Materials 

 Titanium dioxide (TiO2) nanoparticles are becoming more prevalent in society in 

a variety of applications including electronics, food packaging, paint, cosmetics, 

sunscreens, and waste water treatments.(8–11, 13–16, 59)  By 2015, Nel et al predict the 

sale of products using nanotechnology may reach $1 trillion.(13)  The chemical and 

physical properties of nanoparticles are primarily determined by their size, shape, 

composition, reactivity, and surface chemistry.(2, 13)  For these reasons, it is important to 

know if there is a difference in the toxicity of the materials in the nanoscale regime 

compared to the bulk regime. 
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 Although there is increasing use of TiO2 nanoparticles, there is still little known 

about the health and safety of these materials.  Due to the expected growth of the field 

and also the increased public exposure to nanomaterials, from both intentional (direct use 

of sunscreens or cosmetics on the skin) and inadvertent contact (leaching of materials 

into water streams), it is necessary to improve characterization and toxicity screening 

tools for these materials.   

 Although TiO2 has been shown to be non-toxic as a bulk material and in the dark, 

the photoactivation of TiO2, resulting in the generation the reactive oxygen species O2·
-
 

and OH·, could have adverse effects.(60)  Reactive oxygen species (ROS) are known to 

cause oxidative stress and therefore can cause toxicity in organisms.  The oxidative stress 

and ultimate toxicity of various commercial TiO2 nanoparticles have been studied in 

zebrafish and other organisms.(10, 13, 14, 16, 61–69)  For these specific samples, the 

addition of simulated light has shown an increase in the toxicity and malformations in the 

zebrafish.(69) 

 Due to the increased surface area to volume ratio, there are more reactive surface 

sites on nanoparticles than for the same mass of bulk materials, increasing the chances for 

the production of ROS.  Also because of the increased surface area to volume ratio, 

surface functionalization has been shown to change the properties of a variety of 

nanomaterials.(2) 

1.4 Scope of Thesis 

 This thesis presents a study on the determination and prevention of reactive 

oxygen species generation by titanium dioxide nanoparticles based on variety of  
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Figure 1.3:  Photoactivation of TiO2.  When light above the band gap of TiO2 is absorbed by the 

material, an electron is excited into the conduction band and can reduce molecular oxygen into a 

superoxide anion and the hole can react oxidize water to form hydroxyl radicals.  These are known 

as reactive oxygen species. 
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conditions including size and surface functionalization.  This study concentrates on the 

molecular scale of what is causing ROS generation with the intention of controlling those 

parameters to ultimately reduce ROS production and toxicity. Chapter 2 describes the 

synthetic, surface functionalization, and characterization procedures used to reproducibly 

control the nanoparticles examined.  With interest being at the molecular scale, small 

chemical or environmental changes between sample to sample can lead to large 

differences in the reactive oxygen species generation results.  Chapter 3 contains detailed 

investigations into the role solution and nanoparticle parameters play in the generation of 

reactive oxygen species and also giving insight into better experimental design.  These 

conditions include the presence of a buffer, nanoparticle size, excess organic ligand, and 

ligand degradation.  Chapter 4 discusses the use of surface chemistry not only to 

determine but to also decrease ROS generation.  This is done by developing a modular 

ligand composed of hydrophobic and hydrophilic groups that can be altered based on the 

application of the particles.   Chapter 5 contains information on computational studies of 

ligand stability on metal oxide surfaces to be used as a comparison to experimental 

results. 
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 Chapter 2 

Synthesis, Surface Functionalization, and Characterization of TiO2 

Nanoparticles 

2.1 Introduction 

 Several processes have been previously developed for the synthesis of TiO2 and 

other metal oxide nanoparticles that can be categorized into two main categories:  

bottom-up and top-down approaches.(1)  Top-down applies to the disintegration of bulk 

materials into smaller pieces by milling or lithography processes.  Bottom-up approaches 

are methods where a new nanoparticle phase is created due to a phase separation process 

from the supersaturated mother phase.  This is caused by a change in a physical 

parameter such as pressure or temperature, or by changes in chemical composition such 

as mixing with a poor solvent or chemical reaction.  These approaches include flame 

aerosol, sol-gel, hydrolysis, and chemical vapor deposition.(2–19)  The physical 

properties of nanoparticles are dependent on the synthesis used.  These physical 

properties include phase, size, shape (morphology), defect density, and surface 

speciation.  In 2007, Chen and Mao summarized the different synthetic routes for TiO2 

along with the corresponding material properties.(19)  The resulting material properties 

play a significant role in the reaction pathways of TiO2 nanoparticles.(20)  TiO2 can be 

found in the rutile, anatase and brookite phases, with rutile and anatase being the most 

common.  For bulk materials, rutile is the thermodynamically stable phase and anatase is 

kinetically stable at room temperature, where at high temperatures anatase converts into 

rutile.  However, for nanoparticles less than 14 nm in diameter, anatase is more stable 
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than rutile.(21)  For many types of studies, it is also crucial to not only control the size 

of the particles, but also the size dispersity.  The morphology of the nanoparticles 

depends on the reaction conditions. Common structures include spherical particles, rods, 

wires and platelets.  The surface species of the nanoparticles can also change depending 

on the starting materials of the synthesis.  These surface species can affect subsequent 

surface functionalizations as well as the ultimate behavior of the particles.  The synthetic 

route used for this study is a non-aqueous solution-based method which provides well-

defined crystalline anatase nanoparticles with control over size, followed by a water-

based procedure where hydrolyzable surface groups are removed to yield “ligand-free” 

nanoparticles.(6)  

 Several approaches have been studied for the formation of molecular layers on the 

surface of TiO2.  These surface functionalizations of TiO2 have commonly been 

performed using carboxylic acids, catechols, phosphonates and silanes as the anchoring 

groups to the surface.  Recently the Hamers group has been exploring possible ways of 

creating more stable linkages to the surface including photochemical grafting(22–24) and 

thermal grafting through Williamson Ether type reactions.(25)   

 For this research, surface functionalization of TiO2 nanoparticles was done using 

carboxylates and catechols as the primary anchoring group to the surface.  A number of 

studies have looked at the details of these types of functionalizations.(6, 26–39)  The 

single-molecule ligands originally examined for this study include citrate, 3,4-

dihydroxybenzaldehyde, and ascorbate.  Citrate is naturally abundant in the environment 

and is often used in nanomaterial syntheses to give control over size, morphology, and  
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Figure 2.1:  Chemical structures of citrate, 3,4-dihydroxybenzaldehyde, and sodium ascorbate. 
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solution stabilization.(40)  For carboxylate functionalizations, an ionic bond is formed 

between one or both of the carboxyl oxygen atoms and one or two titanium atoms of the 

surface.  Therefore, it is important to create a positively charged surface and a negatively 

charged molecule. The point of zero charge (PZC) of the material is the pH at which the 

particles have zero net charge.  To get a positive surface, the solution pH needs to be 

lower than the PZC of the TiO2.  For TiO2, that can range from pH values of 2.9 to 6.4 

but can be higher for nanoparticles.(41, 42)  For the particles used in this study, the point 

of zero charge is around pH 5-6.(6)  For a negatively charged molecule, the solution pH 

needs to be above the pKa of the acid.  Therefore, the functionalization solutions should 

be kept at a pH that is between the pKa of the acid and the PZC of the nanoparticle.   

 Catechol (1,2-dihydroxybenzene) is a diprotic weak acid that prevails in the 

undissociated form over a wide pH range (pKa1=9.2, pKa2=13.0) and has been shown to 

form stable complexes with aqueous Ti (IV).(27, 36)  Stone et al. have shown that the 

catechol group binds to the surface with both ionic and covalent contributions, but is 

mainly controlled by ionic interactions.(38)  The adsorption of catechol molecules is 

dependent on the pH of the functionalization solution, increasing in efficiency as the pH 

increases and reaching a plateau between the first and second pKa values of the molecule 

which is above the point of zero charge of the surface.  From computational studies, the 

adsorption stoichiometry that best fits the experimental data is a reaction between one 

ligand anion, one H
+
, and one neutral surface site. (38) 

 This chapter aims to address the importance and details of a well-controlled and 

reproducible TiO2 nanoparticle synthesis and functionalization, with emphasis on the 
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molecular interactions.  The nanoparticles are fully characterized to give a complete 

picture of nanoparticle-ligand system for further applications shown in Chapters 3 and 4. 

2.2 Experimental Methods 

 2.2.1 Chemicals 

 For the synthesis, TiCl4 was purchased from Sigma-Aldrich (208556) is 

ReagentPlus
®
 99.9% trace metals basis, anhydrous benzyl alcohol purchased from 

Sigma-Aldrich (305197) is 99.8% pure, and 200 proof ethanol was purchased from 

Decon Laboratories Inc. (2716).  Functionalization molecules included sodium citrate 

(51804, Sigma), 3,4-dihydroxybenzaldehye 97% (D108405, Aldrich), and (+)-sodium L-

ascorbate (A7631, Sigma).  All water used is brought to 18.0-18.2 MΩ-cm resistivity 

using a Barnstead NANOpure Infinity ultrapure water system with an organic-free filter 

cartridge.  A 0.5 M sodium hydroxide solution was made using NaOH (S318, Fisher 

Scientific) in 18 MΩ-cm H2O.  HCl 37% (320321, Sigma Aldrich) and HNO3 (NX0409, 

EMD) was used in full concentration.  

 2.2.2 Synthesis of TiO2 Nanoparticles 

 The TiO2 nanoparticles used for this study were based on the synthesis by 

Kotsokechagia et al.(6)  In a round bottom flask, 5 mL of neat TiCl4 were added to 25 mL 

of anhydrous ethanol to create titanol.  After 2 minutes of stirring, 100 mL of anhydrous 

benzyl alcohol were added to the solution as the reaction medium.  The solution was 

heated at 85⁰C for 6.5 hours after which the solution became cloudy and was transferred 

to centrifuge tubes with 15 mL of solution in each.  The particles were precipitated out of 
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solution using a 1:2 (v:v) ratio of diethyl ether to nanoparticle suspension.  The 

mixture was centrifuged at 4000 g for 10 minutes or until the supernatant was clear and 

the nanoparticles created a white solid pellet at the bottom.  The liquid supernatant was 

decanted, and the nanoparticles were suspended by sonication in a 1:1 (v:v) solution of 

18 MΩ-cm H2O:ethanol adjusted to pH 1 using concentrated HCl.  A variety of sizes can 

be synthesized by varying the time of heating which is further discussed in Chapter 3.   

 2.2.3 Characterization of TiO2 Nanoparticles 

 The size distribution of the TiO2 nanoparticles was determined using transmission 

electron microscopy (TEM).  Samples of TiO2 nanoparticles suspended in a 1:1 (v:v) 

water:ethanol solution were deposited onto a copper mesh grid coated with lacey carbon 

and a thin carbon coating and were then imaged using a Philips CM200 Ultra Twin TEM.  

Earlier samples used grids only with the lacey carbon (without the thin carbon coating) 

which resulted in less contrast between the TiO2 nanoparticles and the carbon support.  

Samples were imaged using varying magnifications ranging from 190k to 630k and were 

collected using a Gatan CCD camera.  Using ImageJ, the particles were manually 

counted and sized using a camera length calibration given by 
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Figure 2.2:  Synthesis scheme of the TiO2 nanoparticles.   
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where mm is the calibration factor for the CCD camera which was found to be 4.28 ± 

0.06 x 10
-2

 and the magnification is given in kx. It is possible to see lattice fringes for the 

different TiO2 faces if the particles are aligned on the grid with respect to the faces. 

 Larger nanoparticle samples were imaged using a Leo Supra55 VP 

scanningelectron microscope (SEM).  Data shown were obtained using 2 kV incident 

electron energy obtained using the standard in-lens detector.  The nanoparticle samples 

were spin-cast onto a boron doped (111) silicon wafer for imaging to prevent charging. 

 The phase of TiO2 is determined using Raman spectroscopy since the two 

common phases of TiO2, anatase and rutile, have characteristic Raman peaks.  To prepare 

suitable Raman samples, the samples of TiO2 in the water/ethanol solution are dripped 

onto a glass slide and dried in the oven at 80 °C.  The spectra were taken with a DXR 

Raman Microscope from Thermo Scientific which uses visible wavelength lasers, a TE-

cooled silicon CCD array detector, gratings, and Rayleigh filters.  For the spectra, a 532 

nm laser was used with 10.0 mW power.  A full spectral range grating up to of 50 to 3500 

cm
-1

 was used, which gives 5 cm
-1

 nominal resolution for the full width at half maximum 

(FWHM).  Before each instrument use, the instrument was auto aligned and calibrated 

with a polystyrene alignment tool to correct any peak shifting.  The spectra were taken 

with a 10x objective, with a collection time of 5 s, averaged over 10 exposures, 

fluorescence corrected with a 5
th

 order polynomial, and using a patented smart 

background within the OMNIC software that collects when the instrument is not in use 

and eliminates the need for the user to collect backgrounds. 
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 2.2.4 Surface Functionalization of TiO2 Nanoparticles 

 Prior to functionalization, the TiO2 nanoparticles were precipitated from the 

acidic storage solution by the addition of 3:1 diethyl ether and methanol. The cloudy 

precipitate was then agitated to completely homogenize the contents followed by 

centrifugation (4000 g for 10 minutes) and decanting of the supernatant. 

 Sodium citrate is a tricarboxylate and was chosen to give better stability on the 

surface than a single carboxylate.(33)  Citric acid has three pKa values at 3.13, 4.76, and 

6.40.(33)  Since the solution needs to be below pH 6 to ensure a net positively charged 

surface, a final pH of 5 gives two mostly deprotonated acid groups and a positive surface.  

A functionalization solution was composed of 5 mM trisodium citrate in 20 mL of 18 

MΩ-cm H2O adjusted to a final pH of 8 using 0.5 M NaOH.  Since the nanoparticles 

carried a positive surface from the H2O/ethanol pH 1 storage solution, once the 

functionalization solution was added to the pellet of nanoparticles, the overall pH was 5.  

The pellet of nanoparticles was dispersed into the solution and then bath sonicated for 90 

minutes.  A successful functionalization produced a transparent solution. 

 For the catechol anchoring ligand functionalization, a solution of 7 mM 3,4-

dihydroxybenzaldehye (DHBA) in 20 mL of 18 MΩ-cm H2O adjusted to a pH of 10 

using 0.5 M NaOH was heated at 80 °C to dissolve the molecule.  Once cooled to room 

temperature, the solution was added to the pellet of TiO2 nanoparticles crashed out of the 

storage solution.  The final pH of the solution was 8, above the PZC of the TiO2 and 

between the pKa values of the molecule (pKa1 = 7.6 and pKa2 is above 8).  Once the 
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nanoparticles were agitated into solution, the solution immediately turned red and 

transparent.   

 Ascorbate functionalization is carried out similar to the catechol functionalization 

since they are both dienols.  The pKa values for ascorbic acid are 4.10 and 11.79, giving 

a wide range of pH values for functionalization.  The functionalization solution contained 

6 mM sodium ascorbate in 20 mL of  18 MΩ-cm H2O adjusted to a pH of 10 using 0.5 M 

NaOH.  The solution was added to the pellet of TiO2 nanoparticles centrifuged out of the 

acidic storage solution to give a final pH of the solution was 8.  The particles were 

agitated into solution and immediately became a transparent orange colloidal solution. 

 After each functionalization, dialysis was conducted to remove excess ligand.  

Samples were dialyzed using a cellulose membrane (Sigma Aldrich #D9777, molecular 

weight cut-off 12,400 Da) in 18MΩ-cm H2O for two 24-hour periods. 

 2.2.5 Characterization of Functionalized Nanoparticles 

 Fourier transform infrared spectroscopy measurements were performed using a 

Bruker Model Vertex70.  Nanoparticle samples were prepared for FT-IR by placing a 

small amount of the functionalized nanoparticle suspension onto a ZnSe salt plate and 

heating to dryness at 80 °C.  The FT-IR measurements were taken in transmission mode 

using an air background and averaged over 100 scans.  For frequency comparisons, FT-

IR spectra were taken of neat sodium citrate and citric acid.  For these spectra, an ATR 

attachment was used with a diamond crystal.   

 X-Ray Photoelectron Spectroscopy (XPS) data were obtained using a modified 

Physical Electronics system equipped with an aluminum Kα source, a quartz-crystal X-
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ray monochromator, and a 16-channel detector array.  The samples prepared by placing 

a small amount of the functionalized nanoparticle solution onto a piece of boron doped 

(111) Silicon and heating to dryness at 80 °C.  The survey was taken from 0-1400 eV, 

with 0.8 eV/step, a pass energy of 187.85, and averaged over 5 sweeps.  For these 

samples, the multiplex scans were all taken with a pass energy of 23.50, with 0.05 

eV/step, and averaged over 20 sweeps.  All data was taken with an electron take-off angle 

was 45º and peak positions and areas were calculated by fitting raw data to Voigt 

functions after a Shirley background correction performed using the software package 

IGOR. 

 UV-Vis Spectroscopy was conducted on functionalized samples to determine the 

band gap of the samples and the success of dialysis.  Samples were prepared by diluting 

by a factor of 200 in 18 MΩ-cm H2O and using a quartz sub-micro cuvette with a path 

length of 1 cm.  Spectra were taken with a Shimadzu UV-2401PC UV-Vis Recording 

Spectrophotometer. 

 Particle diffusivities were determined by dynamic light scattering using a 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Stock suspensions (500 

µL) were transferred to low-volume, disposable cuvettes (Sarstedt, Part No. 67.758) and 

hydrodynamic diameters were determined using a ZetaSizer Nano ZS (Malvern 

Instruments, Worcestershire, UK; 633 nm laser, 173° scattering angle). Three 

measurements, each consisting of 10 runs, were obtained and averaged to yield mean 

hydrodynamic diameters (dh,n).  Particle diffusivities were converted to intensity-

averaged hydrodynamic diameters using the Stokes-Einstein equation. Intensity 



 28 

measurements were converted to number-averaged hydrodynamic diameters (dh,n) 

using Mie theory. As this calculation involves numerous assumptions, confidence in the 

number-average is therefore less than for the intensity-average. Nonetheless, dh number 

distributions can be used for comparative purposes between treatments. 

 2.2.6 Determination of Concentration 

 For the consequent reactive oxygen species and toxicity studies, it is necessary to 

know the concentration of TiO2 in the aqueous samples.  This was done using Inductively 

Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).   Two different types of 

digestion were done to determine the more complete:  acid or base digestion.   

 For the base digestion, 10 μL of a nanoparticle solution was placed in a glass vial 

with 1 mL of a 5mM NaOH solution.  The vials were loosely capped and placed in an 

oven at 60 °C for 24 hours to digest the nanoparticles into ions.  The solutions are then 

brought to room temperature and were diluted to 10 mL in a volumetric flask using 18 

MΩ-cm H2O and were brought to an acidic pH using concentrated HCl.  ICP standard 

solutions were prepared by diluting a 1000 mg/L Aldrich standard solution using 18 MΩ-

cm H2O. 

 For the aqua regia acid digestion, samples were first diluted by a factor of ten by 

taking 0.1 mL of each sample and adding 0.9 mL of 18 MΩ-cm H2O.  Then 10 μL of the 

diluted sample were added to a glass vial and 1 mL of concentrated HCl and 1 mL of 

concentrated HNO3 were added to the vial.  Without capping, the vials were heated to 

120 °C for two hours to digest the nanoparticles into the corresponding ions.  Once at 

room temperature, the digested samples were diluted to 10 mL in a volumetric flask using 
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10% HNO3 in 18 MΩ-cm H2O.  ICP standard solutions were prepared by diluting a 

1000 mg/L Aldrich standard solution using 1% HNO3, concentrated HCl, and 

concentrated HNO3 such that the standard solutions were identical in ionic strength to the 

experimental samples.   

 Ti concentrations were determined using a Varian Vista-MPX inductively 

coupled plasma-optical emission spectrometer (0.75 L∙min
-1

 nebulizer flow; 15.0 L∙min
-1

 

plasma flow; Varian, Inc., California, USA). Emission was recorded at 334.188, 334.941, 

336.122, and 337.280 nm and averaged. 

 The success of the aqua regia and base digestions were determined by gravimetric 

analysis.  Two samples of TiO2 that were also analyzed by digestion were crashed out of 

solution using a mixture of ether and methanol and centrifuging 4000 g for 10 min.  The 

sample pellets were then dried overnight at 80 °C and then for two hours at 400 °C to 

remove any surface water.  The mass of the samples were then determined and compared 

to the ICP-OES concentrations.  For these ICP-OES samples we also wanted to determine 

the effect of dilution amounts. The original stock solutions were diluted by factors of 

1000, 2000, and 4000. 

2.3 Results and Discussion 

 2.3.1 Synthesis 

 Although there are a number of TiO2 nanoparticle syntheses in the literature, the 

process used by Kotsokechagia et al. was ideal for the conditions we were interested in, 

giving us full control over the size, shape, and phase of the particles.(6)  First of all, the 

synthesis provides completely anatase crystalline particles.  It has been shown that rutile, 
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anatase, and rutile/anatase mixtures give different surface reactivities.  In order to 

compare ROS generation and toxicity of different functionalized and sized surfaces, it is 

necessary to keep the phase constant.  The Raman spectra of the synthesized 

nanoparticles (shown in Figure 2.3) show the characteristic peaks of anatase 

nanoparticles at 154, 406, 518, and 643 cm
-1

 and lack the characteristic peak of an 

anatase/rutile mixture at 290 cm
-1

.(4, 43–45)  

 The temperature and reaction time of the nanoparticle synthesis reaction are 

crucial to the resulting nanoparticles.  First of all, it is important to maintain the 

temperature at 85 °C or lower.  When the reaction reaches higher temperatures of over 

100 °C, large structures of varying shape are formed shown in the SEM image in Figure 

2.4.  At temperatures lower than 85 °C, nanoparticles still form in the same fashion, 

however, kinetically take longer reaction times.  The longer the nanoparticles are allowed 

to heat, the larger the nanoparticles become.  As shown in Chapter 3, a variety of sizes 

can be synthesized with good monodispersity.  However, the larger the particles are, the 

more polydisperse the solution becomes.  Shown in Figure 2.4, extremely large particles 

samples are more polydisperse.  An example of highly monodisperse samples of 6 ± 1 nm 

particles is shown in the TEM image in Figure 2.5 along with the statistical manual 

counting data in histogram form.   

 2.3.2 Surface Functionalization 

 FT-IR is a powerful tool for evaluating the nanoparticle-ligand system.  Saturated 

carboxylic acids have a signature vibration peak at about 1740-1710 cm
-1

 which, in the 

case of the carboxylate salt species, becomes two peaks representing the asymmetric and  
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Figure 2.3:  Raman spectrum of the synthesized TiO2 nanoparticles.  The peaks at 154, 406, 518, and 

643 cm
-1

 all correspond to the anatase phase. 
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Figure 2.4:  SEM images of the variations of time and temperature for the TiO2 nanoparticle 

synthesis.  a) portrays higher temperature of 110+ °C and b) portrays longer reaction time of 24 

hours. 
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Figure 2.5:  a) TEM micrograph of synthesized nanoparticles, b) TiO2 nanoparticle with lattice 

fringes showing the (101) face, and c) the corresponding size analysis histogram.  These represent a 

sample of 6 nm average particles. 
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symmetric stretches typically around 1695-1540 cm
-1

 and 1440-1335 cm
-1

 

respectively.(33)  The actual values of the asymmetric and symmetric vibration 

frequencies depend on the electron-withdrawing abilities of the attached group.  Figure 

2.6 shows the IR spectrum of citric acid, sodium citrate, and TiO2 functionalized with  

the sodium citrate. 

 For the citric acid, the ν(C=O) is found at 1722 cm
-1

 which is consistent with the 

literature value for carboxylic acids.  A ν(C-O) with OH deformation vibration is found at 

1417 cm
-1

 and another ν(C-O) peak is found at 1205 cm
-1

.  Sodium citrate has an 

asymmetric peak at 1583 cm
-1

 and a symmetric peak at 1396 cm
-1

.  When absorbed to the 

surface of TiO2, the asymmetric and symmetric peaks shift to 1622 and 1389 cm
-1

 

respectively.  This shift is caused by the carboxyl groups now bonded to Ti atoms at the 

surface instead of Na
+
 ions.  There is also a shoulder on the asymmetric peak showing up 

at 1716 cm
-1

, similar to citric acid.  Since it would be sterically difficult for all three 

carboxyl groups of citric acid to bind to the surface, it is possible that at least one 

carboxyl group is pointing toward the solution and is either protonated or still bound to a 

sodium ion. 

 Using XPS it is possible to obtain quantitative amounts of each element with 

respect to each other by comparing peak areas.  Typically the Ti signal would be used as 

a reference point to determine surface area coverage; however, since the molecules used 

for functionalization contain only the elements carbon, oxygen, and hydrogen this is not 

possible.  Hydrogen lacks valence electrons and therefore cannot be detected by the XPS, 

while carbon and oxygen are present in typical organic impurities found on the TiO2  
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Figure 2.6:  FTIR spectra of neat sodium citrate, neat citric acid, and citrate functionalized TiO2 

nanoparticles.  The corresponding vibrational frequencies are displayed. 
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surface that it would be difficult to distinguish between functionalization molecules 

and the impurities. Figure 2.7 shows the XPS survey and multiplex spectra of C (1s), O 

(1s), and Ti (2p) for a citrate coated sample of TiO2 nanoparticles. 

 The number averaged hydrodynamic diameter of the three different 

functionalizations is given in Figure 2.8.  This data does not represent the principal 

particle sizes as found from TEM or SEM, but instead the size of the particle and ligands 

as they move in the aqueous solution known as the hydrodynamic diameter.  This gives 

insight into the aggregation state of the particles as they are in the aqueous environment.  

From this data, the DHBA particles appear to be single nanoparticles in solution giving 

an average size of 5 nm.  The citrate and ascorbate functionalized particles seem to form 

small aggregates with 17 and 23 nm diameters respectively.  These are still considerably 

small aggregates since many commercially available nanoparticles give hydrodynamic 

diameters of 100-1000 nm.   

 2.3.3 Influence of Dialysis  

 For the functionalization step, an excess of ligand molecules is used to ensure the 

surface is fully coated.  Dialysis was performed on the samples to remove any excess 

ligands in solution that are not associated with the TiO2 nanoparticle surface.  This is 

important to achieve reproducible samples where all the molecules are on the surface and 

not in solution.  Also, as shown in Chapter 3, the amount of organic material in solution 

can influence the production of ROS which could cause inconsistent results which would 

not reflect only the influence of the ligand on the surface. 
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Figure 2.7:  XPS survey and multiplex spectra of the carbon, oxygen, and titanium species for citrate 

coated nanoparticles. 

  

 

 

 

 



 38 

 

 

 

 

 

 

 

 

Figure 2.8:  Hydrodynamic diameter (nm) values for citrate, ascorbate, and DHBA functionalized 

nanoparticles. 
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After the two 24 hour dialysis cycles, visually the colored nanoparticle solutions are 

different.  Shown in Figure 2.9, is a functionalization of TiO2 nanoparticles with DHBA 

where the sample on the left has been dialyzed twice and the sample on the right has not 

been dialyzed.  The corresponding UV-Vis measurements show the removal of DHBA 

with considerably lower absorbance in the visible region.  The FTIR spectrum also shows 

a reduction in overall absorbance.  However, there is still DHBA on the surface of TiO2 

since there is still the presence of visible absorbance in the UV-Vis which corresponds to 

the ligand to metal charge transfer transition within the surface complexes and strong 

vibrations of the aldehyde and aromatic groups in the FTIR.   

 2.3.4  TiO2 Concentrations 

 TiO2 nanoparticle digestion into the corresponding ions was done with both 

NaOH and aqua regia solutions.  To ensure the efficiency of the digestions, the 

concentration of two samples was also evaluated using gravimetric analysis.  The Ti 

concentration detected by ICP-OES was converted to a concentration of TiO2 in mg/L. 

The ratio of TiO2 concentration from ICP analysis to the amount of TiO2 detected by 

gravimetric analysis is shown in Figure 2.10 for both the acid and base digestions.  For 

one sample, the full concentration of TiO2 for both digestions produced large precipitates 

and could not be used for analysis since they would clog the ICP-OES nebulizer.  The 

NaOH base digestions show a common trend of 60-80% of the TiO2 mass detected by 

ICP.  There is no dependence of the amount recovered on the concentration that was 

digested.  However, the acid digestion shows a strong dependence on the concentration 

digested.  Samples at higher concentration digested only 70% of the massed samples,  
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Figure 2.9:  Picture in a) displays the same sample of DHBA coated particles, the centrifuge tube on 

the left is after two dialyses and the tube on the right is before dialysis,  b) is the UV-Vis spectrum of 

the DHBA coated particles before and after dialysis, and c) is the corresponding FTIR spectra. 
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Figure 2.10:  Percent of TiO2 detected by the ICP-OES using both an acid digestion and a base 

digestion compared to the gravimetric analysis. 
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whereas at the lowest concentration were able to digest 100%.  There were samples 

that gave higher than 100% digested, however, this can be attributed to balance errors for 

such small masses.  From this data, the acid digestion is found to be superior to the base 

digestion, especially at lower concentrations.  Therefore, it is best to first dilute the 

samples by a factor of 10 before doing the second dilution by a factor of 1000 to ensure 

full digestion.   

2.5 Conclusions 

 TiO2 nanoparticles are successfully synthesized in a controlled and reproducible 

manner using an organic solution based synthesis.  The resulting nanoparticles are 

characterized by TEM, SEM, and Raman spectroscopy.  The nanoparticles are then 

functionalized with citrate, 3,4-dihydroxybenzaldehyde, and ascorbate.  The importance 

of the removal of excess ligands through dialysis is highlighted along with a successful 

aqua regia nanoparticle digestion for ICP-OES concentration quantification. 
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Chapter 3 

Reactive Oxygen Species Generation on TiO2:  Influence of 

Nanoparticle Size, Surface Ligands, and Excess Ligands 

3.1 Introduction 

 Titanium dioxide (TiO2) nanoparticles are becoming more prevalent in society in 

a variety of applications including electronics, food packaging, paint, cosmetics, 

sunscreens, ceramics, plastics, and waste water treatment.(1–9)  By 2015, Nel et al 

predict the sale of products using nanotechnology may reach $1 trillion.(6)  The chemical 

and physical properties of nanoparticles are determined primarily by their size, shape, 

composition, reactivity, and surface chemistry.(10, 11)   

 Although TiO2 nanoparticles are becoming more prevalent in society, little is still 

known about the health and safety of these materials.  As a photocatalyst, TiO2 produces 

reactive oxygen species (ROS) when exposed to light above its band-gap where the 

electron can reduce molecular oxygen into superoxide anion (O2·
-
) and the hole can 

oxidize water into hydroxyl radicals (OH·). Reactive oxygen species are known to cause 

oxidative stress and therefore toxicity in organisms.  The oxidative stress and ultimate 

toxicity of various TiO2 nanoparticles have been studied in zebrafish and other 

organisms.(3, 6, 7, 9, 12–20) 

 Due to the increased surface-area-to-volume ratio, there are more reactive surface 

sites on nanoparticles than for the same mass of bulk materials, increasing the chances for 

the production of ROS.(6, 11)  Particles on the order of 5 nm in diameter have about 50% 

of their atoms at the surface, highlighting the need to understand the surface properties 
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and surface chemistry of nanoparticles.(6, 11)  The size of the nanoparticle can have a 

direct effect on both their microscopic and macroscopic behaviors such as electronic band 

gaps, magnetic moments, specific heats, melting points, particle morphologies, and 

surface reactivities.(10, 11)   

 Previous studies that have examined the surface functionalization, generation of 

reactive oxygen species, and/or toxicity of TiO2 nanoparticles have focused on 

commercial products since those are the materials currently being released to the 

environment.(1, 2, 4, 5, 7, 9, 12–15, 17, 19–26)  Unfortunately, these studies are limited 

to what is commercially available, which generally leads to results based on a very 

limited size range or a comparison of particles with a variety of sizes, shapes, and crystal 

phases.  These nanoparticles can also vary slightly from batch to batch, making results 

less consistent.  Some TiO2 ROS and degradation studies have looked at the cosmetic 

products themselves since most everyday applications of nanomaterials use nanoparticles 

that are surface modified and embedded in the final product that also contains a number 

of chemicals.(1)  

 The purpose of this research is to determine, at a molecular scale, the components 

of the nanoparticle ligand system which impact the generation of reactive oxygen species.  

For that reason it is important to synthesize the nanoparticles directly in the laboratory 

where they will be characterized and used for ROS and toxicity studies to ensure highly 

controlled and reproducible samples.  The parameters that are evaluated to determine 

their effect on ROS generation for this study are the presence of a buffer, presence of 

excess ligand, nanoparticle size, light exposure time, and ligand degradation.   
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 The presence of a buffer and excess ligand are examples of how the 

surrounding environment of the nanoparticles can influence the system.  These 

parameters could have the potential to increase or decrease the generation of ROS 

production.  A phosphate buffer is expected to bind to the surface in equilibrium with the 

surface citrate ligand and thus the amount of ROS generated will be a combination of 

ROS expected from citrate coated particles and ROS expected from phosphate coated 

particles.  Whereas presence of excess ligand would be expected to decrease the ROS 

generation since as the ligand on the surface is degraded, citrate from solution would be 

able to bind to the surface and continue stabilization. 

 The size of the nanoparticles is expected to influence ROS production.  The 

electronic properties of a material are strongly correlated with the size of the material and 

thus the surface reactivity is dependent on size.  For the TiO2 nanoparticles to produce 

ROS an electron-hole pair has to be created by light excitation, the electron and hole need 

to separate from each other, and the electron and hole need to independently travel to the 

surface.(27)  It is hypothesized that the largest amount of ROS would be generated by 

particles of an intermediate size.  Since larger particles have an increased volume, the 

electron and hole would be less likely to travel to the surface to react with water and 

oxygen before recombining. As the particles approach quantum confinement, the electron 

and hole would not be able to separate due to the infinitely small volume at the quantum 

confinement of the material (< 1.5 nm diameter) and would therefore recombine at the 

surface before generating ROS.(28, 29)  These competing processes suggest an 

intermediate size that would optimize the oxidation and reduction processes. 
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 A variety of ways have been developed to describe and determine the size of a 

nanoparticle.(11)  First of all is the principal particle size, or diameter of a single particle 

without influence of the surface species.  This is determined using techniques such as 

Transmission Electron Microscopy (TEM) or X-Ray Diffraction (XRD).  Size can also be 

described by the hydrodynamic diameter of the particles.  This method determines the 

size of the particles by Brownian motion within a solution, therefore giving the size of the 

aggregates as well as influences from surface ligands.  The hydrodynamic diameter is 

calculated from the translational diffusion coefficient by using the Stokes-Einstein 

Equation(11) 

 

 

 

where d(H) is the hydrodynamic diameter, k is Boltzmann’s constant, T is the absolute 

temperature, η is the solvent viscosity, and D is the translational diffusion coefficient.  

The hydrodynamic diameter is determined using a Dynamic Light Scattering (DLS) 

instrument.  

 For this study, the size of the nanoparticles will be displayed in terms of the 

principal particle size, however, it important to evaluate the aggregation of the particles 

since this may reduce the number of available surface active sites. 

 While ROS is generated, previous research has shown that carboxylate ligands 

can be oxidized on the surface.(22, 24, 28, 30–32)  Over time, this can have an effect on 
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the continuous exposure of the nanoparticles where the initial particles no longer have 

the same surface coating as the particles illuminated for 24 hours.  It is hypothesized that 

on short scale time periods the generation of reactive oxygen species will reach a steady 

state, however, once the surface ligands have been degraded the generation will increase 

due to a lack of organic material to oxidize.  

 Another key aspect of solution-based nanoparticle experiments is the proper 

metric to utilize when comparing different samples.  Examples of such metrics include 

mass density (mg/cm
3
), number density (particles/cm

3
), and total surface area (nm

2
).  The 

metrics used will depend greatly on the application.  For this study, the samples are 

compared in terms of similar mass density and similar surface area.(6) 

3.2 Experimental Methods  

 3.2.1 Chemicals 

 TiCl4 purchased from Sigma-Aldrich (208556) is ReagentPlus
®
 99.9% trace 

metals basis.  Anhydrous benzyl alcohol purchased from Sigma-Aldrich (305197) is 

99.8% pure.  Ethanol 200 proof was purchased from Decon Laboratories Inc. (2716).  All 

samples were functionalized with sodium citrate (51804, Sigma).  All water used is 

brought to 18.0-18.2 ΩM-cm resistivity using a Barnstead NANOpure Infinity ultrapure 

water system with an organic free filter cartridge. A 0.5 M NaOH solution was made 

using sodium hydroxide (NaOH) (S318, Fisher Scientific) in 18 MΩ-cm H2O.  HCl 

(Sigma Aldrich) was used in full concentration of 37%.  Degussa (Evonik) P25 (Aeroxide 
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TiO2 P 25) and Sun Nano from Sun Innovations Inc. (SN3301) are commercially 

available TiO2 nanoparticles. 

 For reactive oxygen species measurements and quantitative analysis, used the 

fluorescent probe 3'-(p-aminophenyl) fluorescein (APF) 5mM solution in DMF (A36003, 

Invitrogen Life Technologies Corporation), phosphate buffer pH 7.2 (319252, Fluka), 

peroxidase type II from horseradish (P8250, Sigma), hydrogen peroxide 30% solution in 

H2O (HX0635, EMD), and spin trap molecule 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or 

TEMPO (426369, Aldrich) 

 3.2.2 Synthesis and Functionalization 

 TiO2 nanoparticles were synthesized following the method of Kotsokechagia, et 

al.(33)  In a 250 mL round-bottom flask, 5 mL of TiCl4 was added to 25 mL anhydrous 

ethanol while stirring.  After 2 minutes, 100 mL of anhydrous benzyl alcohol was added. 

The resulting yellow solution was stirred at 85
o
C.  For the 6.1, 10.1, 13.8, and 15.0 nm 

samples used in this study, the solutions were heated for 7, 11, 13 and 14 hours 

respectively.  After cooling to room temperature, dimethyl ether was added to the 

nanoparticle suspension to achieve a 2:1  (v:v) ratio of ether to nanoparticle suspension . 

The addition of ether caused the nanoparticles to concentrate to the bottom of the vessel. 

The nanoparticle mixture was then centrifuged at 4000 g for 10 minutes.  The supernatant 

liquid was removed and the remaining nanoparticles were suspended via sonication in a 

1:1 (v:v) mixture of deionized water:ethanol, adjusted to pH=1 using HCl.    

 The size distribution of the TiO2 nanoparticles was determined using transmission 

electron microscopy (TEM).  Samples of TiO2 nanoparticles functionalized with sodium 
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citrate suspended in a 1:1 (v:v) water:ethanol solution were deposited onto a copper 

mesh grid coated with lacey carbon and were then imaged using a Philips CM200 Ultra 

Twin TEM.  Sample averages were 6.1 ± 1.1, 10.1 ± 1.7, 13.8 ± 2.3, and 15.0 ± 2.2 nm. 

 The TiO2 nanoparticles were precipitated from the acidic storage solution by the 

addition of 3:1 diethyl ether and MeOH. The cloudy precipitate was then agitated to 

completely homogenize the contents, followed by centrifugation (4000 g for 10 minutes), 

and then the supernatant was decanted.  Sodium citrate (5 mM in 18 MΩ-cm H2O 

adjusted to a final pH of 5 using 0.5 M NaOH) was added to the nanoparticle precipitate 

and the resulting mixture was agitated to free the precipitate from the bottom of the 

centrifuge tube. The suspension was sonicated for 1.5 hours to yield a translucent 

suspension, which was then dialyzed using a cellulose membrane (Sigma Aldrich 

#D9777, molecular weight cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour 

periods. 

 3.2.3 Light Exposure 

 Sunlight was simulated using a 250 W blue-spectrum metal halide lamp (XM 

250W, 10,000K; electronic ballast; XM Lighting, Anaheim, CA) designed to mimic 

sunlight at shallow depths in the ocean.  Studies were carried out in 96-well plates using a 

quartz plate as the cover.  Dark samples were placed under the light completely covered 

in aluminum foil to allow for the same temperature fluctuations but prevent the exposure 

to light.  Sample volumes were all 300 μL to keep the solution height constant between 

samples.  The sample plates were placed 18 inches under the light for exposure.   
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 3.2.4 Hydroxyl Radical Detection 

 Hydroxyl radicals (OH·) were measured quantitatively using a fluorescent probe, 

3'-(p-aminophenyl) fluorescein (APF) purchased from Life Technologies Corporation.  

After samples were exposed to light or dark conditions, 10 μM APF and 100 mM 

phosphate buffer (pH 7.2) were added to each sample.  The samples were then transferred 

to amber vials to prevent additional light exposure.  Steady-state fluorescence 

measurements were taken using an ISS K2 Time-Resolved Spectrofluorometer using slit 

sizes of 2.0 mm and 0.5 mm for the excitation and emission respectively.  The samples 

were excited at 490 nm and emission peak occurred between 510 and 525 nm.  To 

prevent over-saturation of the photon-counting detector, each of the samples were diluted 

by a factor of 10.  A linear quantitative curve was used to determine concentrations of 

OH· present in each sample. 

 To create the linear quantitative curve, 5 mL solutions of 0 to 1000 nM H2O2 

concentrations in 100 nM increments were made using 18 MΩ-cm H2O that was purged 

with Ar gas and left out of the light for at least one month.  Added to each solution was 

50 mM of pH 7.2 phosphate buffer, 2.95 units/mL of horseradish peroxidase, and 10 μM 

of APF.  To correlate to similar quantities of APF as in the TiO2 samples, each of the 

standards was diluted by a factor of 10.  Fluorescence measurements were taken using the 

same conditions as the TiO2 samples.  The peak intensities were used to create a standard 

quantitative curve. 
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Figure 3.1:  Structure of 3'-(p-aminophenyl) fluorescein (APF) along with the standard curve for 

H2O2 detection and corresponding fluorescent spectra. 
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 3.2.5 ROS Generation by Degussa P25 and Sun Nano 

 The generation of ROS by Degussa P25 and Sun Nano were also determined to 

compare to the synthesized particles.  These products are received in powdered form and 

have “bare” surfaces where the surface is not specifically modified with an organic 

ligand.  Stock solutions of 2000 mg/L TiO2 were made of both Degussa P25 and Sun 

Nano using 18 MΩ-cm H2O.  The stock solutions were bath sonicated for 30 minutes 

prior to any usage.  For the light exposure experiments, the stock solutions were diluted 

to 10, 100, and 1000 mg/L TiO2 using 18 MΩ-cm H2O that was purged with Ar gas and 

left out of the light for at least one month.  The samples were exposed to the metal halide 

lamp for 24 hours.  The APF fluorescent indicator and buffer were added to the light 

exposed samples just before removing from the light and to the dark samples while still 

in the dark. 

 3.2.6 Influence of Buffer on ROS Generation 

 For this study 10.1 nm nanoparticles were used as the samples.  The samples were 

diluted to 1000 mg/L TiO2 in 18 MΩ-cm H2O that was purged with Ar gas and left out of 

the light for at least one month and were exposed to the metal halide lamp for 24 hours.  

One set of samples followed the normal procedure (as described in Section 3.2.4) of 

adding 10 μM APF and 100 mM phosphate buffer pH 7.2 immediately before removing 

the samples from under the light.  The other set of samples added the 100 mM phosphate 

buffer at the beginning of the light exposure and the 10 μM APF immediate before 

removing the samples from under the light.  Each was carried out in quadruplicate.   
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 3.2.7 ROS Generation in the Presence of Excess Ligand in Solution 

 For this study used 10.1 nm nanoparticles were used as the samples.  The samples 

were diluted to 1000 mg/L TiO2 in 18 MΩ-cm H2O that was purged with Ar gas and left 

out of the light for at least one month and were exposed to the metal halide lamp for 24 

hours.  Excess citrate was added prior to light exposure with one sample each of 0, 4, 10, 

20, 40, 60, 80 and 100 mM of excess citrate.  After 24 hours of light exposure using the 

metal halide lamp, 10 μM APF and 100 mM phosphate buffer (pH 7.2) were added 

immediately before removing the samples from under the light. 

 3.2.8 ROS Generation based on Nanoparticle Size 

 For the 6.1, 10.1, 13.8, and 15.0 nm nanoparticle samples, light reactions were 

carried out in the same 96-well plate to ensure similar reaction conditions.  Samples were 

diluted to 250 and 500 mg/L TiO2 using 18 MΩ-cm H2O that was purged with Ar gas and 

left out of the light for at least one month.  Each sample was carried out in quadruplicate 

for both light and dark samples.  Samples were exposed to the metal halide lamp for 24 

hours.  The APF fluorescent indicator and buffer were added to the “light exposed” 

samples just before removing from the light and to the “dark” samples while in the dark.  

 3.2.9 Time-Dependent ROS Generation and Ligand Degradation 

 To get an extended time-dependence of the ROS generation,  samples diluted to 

1000 mg/L TiO2 for the 10.1 nm nanoparticles were illuminated for 3, 4.5, 26 and 50 

hours by the metal halide lamp.  The APF fluorescent indicator and buffer were added to 

the samples for ROS detection just before removing from the light and were not added to 
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the samples destined for FTIR spectroscopy.  All samples were then transferred to 

amber vials to prevent further light exposure.  Another set of experiment examined a 

larger number of time points for ROS generation starting with sub-hour time-stamps.  

Using 12.4 nm particles, solutions of 250 mg/L TiO2 were exposed to light for 0.25, 0.5, 

1, 2, 4, 7, 17, and 24 hours.  The APF fluorescent indicator and buffer were added to the 

samples just before removing from the light and each sample was transferred to an amber 

vial. 

 Fourier transform-infrared spectroscopy measurements were performed using a 

Bruker Model Vertex70.  Nanoparticle samples were prepared for FT-IR by placing a 

small amount of the functionalized nanoparticle suspension that was exposed to light onto 

a ZnSe salt plate and heating to dryness at 80 °C.  The FT-IR measurements were taken in 

transmission mode using an air background and averaged over 100 scans.  The spectra 

were background corrected within the Opus software. 

 3.2.10 Computational Studies for Ligand Degradation 

 To accompany experimental FTIR spectra, frequency computations were 

conducted.  To simulation the vibrational frequencies of a carboxylic anchoring group to 

TiO2, acetate was used to simplify the computation.  Two conformations were examined:  

a bidentate bridging conformation of the two oxygen atoms bound to two nearby surface 

Ti atoms and a mono-ester conformation of one carboxyl oxygen bound to a surface Ti 

atom with the other surface Ti atom bound to a hydroxyl group.  The “surface” of the 

clusters contained only the two Ti atoms linked together with an oxygen atom and all 

sites were fully terminated with hydrogen atoms to reduce computational time.  
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Computations were done using Gaussian09 using UB3LPY as the level of theory and 

LANL2DZ as the basis set.  First, a geometry optimization was carried out, followed by a 

frequency calculation.  Using GaussView, the various frequency peaks were identified 

with the corresponding molecular vibration. 

 3.2.11 ROS Total Yield Detection 

 To capture the total ROS produced over 24 hours, we used the spin trap molecule 

2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO). TEMPO is well known to react with a 

wide range of radical species but is unreactive toward most other reactants. We measured 

the TEMPO concentration in samples using Electron Spin Resonance (ESR) 

spectroscopy, by integrating the characteristic electron spin signal from TEMPO. 

Electron spin resonance (ESR) spectra were measured using a Bruker EleXsys E500 EPR 

using an AquaX cell.  A quantitative working curve was generated using the integrated 

ESR signal measured on samples with known TEMPO concentrations of 48.6, 24.3, 12.2, 

and 6.1 mM. This working curve was then used to determine the residual TEMPO 

concentration in the TiO2 samples.  For the determination of ROS produced by the TiO2 

nanoparticles, samples for ESR contained 48.6 mM of a radical trap and 250 mg/L 

solutions of 6.1 nm nanoparticles in 3 mL volumes to ensure the TEMPO molecule was 

in excess.  Samples were illuminated for 0, 2, 4, 8, and 25 hours.   
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3.3 Results and Discussion 

 3.3.1 Synthesis and Functionalization 

 The success of the synthesis was confirmed using TEM and Raman Spectroscopy 

as shown in Chapter 2 Section 4.1 yielding anatase particles 6.1 ± 1.1, 10.1 ± 1.7, 13.8 ± 

2.3, and 15.0 ± 2.2 nm in size.  The size statistics were determined using the TEM images 

in ImageJ and manually counting and evaluating the size of each particle.  The TEM 

images and corresponding histograms are shown in Figure 5.2.  The functionalization of 

citrate was confirmed using FTIR as shown in Chapter 2 Section 4.2. 

 3.3.2 Light Exposure 

 Light exposure experiments were done with the XM 250 W 10,000K metal halide 

lamp that simulates sunlight at shallow depths in the ocean to correlate with collaborator 

studies on the toxicity and bioavailability of the particles in zebrafish.  From light 

intensity experiments conducted by Professor Sanjay Joshi at Penn State University, the 

total absorbed flux above the band gap of anatase (3.2 eV or 387 nm) is 4 W/m
2
 shown in 

Figure 3.3.   

 The nanoparticle samples are also placed in 24 or 96-well plates to mimic the 

toxicity studies.  These plates and their corresponding lids are composed of polystyrene.  

A UV-Vis spectrum of a diluted TiO2 nanoparticle sample overlaid with a UV-Vis 

spectrum of a lid of the 24-well plate is shown in Figure 3.4.  This shows that below 300 

nm, the polystyrene lid absorbs effectively all the photons of the lamp.  Since the band 

gap of the nanoparticles is around 387 nm, only photons between 300 and 387 nm will  
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Figure 3.2:  TEM images and size distributions of select TiO2 samples used for size analysis. (Blue = 

6.2 nm, Orange = 10.1 nm, Red = 13.8 nm, Green = 15.0 nm) 
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Figure 3.3:  Lamp intensity spectrum of XM 250W 10,000K bulb.  Intensity below the blue line at 387 

nm is absorbed by the TiO2 anatase nanoparticles. 
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Figure 3.4:  UV-Vis spectrum of a TiO2 nanoparticle solution overlaid with the spectrum of a 

polystyrene 24-well plate fish container. 
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activate the TiO2.  Since the purpose of the lamp is to simulate sunlight under water, it 

is important for the nanoparticle solutions to be absorbing all the light below 387 nm.  

Therefore, for all studies, a quartz plate was used as the cover, which allows the UV light 

to pass through to the samples while preventing evaporation of the solutions. 

 3.3.3  Hydroxyl Radical Detection 

 There are two direct reactive oxygen species formed with the light activation of 

TiO2, hydroxyl radicals and superoxide anion.  The hydroxyl radical is a species with an 

unpaired electron, which will react nonspecifically with most organic materials within 

nanoseconds after their formation and has a short solution lifetime reacting within 1 to 5 

molecular diameters of their formation.(34–36)  Hydroxyl radicals have detrimental 

effects in genotoxicity and oxidative stress.  The detection of hydroxyl radicals requires 

high sensitivity, high selectivity, and low detection limits.(36, 37) 

 Fluorescence spectroscopy is a convenient laboratory method, making the use of a 

fluorescent indicator for ROS detection an attractive method.  APF was chosen as the 

indicator since it is highly selective for hydroxyl radicals.(36, 37)  APF is a non-

fluorescent molecule until it reacts with hydroxyl radicals resulting in the cleavage of the 

aminophenyl ring from the fluorescein and becoming highly fluorescent.(36, 37)  HRP 

can also catalyze the oxidation of APF by H2O2.(36, 37)   

 The initial light reactions using Degussa P25 nanoparticle samples did not include 

the phosphate buffer at pH 7.2.  Figure 3.5 shows pictures of samples with buffer added 

post-illumination and samples with buffer added initially.  Without the buffer the solution 

is too acidic from the 18 MΩ-cm H2O and the fluorescent indicator does not fluoresce.   
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Figure 3.5:  Light reaction samples of Degussa P25 TiO2 nanoparticles with the addition of the APF 

fluorescent indicator.  The top image does not contain the phosphate buffer pH 7.2 and the bottom 

image does. 
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However, at a buffered pH 7.2 the solution turns a yellow color and the fluorescence 

can be detected. 

 3.3.4 ROS Generation by Degussa P25 and Sun Nano 

 Degussa P25 is a TiO2 photocatalyst that is used widely because of its relatively 

high levels of activity in many photocatalytic reaction systems.(21, 22, 24–26, 30, 32, 

38–42)  It is composed of about 70% anatase and 30% rutile phases, however these 

percentages can range by up to 10%.(26)  Sample TEM images in Figure 3.6 were used to 

measure an average size of 23 ± 9 nm for the batch of Degussa P25 used for these studies, 

which is more polydisperse than the synthesized particles (using 214 particles).  The Sun 

Nano nanoparticles are a less studied TiO2 nanoparticle that is reported to be completely 

of the anatase phase with a purity of 99.7% and an approximate particle size of 5-10 nm.  

The TEM images of the purchased batch are shown in Figure 3.7, where many of the 

particles are larger than 10 nm.  The Degussa P25 and Sun Nano particles therefore differ 

in both phase composition and average size.   

 The quantification of ROS generation for the 10, 100, and 1000 mg/L is shown 

for both Degussa P25 and Sun Nano samples in Figure 3.8.  This data was converted 

from fluorescence intensity of the APF indicator into a concentration of hydroxyl radicals 

using a standard curve.  From this data an obvious increasing trend is noticed for both 

types of TiO2 with increase in concentration.  The Degussa P25 particles generate 

significantly less ROS for all three of the concentrations than the Sun Nano particles 

which can either be related to the different sizes and/or crystal phase.  Since the  
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Figure 3.6:  TEM images of purchased Degussa P25 nanoparticles. 
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Figure 3.7:  TEM images of purchases Sun Nano TiO2 nanoparticles. 
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Figure 3.8:  The quantization of ROS generation for the 10, 100, and 1000 mg/L of both Degussa P25 

and Sun Nano samples using the APF fluorescent indicator for hydroxyl radicals. 
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differences could be attributed to either size or crystal phase, looking at well defined 

particles by synthesis is needed to determine the effects of both properties.   

 3.3.5 Influence of Buffer on ROS Generation 

 Although the phosphate buffer is important to ensure the APF indicator is at the 

proper pH for fluorescent detection, adding it to the nanoparticle samples can alter the 

nanoparticle-ligand system and environment.  Phosphate groups are another anchoring 

group that is known to have an affinity for bonding to the surface of TiO2 and could 

therefore undergo ligand exchange with the carboxylic acid ligands.(42, 43)  Originally, 

the buffer was added to the samples prior to light exposure where the phosphate ligands 

could eventually migrate to the surface, replacing the carboxylic acids.  Since the surface 

ligands could affect ROS generation, adding the phosphate buffer initially can change the 

amount of ROS generated by the original TiO2-citrate system.  With the buffer added 

after the light exposure, any ROS generated would have been from the TiO2-citrate 

system.  Figure 3.9 shows the amount of ROS generated from the samples with the buffer 

added before exposure and the samples exposed after exposure.  The amount of ROS 

detected is statistically different, making it important to add the buffer after light 

exposure at the same time as the APF indicator to ensure the ROS detected is from TiO2-

citrate system.  In the presence of the buffer, more ROS is detected which indicates that 

the phosphate groups on the surface are less protective than the citrate. 

 3.3.6 ROS Generation in the Presence of Excess Ligand in Solution 

 The generation of hydroxyl radicals in the presence of excess citrate in solution is 

shown in Figure 3.10 for 0, 4, 10, 20, 40, 60, 80 and 100 mM of excess citrate in the 2  
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Figure 3.9:  ROS generated from the TiO2-citrate samples with the buffer added before exposure 

(buffer) and the samples exposed after exposure (no buffer). 
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mL solutions.  A small variation can be seen with the initial addition of 4 mM of 

excess citrate to the solution, however, a large difference in ROS generation does not 

occur until 60 mM of excess citrate.  At 100 mM of excess citrate, only about one third of 

the original ROS is being detected.  Although the same amount of ROS might be 

generated in each of the cases, the more citrate that is present gives way to more organic 

material that can interact with the hydroxyl radicals before detection.  The excess citrate 

also allows degraded organic ligands on the surface to be in equilibrium with the ligands 

in solution, therefore, giving a longer protection of the TiO2 core.  This gives insight not 

only to the presence of citrate itself, but also any organic materials that may appear in the 

environment.   

 3.3.7 ROS Generation based on Nanoparticle Size 

 It was hypothesized that the largest amount of ROS would be generated by 

particles of an intermediate size.  Large particles would have increased volume 

recombination since electron and holes would be more likely to recombine than make 

their way to the surface to react with oxygen and water whereas in small particles the 

electron-hole pair would not be able to separate due to the small volume and would 

therefore recombine at the surface before generating ROS.  These competing processes 

would suggest an intermediate size that would optimize the oxidation and reduction 

processes. 

 The graph in Figure 3.11 shows the hydroxyl radical concentrations generated by 

250 and 500 mg/L TiO2 for 6.1, 10.1, 13.8, and 15.0 nm nanoparticle samples for both 

light exposed and dark conditions.  The generation of ROS in the dark is significantly less  
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Figure 3.10:  The generation of hydroxyl radicals based on excess citrate in solution for 0, 4, 10, 20, 

40, 60, 80 and 100 mM of excess citrate in the solutions. 
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Figure 3.11:  Hydroxyl radical concentrations generated by 250 and 500 mg/L TiO2 for 6.1, 10.1, 

13.8, and 15.0 nm nanoparticle samples for both light exposed and dark conditions.  The second 

graph multiples the original data by the corresponding nanoparticle diameter. 
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than the amount generated under the simulated light, which confirms photoactivation 

of the TiO2 nanoparticles.  Also, the amount of ROS produced for the 500 mg/L samples 

is double (average of 2.2x) that produced by the 250 mg/L TiO2 samples which shows 

that the production of ROS is linear with concentration.  Among the different sizes there 

is a linear relationship where the largest detection of ROS occurred for the 6.1 nm 

samples.  This indicates that the production of ROS is highly dependent on the surface 

area since these particles would have the most surface area available.  The second graph 

shows the orginal data for the 250 and 500 mg/L illuminated samples multiplied by the 

diameter of the corresponding nanoparticles to further elucidate the impact of surface 

area.  This shows a fairly uniform response, with a slight peak for the intermediate 10.1 

nm and 13.8 nm samples. 

 3.3.8 Time-Dependent ROS Generation and Ligand Degradation 

 Figure 3.12 shows the time-dependent ROS generation of the 250 mg/L TiO2 

solutions of 12.4 nm particles sampled at 0.25, 0.5, 1, 2, 4, 7, 17, and 24 hours 

illumination times.  The graph shows that the production of ROS reaches a steady state 

concentration of about 1.5 mg/L by 17 hours.   

 The FTIR spectra of the 1000 mg/L TiO2 samples of 10.1 nm nanoparticles 

illuminated for 3, 4.5, 26 and 50 hours are shown in Figure 3.13.  Since the spectra were 

taken in transmission mode, the absolute value of each peak cannot be compared from 

one sample to another.  However, relative peak heights can give insight into the 

comparative amounts of each molecular species.  Therefore, all the spectra are 

normalized to having the same peak height for the asymmetric CO2
-
 stretch at 1620 cm

-1
.   
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Figure 3.12:  Time-dependent ROS generation of the 250 mg/L TiO2 solutions of 12.4 nm particles 

sampled at 0.25, 0.5, 1, 2, 4, 7, 17, and 24 hours illumination times.   
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Figure 3.13:  FTIR spectra of the 1000 mg/L TiO2 samples of 10.1 nm nanoparticles illuminated for 

3, 4.5, 26 and 50 hours. 
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Figure 3.14:  Possible degradation scheme for the carboxylate groups on the TiO2 surface where in 

the presence of water and UV-light the carboxyl group changes from a bidentate bridging 

conformation to a monodentate ether conformation. 
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Relative to the asymmetric CO2
-
 peak, the symmetric CO2

- 
peak decreases and gains 

structure with illumination time and the TiO2 surface hydroxyl peak at 3675 cm
-1

 

increases in intensity.  This indicates that the surface interaction between the citrate and 

the TiO2 is changing with a proposed degradation scheme is shown in Figure 3.14, where 

in the presence of water and UV-light the carboxyl group changes from a bidentate 

bridging conformation to a monodentate ether conformation.  The increase in surface 

hydroxyl groups indicates that the second surface Ti atom that was once associated with 

the carboxyl group is now hydroxylated. 

 3.3.9 Computational Studies for Ligand Degradation 

 The computational software program Gaussian09 has a molecular imaging 

program, GaussView, that allows for the visualization of each of the vibrations and the 

corresponding frequency they occur at.  Therefore, although the models used for these 

calculations contained hydrogen atoms for termination, it is possible to distinguish which 

frequency vibrations are important to the molecular species of concern.  This also is 

useful since the absolute value of the calculated frequencies is not accurate.  Shown in 

Figure 3.15 are the molecular clusters and the corresponding simulated FTIR spectra in 

the range from 800-1600 cm
-1

.  The peaks highlighted in purple correspond to the 

asymmetric CO2
-
 vibrations and the red highlighted peaks correspond to the symmetric 

CO2
-
 vibrations.  For the bidentate bridging conformation, the symmetric peak is larger 

than that of the asymmetric peaks and in the monodentate ether conformation the 

symmetric peak greatly decreases compared to the asymmetric peak.  The spectra also 

show the growth of a Ti-OH peak at 3464 cm
-1

 for the mono-ether conformation not  
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Figure 3.15:  Molecular clusters of the bidentate bridging and monodentate ether conformations and 

the corresponding simulated FTIR spectra in the range from 800-1600 cm
-1

.  The highlighted purple 

sections correspond to the asymmetric CO2
-
 vibrations and the red highlighted sections correspond to 

the symmetric CO2
-
 vibrations. 
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shown.  This gives insight that the proposed degradation scheme in Figure 3.14 is 

possible. 

 3.3.10 ROS Total Yield Detection 

 The AquaX cell for the ESR measurements was instrumental in allowing for the 

data to be taken in the original aqueous environment.  The standard curve was created 

using the integrated areas of the 6.1, 12.2, 24.3, and 48.6 mM TEMPO signals and is 

linear with a R
2
 value of 0.9942 using a y-intercept of zero.   The integrated signals from 

each of the TiO2 nanoparticle samples were adjusted to concentrations of ROS using the 

standard curve.    

 The 6.1 nm particles used for the total integrated ROS generation over 25 hours 

were from the same sample used in the size-dependent ROS study.  For the size-

dependent study using the 250 mg/L TiO2 at 24 hours of illumination, 7 mg/L hydroxyl 

radicals were detected using the APF fluorescent indicator.  The total integration using 

TEMPO as a spin trap in Figure 3.16, shows a generation of 222 mg/L ROS over the 25 

hours.  The total amount of ROS produced is also linear (R
2
 = 0.9798)for the 25 hours 

which indicates that ROS is continuously being generated at constant amounts.  This is 

consistent with the time-dependent data in Figure 3.16 showing a steady-state production 

of ROS. 
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Figure 3.16:  a) A standard concentration curve for TEMPO signal in the ESR and b) is the total 

integration of ROS generated over 25 hours using TEMPO as a spin trap. 

 



 85 

3.4 Conclusions 

 This chapter has combined a number of factors that can influence the generation 

of ROS by TiO2 nanoparticles in aqueous solution including the presence of a buffer, 

presence of excess ligand, nanoparticle size, light exposure time, and ligand degradation.  

At the molecular scale each of these parameters can have a significant impact on the 

detected ROS.  To achieve reproducible and reliable results, it is important to understand 

if these factors have an impact and if so how.    These results show that in fact all the 

factors do have an impact on the detection of generated ROS showing that the size and 

surface chemistry of the particles, as well as the surrounding environment, can greatly 

impact how TiO2 nanoparticles affect the health and safety of society. 
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Chapter 4 

Design of a Modular Ligand to Reduce Reactive Oxygen Species 

Generation 

4.1 Introduction  

 Titanium dioxide is a material that has been used commercially as a white 

pigment because of its brightness, high refractive index, and resistance to 

discoloration.(1)  Common products include paints, sunscreens, cosmetics, electronics, 

pharmaceuticals, food, and health care products.(2–7)  Traditionally, these products have 

used particles in the micrometer size ranges, however are moving to the nanometer 

regime.  TiO2 nanoparticles are becoming prevalent in commercialized products due to 

the fact that they are transparent to visible light but opaque to ultraviolet light making 

them attractable as UV blockers in sunscreens and plastics. Also, nanoparticles have 

unique physicochemical properties and functionalities that are different from their bulk 

counterparts.(8)  In 2005, the global production of nanoscale TiO2 was estimated to be 

2000 tons worth $70 million, with large contributions from use in personal care 

products.(1, 9)  Like most new technologies, nanomaterials offer the potential for both 

benefits and risks, and it is necessary to determine the health and safety impacts of these 

materials that are being introduced to society and the environment.(9) 

   As a well-known photocatalyst, TiO2 produces reactive oxygen species (ROS) 

when exposed to light about its band-gap where the electron can reduce molecular 

oxygen into superoxide anion (O2·
-
) and the hole can oxidize water into hydroxyl radicals 

(OH·). (10–15)  These reactive oxygen species are known to cause oxidative stress, DNA 
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damage, and ultimately toxicity in organisms.(3)  As the TiO2 becomes smaller, there 

is an increase of surface area to volume ratio giving rise to higher surface reactivites.(16)  

As demonstrated in Chapter 3, the size of the nanoparticles plays a key role in the amount 

of ROS generated. A number of toxicity studies using various organisms have shown an 

increase in the mortality and malformations in the presence of UV exposed 

nanoparticles.(2, 3, 16–28)   

 For many applications of TiO2, its photocatalytic activity is not necessary and in 

some cases can be detrimental.  For example, TiO2 (and other inorganics) in the nano-

regime have been introduced to sunscreen formulations to reflect the UV radiation and 

reduce the amount of organic molecules needed to achieve desired SPF factors.  When 

UV light from the sun is absorbed by the TiO2 particles, photoactivation occurs and can 

lead to the formation of ROS. (10–15) Dunford et al. have shown that when DNA was 

exposed to simulated sunlight in the presence of TiO2 particles, the hydroxyl radicals 

accelerated the breakage of the DNA chains.(29)  With the sunscreen directly on the 

epidermis, it is important to prevent the photocatalytic activity that is the culprit of DNA 

damage.   

 Therefore, we would like to design the nanoparticle surfaces to reduce the 

photocatalytic activity and therefore also reduce the generation of reactive oxygen 

species.  In order for the redox reactions that produce reactive oxygen species to occur, 

both the reduction and the oxidation need to take place.  In the case of ROS generation, 

the electron reduces molecular oxygen (O2) into the superoxide anion (O2·
-
) and the hole 

oxidizes water (H2O) into hydroxyl radicals (OH·).  To reduce ROS generation, either 
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one or both of the redox reactions must be inhibited.  As shown in Chapter 3, there are 

a variety of conditions that can affect the generation of ROS by the TiO2 nanoparticles, 

including the surface ligands.  We have hypothesized functionalizing the TiO2 

nanoparticles with a modular ligand which combines an inner hydrophobic ligand that is 

then chemically modified with an outer ligand. The hydrophobic ligand will be a barrier 

to the generation of ROS by preventing water from reaching the nanoparticle core.  This 

would inhibit the creation of hydroxyl radicals through hole oxidation of the water.  The 

outer ligand allows for the adaptation for use in a variety of applications. 

 A number of organic reactions can be used to produce a modular ligand, many of 

which are classified as “click” reactions.  The phrase “click chemistry” was first coined 

by K. Barry Sharpless in 2001 as describing a variety of reactions that are modular, wide 

in scope, give very high chemical yields, generate only inoffensive byproducts, and are 

stereospecific.(30)  The process must have simple reaction conditions, readily available 

starting materials, no solvent or a benign solvent, and simple product isolation.  The 

original driving force for these reactions was to mimic nature by joining small chemical 

units together with heteroatom links (C-X-C).(30)    

 One of the most popular “click” reactions is the Cu (I) catalyzed azide alkyne 

cycloaddition (CuAAC), which couples a terminal azide with an alkyne, creating a 1,4-

disubstituted 1,2,3-triazole linkage via a [3 + 2] Huisgen cycloaddition.  This reaction is 

an excellent example of “click” chemistry because of its selectivity and tolerance to a 

variety of reaction conditions.(31)  In more recent years, this reaction has been 

demonstrated on a number of surfaces including gold, silicon, carbon nanofibers, and  
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Figure 4.1:  Modular functionalization scheme to reduce the generation of ROS by illuminated TiO2 

nanoparticles.  The yellow represents the nanoparticles core, the red represents the hydrophobic 

ligand first attached to the surface, and the blue represents a hydrophilic ligand (or ligand with 

desired functionality) that is easily attached to the hydrophobic molecule. 
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metal oxide heterostructures.(32–36) Due to the mild conditions of this reaction, there 

is generally no concern about the etching of the surfaces. 

 However, the copper catalyzed [3 + 2] Huisgen cycloaddition is shown to leave 

behind residual amounts of copper which can be problematic for biological applications 

and could also cause additional toxicity in aquatic life.(37)  This has led to efforts in 

developing metal-free synthesis techniques.  One technique is to modify the Huisgen 

cycloaddition reaction to allow the removal of the copper and its reducing agent.  This 

has been explored in the literature, but involves the addition of heat, light, or a limited 

number of possible reagents making the reaction less modular and less useful for many 

applications.(38, 39)  Another promising method is the family of thiol-ene addition 

reactions.(40, 41)  This type of reaction can proceed via two different routes: anti-

Markovnikov radical reaction or a base- or nucleophile-catalyzed Michael addition 

reaction.  The anti-Markovnikov reaction requires the use of an external radical and 

energy to generate the radicals.  Through this mechanism, the thiol compounds may react 

non-selectively with any vinyl bonds.  For the Michael addition reaction, a facile reaction 

occurs between the nucleophilic species and activated olefins under basic conditions.  

This reaction has the benefits of mild reaction conditions, minimal by-products, and high 

conversions when optimized.(40, 41) 

 Understanding the production of ROS based on the surface functionalization of 

TiO2 NPs along with the corresponding ligand degradation is critical in ultimately 

determining the environmental safety of these nanomaterials. 
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4.2 Experimental Methods 

 4.2.1 Chemicals 

 Reagents used for the Cu(I) catalyzed azide alkyne cycloaddition include 10-

undecynoic acid (406546, Aldrich), azido-dPEG®4-alcohol (10541, Quanta Biodesign 

Limited), azido-dPEG®8-alcohol (10542, Quanta Biodesign Limited), Cu(II) 

tetrafluoroborate hydrate (366587, Aldrich), tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) (678937, Aldrich), (+)-sodium L-ascorbate (A7631, Sigma), 

and hydroquinone (H9003, Sigma-Aldrich).   

 For the Michael’s Addition reaction, reagents used were 11-mercapto-undecanoic 

acid (450561, Aldrich), poly(ethylene glycol) methyl ether acrylate (454990, Aldrich), 

and dimethylphenylphosphine (265020, Aldrich). 

 For the hydrophilic ligand, a six-unit PEG chain terminated with an alcohol and 

an acid group (HO-PEG6-COOH) was custom synthesized by ChemPep, Inc. and was 

>98% pure. 

 All water used is brought to 18.0-18.2 MΩ-cm resistivity using a Barnstead 

NANOpure Infinity ultrapure water system with an organic-free filter cartridge.  A 0.5 M 

NaOH solution was made using NaOH (S318, Fisher Scientific) in 18 MΩ-cm H2O. 

 4.2.2 Synthesis of TiO2 Nanoparticles 

 The TiO2 nanoparticles used for this study were based on the synthesis by 

Kotsokechagia et al.(42)  In a round bottom flask, 5 mL of TiCl4 were added to 25 mL of 

anhydrous ethanol to create titanol groups.  After 2 minutes of stirring, 100 mL of 
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anhydrous benzyl alcohol were added to the solution as the reaction medium.  The 

solution was heated at 85 °C for 6.5 hours after which the solution became cloudy and 

was transferred to centrifuge tubes with 15 mL of solution in each.  The particles were 

sedimented out of solution using a 1:2 (v:v) ratio of diethyl ether to nanoparticle 

suspension.  The mixture was centrifuged at 4000 g for 10 minutes or until the 

supernatant was clear and the nanoparticles created a white solid pellet at the bottom.  

The liquid supernatant was decanted and the nanoparticles were suspended by sonication 

in a 1:1 (v:v) solution of 18 MΩ-cm:ethanol adjusted to pH 1 using concentrated HCl.  A 

variety of sizes can be synthesized by varying the time of heating. 

 4.2.3 Cu Catalyzed Azide Alkyne Cycloaddition (CuAAC) 

 The initial functionalization was done using a 5 mM solution of undecynoic acid 

in 18 MΩ-cm H2O brought to pH 8 using 0.5 M NaOH.  The solution was heated at 80 °C 

for ten minutes to help dissolve the acid.  The solution was then added to the particles 

crashed out of the storage solution.  The final solution had a pH of 5, which is below the 

point of zero charge of the TiO2 nanoparticles.  The samples were sonicated for 3 hours, 

leaving unstable functionalized particles in water.   

 The azide-alkyne cycloaddition was carried out by adding to the solution 1.2 mM 

azido-dPEG8-alcohol, 0.5 mM Cu(II)(tris-benzyltriazolyl-methyl)amine)tetra-

fluoroborate hydryte (TBTA), and 6.5 mM sodium ascorbate. Upon addition, the solution 

immediately turned orange.  The solution was stirred for 24 hours at room temperature.   

 Samples were dialyzed using a cellulose membrane (Sigma Aldrich #D9777, 

molecular weight cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour periods to  
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Figure 4.2:  Chemical reaction scheme of the copper-catalyzed azide alkyne cycloadditon “click” 

reaction.   
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remove any excess ligands. 

 4.2.4 CuAAC Control Reactions 

 A control reaction was carried out using all the reagents except the copper 

catalyst.  The nanoparticles were functionalized with a solution of 5 mM undecynoic acid 

in the same fashion as in secion 4.2.3.  After sonication, 1.2 mM azido-dPEG8-alcohol 

was directly added to the solution.  The white, opaque solution was stirred for 24 hours 

and was dialyzed using a cellulose membrane (Sigma Aldrich #D9777, molecular weight 

cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour periods to remove any excess 

ligands.  

 4.2.5 Michael Addition Thiol-ene Reaction 

 The hydrophobic ligand was functionalized to the surface using a 4 mM solution 

of 11-mercapto-undecanoic acid (MCUA) in 15 mL of acetone.  The solution was added 

to the TiO2 nanoparticle pellet crashed out of the storage solution.  Once agitated into 

solution, the nanoparticle suspension was bath sonicated for 3 hours giving a well-

dispersed colloid solution. 

 The Michael addition thiol-ene reaction was carried out with a ratio 

alkene:thiol:catalyst of 1:1.2:0.2.  Therefore, 3.3 mM of poly(ethylene glycol) methyl 

ether acrylate and 0.7 mM dimethylphenylphosphine (DMPP) were used.  Due to the 

odor of dimethylphenylphosphine, this was carried out in a well-ventilated hood.  The 

solution was stirred overnight at room temperature.  The particles did not become a stable 

colloid suspension in the acetone and 
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Figure 4.3:  Chemical reaction scheme for the Michael’s addition thiol-ene “click” reaction.  
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were centrifuged out of solution without the need for an additional solvent.  The 

pellet of TiO2 nanoparticles was then re-suspended in a solution of 18 MΩ-cm H2O. 

 Samples were dialyzed using a cellulose membrane (Sigma Aldrich #D9777, 

molecular weight cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour periods to 

remove any excess ligands. 

 4.2.6 Thiol-ene Control Reactions 

 The first control did not include the dimethylphenylphosphine catalyst.  The 

particles were functionalized with a 4 mM solution of 11- mercapto-undecanoic acid in 

15 mL of acetone.  The solution was sonicated for 3 hours.  Then 3.3 mM of 

poly(ethylene glycol) methyl ether acrylate was added to the solution and which was 

stirred for 24 hours at room temperature. 

 The second control carried out the reaction without first functionalizing with the 

hydrophobic ligand.  A solution of 3.3 mM poly(ethylene glycol) methyl ether acrylate 

and 0.7 mM dimethylphenylphosphine catalyst in 15 mL of acetone was added to the 

pellet of TiO2 nanoparticles crashed out of the storage solution.  The solution was first 

sonicated for 3 hours to break up the pellet into the solution and was then stirred for 24 

hours at room temperature.   

 The two control samples were sedimented of the acetone solutions with 

centrifugation (10 min at 4000 g) and were re-suspended in 18 MΩ-cm H2O.  Samples 

were dialyzed using a cellulose membrane (Sigma Aldrich #D9777, molecular weight 

cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour periods to remove any excess 

ligands. 
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 4.2.7 Hydrophilic PEGylation 

 To determine the effectiveness of the hydrophobic “inner” ligand, a control 

functionalization was done using a fully hydrophilic PEG ligand.  The functionalization 

was carried out using a 5 mM solution of HO-PEG6-COOH in 25 mL of 18 MΩ-cm H2O.  

The solution was added to the sedimented TiO2 nanoparticles and bath sonicated for 3 

hours.  The solution was dialyzed using a cellulose membrane (Sigma Aldrich #D9777, 

molecular weight cut-off 12,400 Da) in 18 MΩ-cm H2O for two 24 hour periods to 

remove any excess ligands. 

 4.2.8 Characterization of Functionalization 

 Infrared absorption measurements were performed using a Bruker Model 

Vertex70 Fourier-transform infrared spectrometer equipped with a liquid nitrogen-cooled 

mercury cadmium telluride detector. Nanoparticle samples were prepared for FT-IR 

analysis by placing a small amount of the functionalized nanoparticle suspension onto a 

ZnSe salt plate and heating to dryness at 80 °C.  The FT-IR measurements were obtained 

in transmission mode using an air background and averaged over 100 scans.  The spectra 

were background-corrected within the Opus software. 

 Samples were characterized using XPS in an ultrahigh vacuum system equipped 

with a load-lock for sample introduction, a monochromatized Al Kα source (1486.6 eV), 

and a hemispherical analyzer with a 16-channel detector array.  The survey was taken 

from 0-1400 eV, with 0.8 eV/step, a pass energy of 187.85, and averaged over 5 sweeps.  

All multiplex measurements were taken with a 58.7 eV pass energy with 0.125 eV/step.  

The number of scans for each element were C (1s) 10 scans, Cu (2p) 20 scans, N (1s) 30 
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scans, O (1s) 5 scans, P (2p) 10 scans, S (2p) 30 scans, S (2s) 20 scans, and Ti (2p) 5 

scans.  All data was taken with an electron take-off angle was 45º and peak positions and 

areas were calculated by fitting raw data to Voigt functions after a Shirley background 

correction performed using the software package IGOR. 

 4.2.9 Light Exposure  

 Sunlight was simulated using a 250 W blue-spectrum metal halide lamp (XM 

250W, 10,000K; electronic ballast; XM Lighting, Anaheim, CA) designed to mimic 

sunlight at shallow depths in the ocean.  From light intensity experiments conducted by 

Professor Sanjay Joshi at Penn State University, the total absorbed flux above the band 

gap of anatase (3.2 eV or 387 nm) is 4 W/m
2
.  Studies were carried out using 300 μL of 

solution in 96-well plates using a quartz plate as the cover.  Dark samples were placed 

under the light but were completely covered in aluminum foil to allow for the same 

temperature fluctuations but prevent the exposure to light.  The sample plates were placed 

18 inches under the metal halide lamp.   

 Samples were diluted to 250 mg/L TiO2 using 18 MΩ-cm H2O that was purged 

with Ar gas and left out of the light for at least one month.  The samples were left under 

the light for 0, 0.5, 1, 2, 4, 8, 16, 24, and 48 hours.  Each sample was performed in 

triplicate for hydroxyl detection and one sample of each was also made for both FTIR 

and XPS where the APF indicator was omitted. 

 4.2.10 Characterization of Light Exposed Samples 

 Hydroxyl radicals (OH·) were measured quantitatively using a fluorescent probe, 
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Figure 4.4:  Hydrophilic HO-PEG6-COOH molecule. 
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3'-(p-aminophenyl) fluorescein (APF).(43, 44)  After samples were exposed to light 

or dark conditions, 10 μM APF and 100 mM phosphate buffer pH 7.2 were added to each 

sample.  The samples were then transferred to amber vials to prevent additional light 

exposure.  Steady-state fluorescence measurements were taken using an ISS K2 Time-

Resolved Spectrofluorometer using slit sizes of 2.0 mm and 0.5 mm for the excitation and 

emission respectively.  The samples were excited at 490 nm and emission peak occurred 

between 510 and 525 nm.  To prevent over-saturation of the photon-counting detector, 

each of the samples were diluted by a factor of 10.  A linear quantitative curve was used 

to determine concentrations of OH· present in each sample. 

4.3 Results and Discussion 

 4.3.1 Cu Catalyzed Azide Alkyne Cycloaddition (CuAAC) 

 Although the hydrophobic nanoparticles should not be a stable suspension in 

water, they do give a small amount of repulsion to prevent the particles from 

agglomerating according to DLVO theory.   However, since the hydrophobically-coated 

particles did not form a stabile colloidal suspension, the solution was most likely in a 

secondary minimum from DLVO theory.   

 FTIR and XPS spectra were evaluated after both the hydrophobic attachment and 

after the hydrophilic molecule were added.  The results were compared to those of the 

control reaction.  From an FTIR perspective, it would be easier to characterize an azide 

attached to the surface and track its disappearance after the “click” reaction since there is 

a strong azide vibration at 2098 cm
-1

.  The characteristic peaks of an alkyne are much 
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weaker at 2118 and 3312 cm
-1

.  However, for this study, the alkyne was attached to 

the surface due to the availability of commercial products. 

 In Figure 4.5, the FTIR spectra of the alkyne functionalized nanoparticles, the 

neat azide terminated PEG, and the full CuAAC click reaction performed on TiO2 

nanoparticles after dialysis are shown.  The key molecular vibrations of the N3, C=O, and 

C-O-C are highlighted in green, blue, and red respectively.  The full CuAAC spectrum 

shows the lack of an N3 peak but also maintains the C=O vibration from the acid group of 

the alkyne as well the C-O-C vibration of the azide-PEG molecule. 

 In the XPS spectra shown in Figure 4.6, the N (1s) peak of the full CuAAC click 

reaction and the control reaction without the addition of the Cu catalyst are shown.  These 

data show the presence of the triazole ring nitrogen at 399 eV and the absence of a peak 

at 402 eV attributed to unreacted azide due to the positively charged nitrogen species.(36)  

By quantitative analysis of the N(1s) and Ti (2p) peaks of the CuAAC functionalization, 

about 1-2 molecules/nm
2
 are on the surface.  The N (1s) spectrum from the control 

reaction (no copper) does not show the presence of any nitrogen, including non-

specifically bound azide-PEG.   

 For chemical studies of the surface species on nanoparticles a “neat” surface with 

few impurities is preferred. One problem encountered with the CuAAC reaction is that 

the ascorbate used as the reducing agent has reactive sites for binding to the TiO2 as well.  

This caused a mixed surface of “click” ligands interspersed with ascorbate molecules. 
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Figure 4.5:  FTIR spectra of the alkyne functionalized nanoparticles, the neat azide terminated PEG, 

and the full CuAAC click reaction on TiO2 nanoparticles after dialysis are shown.  The key 

molecular vibrations of the N3, C=O, and C-O-C are highlighted in green, blue, and red respectively.    
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Figure 4.6:  The N (1s) XPS spectra of the full CuAAC functionalized nanoparticles and the control 

nanoparticles functionalized without the addition of the Cu catalyst.   
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 4.3.2 Michael Addition Thiol-ene Reaction 

 The Michael addition thiol-ene reaction used reagents that were optimized by Li 

et al.(40)  To prevent similar issues as with the ascorbate in the CuAAC reaction, 

dimethylphenylphosphine was chosen as the catalyst since it does not contain any group 

that would be likely to react with the TiO2 surface.  In the literature, Li et al. do not report 

the reaction between the thiol-acid with poly(ethylene glycol) methylether acrylate using 

the dimethylphenylphosphine catalyst.(40)  Other thiol-ene reactions using this catalyst 

have reported yields mostly ranging from 70 to 100% conversion.(40)  For the purposes 

of catalyst solubility, the reaction was conducted in acetone instead of water. 

 Unfortunately, for this reaction there was no element present that could be tracked 

using XPS to help determine in the thiol-ene “click” reaction had occurred. The reaction 

does contain sulfur which could be used as a tag in the XPS, however, the nanoparticle 

solutions are cast onto silicon wafers and the S (2p) peak can be overlapped with a Si (2s) 

peak.  Also, peak positions from a primary thiol to a secondary thiol would be very 

difficult to discern in the XPS spectra.  However, there is a high amount of oxidized 

carbon in the functionalized samples at 287.6 eV shown in the C (1s) spectrum in Figure 

4.7.  This is due to the presence of the –C-O-C- species of the poly(ethylene glycol) 

methylether acrylate molecule.  Therefore, the ligands have either undergone the “click” 

reaction, or the poly(ethylene glycol) methylether acrylate is non-specifically binding to 

the nanoparticles.  By comparing the oxidized carbon peaks from the MCUA only, the 

control with no DMPP catalyst, and the full thiol-ene click reaction, there is some 

oxidized carbon for the MCUA, slightly more for the control and the most for the full  
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Figure 4.7:  XPS spectra of the carbon (1s) peak for MCUA, full thiol-ene “click” reaction, and no 

catalyst control functionalized TiO2 nanoparticles.  
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thiol-ene.  There is some non-specific binding in the no catalyst control, however, the 

full thiol-ene is most successful for the addition of the PEG chain. 

 4.3.3 ROS Generation 

 The ROS concentrations detected after 24 hours of illumination of the two 

methods of “click” reaction modified nanoparticles were compared to the ROS detected 

from hydrophilic HO-PEG6-COOH functionalized nanoparticles and citrate coated 6.1 

nm particles of Chapter 3.  The citrate modified particles produce over 4 mg/L hydroxyl 

radicals.  The HO-PEG6-COOH functionalized nanoparticles reduce the amount ROS 

generated down to slightly more than 2 mg/L.  The nanoparticles modified by the 

CuAAC reaction and the thiol-ene reaction dramatically reduce the ROS generation 

further by producing negligible amounts of hydroxyl radicals in the light as they do in the 

dark.  The reduction of ROS generation by the hydrophilic HO-PEG6-COOH without the 

hydrophobic coating can be attributed to the addition of excess organic ligand than the 

smaller citrate ligands.  As shown in Chapter 3 section 3.3.7, the excess organic material 

can reduce the amount of ROS detected since the hydroxyl radicals can react with the 

organic material at the surface.   However, with the “click” modified particles less than 

half of the hydroxyl radicals were detected than for the hydrophilic particles, the 

hydrophobic coating does provide a better barrier to ROS generation. 

 The time-dependent ROS generation of the CuAAC and thiol-ene “click” reaction 

modified nanoparticles is shown in Figure 4.9.  There is a rise in the hydroxyl radical 

concentration at 4 hours, but then the generation reaches a steady state of about 1.5 mg/L 

for the CuAAC modified and 1.0 mg/L for the thiol-ene modified nanoparticles. 
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Figure 4.8:  Concentration of hydroxyl radicals produced by CuAAC, thiol-ene, HO-PEG6-COOH, 

and citrate modified TiO2 nanoparticles.  The hydroxyl radicals were detected by the APF 

fluorescent indicator. 
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Figure 4.9:  Time-dependent ROS generation of a) CuAAC modified TiO2 nanoparticles and b) 

Thiol-ene modified TiO2 nanoparticles.  The hydroxyl radicals were detected by the APF fluorescent 

indicator. 
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 4.3.4 Ligand Degradation after Light Exposure 

 The XPS multiplex data for the CuAAC nanoparticles was tracked for each of the 

0, 0.5, 1, 2, 4, 8, 16, 24, and 48 hours of light exposure.  Figure 4.10 shows the multiplex 

of the C (1s) for each of the time stamps of exposure.  The spectra were corrected to have 

the C-C peak at 284.7 eV.(45)  The oxidized carbon peaks are at 286.1 and 288.4 eV.  

The amount of oxidized carbon at 288.4 eV increases from 5.5% of the total carbon at 

zero hours of illumination to 17% after 48 hours. 

 Similarly the XPS multiplex data for the thiol-ene modified nanoparticles was 

tracked for the 0, 0.5, 1, 2, 4, and 7 hours of illumination.  Figure 4.11 shows the 

multiplex of the C (1s) peak for each of the time stamps of exposure.  Again the spectra 

were corrected to have the C-C peak at 284.7 eV and the oxidized carbon peaks occur at 

286.1 and 288.4 eV.  By 4 hours, a large increase in the oxidized peak at 288.4 eV has 

occurred. 

 Both types of “click” reaction modifications of the TiO2 nanoparticles show 

oxidization of the ligands, although they are shown to produce only small amounts of 

hydroxyl radicals in Figure 4.8.  Although the hydrophobic ligand attached directly to the 

surface of the nanoparticles might protect the TiO2 surface from water and thus 

prohibiting the hole from oxidizing the water to hydroxyl radicals, dissolved oxygen is 

smaller and might be able to migrate to the surface and get reduced into the superoxide 

anion.  Since the reduction reaction would be occurring, there must be oxidation.  This 

could be a direct oxidation of the organic ligands by the hole of the TiO2 as described by 

the photo-kolbe reaction.(46, 47)  However, even though the ligands are being oxidized,  
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Figure 4.10:  XPS spectra of the carbon (1s) peak of the CuAAC modified TiO2 nanoparticles for the 

0, 0.5, 1, 2, 4, 8, 16, 24, and 48 hours of light exposure.  The oxidized carbon peaks occur at 286.1 and 

288.4 eV. 
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Figure 4.11:  XPS spectra of the carbon (1s) peak of the thiol-ene modified TiO2 nanoparticles for the 

0, 0.5, 1, 2, 4, and 7 hours of light exposure.  The oxidized carbon peaks occur at 286.1 and 288.4 eV. 
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after 48 hours of illumination there is still the same low steady-state production of 

hydroxyl radicals shown in Figure 4.9. 

4.4  Conclusions 

 Surface functionalization of TiO2 nanoparticles has shown to have a drastic effect 

on the amount of reactive oxygen species produced by the photo-activation of the 

nanoparticles.  The CuAAC and thiol-ene “click” reactions have been successfully 

performed on the TiO2 nanoparticle surfaces where the core is protected by a 

hydrophobic inner ligand.  Compared to citrate coated nanoparticles and a complete 

hydrophilic PEG ligand, the “click” modified particles greatly reduce the amount of 

hydroxyl radicals detected after light exposure of the TiO2.  This reduction of detected 

ROS is sustained for at least 48 hours.  Further studies can determine the long-term 

effects of direct hole oxidation of the ligands on ROS generation. 
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Chapter 5 

Density Functional Theory Computations of Geometry Optimization 

and Stability of Molecules Adsorbed onto Metal Oxide Surfaces 

5.1 Introduction 

 5.1.1 Density Functional Theory (1) 

 Density Functional Theory (DFT) is a quantum mechanical modeling method 

used to determine the electronic structure of many-body systems.  DFT utilizes 

functionals (functions where the variables themselves are functions) to determine the 

properties of the system, specifically the spatially dependent electron density.  DFT 

models date back to the 1970s, however, they were not considered accurate enough for 

useful predictions until the 1990s when the approximations were refined to include 

exchange and correlation interactions.  For Kohn-Sham DFT, the interacting electrons in 

a static external potential are reduced to a tractable problem of non-interacting electrons 

moving in an effective potential which includes the effects of Coulomb interactions 

between the electrons.  To find the ground state of a system using DFT, the Kohn-Sham 

equations are solved self-consistently 
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where T is the kinetic energy, V is the potential energy from the external field due to 

positively charged nuclei, VH is the Hartree energy, Vxc is the exchange-correlation 

potential, φi is the Kohn-Sham orbital, and εi is the orbital energy. 

The charge density is described by 

 

 

 

where i is the combined k and band index, fi is the occupancy of states, and 

orthonormality constraints . 

 Although DFT correlates nicely to experiments for ground state energy 

calculations, there are still difficulties in using the model to describe intermolecular 

interactions, charge transfer excitations, transition states, global potential energy surfaces, 

and band gap calculations for semiconductors. 

 5.1.2 Plane-wave Pseudopotential Methods (1, 2) 

 Many-electron calculations can be very expensive as the computation time 

increases drastically the number of electrons.  The cost of the computation describes the 

length of time it takes for the job to finish.  Since surface calculations require not only the 

use of many atoms to create a sufficient slab of both surface and “bulk” atoms but also 

the metal oxide semiconductors contain heavy metal atoms with many electrons.  

However, the electrons can be divided into valence electrons and inner core electrons.  



 123 

The inner core electrons are strongly bound to the nucleus and do not play a 

significant role in the bonding of atoms.  A pseudopotential method uses an effective 

potential where the valence electrons are treated explicitly while the core electrons are 

“frozen” and considered together with the nuclei as rigid, non-polarizable ion cores.  

Early empirical pseudopotentials were designed by fitting computational results to some 

known experimental data such as band gaps or ionization potentials.  Norm-conserving 

pseudopotentials are used to describe electronic-ionic core interactions where the pseudo-

wavefunctions contain no “orthonormality wiggles.”   

 In solid state calculations, the local density approximations (where the functional 

depends only on the density at the coordinate where the functional is evaluated) are 

commonly used along with plane wave basis sets, as an electron gas approach is more 

appropriate for electrons delocalized through an infinite solid.   

  In molecular calculations, however, more sophisticated functionals are needed, 

and a number of exchange-correlation functionals have been developed for chemical 

applications.  One of the most widely used functional is the revised Perdew–Burke–

Ernzerhof exchange model (a direct generalized-gradient parametrization of the free 

electron gas). 

 5.1.3 VASP Computational Software 

 VASP (Vienna Ab-Initio Simulation Package) is a computational program 

developed by Georg Kresse, Martijn Marsman, and Jürgen Furthmüller at the Universität 

Wien in Vienna, Austria (for VASP references see section 5.6).  VASP uses 

pseudopotentials and periodic systems.  Periodic systems are described as a unit cell 
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repeated to form an infinite system.  Periodicity can be in one, two, or three 

dimensions.  Examples are a polymer (one dimension), a surface (two dimensions), and a 

crystal (three dimensions).  For this research, two dimensions are used to create a surface.  

The unit cell is described by three vectors a, b, and c and the angles between them.  

 VASP has four input files necessary to run a job:  INCAR, KPOINTS, POSCAR, 

and POTCAR.  These files provide the information inherent to specific system as well as 

the computational details.  The INCAR file is the central input file that contains the 

parameters for what the computation needs to do and how it should do it.  These include 

whether to start a new job or continue from a previous job, number of bands, charges, 

precision of the calculation, energy difference stopping criterion for electronic self-

consistent loop, number of maximum ionic steps, ionic relaxation, and electron smearing.  

The KPOINTS file contains the k-point mesh size for creating a k-point grid or explicitly 

contains the k-point coordinates and weights.  The POSCAR file includes the lattice 

geometry and ionic positions.  The POTCAR file contains the pseudopotential for each 

atomic species used in the calculations. 

 Once a computation has started using VASP, a number of output files are created 

where each one stores specific information.  The IBZKPT file generates the automatic k-

mesh from the KPOINTS file.  This is important because once this file is constructed it 

can be used for further computations eliminating the need to recalculate the k-mesh.  The 

CONTCAR file stores the atom positions after each ionic step of the calculation and is 

formatted in the same fashion as the POSCAR file.  The CHGCAR file contains 

information about the charge densities and can be used to restart VASP from an existing  
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Figure 5.1:  Slab geometry used for computations of surfaces.  Red indicates surface atoms, blue 

represents bulk atoms and grey is the vacuum space between slabs.  Periodic systems are created by 

the lattice vectors in the x, y, and z directions. 
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Figure 5.2:  Slab geometry used for computations of surfaces.  Red indicates surface atoms, blue 

represents bulk atoms and grey is the vacuum space between slabs.  Periodic systems are created by 

the lattice vectors in the x, y, and z directions. 
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charge density.  The WAVECAR file stores the wavefunctions, the EIGENVALUE 

file contains the Kohn-Sham-eigenvalues for all k-points, at the end of the simulation, the 

DOSCAR file contains the DOS and integrated DOS,  and the PROCAR contains the 

spd- and site projected wave function character of each band.  The OUTCAR file 

contains the k-mesh, charges, atom positions, and total energy for each of the ionic steps.   

Together these files define the geometry optimization and ground state energy of the 

periodic system. 

 5.1.4 Metal Oxide Surfaces 

 Previous chapters have given in-depth introductions of TiO2 and its wide-spread 

use in societal applications.  However, many metal oxides are also prevalent in 

applications including catalysis, sensors, electronic materials, and environmental 

remediation.(3)  

 A number of well-known theoretical and computational scientists have examined 

in-depth the first-principles of the structure and energetics of many metal oxide surfaces 

as well as reactivities, predicting vibrational frequencies, defects, ligand binding 

geometries, and many other properties.(4–31)  These studies have given insight into the 

experimental work of their coworkers and a more solid understanding of the crystalline 

structures at the molecular scale. 

 For these calculations, a flat surface is created using the “slab geometry.”  

Although many of these studies are compared to experimental data on colloidal or thin 

film nanoparticles, once the nanoparticles reach a certain size, the curvature of the 

surface can be represented by a flat geometry. 
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5.2 Adsorption of Various Anchoring Groups onto Anatase (001) TiO2 Surface 

 5.2.1 VASP Computational Method 

 For TiO2 slab, the surface was the (001) face of the anatase phase which is the 

most reactive but not the most prevalent face.  For the simulations of a monolayer, the 

TiO2 slab consisted of 24 atoms and had lattice vectors of 3.7842 x 3.7842 x 50 

angstroms.  To create a half-monolayer, the TiO2 slab was doubled consisting of 48 

atoms with lattice vectors of 3.7842 x 7.5684 x 50 Å.  The lattice vector of 50 angstroms 

created the vacuum space between the surface slabs.  All simulations used a 6 x 6 x 1 k-

point mesh that was gamma centered.  The molecules were adsorbed to both sides of the 

slab and during the structural optimizations the adsorbates and all atoms of the slab were 

allowed to move.  An energy cutoff of 400.0 eV and an energy difference of 1E-4 were 

used.  The tetrahedron method with Block corrections was used for electron smearing.  

All calculations were performed using the Perdew-Burke-Ernzerhof (PBE) exchange 

correlation functional. 

 The bare surface of TiO2 and each of the anchoring ligands were structurally 

optimized using the same conditions as the functionalized surfaces.  Any additional 

products necessary to balance the chemical equations were also optimized.  The 

anchoring groups examined were an alcohol, aldehyde, carboxylate, and hydroxamate.  

Each of the molecules had four carbon atoms.  The carboxylate was examined using 

monodentate ether, bidentate bridging, and bidentate chelating conformations.  The 

hydroxamate molecule was simulated with bidentate bridging and bidentate chelating 

conformations. 
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 5.2.2 Results   

 The relative stability of the different ligands on the surface of (001) anatase TiO2 

is determined using the functionalization energy given as 
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where A is the surface area of the slab, ET
func

 is the total energy of the functionalized 

surface, ET
surf

 is the total energy of the bare surface, and μ is the chemical potential (or 

total energy) of the adsorbed molecule, and N is the number of molecules adsorbed to the 

surface.  The adsorption phase diagram can be plotted in terms of the adsorbed molecule 

concentration by representing the chemical potential by 
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where the variational parameter Δμ accounts for the range of chemical potentials that 

occur during experimental conditions.  The functionalization energy per unit area versus 

Δμ is graphed in Figure 5.3.  For comparison, the functionalizations that have the highest 

stability will have the lowest functionalization energies.   

 From this data, the alcohol and aldehyde have the weakest functionalization 

energies and in most cases the geometry optimizations did not keep the molecules 

anchored to the surface.  The greatest stabilities were found for carboxylate and  
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Figure 5.3:  Functionalization energies per unit area versus chemical potential for the different 

molecular anchoring groups on an anatase (001) surface.  For each chemical potential, the lower the 

energy of the functionalization the more stable the molecule on the surface is. 
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Figure 5.4:  Functionalization energies per unit area versus chemical potential for the different 

binding modes of a carboxylate molecule on an anatase (001) surface.  Red indicates a bidentate 

bridging mode, green indicates a monodentate ether mode, and blue indicates a bidentate chelating 

mode. 
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hydroxymate anchoring groups.  A more in depth comparison was done with the 

carboxylate groups in terms of the different binding modes shown in Figure 5.4:  

bidentate bridging, monodentate ether, and bidentate chelating.  In Figure 5.4 the graph 

of the functionalization energies versus chemical potential is given for each of the 

binding modes for Δμ = -3 to 3 eV.  For negative chemical potentials, the bidentate 

bridging conformation is the most stable.  This can be attributed to solution phase 

conditions were the concentrations of the adsorbing molecules are lower giving rise to a 

half- monolayer coverage.  When the adsorbing molecule concentrations are higher, 

where Δμ is greater than about 0.2,  the monodentate ether binding mode is most stable.  

Under all conditions, the bidentate chelating conformation is never the most stable. 

5.3 Comparison of Covalent Bonding of Ligand to Various Metal Oxide Surfaces 

through a Williamson-Ether Type Reaction 

 5.3.1 VASP Computational Method 

 For this study, a three different metal oxide surfaces were compared:  TiO2, ZnO, 

and SnO2.  The reaction scheme being modeled is shown in Figure 5.5.  There are a 

number of possibilities for the binding of the molecule to the surface; two of the 

simulated possibilities are displayed where under heated conditions the alkyl attaches to 

the surface through either a surface oxygen atom or the hydroxyl group of a surface metal 

atom.  For these simulations the water and heated temperatures are not taken into 

consideration, therefore, the byproducts of the reactions are unknown.  For comparison 

the byproduct is kept the same as HI. 
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Figure 5.5:  Two examples of the Williamson-ether type reaction of an iodo-alkane binding to the 

surface of a metal oxide (M denotes metal).  A covalent attachment can be made through a surface 

oxygen or the oxygen of a hydroxylated metal surface atom. 
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For TiO2, the surface was the (001) face of the anatase phase which is the most 

reactive but not the most prevalent face.  The slab consisted of 24 atoms with lattice 

vectors of 3.7842 x 3.7842 x 50 Å.  The 50 Å lattice vector created the vacuum space 

between the surface slabs.  All simulations used a 6 x 6 x 1 k-point mesh that was gamma 

centered.   

 ZnO was simulated using the (10-10) hexagonal face of the wurzite phase.  This is 

a non-polar face with both Zn and O atoms present at the surface.  The ZnO slab 

consisted of 32 atoms with lattice vectors of 50 x 3.2828 x 5.2597 Å where the 50 Å 

lattice vector created the vacuum space between surfaces.  The simulations used a 1 x 8 x 

8 k-point mesh that was gamma centered.   

 SnO2 was modeled using the (110) face of the rutile phase.  This is the most 

prominate face of the rutile phase and is often used for simulations.  The SnO2 slab 

consisted of 30 atoms with lattice vectors of 6.7010 x 50 x 3.1865 Å where the 50 Å 

lattice vector created the vacuum space between surfaces.  The simulations used a 12 x 1 

x 12 k-point mesh that was gamma centered.   

 All calculations used an energy cutoff of 400.0 eV and an energy difference of 

1E-4.  The tetrahedron method with Block corrections was used for electron smearing.  

All calculations were performed using the Perdew-Burke-Ernzerhof (PBE) exchange 

correlation functional.  The molecules were adsorbed to both sides of each of the metal 

oxide slabs and all atoms were allowed to geometry optimize. 

 The bare surface and hydroxylated surfaces of each of the metal oxides and the 

anchoring ligand were structurally optimized using the same conditions as the  
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Table 5.1:  Functionalization energies of the Williamson-ether type covalent linkage to each of the 

surfaces.  The first column indicates the simulation number (structures shown in Figures 5.7, 5.8, and 

5.9), the second column is the functionalization energies, and the third column indicates whether the 

molecule remained on the surface after optimization. 
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Figure 5.7:  Images of the geometry optimizations of the eight simulations performed on the surface 

of anatase (001) TiO2.  Only one of the surfaces for each slab is shown for simplicity. 
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Figure 5.8:  Images of the geometry optimizations of the eight simulations performed on the surface 

of wurtzite (10-10) ZnO.  Only one of the surfaces for each slab is shown for simplicity. 
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Figure 5.9:  Images of the geometry optimizations of the eight simulations performed on the surface 

of rutile (110) SnO2.  Only one of the surfaces for each slab is shown for simplicity.  
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functionalized surfaces.  Any byproducts necessary to balance the chemical equations 

were also optimized.   

 5.3.2 Results 

 The relative stability of the ligand on the surfaces of anatase TiO2, ZnO, and SnO2 

is determined using the functionalization energy given as the equation in section 5.2.2. 

 The results of the simulated functionalization energies per unit area are displayed 

in Table 5.1.  The table also indicates whether the molecules remained attached to the 

surface after the geometry optimization.  The corresponding images are shown in Figures 

5.7, 5.8, and 5.9 where only one of the sides of the slab is shown for simplicity.  A direct 

comparison can be made between the metal oxide surfaces since the HI byproduct is kept 

constant even though there is no addition of water into the simulation.  From this data, it 

appears the molecular linkage can be relatively stable on all three surfaces, with SnO2 

showing the most stabile attachments and ZnO showing the least stabile attachments.  

The molecule on anatase TiO2 has the strongest functionalization energy when attached 

to the hydroxyl oxygen bound to a Ti atom of the surface (simulations 6 and 8). 

5.4 Conclusions 

 The simulation results of this study can be used for comparisons with 

experimental work on the functionalization of various metal oxide surfaces.  When 

comparing a variety of surface anchoring groups on anatase (001) TiO2, carboxylate 

linkages were the most stabile and depending on the concentration of the molecule, the 

binding mode is either bidentate bridging or monodentate ether.   
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 Experimental work in the Hamers group has concentrated on a Williamson-

ether type reaction of the surfaces of metal oxides with iodo-alkane groups.(32)  When 

comparing the stability of the covalent organic linkage to TiO2, ZnO, and SnO2, the 

stability appears to be strongest for SnO2 then TiO2 then ZnO.  These computations can 

be used to help elucidate a mechanism of binding as well as help determine if a reaction 

should take place experimentally.  
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