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Gold nanoparticles in the 1-2 nm core diameter size regime have generated a great 

deal of interest due to their size-dependent electronic, optical, and catalytic properties. A 

number ofproof-of-concept experiments have demonstrated that small metal 

nanoparticles can be integrated into single electron transistors and optical waveguides. 

Still, reliable incorporation of gold nanoparticles into devices requires practical methods 

for their assembly on surfaces. Additionally, surface modification methods must be 

developed in order to control interparticle interactions and nanoparticle-environment 

interactions for use in sensing and catalysis. 

In this research, nanopartic1e-substrate interactions were utilized to assemble 

surface-bound gold nanoparticle monolayers with interesting electronic and catalytic 

properties. Gold nanoparticles (1.5 nm diameter) with a thio1ligand shell containing 
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phosphonic acid terminal functionality were synthesized and assembled selectively onto 

hafnium-modified silicon dioxide substrates through bonding of the terminal phosphonate 

to Hf(IV) surface groups. By increasing the surface coverage of Hf, it was possible to 

assemble monolayers of gold nanoparticles dense enough to exhibit nonlinear current­

voltage properties across a 5-Jlm electrode gap at room temperature. Moreover, by taking 

advantage of the selectivity of this ligand shell for ZnO over Si02, small gold 

nanoparticles were utilized as catalysts for selective growth of patterned, vertical ZnO 

nanowire arrays. 

In addition to engineering nanoparticle-substrate interactions, new surface 

modification methods were introduced to manipulate the interaction of the as-deposited 

gold nanoparticle monolayers with the environment. For example, thiol-thiolligand 

exchange reactions were carried out on the surface-bound nanoparticle monolayers by 

immersion in dilute thiol solutions. Contact angle and XPS measurements indicate that 

the upper, surface-exposed phosphonic acid ligands are replaced by incoming thiol 

ligands. TEM measurements indicate that nanoparticle monolayers remain surface-bound 

and are stable to this exchange process, as the average particle size and surface coverage 

are preserved. As another example, the ligand shell can be partially removed by 

UV/ozone treatment to expose bare gold cores to the surrounding environment. On metal 

oxide substrates, this approach activates the particles for room temperature oxidation of 

carbon monoxide to carbon dioxide. 

This dissertation includes both my previously published and my co-authored 

materials. 
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CHAPTER I
 

INTRODUCTION:
 

SELF-ASSEMBLY, INTEGRATION, AND CHARACTERIZATION OF
 

NANOPARTICLE MONOLAYERS
 

General Introduction 

In 1959, Nobel laureate Richard Feynman delivered his now-famous lecture, 

"There is Plenty of Room at the Bottom," in which he stated, "The principles of physics, 

as far as I can see, do not speak against the possibility of maneuvering things atom by 

atom."l Credited with introducing the concept of nanotechnology, Feynman proposed 

that researchers could achieve a paramount level of control over matter by assembling 

synthetic structures one atom at a time. Perhaps the first practical manifestation of this 

concept came in 1981 when Gerd Binning and Heinrich Rohrer demonstrated scanning 

tunneling microscopy (STM) for microscopic imaging of surface structures with atomic 

scale resolution.2 These initial experiments led others to eventually direct individual 

atoms and molecules with scanning probe tips to build more complex structures.3 
-6 

Although we currently do not possess the tools necessary to produce large numbers of 

devices and novel structures atom-by-atom in parallel, these experiments have inspired 

researchers to assemble structures of nanometer-scale materials in new and useful ways. 
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Nanomaterials are broadly defined as structures having one dimension below 

1000 nm in size.7 It is in this size regime that materials begin to exhibit unique size­

dependent properties that differ from those observed in the bulk and from those observed 

in individual atoms or molecules. There are thousands of examples of nanomaterials 

composed of traditional metals, semiconductors, and insulators, and formed into a variety 

of interesting structures, including nanoparticles,8, 9 nanowires, 10, 11 nanotubes,12 and 

nanoprisms, 13, 14 to name a few. These materials encompass a broad range of sizes, but it 

is in the 1-30 nm size regime that nanomaterials begin to exhibit properties that vastly 

differ from those of their bulk counterparts due to quantum effects and as a result of their 

large surface area-to-volume ratios. The research presented in this dissertation is focused 

on the development of two-dimensional assemblies of gold nanoparticles, so we will here 

consider gold nanoparticles as one example ofa class of nanomaterials that differs 

markedly in behavior from the bulk material. 

Bulk gold is commonly known for its luster and malleability, as evidenced by its 

use for centuries in jewelry, coinage, and works of art. IS It has a high thermal 

conductivity and melts at approximately 1064 °C. 16 Gold also possesses a very low 

electrical resistivity and is extremely resistant to corrosion. Consequently, it has been 

widely used as an ideal contact material in electronics and in microelectromechanical 

switching components. 17 When the dimensions of gold are reduced to the nanoscale, 

however, its properties hardly resemble those of the bulk. For example, instead ofbeing 

non-reactive like bulk gold, nanoscale gold has shown excellent low-temperature 
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catalytic activity.18-20 This and other differences in behavior can be attributed to 

electronic effects and surface effects. 

The most well known examples of size-dependent properties of gold nanoparticles 

are their unique optical and electronic properties. The electronic structure of a gold 

. nanoparticle differs significantly from that of its bulk counterpart, evidenced by the 

presence of sharp absorbances in the UV-visible spectra ofundecagold (AUll) clusters,21 

the observation ofbroad plasmon resonances in gold nanoparticles over 2 nm in 

diameter,22 and the size-dependent change in color observed in solutions of gold 

colloids.23 Furthermore, in contrast to the high electrical conductivity the bulk material, a 

-single gold nanocrystal exhibits a size-dependent energetic barrier to single-electron 

charging that is a result of its extremely small capacitance.24,2S This phenomenon,known 

as t];Ie Coulomb blockade to electron t:t:ansport, will be examined in more detail in the 

following section because the electron transport properties of gold nanoparticles are one 

of the primary drivers for study of metal nanoparticle assemblies. 

The surface-to-volume ratio of a gold particle increases significantly as the size of 

a gold nanocrystal is reduced, and the properties of nanoparticulate gold reflect this 

phenomenon. As the diameter of the particle decreases, the number of gold atoms that 

reside at the surface of the nanoparticle represent a far greater percentage of the overall 

composition than they do in the bulk material. The surface is also curved, and the atoms 

at the surface are not as constrained as they are in the bulk metal. As a result, gold 

nanoparticles show decreased melting temperature with decreased diameter compared to 

macroscale gold.26-28 The nature of the surface will also have a profound impact on the 



---------------------

4 

solubility and interfacial properties of nanoparticulate gold. Modification of nanoparticle . 

surfaces with self-assembled monolayers (SAMs)of w-functionalized thiols has been 

demonstrated through direct incorporation during the synthesis and through ligand 

exchange reactions.29
-
33 Depending on the w-functionality, SAM-functionalized gold 

nanocrystals are soluble in a variety ofcommon solvents. Terminal functionality canalso 

be incorporated in order to design specific reactivities for analytes in solution and for 

particular surfaces.34
-
36 It is this aspect of gold nanoparticles that makes them interesting 

candidates for the active components in nanoscale devices fabricated by bottom-up 

assembly processes. 

Bottom-up assembly is often cited as one of the key approaches to accessing the 

unique properties ofnanomaterials, but it has long been a familiar concept in materials 

synthesis. One needs to look no further than the chemical synthesis industry to realize 

that organic chemists have been building materials atom by atom for well over a century. 

Molecule-by-molecule assembly has also seen large-scale implementation over the past 

several decades, evidenced by the multitude of polymers in common use that are 

synthesized one monomer unit at a time. Likewise, bottom-up assembly is very 

important to the fabrication ofnanomaterials and nanoscale devices, because structures 

on the nanometer scale are too small to be manipulated efficiently and in parallel with the 

tools at our disposal.7 It is certain that the development of nanotechnology for large-scale 

applications will rely heavily on the assembly of materials from the bottom up, cluster­

by-cluster, and layer-by-layer. 
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In this chapter, Coulomb blockade will be discussed as one example of the many 

size-dependent properties of metal nanoparticles that have spawned a significant interest 

in the development of nanoparticle arrays by self-assembly processes. Some initial 

single-nanoparticle proof-of-conceptexperiments, including the self-assembly of single 

electron transistors, will be discussed. Both the successful operation and the drawbacks of 

single particle assemblies set the stage for the study of nanoparticle monolayer 

assemblies. A brief survey ofmethods for nanoparticle monolayer formation is then 

provided. Following this overview of nanoparticle assemblies, the components essential 

to our strategy for nanoparticle monolayer formation are described, including synthesis of 

functionalized gold nanoparticles, self-assembled monolayer systems important to our 

approach, the tunable interactions in nanoparticle monolayers derived fi:om our self­

assembly technique, and some of the analytical methods used for characterization of 

nanoparticle monolayers. Finally, this background is followed by a general overview of 

the remainder of the dissertation. 

Coulomb Blockade 

The most attractive fundamental feature of single electron devices is the ability to . 

precisely control the movement of a very small number of electrons or even a single 

electron.25 Consider the case of a neutral metal nanoparticle with a 1.5-urn diameter core, 

isolated between two electrical contacts by two tunnel junctions, which can be an 

insulating ligand shell or a dielectric material (Fig. l.l(a)). If the gold island is charged 
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with one electron, an electric field will be produced on its surface, described by the 

following equation: 

1· e
E--- (1.1) 

- 4Jt'E r2 ' o 

where e is the charge of an electron, EO is the dielectric constant of the tunnel barrier, and 

r is theradius ofthe metal island, MovementQfolle electron onto the sphere under 

vacuum results in an enormous electric field on the surface of the particle, approximately 

equal to 2.6 GVm- l
. Consequently, additional electrons are strongly repelled from the 

particle. Ifadditional energy is put into the system in the form of an electrostatic 

potential, it is possible to overcome this repulsion to add a second electron, a third 

electron, and so forth. 24
, 25 As a result, the charge versus voltage characteristic of this 

system should resemble a step function because the total charge on the particle can only 

increase in single electron increments (Fig. 1.2). 

As stated in the previous section, much of the recent interest in metal 

nanoparticles, specifically gold nanoparticles, stems from their interesting and potentially 

useful size-dependent electronic properties. Small metal nanoparticles exhibit a barrier to 

single electron charging that gives rise to nonlinear current-voltage characteristics. This 

is attributed to the extremely small capacitance (C) of an isolated metal nanoparticle, 

which can be expressed as a function of the nanoparticle core radius as follows: 
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(a) (b) 

S D 

V ON 
OFF 

Vc =0 
Vc > 0 

Figure 1.1. Schematic of an ideal nanoparticle SET, with source, drain, and gate contacts. (a) The gold 
core is isolated from the contacts by two tunnel junctions, which could be a ligand shell, dielectric material, 
or both. (b) Illustrated nonlinear cUiTent-voltage curve for a nanoparticle SET, where application of a 
positive gate bias lowers the charging energy (and thus the threshold voltage VT) for the onset of tunneling 
current. The SET can be switched from the off state to the on state by variation of the gate bias. 

Thus, a 1.5-nm gold nanoparticle has a capacitance of 8.3 x 10-20 F under vacuum 

conditions. The energetic barrier to placing an electron onto the isolated gold particle can 

be expressed as the charging energy (Ee), a function of the capacitance of the particle. 

The charging energy for an isolated 1.5-nm gold nanoparticle in a vacuum is 1.5 x 10- 19 1.
 

By comparison, the thermal energy of an electron at room temperature (kBT) is
 

approximately 4.1 x 10-21 1. Consider again the configuration shown in Figure l.l(a).
 

Since the charging energy of the gold nanoparticle is approximately 36 kBT, there will be
 

a barrier to single electron charging at room temperature, or Coulomb blockade,
 

persisting until the applied bias overcomes Ee, thus allowing an electron to tunnel onto
 

the particle.
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Current vs. Voltage 

c 
" ~ 
I!! 
~ 
=- -15	 10 Hi 

~ 
o"

Bias (V) 

Figure 1.2. Ideal current-voltage curve for an isolated 1.5-run gold nanoparticle under vacuum with no 
thermal energy in the system. The current increases incrementally, in concert with the incremental tunneling 
events that transfer electrons onto the particle. 

To detennine the applied bias equal to the charging energy in this system, it is 

useful to describe the capacitance of the system as a function of the applied bias, as 

shown: 

C=qV, (1.4) 

where q is the stored charge. The amount of charge stored in the capacitor is quantized 

according to the following relationship: 

n =	 q, (1.5) 
e 
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where n is the number of electrons. It follows that when n = 1 (as is the case when V = 

Ed, q is equal to e. Substitution into equation 1.4 gives the ideal threshold voltage Vth 

for the onset of tunneling in the system: 

v 
th 

=!!....c (1.6) 

This relationship gives an ideal threshold voltage of approximately 1.9 V for a 1.5 nm 

gold sphere in a vacuum. Adding a third lead as a gate contact to the system allows for 

manipulation of the capacitance of the particle, thus enabling a reduction in its charging 

energy. It follows that the reduced charging energy will result in decreased magnitude of 

the Coulomb blockade regime and new threshold voltage, Vth '. 

Applying the aforementioned principles to a 1.5-nm gold nanoparticle in a 

vacuum should allow for the observation of transistor-like behavior in a single-electron 

device. Sweeping the bias between source and drain to potentials beyond Vth in the 

absence of a gate potential should result in a current-voltage curve like that shown in 

Figure l.l(b), with the onset of current occurring at the ideal threshold voltage. 

Application of a positive gate bias will reduce the voltage required to match the charging 

energy, so the onset of current occurs at Vrh '. The application of a static potential 

between source and drain allows for switching between on and off states for the device, 

simply by changing the gate potential. 
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Studies of Coulomb Blockade. In 1968, Giaever and Zeller published a study on 

the superconductivity of tin particles embedded in an oxide layer (Fig 1.3).37 Because 

there was a relatively thick aluminum oxide layer between the particles and between the 

Al contacts, the only way for current to flow in the system was by electron tunneling 

through the oxide and onto the tin particles. These experiments yielded an unexpected 

result. The authors noted that for particles with an average radius of approximately 7 urn, 

there was a large current suppression at very low applied biases. In addition, the zero-

bias resistance decreased with increasing temperature. Giaever and Zeller concluded that 

the zero-bias resistance was caused by inclusion of small metal particles with extremely 

small capacitance within the insulating layer, resulting in a barrier to single electron 

charging that must be overcome in order to pass current through the system. This initial 

work has inspired many experiments investigating the current-voltage properties of small 

metal nanoparticles and a great deal of interest in developing nanoparticle-based devices 

that exhibit Coulomb blockade. 

Figure 1.3. Schematic of the system studied by Giaever and Zeller. Tin droplets are embedded in a layer 
of aluminum oxide, so the only mechanism of current flow through the system between top and bottom 
aluminum contacts is by tunneling through the oxide layer and onto the tin particles. Reproduced with 
permission from Physical Review Letters 1968, 20, 1504-1507. Copyright 1968 by the American Physical 
Society. 
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More recent work in this field has relied on scanning probe techniques to address 

single nanoparticles on conductive substrates. For example, Andres et al. demonstrated 

room temperature Coulomb blockade through single nanoparticles self-assembled onto 

dithiol-modified gold.38 This was one of the first examples of room-temperature electrical 

characterization of single gold nanoparticles, but the use of an STM tip to address single 

particles is cumbersome. It is difficult to imagine more complex circuits involving 

nanoparticle-based components based on scanning probe contacts, and it would be more 

convenient to fabricate nanoparticle electronic devices using in-plane electrodes. 

A single-electron transistor produced by bottom-up assembly has been 

demonstrated by Klein et al. (Fig. 1.4).39 Here, gold leads were patterned using a 

combination of optical and electron beam lithography. The gold leads were 

functionalized with 1,6-hexadecanethiol to link 5.5-nm CdSe nanocrystals. A number of 

nanocrystals can be observed between the contacts (Fig 1.4). The contacts were deposited 

on a degenerately doped silicon wafer, which served as the gate for tuning the charge 

state of the nanoparticle. This device exhibited Coulomb blockade at 4.2 K, far below 

room temperature. Low temperatures are required to observe Coulomb blockade in 

particles of this size because their charging energies are lower than in 1-2 nm particles. 

By the same self-assembly process described for the CdSe SET, gold nanoparticle-based 

SETs were fabricated. These devices utilized 5.8-nm gold nanoparticles and exhibited 

current-voltage behavior consistent with Coulomb blockade at 77 K.4o 
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Figure 1.4. Schematic representation of the ideal CdSe SET device structure. (left) A field emission
 
scanning electron micrograph of one device shows a number of 5.5 nm CdSe nanocrystals between the
 
patterned gold contacts (right). Reprinted by permission from Macmillan Publishers Ltd.: Klein, D. 1.;
 
Roth, R.; Lim, A. K. 1.; Alivisatos, A. P.; McEuen, P. 1. Nature 1997,389,699-701, copyright 1997.
 

The single electron transistors fabricated by the Alivisatos group serve as very 

useful proof-of-concept experiments. These devices, however, are not useful in large-

scale applications for a number of reasons. The CdSe SET was studied at 4.2 K, and the 

Au SET was characterized at 77 K. These temperatures are far too low for practical 

device operation. Furthermore, it is not possible to observe Coulomb blockade in 

nanoparticles with diameters on the order of 5 nm at room temperature because the 

charging energy is less than the thermal energy. Additionally, the gate voltage required 

to initiate the onset of current in these devices is greater than 6 V.39 This is much higher 

than the maximum bias applied between source and drain within the zero current region 

for the device. Consequently, such devices could not be used as integrated circuit 

components because the activation of one such SET would not be enough to drive 

additional identical devices in sequence. This assembly strategy is also extremely 

susceptible to failure in the presence of random offset charges in the substrate. Since the 

active components in these SETs were single nanoparticles, the presence of a trapped 
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charge in the substrate would disrupt the functionality of the device. Moreover, the 

working device yield reported for this bottom-up assembly method (approximately 5%)39 

is too low for large-scale, parallel fabrication. 

A number of requirements for practical, nanoparticle-based electronics emerge 

from the drawbacks of these experiments. Small nanoparticles (1-2 nm) will be needed 

because the charging energy of the nanoparticles must be much greater than the thennal 

energy at room temperature for practical operation. Two-dimensional assemblies will 

also be required in order to strengthen the device characteristics in the presence of 

random offset charges in the underlying substrate, which can be difficult to completely 

eliminate. Bottom-up assembly strategies will be necessary to reproducibly fabricate . 

very large numbers of devices in parallel and in high yield. 

Finally, it should be pointed out that although electronics applications are a strong 

driving force for the study ofnanoparticle assemblies, the development of bottom-up 

assembly strategies for nanoparticles should broadly apply to the assembly of 

nanomaterials for a range of applications to be mentioned in upcoming sections of this 

introductory chapter and the remainder of this dissertation. The following section 

summarizes a few assembly strategies that have been investigated for the fonnation of 

two-dimensional gold nanoparticle arrays. 
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Assembly of Two-Dimensional Nanoparticle Arrays 

Advantages of 2D Assembly. Two-dimensional arrays of nanoparticles offer a 

munber of considerable advantages over their single-particle counterparts. Compared to 

single-nanoparticle devices, two-dimensional arrays are more robust towared defects such 

as trapped charges in the device substrate. Random offset charges can be difficult to 

completely remove, and one trapped charge could function as a gate electrode in a single­

particle system, decreasing the threshold voltage for tunneling and taking the particle out 

of the current suppression regime at low applied potentials.25 A monolayer of 

nanoparticles, on the other hand, offers multiple charge transport pathways. In the 

presence of a few trapped charges that take a small number ofparticles out of current 

suppression at room temperature, the device can still function as designed. As long as 

there is not an uninterrupted low-energy pathway between electrodes arising from charge 

disorder in the substrate, the current-voltage characteristics will be dominated by those 

particles exhibiting Coulomb blockade of electron transport (Figure 1.5), and a threshold 

voltage for the onset of current flow should be observed. 

In addition to their enhanced stability toward trapped charge disorder, two­

dimensional arrays are also considerably more tolerant of structural disorder than single­

particle arrangements or one-dimensional arrays. The presence of a single void in a 

linear assembly ofparticles, for example, would certainly prevent electron transport 

across an electrode gap. Two-dimensional assemblies, on the other hand, can still 

participate in electron transport, even in the presence of a significant area fraction of 

voids, due to the large number of continuous transport pathways (Fig. 1.5(b)). Such 
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voids may arise from polydispersity in the component nanopm1ic1es (Fig. I.S(c)) or from 

defects in the crystalline order of the film. In either case, nanopartic1e monolayers should 

maintain their nonlinear current-voltage properties despite various forms of disorder. 

(b) 

(a) 

Figure 1.5. Schematic illustrations (top-down) of a 2D array of gold nanoparticles between metal 
electrodes (a) in a close-packed structure with several particles taken out of current suppression by trapped 
charges in the substrate (represented by black bars); (b) with voids as structural defects; (c) with a high 
degree of structural disorder caused by polydispersity in the component nanoparticles. Despite the disorder 
illustrated in each of the examples, it should be possible to observe nonlinear current-voltage properties in 
these systems due to the large number of charge transport pathways available. 

Because single-particle devices are difficult to reliably assemble and contact 

electronically, their formation is typically low-yield. In the CdSe SET fabricated by 

Alivisatos et aI., which was assembled by random attachment of CdSe nanocrystals to 

electron beam-patterned gold electrodes through a dithiollinker, working device yields 
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(~5%) were impractically low for large-scale production.39 Other approaches to 

contacting nanoparticles are inconvenient and require expensive instrumentation, 

including the aforementioned use of an STM tip to manipulate one particle at a time.38 

Two-dimensional arrays of particles, in contrast, can easily be patterned into arrays that 

are 20 nm or less on a side by conventional lithographic methods. Given the powerful 

approach of directed self-assembly, it should be possible to use surface chemical 

interactions to assemble very large numbers of devices simultaneously while controlling 

the positioning of nanopartic1es on the target substrate. This presents an attractive and 

feasible route to high throughput assembly of nanoparticle-based electronic or optical 

devices. To this end, a number of surface modification and nanocrystal assembly 

strategies have been developed and studied in recent years. 

Langmuir-Blodgett and Langmuir-Schaefer Techniques. Uniform, close­

packed monolayer arrays of 5-nm alkanethiolate-functionalized gold nanoparticles have 

been produced by a microcontacting printing technique.41
, 42 This procedure consists of 

two steps, the first of which being the self-assembly of a uniform monolayer of 

nanopEl-rticles on an air-water interface. The particle film on the water subphase is 

transferred intact to a poly(dimethylsiloxane) (PDMS) stamp according to the Langmuir­

Schaefer method (Fig. 1.6). The nanoparticle film is then transferred to a solid substrate 

by establishing conformal contact between the PDMS stamp and the target substrate. 

Multilayer nanoparticle arrays can be assembled on the stamp one layer at a time, 

allowing adjacent layers to be composed of different types of particles, depending on the 

application. Well-ordered, centimeter-scale arrays ofnanoparticles have been formed by 



17 

Rpll 

this approach. Furthermore, pattemed monolayers and multilayers of particles have been 

successfully demonstrated. 

PDMS 
~-
. Master 

IIDtI apR 

SLbstrate I 50/lln I 
Figure 1.6. Schematic of the microcontact printing and transfer procedure for formation ofuniforrn, c1ose­
packed nanoparticle arrays. A Langmuir-Blodgett film of alkanethiolate-protected gold nanoparticles is 
formed on a water subphase and transferred to the target substrate using a PDMS stamp. This approach 
produces well-ordered monolayers of nanoparticles, but defects on the macroscale are difficult to avoid, as 
shown in the TEM image at right. Reproduced with permission from Santhanam, V.; Andres, R. P. Nano 

Letters 2004, 4, 41-44. Copyright 2004, American Chemical Society. 

One drawback to this technique is the difficulty in achieving defect-free, uniform 

arrays on the macroscale. Great care must be taken in the formation of well-ordered LB 

films of nanoparticles, and multi layers tend to form at the periphery of these films. 

Defects can propagate through the transfer step, and it is common to find relatively large 
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defects in the crystalline order of microcontact-printed nanoparticle arrays (Fig 1.7).41,42 

In addition, it is difficult to imagine a large-scale production process for nanoparticle 

arrays that relies on uniform LB assemblies of particles that extend for several 

centimeters. The monolayer films ofparticles reported by Santhanam et al. are based on 

5-nm gold cores with an alkanethiolate ligand shell, and LB assembly methods for well­

ordered nanoparticle monolayers in this size range have been reported previously.38 . 

Reports on the formation of close-packed LB films of gold nanoparticles in the 1-2 nm 

size regime, however, are far fewer.43 The decrease in van der Waal's forces with 

decreasing core size can partially explain this difficulty in achieving long-range 

crystalline order. Even in systems in which ligand interactions favor ordering, several 

nucleation sites may exist, and it is necessary to apply external driving forces to induce 

order in small nanoparticle arrays. This has been demonstrated by Brown et al. through 

the formation of LB films of l.4-nm amphiphilic gold nanoparticles, requiring multiple 

compression-relaxation cycles to increase the average grain size of ordered arrays (Fig 

1.7).43 Clearly, formation of well-ordered LB arrays of 1-2 nm gold nanoparticles 

presents a challenging problem requiring advanced fabrication techniques, with limited 

degrees of success. While the LB films reported by Brown et al. show crystalline order, 

there is a significant fraction of voids and dislocation defects that disrupt the continuity of 

these films. 
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Figure 1.7. TEM image of a LB monolayer of l.4-nm gold nanopartic1es formed in a LB trough after three 
compression-relaxation cycles. Despite hexagonal close-packed ordering throughout most of the grain 
shown, several defects and voids are clearly evident. Reproduced with permission from Brown, J. J.; 
Porter, J. A.; Daghlian, C. P.; Gibson, U. J. Langmuir 2001,17, 7966-7969. Copyright 2001, American 
Chemical Society. 

Kinetically-Driven Self-Assembly. More recently, higWy-ordered, extended 

arrays of2-3 run alkanethiolate-protected gold nanocrystals have been obtained by 

addition of excess ligand to a solution of nanoparticles to isolate the soluble particles at 

the air-solvent interface.44
, 45 Rapid evaporation of the solvent assists the segregation of 

nanoparticles at the air-liquid interface because the velocity of the interface is faster than 

diffusion of the nanoparticles in this case. The excess ligand in solution facilitates an 

attractive interaction between the particles and the air-liquid interface. The net result is 

the formation of a saturated, two-dimensional solution of nanoparticles at the air-liquid 

interface, from which nucleation and growth of nanoparticle islands progresses, until 

adjacent islands coalesce.44 This ordered, two-dimensional film is deposited onto the 
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target substrate when the solvent has completely evaporated, leaving nanoparticle 

monolayers with excellent long-range order over macroscopic dimensions (Fig. 1.8). 

These monolayers have served as exceptional model systems for the investigation of 

electron transport across nanoparticle arrays between in-plane electrodes.45 Despite these 

advantages, it is required that the target substrate be compatible with the conditions for 

self-assembly from solution. This strategy also calls for rapid solvent evaporation and 

may be difficult to reproduce conveniently over macroscopic scales. The presence of 

excess free ligand is required, which may introduce unwanted impurities in the deposited 

nanoparticle layer. 

-10 0 10 20 
Vollagc(V) 

Figure 1.8. TEM image ofa high-quality, 2D nanoparticle array formed by kinetically-driven self­
assembly from a rapidly evaporating solution of dodecanethiolate-protected gold nanocrystals containing 
excess free ligand (left). These monolayers serve as exceptionally well-ordered test structures for 
observation of electron transport in metal nanocrystal arrays with in-plane electrodes (right). Reproduced 
with permission from Parthasarathy, R.; Lin, X.-M.; Jaeger, H. M. Physical Review Letters 2001,87, 
186807. Copyright 2001, by the American Physical Society. 

Template-Assisted Adsorption of Nanoparticles. Much effort has been directed 

toward the development of simple bottom-up assembly techniques that use specific 

surface chemical interactions to guide the assembly of metal and semiconductor 
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nanoparticles onto patterned target regions on a variety of substrates.46 Template-assisted 

strategies involve the modification of the target solid substrate by mixed SAMs, which 

spontaneously guide the assembly of nanoparticles to patterned regions. This strategy for 

selective nanoparticle monolayer formation has been demonstrated through the use of 

microcontact-printed, patterned SAMs of m-functionalized thiols (-NH2 or -SH terminal 

groups) on gold (Fig 1.9)47 and through electrochemical modification of organosilane 

SAMs on Si02 with an AFM tip to graft gold clusters onto the modified regions.48 These 

patterned nanoparticle films form as poorly-ordered monolayers because the strong 

particle-substrate interaction hinders reorganization, and this method does not allow 

precise control over interparticle spacing and monolayer density. 
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Figure 1.9. Schematic of a patterned, microcontact-printed SAM on gold, with a patterned terminal thiol 
functionality to direct the assembly of 12-nm gold nanoparticles from solution. The corresponding AFM 
image of a mixed SAM with adsorbed gold nanoparticles reveals a patterned but poorly-ordered monolayer. 
Reproduced with permission from He, H. X.; Zhang, H.; Li, Q. G.; Zhu, T.; Li, S. F. Y.; Liu, Z. F. 
Langmuir 2000,16,3846-3851. Copyright 2000, American Chemical Society. 
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Covalent Linkage by Ligand-Substrate Interactions. Finally, bottom-up 

assembly approaches for the fabrication of two-dimensional nanoparticle arrays have 

emerged based on directed self-assembly, in which the nanoparticle ligand shell contains 

terminal functionality that forms a covalent linkage with a particular solid substrate.46 

One could envision a broad range of specific surface chemistries that can be utilized to 

attach nanoparticles to specific substrates. There are many examples in the literature, 

including selective biorecognition chemistries, such as the adsorption of avidin­

functionalized gold colloids onto biotin-modified silicon dioxide/5 and the incorporation 

of carboxylic- and phosphonic acids as terminal functionalities in the protecting ligand 

shells ofAu and CdS nanoparticles for covalent attachment to metal and metal oxide 

surfaces.49,50 

Generally, this assembly approach is a simple process for the selective adsorption 

of nanoparticle films to patterned regions on solid substrates. Since solid surfaces can be 

patterned with a variety of surface functionalities, it should be possible to direct the 

assembly of nanoparticles bearing specific functional groups to targeted regions on a 

variety of substrates. It should also be possible to guide the assembly of different classes 

of nanoparticles to specific surface patterns using carefully selected surface interactions 

to obtain complex architectures or mixed nanoparticle systems. The formation of LB 

films and the use of external driving forces to guide the fabrication of dense nanoparticle 

monolayers is not necessary for this technique, which instead favors self-assembly from 

solution. Although this method has not been shown to yield well-ordered nanoparticle 

monolayers to date, its simplicity makes it attractive for large-scale fabrication of 
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nanoparticle monolayers. Covalent attachment of nanoparticles to solid substrates 

through functionalized ligand shells is potentially the most convenient method for 

assembly of nanoparticle devices that are uniform on a macroscopic scale. Moreover, the 

bonding of nanoparticles to target surfaces through a ligand shell linker allows for further 

processing without desorbing the particles.8 Development of this technique requires 

careful design ofnanoparticles with specific terminal functionalities, while the directed 

assembly will likely rely on formation of nanoparticle assemblies guided by known 

surface modification strategies. Our approach to surface-bound nanoparticle monolayer 

formation is further developed in the next section with a discussion ofnanoparticle 

synthesis and the relevant SAM chemistries. 

Nanoparticle Synthesis . 

Although there are numerous reports of physical methods for the production of 

gold nanoparticles, including pulsed laser ablation methods51,52 and digestive ripening 

preparations,53 chemical routes to the preparation of gold nanoparticles have proven to be 

much more versatile and facilitate the synthesis of products with much narrower size 

distributions. An important aspect of wet chemical routes to gold nanoparticle synthesis 

is the ability to incorporate a wide range of stabilizing ligands, which prevent the 

coalescence of nanoparticles and allow the products to be interfaced in a controlled 

manner with their environments in solution or on solid supports. 

The Turkevich method, fIrst reported in 1951,is one of the most popular chemical 

routes to the formation of gold colloids.54 Sodium citrate reduces AUC4- in aqueous 
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solution to yield gold nanoparticles in the 15-20 om size range. Excess citrate acts as a 

stabilizing agent in this case, but few reports of further derivatization of citrate-stabilized 

nanoparticles with phosphine or thiolligands exist.55-57 Consequently, methods to tailor 

the surface chemistry of these gold nanoparticles for specific applications have been slow 

to develop. Futhermore, while gold nanoparticles in the 15-20 nm size regime have been 

suggested as candidate materials for the development of optical waveguides and 

plasmonics-based devices,58, 59 the size-dependent electronic and catalytic properties of 

gold nanoparticles are realized at room temperature in the 1-3 run size regime. Synthetic 

access to readily functionalized gold nanoparticles in this size range has progressed 

rapidly in the past two decades based on the gold salt reduction methods first developed 

by Turkevich. 

Schmid and coworkers first reported the synthesis of a l.4-nm, 

triphenylphosphine-stabilized "AU55" cluster in 1981,60 by reduction of Au(PPh3)CI using 

diborane gas at elevated temperatures. This marked a significant step forward in gold 

nanoparticle synthesis because it provided synthetic access to relatively monodisperse, 

small (1-2 om), ligand-stabilized gold nanoparticles. It was later reported that the 

stabilizing phosphine ligand could be exchanged for a variety of thiols, providing a route 

to stable, functionalized 1-2 nm gold nanoparticles with tunable solubilities.29 In 1994, 

Brust et al. reported a synthesis for gold nanoparticles in the 1-3 nm size range, utilizing a 

milder reducing agent (NaB~) in the presence of thiolligands for the direct 

functionalization of the product nanoparticles.30, 31 Furtherm~re, it was shown that the 

diameter of the gold cores could be tuned by varying the thiol concentration, giving 
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synthetic access to a library ofthiol-functionalized gold nanoparticles between 1 and 5 

61 run. 

In 2000, the Hutchison lab reported a safer, more versatile synthesis of 1.5-run, 

triphenylphosphine-stabilized gold nanoparticles by eliminating the use of diborane gas 

in favor of sodium borohydride as the reducing agent in a biphasic, modified Brust 

preparation. This also eliminated the need for rigorously anaerobic conditions because 

the improved synthesis could be carried out in ambient conditions. A key advantage of 

this preparation is that the product triphenylphosphine-stabilized nanoparticles are 

relatively monodisperse intermediates to a seemingly unlimited range of thiol-stabilized 

gold nanoparticles through ligand exchange reactions, which tolerate a broad range of OJ­

functionalized thiols.29
, 33 

Ligand Exchange Reactions. The ability to tailor the surface chemistry of 

nanoparticles is essential to their integration into just about any application. Ligand 

exchange reactions have been widely used to incorporate a library of alkyl-, aryl-, and 

ionic thiols into the ligand shells ofgold nanoparticles to generate functionalized gold 

nanoparticles (Fig. 1.10).32,33,62-65 In this research, the organic-soluble 

triphenylphosphine-stabilized precursors are dissolved in dichloromethane, and the 

phosphines are exchanged for the water-soluble thiolligands in biphasic conditions, with 

90-200 equivalents ofthe incoming thiol dissolved in water. The product nanoparticles 

become soluble in the aqueous phase as the exchange reaction proceeds toward 

completion. Addition of larger excesses (greater than 300 molar equivalents) of 

incoming thiolligand results in decomposition of the nanoparticles.56 In the case of acidic 
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Nanoparticle Purification. Another key aspect ofnanoparticle preparation is 

their purification to generate a monodisperse product free of small molecule 

contaminantion, including byproducts of the nanoparticle synthesis, residual gold salts, 

and excess free ligand. Residual free ligand is particularly problematic in formation of 

nanoparticle assemblies because free ligand in solution competes with functionalized 

gold nanoparticles for binding sites on target substrates and decreases the surface 

coverage achievable in both scaffold-directed linear arrays and two-dimensional 

nanoparticle monolayers formed by directed self-assembly. Previously, gold 

nanoparticles were purified by gel filtration chromatography, which can be broadly 

applied to organic- and water-soluble nanoparticles.33 Water-soluble nanoparticles have 

also been purified by ultracentrifugation, but this process generally requires at least two 

centrifugation cycles of at least twelve hours per cycle to reduce free ligand concentration 

in the supernatant to acceptable levels. Furthermore, the supernatant cannot be 

completely removed, leaving trace impurities in the product.33 Gold nanoparticles in this 

research were purified using a diafiltration procedure applied to gold nanoparticles by the 

Hutchison laboratory and reported by Sweeney.66 This serves as the most convenient 

route to removal of small molecules from solutions of water-soluble nanomaterials. 

With the availability of a convenient synthetic route to gold nanoparticles in the 

1-2 nm size regime, the ability to tailor their surface properties using ligand exchange 

reactions, and effective purification strategies for removing excess free ligands, we have 

the necessary building blocks for nanoparticle assemblies. The following section 
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discusses how surface properties of these nanoparticles can be used to assemble 

monolayers of particles and how their various interfacial interactions can be manipulated 

through careful choice of surface chemistry. " 

Interfacial Interactions in Nanoparticle Monolayers 

There are now a number of well-known syntheses for gold nanoparticles that vary 

in core size from sub-nanometer clusters to "large" colloids 50 nm or more in diameter. 

Furthermore, functionalization of these gold nanoparticles has been well studied. 

Specifically, ligand exchange reactions that tolerate a full range of terminal functional 

groups have provided synthetic access to a vast library of monolayer-protected 

nanoparticles. In a sense, the terminal functionality of the ligand shell can be viewed as 

the mediator between the gold core and its environment in three dimensions. Notonly 

does this tunable 'end group functionality dictate the solubility of a particular class of 

particles, but it also governs the interactions of the gold core with surfaces or the gas 

phase and solution environments. In tandem with the length and composition of the 

ligand shell, the in-plane interparticle interactions within a nanoparticle assembly can 

also be manipulated. Figure 1.11 below illustrates the different nanoparticle interfaces 

that depend on ligand shell thickness and terminal functionality in a one- or two­

dimensional arrangement ofnanoparticles. 
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Figure 1.11. Illustration of the tunable interfacial interactions in nanoparticle assemblies. The ligand shell 
terminal functionality dictates the particle interactions with surfaces and analytes in solution. The ligand 
shell thickness and terminal group can also dictate the in-plane interactions in an array, especially the 
interparticle spacing. The ligand shell composition, length, and terminal functional groups all mediate the 
interactions of the particle with the environment above the plane of the array by passivating the gold core 
or presenting surface functional groups to the surrounding environment. 

Particle-Surface Interactions. As discussed previously, methods for the reliable 

assembly of nanomaterials onto surfaces is key to their integration into useful device 

applications by bottom-up self-assembly methods. For example, one-dimensional and 

pseudo-one-dimensional arrays of nanoparticles have been investigated for use in 

plasmonic waveguides for optoelectronics applications and as components in 

nanoelectronic devices by assembly onto biopolymers, including DNA.36
, 67 In these 

cases, nanoparticles decorated with a ligand shell containing terminal quaternary 

ammonium functionality are directed onto the negatively-charged, phosphate-containing 

DNA backbone by electrostatic interactions. 

Two-dimensional arrays of particles can also be assembled by utilizing 

nanoparticle interfacial interactions. Several approaches for two-dimensional assembly 

have been discussed earlier in this chapter, but it is useful to note a couple examples that 
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rely on specific particle-substrate interactions. Biorecognition interactions have been 

utilized to couple avidin-coated colloidal gold particles to biotin moieties on Si02­

supported lipid bilayers, as demonstrated by Oloffson and co-workers (Fig. 1.12).35 This 

approach utilizes 10-20-nm diameter gold nanoparticles and is now well established for 

the detection of avidin bound to biotin-modified nanoparticles by local surface plasmon 

resonance measurement. As an introduction to our strategy, Foster et al. demonstrated 

the directed self-assembly of 1-2 nm gold nanoparticles functionalized with a thiolligand 

shell containing terminal phosphonic acid groups onto hafnium-modified silicon dioxide 

surfaces.34 This solution self-assembly approach provides ready access to extended gold 

nanoparticle monolayers that can be targeted to photolithographically patterned regions 

on an insulating substrate. The strength ofthis approach lies in its simplicity, and though 

the nanoparticle monolayers thus formed do not exhibit long-range crystalline order, they 

are robust due to the strong covalent bond formed between the modified substrate and the 

phosphonic acid terminal groups. In both examples, the selective chemical interaction of 

the nanoparticle ligand shell with a modified surface results in the formation of a 

monolayer of particles bound to the target substrl;lte. 

Interpartide Inter3dions. Interparticle spacing is another aspect of nanoparticle 

arrays that can be tuned by careful choice of the ligand shell. The length of the ligand 

shell, its terminal functional groups, and the degree to which the ligand shells on 

neighboring particles interd~gitate will dictate the core-to-core distance in nanoparticle 

assemblies. This spacing can impact the electronic and optical properties of a 
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Figure 1.12. Schematic ofbiorecognition-mediated assembly of colloidal gold nanoparticles. A bare, 
citrate-stabilized gold nanoparticle (i) is modified with avidin (ii). This modified particle can couple 
through the avidin shell to biotin moieties (iii) in a biotin-doped lipid bilayer on Si02• This immobilized 
particle layer is also able to bind biotin-modified macromolecules (iv). Reproduced with permission from 
Olofsson, L.; Rindzevicius, T.; Pfeiffer, I.; Kall, M.; Hook, F. Langmuir 2003,19, 10414-10419. 
Copyright 2003, American Chemical Society. 

nanoparticle array. In nanoparticle electronic devices, which operate on the principle of 

quantum tunneling, the rate at which electrons can tunnel from particle to particle will 

strongly depend on the interparticle distance. In addition, the degree of plasmon coupling 

in nanoparticle waveguides is distance-dependent, and the spacing must be carefully 

controlled in order to realize working devices and study their properties.58, 59 Control over 

interparticle spacing in one-dimensional nanoparticle assemblies has been demonstrated 

by variation of the ligand shell thickness in DNA-templated assembly of 1-2 nm gold 

nanoparticles.67 For two-dimensional arrays ofnanoparticles formed by Langmuir-

Blodgett assembly, increasing the alkanethiol chain length has been shown to aid close-

packed ordering of particles while increasing the interparticle spacing. In addition, the 

ligand shell thickness and composition in these nanoparticle layers has been shown to 
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impact the electronic properties of arrays oflarge gold nanoparticles sandwiched between 

electrodes.68 

Particle-Environment Interactions. There are relatively few reports on the 

post-deposition modification of gold nanoparticles in order to tune the interactions 

nanoparticle monolayers with the environment above the plane of the array. Perhaps the 

most well-known strategy is that reported for the biorecognition of biotin moieties on 

avidin-coated gold colloids.35 Xu et al. also reported the post-deposition modification of 

bare gold colloids self-assembled onto polymer-templated surfaces by reaction of citrate­

capped gold nanoparticles with a range of thiols bearing various terminal functional 

groupS.69 The water wetting contact angles of these particle arrays are clearly impacted 

by the choice of incoming thiolligand. In addition, Liao et al. reported the post­

deposition modification of lO-nm gold colloid arrays by thiol exchange reactions to 

impact only the interparticle spacing.68 Surprisingly, given the number of articles 

reporting thiol-thiol place exchange reactions on monolayer-protected gold colloids, 

thiol-thiol exchange reactions have not yet been employed to tune the interactions of gold 

nanoparticle monolayers with their surrounding environments. 

In order to more thoroughly address the use of surface chemistries to tailor the 

interfacial interactions of gold nanoparticles, it will be useful to introduce the specific 

classes of self-assembled monolayers that will be used in this research. By designing the 

nanoparticle ligand shell to include specific terminal functionalities, it should be possible 
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to use these bifunctional linkers to participate in formation of two monolayers 

simultaneously, one on the particle and one on the substrate, while still allowing for 

subsequent modification of the exposed particle surfaces. 

Self-Assembled Monolayers 

The formation of self-assembled monolayers (SAMs) on metal, metal oxide, and 

semiconductor surfaces has been a topic of longstanding interest and the focus of a 

considerable research effort.70-n Though the formation of a single layer of organic 

adsorbates onto a surface of interest is conceptually simple, the assembly process itself is 

governed by potentially several interactions, including adsorbate-substrate attachment, 

intermolecular packing within the adsorbate layer, and interactions of the SAM with the 

ambient environment. Several adsorbate-surface chemistries have been widely 

investigated for the tailoring of surface properties on a variety of substrates. Some of the 

most well-known include: assembly of organic acids (alkylphosphonates and 

alkylcarboxylates) onto the native oxides of metals such as Ti, AI,73,74 and Ag75; 

covalent-polar attachment of thiolates to the metal surfaces of Au,70, 76 Ag, Pd,77 Pt,78 and 

semiconductor surfaces like InP79,80 and GaAs81; and monolayer formation mediated by 

adsorbed water, such as organosilane monolayer assemblies on Si02
82,83 and Au.84 In 

this dissertation, we are primarily concerned with the formation ofthiol monolayers on 

gold, especially for the functionalization of gold nanoparticles, and the self-assembly of 

phosphonic acid monolayers on metal oxides. 
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Thiol SAMs on Gold. Self-assembled monolayers of organothiolates are the 

most widely studied class of monolayers, and their assembly has been researched on a 

broad range of materials, including the surfaces of semiconductors79-81 and, most notably, 

the coinage metals (Au, Ag, CU).70, 76, 85 Monolayers of organothiols and disulfides are 

commonly formed by immersion of a freshly evaporated metal surface into a solution of 

thiol, and a full range of w-functionalized thiols can be incorporated, enabling the 

modification ofmetal surfaces with any surface functionality. We have already discussed 

gold-thiol SAM chemistry as it relates to our research, specifically in the 

functionalization of gold nanoparticles with thiol SAMs bearing a wide range of terminal 

functional groups. 

Phosphonic Acid SAMs on Metal Oxides. Alkylphosphonic acids have been 

shown to assemble readily onto the surfaces of several metal oxides by strong covalent 

bonding interactions. Due to this stability, thin monolayers of organic acids have been 

utilized for corrosion inhibition, attachment ofbioactive molecules to metal oxides for 

sensing applications,86-88 linking ofpolymers to inorganic templates,89 modification of 

dielectric materials in organic thin film transistors,90 tuning of the ferromagnetic 

properties of semiconducting materials,61 and functionalization of metal oxide 

nanoparticles.91 

In contrast to monolayers of alkoxysilanes, which assemble as well-ordered 

islands due to cross polymerization prior to covalent attachment onto metal oxide 

surfaces,82, 83 phosphonic acid monolayers assemble randomly onto metal oxides through 
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covalent bonding of the phosphonic head group and only exhibit ordering after the 

grafting density of molecules to the surface has reached a threshold value. Continued 

adsorption of phosphonic acids increases the total van der Waal's interactions between 

adjacent alkyl chains.9z Like m0nolayers of alkanethiols, well-ordered long-chain 

alkanephosphonic acids demonstrate considerable stability due to the significant van der 

Waal's interactions between adjacent alkyl chains, giving rise to minimal contact angle 

hysteresis under a range of pH conditions and preventing the diffusion of aqueous ions to 

the substrate, thereby imparting corrosion resistance to the underlying metal oxide.93 

The nature of the bonding interaction between the phosphonic acid head group 

and metal surfaces or metal ions has been investigated in order to determine whether the 

phosophonate moiety binds in a bidentate fashion, where both P-O-H groups bind to the 

metal, or in a tridentate fashion, where the P=O moiety is interrupted to give a P-O-M 

bond upon elimination of water. Crystal structures of bulk tetravalent metal 

phosphonates and phosphates show a tridentate bonding configuration exc1usively.94 On 

metal oxide surfaces, tridentate bonding has been observed through XPS analysis, in 

which the p=o contribution to the 0 Is peak diminishes upon phosphonic acid 

monolayer assembly.95 This shift has only been reported on TiOz,95 whereas the p=o 

contribution to the 0 Is signal is still observed after phosphonic acid monolayer 

assembly on Alz03 and Taz05, indicating a bidentate bonding configuration. 

Tetravalent metal cations have been utilized to direct the assembly of phosphonic 

acid monolayers and multilayers on phosphonate-primed SiOz, planar gold, and 

germanium.94,96-101 In these cases, a gold, silicon dioxide, or Ge substrate is modified 
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with a thiol or siloxane monolayer containing a phosphonic acid tail group, upon which a 

monolayer ofZr(IV) or HfOV) cations is self-assembled from solution. Alternating 

layers of bisphosphonic acids and metal cation species can then be assembled iteratively 

to deposit multilayers of bisphosphonic acids with metal cation interlayers. One 

important surface modification technique that has followed from studies ofbisphosphonic 

acid-metal cation multilayer structures is the direct functionalization of silicon dioxide 

surfaces with tetravalent metal cation species. This method was first reported by Hong et 

al. in a paper describing the assembly of ordered zirconium 1,8-octanediylbisphosphonate 

multilayers on zirconium-primed Cab-O-Sil, a high surface area form of silica. 97 It was 

determined that the multilayers formed by this approach were slightly more well-ordered 

than those derived from a phosphonate-containing siloxane monolayer as the primer. 

Studies utilizing hafnium(IV) as a primer layer on Cab-O-Sil have also shown this to be 

an effective phophonate anchoring technique. lOZ This work was extended to planar silicon 

dioxide substrates by Page and coworkers in a report describing the assembly of hafnium 

1,10-decanediylbisphosphonate multilayers on SiOZ•
101 Similar to studies on Cab-O-Sil~ 

multilayers assembled on hafnium-primed SiOz were of better quality than those self­

assembled onto a primer layer of 3-(hyroxysilylmethyl)propanephosphonic acid. In both 

of the aforementioned studies, the silicon dioxide surface is modified in aqueous solution 

of zrOCh or HfOCh, resulting in a thin hydrous hafnium (or zirconium) oxide film. 

Direct modification of planar silicon dioxide substrates with thin layers of 

zirconium oxide or hafnium oxide by self-assembly from solution offers a number of 

advantages for advanced materials assembly strategies. In addition to the assembly of 
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multilayered optical materials,101, 102 the metal ion layer can be utilized to direct the 

assembly of bifunctional molecules containing a phosphonic acid head group and a tail 

group presenting a different functionality. In addition, the hafnium or zirconium layer 

can be patterned by photolithography for more sophisticated self-assembly schemes. This 

has been demonstrated by Foster et al. in a report describing the directed self-assembly of 

gold nanopartic1es derivatized with 2-mercaptoethylphosphonic acid (2-MEPA) on 

hafnium-patterned Si02. In this case, gold nanopartic1es are stabilized by a thiol 

monolayer containing a phosphonic acid tail group, which serves as a linker to the 

hafnium(lV)-modified substrate.34 This self-assembly strategy is the basis for the 

research presented in this dissertation. 

Orthogonal Self-Assembly Schemes. The development of SAM chemistry has 

yielded a number of well-described systems that assemble selectively on specific types of 

surfaces. Selectivity in formation ofthese molecular assemblies, in tandem with a wide 

variety of available surface patterning techniques, affords the opportunity for a number of 

sophisticated self-assembly schemes. In particular, a surface with selectivity for one type 

of adsorbate can be patterned with a different material that has selectivity for a second 

type of adsorbate. Based on this configuration, a substrate can be immersed in a solution 

containing two different adsorbates, or a single bifunctional adsorbate, to simultaneously 

assemble two different monolayers from a single solution (Fig. 1.13). Several examples 

of these advanced self-assembly schemes have been reported,103-105 and these systems 

show promise for use in molecule-based sensors and molecular electronics. 
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Based on the combination of rationally-designed nanoparticle building blocks and 

selective surface chemistries of well-known classes of self-assembled monolayers, we 

have developed strategies for designing the directed-self assembly and interfacial 

interactions of gold nanoparticle monolayers. In order to fully study nanoparticle 

monolayers and their surface properties, a range of characterization techniques are 

necessary. The next section describes some of the most commonly used analytical 

methods in our research. 
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Figure 1.13. Orthogonal self-assembly schemes utilizing bifunctional (L!-Lz) adsorbates, with each 
functionality having selective affmity for a different substrate functionality (M! or M z). Reproduced with 
permission from Gardner, T. J.; Frisbie, C. D.; Wrighton, M. S. Journal a/the American Chemical Society 
1995,117,6927-6933. Copyright 1995, American Chemical Society. 
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Characterization of Nanopartic1e Monolayers 

One of the principal challenges in chemical modification of surfaces and self­

assembly of nanostructures is characterizing the products. Since surface chemical 

processes are generally confined to two dimensions on a single solid substrate, the 

products of surface modification processes are present in very small amounts. Structural 

characterization of nanostructures (such as 1-2 nm metal nanopartic1es) is also a difficult 

problem because the physical dimensions of the materials challenge the limits of even the 

highest-resolution imaging techniques available. It is almost always necessary to utilize 

several surface analytical techniques in tandem with high-resolution microscopic 

methods in order to gain a sound understanding of the products from self-assembly 

processes and surface modification chemistries. 

Surface composition analysis of nanopartic1e monolayers usually involves X-ray 

photoelectron spectroscopy (XPS) to obtain information about the elemental composition 

of the top few surface layers. This analysis can often be refined somewhat by the use of 

time-of-flight secondary ion mass spectrometry (TOF-SIMS), which yields a wealth of 

information about surface bonding arrangements and the mass fragments present in the 

uppermost molecular layers. Structural analysis of nanostructures generally relies on use 

of transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

Contact angle goniometry, as a simple qualitative method, can serve as a rapid 

assessment of the free energy of surfaces and allows rapid screening of the effectiveness 

of surface modification chemistries. 
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X-Ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) is 

perhaps the most widely used surface analytical method for determining sample 

composition. Also known as electron spectroscopy for chemical analysis (ESCA), it is 

popular due to its high information content and its ability to accommodate a very wide 

range of samples, from planar substrates to powders. In the basic XPS experiment, a 

sample is placed in a vacuum environment and then irradiated with x-rays of a known 

wavelength. Energy transfer from the incident x-rays to core level electrons in the 

sample results in the emission of photoelectrons from the surface region, which can be 

separated by their kinetic energy and counted with a detector. The measured kinetic 

energy of the emitted electrons is related to the binding energy inherent in their atomic 

and molecular environments, the energy of the x-ray source, and the work function of the 

instrument. 106, 107 The number of electrons counted at a particular binding energy is 

directly related to the concentration of the type of atom from which those electrons 

originated. The sampling depth of a typical XPS experiment is approximately 70-100 A, 

or the topmost atomic layers ofthe surface. Because of this surface sensitivity, XPS is 

well-suited for the characterization of self-assembled monolayers and other thin films. 

The most basic XPS experiment will provide a quantitative description of the 

relative concentrations of all the elements present in a particular sample (except H and 

He). In general, the area under the most intense peak for each element is measured and 

normalized utilizing a relative sensitivity factor that depends on the instrument model and 

is determined from elemental standards. 106, 107 (It is important to choose the most intense 
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peak for a given element that does not overlap or interfere with peaks from other 

photoelectrons of similar binding energies emitted from different elements.) These 

normalized areas are then used to calculate the relative atomic concentrations of each 

element in a given sample. This simple experiment does not take into account the 

increased scattering of emitted photoelectrons with increased sampling depth. 106 As a 

result, the number of photoelectrons escaping from elements residing deeper in the 

sample is attenuated. Consequently, the overall compositions calculated by this approach 

are not completely accurate. Still, this method is useful for comparing similar samples to 

assess the thickness and quality of a thin film. Figure 1.14 shows a sample XPS spectrum 

from a silicon dioxide substrate modified with a monolayer of hafnium(IV) oxide. Some 

of the peaks from oxygen, carbon, hafnium, and silicon are noted. 
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Figure 1.14. XPS spectrum of hafnium-modified thennal Si02• Characteristic peaks for oxygen, carbon, 
silicon and hafnium are shown. The two peaks used for quantitative analysis (Hf 4d and Si 2p) are shown 
as region scans collected using 0.2 eV steps and 300 ms dwell time. 
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Time-of-Flight Secondary Ion Mass Spectrometry. Time-of-flight secondary 

ion mass spectrometry (TOF-SIMS) is an analysis technique that utilizes a primary ion 

beam to bombard the sample surface, thereby generating secondary elemental or cluster 

ions that are drawn away from the surface by an electric field and mass analyzed. The 

primary ion beam commonly consists of0/, Cs+, or Ar+ ions, which upon impact, 

generate a series of collisions in the surface region of a solid sample. 108, 109 A small part 

of the momentum from the collision cascade may be redirected toward the surface, 

resulting in the ejection of atomic and molecular fragments from the topmost layers of the 

surface. The ionized portion of these ejected secondary fragments provides the signal for 

SIMS. 109 

The most straightforward SIMS experiment presents the secondary ion intensities 

as a function of the mass of secondary ions accepted by the spectrometer. The mass 

spectrum thus obtained gives a description of the mass fragments present in the top 

monolayer of the surface. The mass spectrum for the surface layers can also be collected 

as a function of position on the surface to generate a SIMS image, which is an especially 

useful measurement technique for patterned surfaces. 109 Both spectral and imaging modes 

are known as static SIMS techniques. While SIMS is inherently a destructive technique, 

if a low primary ion flux is used, then it can be shown statistically that no point on the 

surface layer would be impacted by primary ions more than once. 108, 109 In this case, 

spectral data can be collected on a timescale much shorter than the lifetime of the surface 

layer, and the surface is said to be static on the timescale of the measurement. The SIMS 
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spectra thus obtained can be reasonably assumed to represent the top 1-2 nm of the 

surface region. 

In addition to causing the ejection of mass fragments from the surface layer, the 

primary ion beam can also be used to sputter the target sample. Sputtering can be used to 

continuously expose a new surface for SIMS measurement up to a few micrometers deep 

into the sample, thus enabling the construction of a profile of elemental or cluster 

concentrations as a function of sputter depth. 108, 109 Depth profiling SIMS, or dynamic 

SIMS, has found wide applications in materials science as a means of characterizing the 

layer structure of devices and multilayered materials. 

Unlike XPS, which is an excellent technique for quantitative analysis of surface 

compositions, TOF-SIMS does not allow for accurate quantification of surface species. 

The detection sensitivities for different elements in a single sample and for the same 

element in different samples vary over several orders ofmagnitude. 108 Still, semi­

quantitative analyses are possible if standards of known composition are employed. TOF­

SIMS offers numerous advantages, including excellent sensitivity in the ppb range for 

most elements, excellent resolution that allows the user to distinguish different isotopes 

of the same element, and the capability to monitor molecular ions in order to gather 

chemical bonding information from the topmost surface layers. 

Transmission Electron Microscopy. Transmission electron microscopy (TEM) 

is an indispensable technique for characterizing the size and structure of nanomaterials. 

It is the most direct method for observation and imaging of nanoparticles and their 

assemblies. The details of the basic TEM experiment are well-known and have been 
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described elsewhere,110 but it is important to focus on those aspects of this analysis 

technique that apply to characterization of nanoparticle monolayers in our research. 

Specifically, the choice of TEM substrates and the image analysis methods employed in 

this work are unique to the Hutchison laboratory. 

Most important to analysis of surface-bound nanoparticle monolayers studied in 

this work is the choice of substrate. Since the substrate of choice for nanoparticle 

monolayer deposition described in this disseration is thermally-grown silicon dioxide 

anywhere from a few hundred Angstroms to a few micrometers thick, it is preferred that 

any TEM analysis utilize the same substrate so that surface treatments and assembly 

methods can be accurately assessed. Recently, silicon dioxide TEM grids have been 

developed in our laboratory.111 The substrates consist of an ultrathin silicon wafer with a 

thermal oxide layer, which have been etched completely through on one side, leaving a 

pattern of electron transparent silicon dioxide windows (Fig. 1.15). One of the 

advantages of this TEM substrate is that it can be treated in the same manner as silicon 

wafer substrates (including solution processing, plasma treatment, thin film deposition, 

etc.). 

Image analysis techniques are another important consideration for obtaining 

reliable information from TEM. Typically, a large number of images from different 

regions on the TEM substrate must be acquired if possible in order to reduce user bias 

and obtain accurate size analyses. In order to measure nanoparticle sizes from such large 
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Figure 1.15. SEM images of Si02 TEM substrates used for structural analysis ofgold nanoparticle 
monolayers. The substrate consists silicon dioxide windows on one side (a,b), and a patterned, selectively 
etched Si substrate on the underside (c,d). Reproduced with permission from Keams, G. 1.; Foster, E. W.; 
Hutchison,1. E. Analytical Chemistry 2006,78, 298-303. Copyright 2006, American Chemical Society. 

samples, software is employed. This requires digital manipulation of images, and care 

should be taken to avoid over-manipulating a digital image to the point that it no longer 

accurately represents the original. This is usually accomplished through visual inspection 

and comparison of the digitally manipulated image to the original scanned image at each 

step in image processing. In this research, we utilized a series of processing steps to 

reduce background noise from the substrate and increase the contrast between the 

nanoparticles and the background. We first automatically adjust the brightness and 

contrast of the image. Then, a series of filters are used to maximize the contrast. A 

Gaussian blur removes the granular background noise, and an unsharp mask is used to 

separate nanoparticles from the smoothed background. The grayscale image is then 
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converted to a binary image using a threshold filter. We erode the binary structures by 

one pixel to remove residual single pixel noise and then dilate the structures by one pixel 

to return them to their original sizes (Fig. 1.16). The particles are then analyzed to obtain 

average core size and size distribution. In bulk samples of nanoparticles dropcast onto 

TEM substrates, it is necessary to remove nanoparticles with a circularity factor below 

0.85 because drying effects result in the formation of large, irregularly shaped aggregates. 

In the case of gold nanoparticle monolayers studied in this dissertation, we do not filter 

the nanoparticles based on circularity because the surface-bound particles generally do 

not aggregrate, and any observed aggregation is important to consider in assessment of 

our assembly conditions. 

Scanning Electron Microscopy. Scanning electron microscopy (SEM) is a 

valuable tool for analysis of surface structures and nanomaterials because it provides a 

wealth of information about surface topography and gives lateral resolution down to a 

few nanometers. Because electron transparency is not required, the user is not limited to 

extremely thin specimens as in TEM, but the resolution is not as high. 110 In the SEM 

experiment, an electron beam is focused on the specimen. The impact of the beam 

incident on the specimen generates a variety of secondary electron (auger electrons, 

backscattered electrons, etc.), photon emissions (X-rays, visible photons, etc.), and other 

radiation (heat), which can be amplified and detected. 112 A strong collected signal 

produces a bright spot on the detector, while a weak signal produces a dark spot. Several 



• • 
• • 

• • • • • • • •• • 

• • • • • 

• • 
• • 

• • 

47 

• • • •. 
• 

. • 
•

• 

• 
.. ·. ..•• 

• · • • • 
o • 

• 
, .. 

• . .... 
30nm •
 

•
 

Figure 1.16. TEM images of dispersed gold nanoparticles on a SiOz TEM grid. The image at left shows 
the nanoparticles prior to threshold filtering to obtain the binary image at right. The binary image is eroded 
by one pixel, then dilated, and it closely matches the pre-binary image. 

different types of images can be displayed from a given specimen, given suitable 

detectors, amplifiers, and a display screen for each type of image. 

Surface topography of a given specimen is imaged by detection of secondary 

electrons, which result from inelastic scattering of the incident focused electron beam. 

As the angle of incidence between the focused electron beam and the surface normal 

increases, the fraction of secondary electrons produced within the escape depth of the 

surface also increases. Consequently, as the primary electron beam is scanned over a 

surface with topography, the local angle of incidence will vary and produce 

corresponding changes in the secondary electron signal. The end result is the production 

of light and shadow regions in the displayed image, which can be intuitively interpreted 

by the operator to understand the surface structure (Fig 1.17).112 In addition to 
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measurement of topographic contrast, higher-energy backscattered electrons can be 

detected separately and used to map the elemental composition of the specimen. 113 

Figure 1.17. SEM image ofa ZnO nanowire array. The image shows the surface topography of the 
vertically aligned nanowires. The scale bar is I !-lm, and the individual nanowires are 40 nm in diameter on 
average. This image was collected with a Zeiss Ultra Scanning Electron Microscope operated at 5 kV 
accelerating voltage. 

Contact Angle Goniometry. Contact angle goniometry is a fast and simple 

method for obtaining information about the surface free energy of a planar substrate. 

Generally, a very small volume of water, typically 1 ilL, is placed on a solid surface, and 

the angle between the substrate surface covered by the drop and the surface of the drop 

near the liquid-solid interface is measured. The measured angle is thought to depend on a 

complex interplay between the free energies of the solid-liquid, solid-vapor, and liquid-

vapor interfaces. The amount of information obtained from contact angle measurements 

can be increased by measuring contact angles as a function of pH of aqueous drops,93, 114 

the use of liquids other than water as the probe liquid,115 and the measurement of 
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advancing and retreating contact angles. 116 For the research described in this dissertation, 

we employ only a sessile drop ofpure water to quickly gain an understanding of the 

hydrophobicity of the substrate. 117 While contact angle goniometry is generally 

considered to be a simple, qualitative means of gathering information about the surface 

free energy of a planar substrate, very small changes in the functionality and composition 

of the surface can affect its wettability significantlyYs, 118 The contact angles of 

alkanethiol monolayers on gold, for example, increase with increasing chain length 

because the increase in total van der Waal's interactions between adjacent chains induce 

higher degrees of ordering in the monolayer. Thiol monolayers containing hydrophilic 

surface functional groups (carboxylic or phosphonic acids, for example) give low static 

contact angles, while those presenting more hydrophobic long alkyl chains or 

perfluorinated alkyl chains have much higher contact angles. Using this method, we can 

quickly assess the extent of surface modification processes, as described in Chapter V 

regarding thiol-thiolligand exchange reactions on surface-bound nanoparticle 

monolayers. 

Dissertation Overview 

Chapter II is a demonstration of orthogonal self-assembly utilizing the two 

surface chemical interactions most important to the work described in this dissertation: 

thiolate monolayers on gold and phosphonic acid monolayers on metal oxides. In short, 

it was discovered that hafnium adsorbed onto a bare gold substrate could be used to 

assemble high-quality alkanephosphonate monolayers which resist displacement by 
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thiols. Utilizing this new surface chemistry, patterned substrates were prepared in which 

a hafnium(IV) species is patterned on gold. Using a bifunctional molecule, 2-mercapto­

ethylphosphonic acid (2-MEPA), it was demonstrated that simultaneous formation of two 

different monolayers could be achieved from the same molecule. The 2-MEPA bound to 

the hafnium-patterned regions through the phosphonate functionality and to the bare gold 

regions through the thiol functionality. The unique patterned substrates are characterized 

by TOF-SIMS imaging. Greg Keams, Christina Inman, and Evan Foster all contributed 

to this work. 

Chapter III lays the foundation for the nanopartic1e monolayer work described 

throughout the remainder of the dissertation. Small gold nanopartic1es with a thiolligand 

shell containing phosphonic acid terminal functionality previously had been shown to 

selectively assemble onto hafnium-modified silicon dioxide substrates. The resulting 

monolayers appeared dense enough to allow electronic characterization of the planar 

nanopartic1e films, but the initial studies were carried out on native silicon dioxide, which 

was problematic for electrical measurements. As a result, we opted to use silicon 

substrates with a thick, thermally-grown silicon dioxide layer to more effectively isolate 

the nanopartic1e layer from the semiconducting bulk substrate. Important differences in 

the surface compositions of native and thermal silicon dioxides necessitated the 

development of a surface modification scheme to convert surface siloxane functionality 

to more reactive surface silanol groups. This was achieved through the use of a physical 

oxygen plasma etch and wet chemical treatment. Using this surface modification strategy 

in conjunction with Si02 TEM grids, it was shown that surface pre-treatment strongly 
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impacts surface reactivity with Hf(IV) species in solution and thus has a strong effect on 

the nanoparticle coverage realized on thermal silicon dioxide. Based on our surface 

silanol regeneration treatments, we were able to deposit extended surface-bound 

nanoparticle monolayers dense enough to support electron transport across a micrometer­

scale electrode gap. The surface modification strategy, the resulting nanoparticle 

monolayers, and their electronic properties are described. Evan Foster also contributed to 

this work. 

Chapter IV describes an exciting new application of directed self-assembly of 

nanoparticle monolayers and how nanoparticle films selectively assembled onto patterned 

zinc oxide substrates can be used to generate vertical arrays of zinc oxide nanowires. The 

use of selectively assembled nanoparticles for generating other nanostructures is a 

marked improvement over previous approaches utilizing spin-cast films of colloidal gold 

or evaporated gold films as the catalyst. Our technique allows simple, rapid, bottom-up 

assembly while offering a significant reduction in the amount of gold waste generated. 

The zinc oxide nanowires synthesized by this approach are well-aligned and of good 

crystal quality as determined by photoluminescence measurements. I worked closely 

with Dr. Daisuke Ito, a visiting scholar from Sony Corporation in Japan, on this project. 

Chapter V describes a new direction in my research. Rather than focusing on 

particle-surface interactions in gold nanoparticle monolayers, new strategies were 

developed in order to manipulate the interaction of nanoparticle monolayers with the 

environment above the plane of the assembly. Here, a new post-deposition modification 

approach is described that uses thiol-thiolligand exchange chemistry to introduce new 
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surface functionality to phosphonic acid-derivatized gold nanoparticles on hafnium­

modified silicon dioxide. Contact angle studies show the change in surface wettability as 

the hydrophilic phosphonic acid ligand is exchanged for incoming alkanethiols or semi­

perfluorinated alkanethiols. In addition, TEM analysis shows the particle monolayers are 

stable to the exchange process, as the average particle diameter and number of gold cores 

per unit area are preserved. Composition analysis confirms the extent of surface 

modification and reveals that the nanoparticles are asymmetrically etched by a large 

excess of thiol in solution. By this approach, it is shown that a library of incoming thiols 

can be used to tune the surface properties of the nanoparticle arrays. 

Chapter VI is another demonstration that surface modification techniques used for 

planar gold substrates are applicable to gold nanoparticle monolayers. Using UV­

generated ozone, thiolates on the pre-assembled gold nanoparticles are oxidized to 

physisorbed sulfonates, which are readily rinsed away with water. This treatment yields 

gold nanoparticle monolayers that are bound to the underlying substrate, but the gold 

cores are exposed to the surrounding environment. XPS and TEM analysis confirm that 

the gold nanoparticle layers remain surface-bound after UV/ozone treatment and that the 

nanoparticles remain in the ideal size range for catalysis even though limited aggregation 

is observed. This treatment was applied to gold nanoparticle monolayers assembled onto 

iron oxide powders to show that UV/ozone exposure activates gold nanoparticles to 

participate in the catalytic conversion of CO to CO2 at room temperature. 
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Bridge 

During my first year rotation in the Hutchison laboratory, I attempted to produce 

metal-insulator-nanoparticle-insulator-metal (MINIM) structures based on the 

incorporation of surface sol gel-derived hafnium oxide as the insulating component. At 

the same time, Evan Foster was developing a new method for directed self-assembly of 

gold nanoparticles ligated with thiols containing phosphonic acid terminal functionality 

and their covalent attachment to hafnium-modified silicon dioxide. Greg Keams had 

recently noted the unexpected ability of hafnium species to modify gold surfaces in his 

attempts to fabricate uniformly hydrophobic interdigitated electrode arrays for 

biomolecular nanolithography. Due to common research interests, we, along with 

Christina Inman, investigated alkylphosphonic acid monolayers formed on hafnium­

modified gold surfaces. As part of this work, I developed a unique orthogonal self­

assembly scheme based on the simultaneous formation of two distinct monolayers from a 

solution of a single, bifunctional adsorbate. This new surface chemistry on gold is 

described in Chapter II as a demonstration of the complementary use of thiol SAMs on 

gold and phosphonic acid SAMs on metal oxides, the two surface chemical interactions 

that comprise one of the central themes in this dissertation. 
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CHAPTER II
 

ALKANEPHOSPHONATE MONOLAYERS ON HAFNIUM-MODIFIED GOLD:
 

A NEW CLASS OF SELF-ASSEMBLED ORGANIC MONOLAYERS
 

Reproduced with permission from
 
Jespersen, M. L.; Inman, C. E.; Keams, G. J.; Foster, E. W.; Hutchison, J. E.
 

Journal ofthe American Chemical Society 2007,129, 2803-2807.
 
Copyright 2007, American Chemical Society.
 

Introduction 

Control over the surface and interfacial properties of materials is essential to their 

integration into a wide range of applications, and a variety of surface functionalities are 

required to meet the needs of current and future materials modification.1-6 Self-assembled 

monolayers (SAMs) are particularly attractive candidates for materials modification 

because they produce well-defined surfaces that can incorporate a wide range of 

functionalities without significantly modifying the bulk properties of the underlying 

material. While thiol monolayers have been extensively studied for the surface 

modification of coinage metals,1,2,7 it is desirable to discover and develop new surface 

chemistries that offer enhanced or orthogonal functions to those of the thiols. 
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Alkylphosphonate monolayers have been widely investigated for use in the 

functionalization of metal oxides,8-10 as well as hafnium-modified silicon dioxide. I 1,12 For 

example, silicon dioxide modified with hafnium(IV) has been used to create patterned, 

two-dimensional gold nanoparticle arrays.13 However, the modification of gold 

substrates with an alkylphosphonate using a hafnium linker has not been previously 

described. Here we report how hafnium oxychloride or hafnium(lV) chloride can be used 

to modify gold surfaces and how the resulting film can be employed as a substrate for 

alkanephosphonate monolayer assembly. 

Development of a class of molecular films based upon phosphonate monolayers 

on gold offers a number of potential benefits that complement the attributes of 

alkanethiol monolayers on gold. Alkylphosphonate adsorbates assembled on hafnium­

modified gold may exhibit enhanced stability. The gold/hafnium/alkylphosphonate 

chemistry can be used to modify metal and metal oxide surfaces concurrently, such as 

gold electrodes patterned on a silicon substrate. This makes it ideal for use in the 

homogeneous functionalization of electrode arrays for numerous electronics applications. 

The phosphonate chemistry may offer the possibility of patterning gold surfaces with 

stable domains. Previous work by 1mbayashi et al. has shown that when two different 

thiols are phase separated on a gold substrate, they interdiffuse over time and blur the 

boundaries between the two functionalities. 14 As long as diffusion does not occur 

between thiol and alkylphosphonate/hafnium domains, the hafnium/phosphonate 

chemistry should allow the creation ofwell-defined boundaries between two different 

surface functionalities. For example, it could be used as a barrier to prevent diffusion 
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between adjacent patterned thiol regions on a surface, or to pattern a region on a gold 

surface before subsequent modification with a thiol adsorbate: Finally, it may be possible 

to use this assembly chemistry to create monolayers with thiol reactive terminal 

functionality, such as maleimide groups, which are used for biochip applications. 15
,16 

We initially investigated the use of hafnium/alkanephosphonate chemistry to 

generate a hydrophobic surface between the fingers of interdigitated gold electrode arrays 

on a silicon dioxide substrate. 11 
,12 It was thought that this could be accomplished by first 

selectively modifying the silicon dioxide portion of the substrate with hafniumln­

octadecylphosphonic acid (ODPA), followed by modification of the gold with an 

alkanethiol. After treating the substrate with only hafniumlODPA, the entire surface, 

including the patterned gold region, exhibited uniform hydrophobicity. Subsequent x-ray 

photoelectron spectroscopic analysis showed the presence of hafnium and phosphorus on 

the entire surface, including silicon dioxide and gold regions, indicating that the 

hafniumlODPA binds to both the glass and gold surfaces. Moreover, the hafnium/ODPA 

layer was able to block thiol adsorption to the gold upon exposure of the substrate to a 

solution of allyl mercaptan (see Appendix A). 

Following these initial investigations, we explored and characterized these 

alkanephosphonate monolayer assemblies on hafnium-modified gold. We found that the 

approach forms alkanephosphonate monolayers that are sufficiently well-ordered and 

dense to resist displacement by thiols in subsequent treatment steps. The approach allows 

easy preparation of patterned substrates. In addition, the hafnium-gold chemistry is 

compatible with and orthogonal to gold-thiol assembly strategies. We demonstrate this 
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capability by using hafnium-patterned gold surfaces in tandem with the bifunctional 

molecule 2-mercaptoethylphosphonic acid (2-MEPA) to create a unique patterned 

surface. 

Experimental 

Materials. Hafnium dichloride oxide octahydrate (Alfa Aesar; 99.998%), 

hafnium (IV) chloride (STREM; 99.9+%), n-octadecylphosphonic acid 

[CH3(CH2)17P(O)(OH)2] (Alfa Aesar), allyl mercaptan (Avocado Research Chemicals, 

Ltd.; 70%), zirconium dichloride oxide octahydrate (Alfa Aesar; 99.9%), Shipley 1818 

Photoresist (Shipley Company, Marlborough, MA), and Microposit 351 Developer 

(Shipley Company) were used as received. 2-Mercaptoethylphosphonic acid 

[HS(CH2)2P(O)(OH)2] was synthesized as previously reported. 13 Methyl alcohol (J.T. 

Baker; 100.0%) was distilled over magnesium. Deionized water (18.2 MQ-cm) was 

purified with a Barnstead Nanopure Diamond system. Absolute ethyl alcohol (Aaper 

Alcohol and Chemical Company) was sparged with nitrogen for approximately 20 

minutes prior to use. 

Preparation of Substrates. The Si substrates used in this study were cut from n­

type <100> wafers with 10-20 Q-cm resistivity (University Wafer, Boston, MA). The Si 

and glass substrates used in this research were cleaned in a piranha solution (7:3 conc. 

H2S04: 30% H202) for 15 minutes, rinsed with copious amounts of deionized water, and 

dried under a stream of argon prior to any assembly chemistry. Gold substrates on both 

glass and Si were prepared by evaporating 10 nm of chromium to promote adhesion of 
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the gold layer, followed by 100 nm of gold. The gold-coated substrates were exposed to 

ozone for 10 minutes in a UV/ozone cleaner supplied with laboratory air at room 

temperature prior to further modification. Unpatterned monolayers of ODPA on Hf­

modified gold were prepared by soaking gold-coated glass slides in either a 5 mM 

aqueous solution of HfDCh for 3 days at 50°C or a 5 mM solution of HfCtt in methanol 

for 30 minutes at room temperature. Upon removal from the soaking solution, the 

substrates were rinsed with deionized water or methanol, dried under a stream of argon, 

and soaked in a 1 mM ethanolic solution of ODPA for 24 hours. 

Photolithographic patterning of the Si substrates was achieved using Shipley 1818 

Photoresist. The resist was applied using a dropper and spin-coated onto each gold­

coated wafer at a speed of 3,000 rpm for 60 seconds. Solvent was driven offby heating 

the wafer on an aluminum block at 110 ·C for 60 seconds. The substrate was then placed 

under a pre-fabricated emulsion mask using an OAI Model 200 Contact Mask Aligner 

and exposed to UV light for 11 seconds (125 W/cm2
). The photoresist patterns were 

developed by agitating in a mixture of 3.5: 1 deionized water: Microposit 351 Developer 

for 60 seconds. The substrates were rinsed again in deionized water and dried under a 

stream of nitrogen. The patterned substrates were heated at 120 ·C for 1 hour to improve 

the adhesion of the photoresist to the substrate. Any photoresist residue remaining within 

the exposed gold regions was removed by an oxygen plasma treatment (300 W, 5 

seconds, 400 mT). 

Following the oxygen plasma treatment, the substrates were rinsed with deionized 

water and immediately transferred to a 5 mM aqueous solution of HfDCh at 50 ·C for 
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three days. The substrates were then sonicated in water for five minutes to remove any 

physisorbed material, rinsed with water, and dried with a stream of argon. Photoresist 

was removed by sonicating the substrates in acetone, followed by a short oxygen plasma 

treatment as described above. The patterned substrates were then soaked for one hour in 

a 1 mM ethanolic solution of2-MEPA. The substrates were finally soaked in a 5 mM 

aqueous solution of ZrOCh, sonicated for five minutes in water to remove physisorbed 

material, and rinsed with water before drying the fmished substrates with a stream of 

argon. 

Analysis Techniques. Polarization modulation infrared reflection absorption 

spectroscopy (PM-IRRAS) studies were performed on a Nicolet Magna-IR 550 

spectrometer with dual channel input and equipped with a photoelastic modulation 

(PEM) accessory (ThermoNicolet, Madison, WI) using 1024 signal-averaged scans with 

a mirror velocity of 0.9494 em/sec and a resolution of 2 em-I. The PEM module consists 

of beam steering and focusing optics, a wire grid polarizer, a PEM head and controller 

assembly (Hinds Instruments, Hillsboro, OR), an MCT-A liquid nitrogen cooled detector 

(ThermoNicolet, Madison, WI), and an SSD Demodulator (GWC Instruments, Madison, 

WI). For PM-IRRAS, no background spectrum collection is necessary.17 Baseline 

normalizationt was performed using Igor Pro software (Wavemetrics, Lake Oswego, 

OR). 

t Baseline normalization was performed using a procedure written for Igor Pro by Robert Com's group. 
For more information, see http://cominfo.ps.uci.edu. 
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X-ray photoelectron spectroscopy measurements were conducted using a Kratos 

AXIS HSi spectrometer (Kratos Analytical, Chestnut Ridge, NY) with a monochromated 

Al Ka x-ray source. Contact angle measurements were conducted using a microscope 

equipped with a goniometer, utilizing the sessile drop method. i8 TOF-SIMS imaging 

experiments were carried out using an ION-TOF Model IV spectrometer (ION-TOF, 

Munster, Germany) with a bismuth liquid metal ion gun as the primary ion beam. 

Results & Discussion 

Building on the intriguing results from our initial XPS studies (see Appendix A), 

we performed a series of experiments to explore the surfaces resulting from the 

hafnium/ODPA treatments and to understand why these treatments prevent thiols from 

binding to the gold surface. By characterizing gold surfaces modified with hafnium 

followed by ODPA using contact anglegoniometry, polarization modulation infrared 

reflection absorption spectroscopy (PM-IRRAS), and XPS we found that the hafnium 

linker chemistry allows for self assembly of high quality alkanephosphonate monolayers 

on gold. We also used gold substrates patterned with hafnium to generate unique 

surfaces in tandem with gold-thiol assembly methods. 

In our assembly strategy, gold substrates are first ozone treated and then soaked in 

a 5 mM solution of HfC4 in methanol at room temperature for 30 minutes. After 

removal from the hafnium solution, the substrates are rinsed with nanopure water for 15 

minutes and then soaked in a 1 mM ethanolic solution of ODPA. Control experiments 

were also performed where the gold substrate was immediately placed in the ODPA 
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soaking solution after ozone treatment. After soaking in ODPA solutions for 24 hours, 

the resulting substrates were characterized by contact angle goniometry, PM-IRRAS, and 

XPS. 

ODPA monolayers formed directly on gold yielded a static contact angle of 82 ± 

3°, whereas the contact angle measured for ODPA monolayers formed on gold with the 

hafnium linker was 105 ± 2°. This suggests the formation of reasonably dense, well­

ordered monolayers of ODPA on the hafnium-modified gold. This measurement is in 

good agreement with contact angles measured for ODPA monolayers on other substrates, 

including Ti02 and Ta20S. 19
-
21 

PM-IRRAS data show two major peaks (Figure 2.1) for ODPA assemblies 

deposited directly on gold as well as for monolayers formed on gold with a hafnium 

linker. ODPA monolayers formed on hafnium-modified gold exhibit significantly larger 

peaks than ODPA monolayers formed on bare gold.· This indicates that a monolayer of 

higher coverage is formed on the hafnium-modified gold, though PM-IRRAS cannot be 

used to determine the coverages quantitatively. The two peaks at 2922 cm-1and 2851 

cm- I correspond to the CH2 (asym) and CH2 (sym) peaks, respectively.22 The shoulder of 

the CH2 (asym) peak at 2959 cm-1corresponds to the CH3 (asym) peak,22 These peak 

positions are in good agreement with the IR spectra observed for ODPA monolayers on 

other substrates.23 Although the CH2(asym) peak position is at slightly lower frequency 

than that normally observed for very dense, well-ordered films, this value for ODPA 

monolayers on hafnium-modified gold is within range for reasonably well-ordered 

alkylphosphonate monolayers on metal oxide surfaces. 
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Figure 2J.. PM-IRRAS spectra for octadecylphosphonic acid monolayers formed directly on gold (red 
line) and on gold modified with a hafnium linker (black line). The spectra are baseline normalized, and 
although the relative intensities within each spectrum are correct, the absolute spectral intensities cannot be 
compared between the two spectra. 

In order to further clarify the PM-IRRAS data, we attempted to determine the 

difference in the amounts of ODPA on bare gold and hafnium-modified gold surfaces 

more quantitatively by utilizing XPS. The XPS data for ODPA monolayers formed on 

gold with and without the hafnium linker are shown in Figure 2.2. Table 2.1 summarizes 

the atomic concentration quantification. No phosphorus is observed for ODPA 

assemblies formed on gold without a hafnium linker present, indicating that the amount 

of ODPA present on these substrates is below the detection limit of the instrument or that 

the adsorbate readily desorbs under vacuum. The XPS data for ODPA assemblies formed 

on hafnium-modified gold show the presence of hafnium, phosphorus, oxygen and a 

significant amount of carbon. The gold peak is also significantly attenuated. These data 

indicate that an ODPA monolayer has formed on the hafnium-modified gold. The Hf 
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4f712 peak appears between 17 and 18 eV, indicative of the Hr+ chemical state, and no 

chlorine is observed by XPS, indicating that the surface species formed by hafnium on 

gold is likely a hafnium oxide. 

6000 
4OOxIO:J 

5000 

300! ! 
~ 4000~ 
.§ ~ 

200 
~ 

2 
~ 
.~ 3000 

11 ~ 
100 2000 

92 90 88 86 84 82 20 18 16 14 
Binding Energy (cV) 81ndirlQ Enerw (eV) 

45xIO! 
42x10) 

24.0x10 :J 

¥ 
~ 

40 

35 
¥ 
~ 

40 

38 
] 23.5 

.§ 
l;' 
.~ 

30 
~ 
£ 

36 

~ 
.§ 
~ 

23.0 

! 25 
~ 

~ 34 2 
~ 22.5 

20 
32 

22.0 
30 

290 288 286 264 282 280 536 534 532 530 526 138 136 134 132 130 128 
8i ndi I'l9 Energy (e't') 8indlllg Ener9Y (eV) Binding Energy (eV) 

Figure 2.2. XPS spectra for octadecylphosphonic acid (ODPA) monolayers formed directly on gold 
(dashed line) and on gold modified with a hafnium linker (solid line). The data indicate that the monolayer 
coverage on the Hf/Au surface is significantly higher. 

The contact angle, PM-IRRAS, and XPS data all indicate the presence of a stable 

ODPA monolayer on hafnium-modified gold. In contrast, XPS and TOF-SIMS data for 

ODPA deposited on bare gold show nearly undetectable amounts of ODPA on the 

surface. PM-IRRAS data for ODPA on bare gold indicate the presence of a monolayer 

structure. Furthermore, contact angle measurements show that the gold substrates 
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exposed only to an ethanolic solution of ODPA are more hydrophobic than bare gold 

substrates, indicating the presence of some organic material on the surface. It is possible 

that either weak binding to the gold allows for ready desorption of ODPA from bare gold 

under high vacuum in the XPS experiments but not under the ambient conditions of the 

PM-IRRAS and contact angle studies, or that the small amount of ODPA present in those 

samples, coupled with the relatively low atomic sensitivity of phosphorus in XPS, makes 

it difficult to detect. In either case, taken together, these data suggest that there may be 

small patches of organized ODPA on the bare gold surface, but the majority of the 

surface is likely unmodified. 

Table 2.1. Quantification ofXPS data for ODPA monolayers formed on gold with and without a hafnium 
linker. Values given are relative atomic concentration. In the absence of phosphorous signals for ODPA 
on gold, we conclude that carbon and oxygen signals recorded for this sample are adventitious. 

Monolayer Au (4f) P(2p) C (Is) o (Is) Hf(4f) 
ODPA on gold 59 o 33 5 
ODPA on Hf-modified gold 22 6 58 10 2 

We were initially surprised that hafnium treatment would facilitate 

alkanephosphonate binding to gold because the binding of a "hard" cation (Hf(IV)) to a 

"soft" surface like gold seems unlikely: gold generally prefers soft donor atoms such as 

sulfur. Although we have not yet been able to fully characterize the bonding between the 

gold surface and the hafnium linker, given the affmity of hafnium (IV) for oxide surfaces, 

the higher-than-expected concentration ofoxygen by XPS, and the absence of a chlorine 

signal by XPS, a reasonable hypothesis is that Hf(IV) binds to a gold oxide24 layer, rather 
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than directly binding to the "soft" gold surface. The presence of Au-O-Hffragments in 

TOF-SIMS spectral studies of these surfaces also supports this hypothesis (Appendix A). 

In previous work,25 it has been shown that two SAMs can be formed 

independently by simultaneous adsorption of two different adsorbate molecules from a 

common solution on a substrate consisting of both gold and metal oxide at its surface. 

Similarly, the attributes of this new surface chemistry make possible a number of 

sophisticated orthogonal self-assembly schemes, taking advantage of the specificity of 

phosphonates for Hf/Au and thiols for Au and the relative stability of each interaction. 

The chemistry shown in Scheme 2.1 highlights the use of the hafnium/gold chemistry to 

design unique patterned surfaces. The last segment of Scheme 2.1 shows an illustration 

of the target structure, where the bifunctional molecule 2-mercaptoethylphosphonic acid 

(2-MEPA) is assembled on a gold substrate that has been patterned with hafnium. We 

chose a molecule with both thiol and phosphonic acid functionalities to take advantage of 

the different binding properties ofthiols versus phosphonates. We hypothesized that 2­

MEPA would bind through the phosphonate functionality on the hafnium-patterned 

regions of the surface and through the thiol functionality on the bare gold, thus 

simultaneously forming two different SAMs from a solution containing a single 

adsorbate molecule. Zirconium is subsequently deposited on the exposed phosphonate 

groups on the unpatterned portion of the surface for visualization using TOF-SIMS. 

In order to test this idea, a clean gold film was patterned by photolithography to 

expose areas of the surface. The patterned film was briefly treated with oxygen plasma to 

remove any remaining resist from the exposed areas, and the substrate was subsequently 
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soaked in an aqueous solution of HfOCh. 13 
, t The photoresist was then stripped with 

acetone, and the substrate was soaked in a solution of 2-MEPA. After rinsing with 

copious amounts of ethanol the substrate was soaked in an aqueous solution of ZrOCh to 

mark the regions where the phosphonic acid functionality of 2-MEPA was exposed. 

Scheme 2.1. Processing Steps for Fabrication of Hf/Zr Patterned Substrates 
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The final structures were imaged by time-of-flight secondary ion mass 

spectrometry (TOF-SIMS). The images in Figure 2.3 show ion yields of the HfO, ZrO, S 

and PO) fragments. The patterning of hafnium and zirconium is clearly visible, and the 

t Hafnium oxychloride was used, rather than hafnium chloride, for hafnium deposition, because methanol 
would remove the photoresist. No differences in the data obtained for alkylphosphonate monoIayers 
formed on gold surfaces using either of the hafnium solutions were observed by XPS, contact angle, or PM­
IRRAS. 
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ion yields of P03 and sulfur reflect the difference in orientation of 2-MEPA between the 

hafnium-functionalized areas and the bare gold. 

ZrO HfO 

s 

Figure 2.3. TOF-SIMS imaging data from patterned sample. The bright areas correspond to higher ion 
yields. In the images for S and PO), the presence of both fragments is detected over the entire surface; 
however, the differences in intensity between the patterned regions and the surrounding surface reflect the 
difference in the orientation of2-MEPA on those areas of the substrate. 

Conclusions 

In summary, we have described a strategy that can be used to easily assemble 

stable alkanephosphonate monolayers on gold using a hafnium linker molecule, opening 

up the possibility of functionalizing gold surfaces with a new class of organic 

monolayers. We have also described how this chemistry can be used to create patterned 

gold surfaces. In the process, we have shown that the gold-hafnium assembly strategy is 

compatible with gold-thiol chemistry and that the two strategies can be used in a 
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complementary manner to create uniquely patterned and functionalized surfaces. We are 

currently exploring the nature of the surface interactions, how this assembly approach can 

be employed to attach other metal oxide-binding adsorbates to gold surfaces, and whether 

these monolayers can be used as etch resists. 

Bridge 

Having demonstrated the principle of orthogonal self-assembly using bifunctional 

thiol-phosphonates, we developed a method of forming gold nanopartic1e monolayers 

that simultaneously utilizes both of the self-assembled monolayer chemistries described 

in Chapter II. Evan Foster had previously developed a system of nanopartic1e monolayer 

formation in which small gold nanopartic1es (dcore= 1.5 ± 0.5 nm) protected with a thiol 

ligand shell containing terminal phosphonic acid functionality are assembled onto 

hafnium-modified silicon dioxide substrates. Although this previous work was carried 

out on native silicon dioxide, we wanted to form the nanopartic1e films on thermally 

grown silicon dioxide for electrical characterization. Thermal silicon dioxide is a much 

less reactive surface than the native oxide. Chapter III describes our method for activating 

thermal silicon dioxide surfaces for the formation of extended, high-density gold 

nanopartic1e monolayers. We demonstrate the effectiveness of this approach by TEM 

imaging of nanopartic1e monolayers formed on silicon dioxide TEM grids and by 

demonstrating electron transport supported by these monolayers across micron-scale in­

plane electrode gaps. 
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CHAPTER III 

SURFACE MODIFICATION STRATEGY FOR THE FORMATION OF EXTENDED, 

HIGH-DENSITY GOLD NANOPARTICLE MONOLAYERS ON THERMALLY 

GROWN SILICON DIOXIDE 

Note: Portions of Chapter III are expected to appear in an upcoming publication, co­
authored by Jespersen, M. L., Foster, E. W., and Hutchison, J. E. The first author 
designed experiments and carried out all of the experimental work described in this 
chapter. The author also composed the manuscript corresponding to Chapter III. E. W. 
Foster carried out the initial development of the sample preparation method described 
herein as well as some preliminary analysis. Both E. W. Foster and J. E. Hutchison 
provided experimental and editorial guidance. All materials syntheses and most of the 
analyses were carried out at the University of Oregon, with some analysis performed at 
the Surface Characterization and Nanofabrication Lab at the University of Utah. 

Introduction 

Metal nanoparticles are a particularly interesting class of materials due to their 

unique size-dependent electronic,l-4 optical,5-7 and catalytic properties.8
-
14 The size-

dependent electronic properties of metal nanoparticles in the 1-2 nm size range have 

inspired many studies of single electron transistors produced by bottom-up assembly 

methods, in which the active device region consists of an individual particle or a very 

small number of particles. 15,16 Though such test structures serve as useful proofs of 

concept, they have shown limited promise for practical development of nanoelectronic 
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devices because it is difficult to produce large numbers of functional devices of this sort 

in parallel. Random assembly methods used to isolate small numbers of nanoparticles 

between electrodes result in low device yields and are not yet feasible for high­

throughput device fabrication. Additionally, the presence of trapped charges in the 

substrate under the active device area have been predicted to disrupt the functionality of 

these devices. 17
,18 In order to take advantage of the unique electronic properties of metal 

nanoparticles, reliable methods are required for their assembly on surfaces and for precise 

control over their positioning. 

Two-dimensional arrays of metal nanoparticles offer a number of advantages over 

single-particle test structures. Because two-dimensional assemblies of nanoparticles 

present multiple parallel charge transport pathways, the presence of a small number of 

trapped charges in the underlying substrate should not significantly affect device 

characteristics. 17,18 Monolayers of nanoparticles are also patternable within current 

lithographic capabilities. Therefore, surface chemical interactions can be utilized to 

reliably guide the assembly of nanoparticles onto chemically patterned regions on a 

substrate and enable simultaneous bottom-up assembly ofvery large numbers of devices. 

Several groups have reported methods for the assembly of two-dimensional metal 

nanoparticle arrays on planar substrates. Langmuir-Blodgett (LB) methods, for example, 

have been shown to form dense monolayers of 1-2 nm gold nanoparticles with short­

range ordering. 19 A variation on this method for nanoparticle assembly is the transfer of 

pre-assembled LB films of particles from a water subphase to a target substrate by 

microcontact printing. 14,20 This approach separates self-assembly and integration onto the 



71 

target substrate through the use of a transfer step, thus eliminating contamination or 

processing issues arising from incompatibility of the target substrate with the conditions 

required for self-assembly from solution. These studies incorporated 5-nm gold 

nanoparticles, while formation of well-ordered LB films of 1-2 nm gold nanoparticles 

that extend over the macroscale has proven to be challenging. 19 More recently, others 

have investigated the direct formation of highly-ordered nanoparticle monolayers by a 

kinetically-driven self-assembly process.21 
,22 This approach generates close-packed, two­

dimensional arrays of nanoparticles that have proven to be excellent model systems for 

the study of electron transport in nanoparticle monolayers with in-plane electrodes.22 

Despite the advantages of the assembly strategies mentioned here, they are somewhat 

more complicated than directed self-assembly processes because they require excess free 

ligand, application of external forces, or far-from-equilibrium conditions (e.g., rapid 

solvent evaporation). For these reasons, it may be difficult to implement these assembly 

strategies for large-scale device fabrication. 

For device applications, it is desirable to integrate nanoparticle arrays by self­

assembly directly onto the target substrate in one step with a high degree of selectivity. 

Directed self-assembly processes are also compatible with current lithographic schemes, 

so it should be possible to integrate bottom-up assembly schemes for nanoscale materials 

into established semiconductor device processing methods. Self-assembly of 

functionalized nanoparticles onto lithographically-patterned susbstrates has been shown 

to generate extended, high-density gold nanoparticle monolayers.23 Our approach utilizes 

gold nanoparticles stabilized with a thiolligand shell containing terminal phosphonic acid 
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functionality, which assemble readily onto hafnium-modified SiOz to yield dense 

monolayers of chemically anchored gold nanoparticles. Based on our initial TEM 

analysis of these films, we hypothesized that the nanoparticle monolayers thus obtained 

were dense enough to support charge transport across an electrode gap, using in-plane 

electrodes patterned by shadow evaporation. Since the native oxide layer on silicon is 

very thin (27-30 A), it was difficult to measure the current-voltage properties of the 

system without penetrating through the oxide layer, resulting in measurement of electron 

transport through the bulk substrate rather than through the nanoparticle film. 

In order to enable the electrical characterization of the system, we opted to use 

silicon substrates with a thicker, thermally grown oxide layer (approximately 311m) to 

effectively isolate the nanoparticle monolayers from the underlying silicon. Nanoparticle 

monolayers formed on thermal silicon dioxide, however, were not as dense as those 

observed on the native oxide by TEM. The native oxide surface of silicon is hydrated and 

has a high concentration of silanol, so it reacts readily with HfOCh to yield hafnium(IV)­

modified SiOz•
z4 The resulting high level of hafnium coverage on native oxide guides the 

assembly of dense monolayers of phosphonic acid-functionalized nanoparticles, as 

observed in our previous studies.z3 Thermal silicon dioxide is grown at temperatures 

above 800°C, at which the surface of silicon dioxide dehydrates, resulting in the 

conversion of silanol groups to relatively unreactive siloxanes.z5 In our studies, thermal 

silicon dioxide surfaces were less reactive toward HfDC!z, resulting in lower coverage of 

nanoparticles than that observed on the native oxide. In order to observe electron 

transport in dense, surface-bound nanoparticle monolayers, it was first necessary to 
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improve the reactivity of thermal silicon dioxide toward HfOCh by regenerating surface 

silanol. 

Here we report the formation of extended, high-density gold nanoparticle 

monolayers on thermal silicon dioxide. Our surface modification strategy is based on 

regeneration of surface silanol functionality on thermal Si02using a combination of 

oxygen plasma and wet chemical treatments. This method restores the reactivity of the 

oxide surface toward HfOCh to the level previously observed on native oxide. We 

demonstrate the effectiveness of this approach by assembling dense films of 

functionalized gold nanoparticles on the hafnium-modified surface of thermal silicon 

dioxide. The nanoparticle monolayers are dense enough to support electron transport 

across a micrometer-scale electrode gap and show symmetric non-linear current-voltage 

curves characteristic of two-dimensional nanoparticle arrays. 

Experimental 

Materials. Hafnium dichloride oxide octahydrate (Alfa Aesar; 99.998%) was 

used as received. 2-Mercaptoethylphosphonic acid [HS(CH2)2P(O)(OH)2J was 

synthesized as previously reported.22 Deionized water (18.2 MQ-cm) was purified with a 

Barnstead Nanopure Diamond system. Methanol was distilled from magnesium. 

Dichloromethane was distilled from calcium hydride. 

Nanoparticle Synthesis and Functionalization. Functionalized gold 

nanoparticles (cleore = 1.5 ± 0.4 nm) were synthesized first as triphenylphosphine­

stabilized precursors according to a previously described synthesis.26 Ligand exchange 
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was carried out under biphasic conditions, starting with 203 mg (~7.9 Jlmol) of the as­

prepared gold nanoparticles in 80 mL dichloromethane and 117 mg (0.82 mmol, 114 

molar equivalents) 2-mercaptoethylphosphonic acid in 100 mL H20, buffered to pH:::: 7.4 

with a KH2POJK2HP04 buffer. The biphasic solution was stirred for 48 hours until the 

organic fraction was clear and no insoluble material was observed as a foamy interphase, 

indicating completion of the exchange reaction. The aqueous and organic fractions were 

separated, and the aqueous fraction was washed with dichloromethane (3 x 50 mL). 

Residual dichloromethane was removed by rotary evaporation. In order to removeexc-ess 

free ligand, the nanoparticle solution was concentrated to 20 mL, and the water-soluble 

nanoparticles were purified by a diafiltration process using a Minimate 10 kD 

diafiltration membrane (Pall Life Sciences) and 50 volume equivalents (1 L) of deionized 

water.27 The final purified product was concentrated to 20 mL and lyophilized overnight. 

IH NMR confirms the completion oftheexchange reaction and the removal of free ligand 

from the prepared nanoparticles (see Appendix B). 

Preparation of Substrates. The Si substrates used in this study were cut from n­

type <100> wafers with 10-20 Q-cm resistivity and a 3-Jlm thermal oxide (Wafer World). 

Silicon dioxide TEM grids were prepared as previously reported.28 The Si02 surfaces 

were cleaned in a solution of dilute SC-l (100:4: 1 H20: 30% H202: 30% NH40H) at 70 

DC for 15 min. Substrates were then rinsed with copious amounts of deionized water and 

dried under a stream of argon prior to further surface treatment. The oxide surfaces were 

activated using an oxygen plasma treatment (150W, 200 mT, 20 sec), followed by 

immediate immersion in deionized water. Plasma treatments were carried out using a 
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March Plasma Systems CS-1710 Plasma Etcher. Following this plasma treatment, the 

substrates were again treated in dilute SC-I to remove adventitious carbon contamination 

and inorganic particulates, as well as to chemically generate surface silanol functionality. 

The substrates were rinsed with deionized water and transferred directly to a 5 mM 

aqueous solution of HfOCh for four hours at 45°C. HfOCh solutions were filtered 

through a cellulose acetate syringe filter with 0.2 !-tm pore size prior to any assembly 

chemistry in order to remove insoluble particulates. Following the surface 

functionalization step, the substrates wereiinsed with water and transferred to a solution 

of 2.5 mg nanoparticles per milliliter of 3: 1 MeOH: H20 for 24 hr at room temperature. 

Following nanoparticle assembly, the substrates were removed from solution, rinsed with 

copious amounts of deionized water, and dried under a stream of argon. Macroscopic 

gold electrodes (500 Athick) were deposited (at 8 x 10-7 mT at 10 Ais) on the 

nanoparticle array utilizing a 5-llm tungsten wire (California Fine Wire Co., Grover 

Beach, CA) as a shadow mask. 

Analysis Techniques. X-ray photoelectron spectroscopy measurements were 

conducted using a Kratos AXIS Ultra Electron Spectrometer (Kratos Analytical, Chestnut 

Ridge, NY) with a monochromated Al Ka X-ray source, operated at 15.0 kV accelerating 

voltage and 15 rnA emission current. TEM images were obtained using a Phillips CM-12 

microscope operating at 120 kV accelerating voltage. Nanoparticle average core 

diameter and size distributions were obtained using ImageJ. t Nanoparticle monolayer 

t TEM image analysis was perfonned using ImageJ ver. 1.36b, available free of charge from 
http://rsb.info.nih.gov/ijl. 
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densities were calculated by counting the number of nanoparticles within a region of 

known area in a series ofTEM images for each sample type. Current-voltage 

measurements were carried out under vacuum using a Keithley 2361 Source Measure 

Unit to supply a dc voltage while measuring the resulting current. Voltages were applied 

in 0.1 V steps, with a 5 sec hold time between steps to allow the system to dissipate any 

capacitive charging. 

Results & Discussion 

In order to maximize the density of nanoparticles assembled on thermal silicon 

dioxide substrates, we first needed to maximize the surface silanol concentration of the 

oxide surface. Scheme 3.1 illustrates our surface modification strategy. The silicon 

dioxide surface is first treated in a dilute SC-l (dSC-l) cleaning solution of 100:4: 1 H20: 

30% H20 2: 30% NH40H for 15 minutes at 70°C to remove adventitious carbon 

contamination and inorganic particulates. The surface is then treated with oxygen plasma 

(200 mT, 150 W, 20 sec) to generate reactive surface silanol functionality. Following the 

plasma treatment, the substrate is immediately immersed in deionized water and treated 

again in dSC-l solution for 15 minutes at 70°C to remove organic and inorganic 

contaminants, as well as to chemically generate surface silanol groups. The substrates 

are thoroughly rinsed with water and immersed in a 5 mM aqueous solution of HfOC12 

for four hours at 45°C to deposit a monolayer of a hafnium(lV) linker.28 Following 

deposition of the Hf(lV) linker layer, the substrates are immersed in a solution of 2.5 mg 
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gold nanoparticles per milliliter of 3: 1 methanol: water to assemble a monolayer of gold 

nanoparticles chemically bound to the underlying hafnium-modified silicon dioxide. 

(1) 100:41 
H,O: 30% H,o,: 30% NHpH 

70 ~c. '15 min 

(2) oxygen plasl1l<l 
200 mT, 20 sec, '150 'IV 

(3) 100:41 
H,O: 30% H,O,: 30% NH,GH 

70 'C, '15 min 5mM HfOCl, 
45 ·C, 4 hr 

I ,S-nm Au-2-MEPA nanoparticles 
2,5 mglmL 

Hf(IV) 
3:1 rvleOH: H,o 

HnUl 

• . iO,' 

Scheme 3.1. Schematic of the surface modification strategy for generation of dense, surface-bound 
nanoparticle monolayers on thermally grown silicon dioxide. The wafer is first treated by a physical 
oxygen plasma etch, followed by a wet chemical treatment to convert surface siloxane groups to silano!. A 
monolayer of Hf(IV) linker is deposited from an aqueous solution of HfOCIz. Phosphonic acid­
functionalized gold nanoparticles bind to the hafnium linker to yield nanoparticle monolayers chemically 
anchored to the substrate. 

In order to obtain the highest possible coverage of nanoparticles, we first wanted 

to assess the effectiveness of our silanol regeneration strategy. We did not measure 

surface silanol concentration directly but instead used XPS analysis. Because HfOCh 

reacts with surface silanol groups, the efficacy of surface silanol regeneration treatments 

was determined utilizing elemental atomic concentrations to calculate Hf: [Si+O] ratios. 

In previous work involving only thermal Si02, we used Hf: Si ratios to assess hafnium 

coverage (Appendix B). In this work, we wanted to compare native oxide and thermal 
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oxide surfaces. Because the native oxide (27-30 A) is thinner than the sampling depth of 

the XPS experiment, photoelectrons emitted from the bulk Si contribute to the overall 

elemental composition. The thermal oxide (3 Jlm) is much thicker than the sampling 

depth and is composed mostly of oxygen atoms, so the contribution of Si to the overall 

composition of thermal oxide will be much lower than in native oxide. (In our analyses, 

Si accounted for approximately 40% and 60 % of the overall compositions for bare 

thermal oxide and native oxide substrates, respectively.) Consequently, the calculated 

Hf: Si ratio would be greater for thermal oxide than for a native oxide surface with equal 

hafnium coverage. For these reasons, we use the sum of silicon and oxygen 

concentrations in our determination of hafnium coverage. 

Table 3.1 summarizes the atomic concentration of hafnium resulting from a series 

of different silanol regeneration treatments. The difference in surface silanol content 

between native silicon dioxide and thermal silicon dioxide, given identical surface pre­

treatments, is evident in the resulting Hf surface coverages. For both untreated and dSC­

I-treated substrates, native oxide surfaces showed higher hafnium content than thermal 

silicon dioxide. Plasma-treated thermal Si02 substrates, however, showed enhanced 

surface reactivity toward HfOCb compared to the dSC-l-treated thermal oxide. Oxygen 

plasma treatment parameters, including pressure, RF power, and treatment time, were 

optimized, and it was determined that low oxygen plasma pressures (150-200 mT) and 

short treatment times (20-30 sec) lead to the highest eventual hafnium coverage (see 

Appendix B). Wet chemical treatment does not have as profound an impact on the 

reactivity of thermal Si02. In fact, additional wet chemical treatment following oxygen 
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plasma treatment did not increase the reactivity ofplasma-treated thermal Si02 toward 

HfOCh. This suggests that the physical plasma etch regenerates surface sHanol more 

effectively than the wet chemical treatments used in this study. Overall, the combination 

of wet chemical and plasma treatments appears to improve thermal oxide surface silanol 

content to the level observed on native oxide treated with dSC-l, evidenced by the nearly 

equal hafnium coverages observed by XPS. We suspect that the physical plasma etch 

treatment removes the topmost layers of thermal oxide, exposing reactive surface species 

that form surface silanol upon exposure to water. 

Table 3.1. Nanoparticle monolayer density, Hf: [Si +0] ratios, and Au: [Si+O] ratios on native and thennal 
silicon dioxide for a series surface pre-treatments. 

Substrate Treatment Hf: [Si+O] 
Ratio1al 

Au: [Si+O] 
Ratio1al 

Particle Density 
(%ML)lbl 

Thermal Oxide Untreated 1:370 1:101 27 (± 5) 
Native Oxide Untreated 1:200 1:59 

Thermal Oxide dSC-lonly 1:290 1:62 45 (± 5) 
Native Oxide dSC-lonly 1:120 1:39 77 (± 5) 

Thermal Oxide Plasma only 1:100 1:46 68 (± 5) 
Thermal Oxide Plasma + dSC-l 1:100 1:41 68 (± 5) 

[a] Atomic concentrations were detennined by XPS analysis using the areas under the Hf 4d, Si 
2p,0 Is, and Au 4fpeaks. Carbon also contributed to the overall surface composition; however, only Hf, 
Si, 0, and Au were considered for detennining atomic concentration ratios. 

[b] Particle densities were calculated by counting the total number of nanoparticles present in a 
region of known area for a series ofTEM images for each sample type using Image J. The percent ofa 
total monolayer (%ML) values were calculated based on the model of a close-packed monolayer of 
nanoparticles with an average core size of 1.6 nm and a 2-MEPA ligand length (l) of 0.65 nm, which gives 
an interparticle spacing (2l) of 1.3 nm and 0.14 cores/nm2 for a close-packed monolayer without voids or 
interdigitation of the ligands. 
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After determining that oxygen plasma treatment restores the surface silanol 

content on thermal oxide nearly to the level observed on native oxide, based on Hf: 

[Si+O] ratios, we wanted to verify that the density of assembled nanoparticles increases 

with hafnium concentration by XPS and TEM. Table 3.1 lists the Au: [Si+O] ratios 

determined from XPS analysis for nanoparticles assembled onto hafnium-modified Si02. 

The gold content of the films increases with increased hafnium coverage, and the Au: 

[Si+O] ratios for plasma-treated thermal Si02 are comparable to that observed on native 

Si02. Table 3.1 also lists the nanoparticle coverage resulting from various surface 

treatments. Utilizing Si02TEM grids developed in our laboratory28 and treated under 

conditions identical to those used in our XPS studies, nanoparticle densities on thermal 

silicon dioxide surfaces were visualized using TEM (Fig. 3.1). These substrates allow 

TEM to be used as a surface analytical method for assessing the effectiveness of the 

surface treatments employed. The number of particles per unit area were counted, and it 

was determined that particle density within the film increases with the atomic 

concentration of hafnium. Because the strong covalent interaction between the 

phosphonic acid head group on the nanoparticle ligand shell and the Ht+ surface species 

provides the driving force for nanoparticle assembly in this system, we expected that the 

density of Hf sites on the substrate would correlate strongly to the density of assembled 

nanoparticles. 
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(a) (b)
 

Figure 3.1. TEM images of phosphonic acid-derivatized gold nanoparticles on hafnium-modified silicon 
dioxide TEM grids. The particle density is much lower on untreated Si02 (a) than on substrates exposed to 
oxygen plasma and a wet chemical treatment (b). This is due to the higher surface concentration of 
hafnium linker on the treated sample and is in agreement with the higher Au: [Si + 0] ratio observed by 
XPS. 

We were able to significantly improve the density of assembled nanoparticles 

using oxygen plasma treatments, more than doubling the nanoparticle coverage from 27% 

of a full monolayer on untreated surfaces to 68% of a complete monolayer. While this is 

an improvement in the nanoparticle coverage and there are domains of close-packed 

particles (short-range order), there is no long-range crystalline order in these films. A 

significant fraction of voids (we estimate ~30%) can also be observed in the nanoparticle 

layer, but visual inspection suggests the assembled nanoparticles are dense enough to 

support electron transport across an in-plane electrode gap. 

There are several reasons why long-range crystalline order might be difficult to 

achieve in these films. It is possible that the substrate is incompletely functionalized with 

hafnium. Voids in the hafuium(IV) layer would result in voids in the nanoparticle 
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monolayer. Additionally, because the particles are chemically anchored, there could be 

an energetic barrier to their reorganization on the surface resulting from the strong 

bonding interaction between the phosphonate head groups on the nanoparticle ligand 

shell and hafnium ions on the oxide surface. Several variations in self-assembly 

conditions (solvent mixtures, concentrations, temperature, and post-deposition annealing 

steps) were studied in attempts to promote reorganization of the particles into more well­

ordered structures, but none of these attempts improved the long-range order or the 

nanoparticle coverage. Polydispersity has been shown strongly impact the ability of 

nanoparticles to organize into well-ordered structures in LB films, and it is possible that 

the polydispersity in the nanoparticles prepared for these studies limits the degree of 

order that can be realized in this system. 19 The assembled nanoparticles in our film had an 

average core size of 1.6 ± 0.6 nm, and it is likely that polydispersity disrupts close­

packing in the film. LB films of nanoparticles in this size range also show a large area 

fraction ofvoids and structural disorder due to polydispersity.19 While LB films of 1-2 

nm particles exhibit some long-range order, dislocations and voids more significantly 

disrupt the continuity in those films than in these self-assembled nanoparticle 

monolayers. Another potential concern is that electron beam-induced sintering during 

TEM experiments could create some of the structural disorder observed in our studies. 

Small metal nanoparticles are known to sinter together under electron beam irradiation,9 

and this sintering process is observed after several minutes in our instrument. The extent 

to which sintering affects the size distribution and structural order of our nanoparticle 
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monolayers on the time scale of our imaging experiments has not yet been systematically 

determined, but it is likely a source of some of the observed structural disorder. 

After maximizing the nanopartic1e coverage obtained on thermal SiOz by our 

surface treatments, the nanopartic1e layers appeared to be extended over several 

micrometers and dense enough to support electron transport across an electrode gap. 

Using the nanopartic1e films comprising 68% of a full monolayer, we measured the 

current-voltage characteristics of the nanopartic1e film. To contact the arrays, 

macroscopic gold electrodes (2 mm wide, 500 A thick) with a 5-llm gap were evaporated 

onto the modified substrates by using a 5-J..lm tungsten wire as a shadow mask (Fig. 3.2). 

5 ~mwire 

innrnninr

Au Evaporation 

Figure 3.2. Schematic illustration showing the use of a 5-~m tungsten wire as a shadow mask for 
evaporation of macroscopic gold contacts onto the nanoparticle array. 

In order to determine whether these films were dense enough to support electron 

transport across an in-plane electrode gap, current-voltage measurements were carried out 

using the macroscopic gold contacts. The nanopartic1e films exhibited symmetric, 

nonlinear current-voltage properties, compared to a small background charging current 
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(-2 pA/V) observed in samples without nanoparticles present (Fig 3.3). Although our 

TEM studies led us to hypothesize that these films could support in-plane electron 

transport, we were somewhat surprised that electron transport could be measured over 

such a large electrode gap. This suggests the nanoparticle film extends continuously over 

the micrometer scale. One might not expect to observe a well-defined threshold voltage 

in such a large array because the large width of the electrodes relative to the length of the 

electrode gap creates a large number of charge transport pathways, with the lowest 

energy pathway determining the overall threshold voltage. 17,18 A clear current 

suppression region resulting from Coulomb blockade is not observed in these films. 

In order to more clearly understand the charge transport characteristics of these 

assemblies, it will be instructive to utilize smaller, more well-defined electrode gaps on 

the order of 20-100 nm, patterned by electron beam lithography. The smaller dimensions 

of these electrode gaps allow for more accurate approximations of the number of particles 

in the active device region. This would not only allow investigations into the effect of 

ligand shell thickness on the electron transport in these types of nanoparticle arrays, but it 

would also allow any temperature dependence of the charge transport to be identified. It 

is possible that thermally activated charge transport processes (e.g., electron hopping, 

thermally-assisted tunneling) contribute to the overall charge transport characteristics of 

the system, giving rise to the observed non-zero current at very low biases. Future 

studies will focus on using electrode gaps patterned by electron beam lithography to 

investigate the nature of the charge transport in these films in more detail. The study of 

charge transport in this class of surface-bound nanoparticle films is made possible by our 
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surface modification strategy. We were able to improve the surface silanol coverage on 

thermal Si02, thereby significantly improving the nanopartic1e coverage to the extent that 

in-plane electron transport is supported over the micrometer-scale in these assemblies. 

300 Current YS. Voltage 
Gold Nanoparticle Monolayer on Hf-Si02 
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-80 -60 -40 -20 o 20 40 60 80 
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Figure 3.3. Current-voltage curve from a monolayer of2-MEPA functionalized gold nanoparticles 
assembled onto hafnium-modified SiOz. The measured IV curve is symmetric about the y-axis and shows 
nonlinear behavior; however, a Coulomb blockade region is difficult to define in such a large array of 
particles, and charge transport mechanisms other than tunneling might contribute to non-zero currents 
observed in the expected current suppression regime at low biases. 
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Conclusions 

In summary, we have maximized the assembly of functionalized gold 

nanoparticles on hafnium-modified thermal silicon dioxide by developing surface sHanol 

regeneration treatments. XPS analysis confirms that oxygen plasma treatments improve 

the reactivity of thermal silicon dioxide toward HfDCh nearly to the level observed for 

native silicon dioxide. We propose that physical plasma treatment etches the topmost 

layers of the thermal oxide, exposing reactive surface species that are converted to silanol 

groups when the surface is hydrated. By utilizing Si02 TEM grids to assess the 

nanoparticle coverage on the hafnium-modified surface, we were able to determine that 

this surface treatment strategy more than doubled the coverage of nanoparticles from 

27% to 68% of a full monolayer. The nanoparticle assemblies obtained by this approach 

extend over the micrometer scale and are sufficiently dense to support in-plane electron 

transport across a micrometer-scale electrode gap. Currently, we are examining this 

charge transport in greater detail by examining the effects of ligand shell thickness on the 

self-assembly and charge transport characteristics of this system. In addition, we will 

take advantage of this surface modification approach to examine post-deposition 

modification strategies on these robust nanoparticle films. 

Bridge 

After demonstrating the effectiveness of the surface modification strategy 

described in Chapter III, we wanted to examine other applications for our selective self­

assembly strategy based on designed particle-substrate interactions. Because 
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functionalized nanoparticles had been selectively assembled on lithographically-defined 

hafnium(IV) patterns on Si02 in previous work in the Hutchison laboratory, we thought 

that gold nanoparticles could be assembled onto other patterned oxides. Chapter IV 

describes the directed self-assembly of functionalized gold nanoparticles onto patterned 

zinc oxide substrates. We demonstrate the growth of vertical zinc oxide nanowire arrays 

from ZnO seed films using the vapor-liquid-solid growth method and chemically 

anchored gold nanoparticles as the growth catalysts. This work was carried out with one 

of our collaborators from Sony Corporation in Japan, Dr. Daisuke Ito. 
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CHAPTER IV 

SELECTIVE GROWTH OF VERTICAL ZINC OXIDE NANOWlRE ARRAYS USING 

CHEMICALLY ANCHORED GOLD NANOPARTICLES 

Note: The contents of Chapter IV are expected to appear in an upcoming publication, co­
authored by Ito, D., Jespersen, M. L., and Hutchison, J. E., which has been submitted to 
ACS Nano. D. Ito conceived the nanowire synthesis method described, carried out 
nanowire growth experiments, and conducted most of the analyses reported. The first 
author also wrote the majority of the manuscript corresponding to Chapter IV. M. L. 
Jespesen devised and carried out the surface patterning and directed self-assembly 
experiments essential to this work and authored a significant portion of the manuscript. 
Both M. L. Jespersen and J. E. Hutchison provided experimental and editorial guidance. 

Introduction 

Self-assembled nanostructures have attracted much attention due to their wide 

range of potential applications in optics, electronics, and catalysis. 1-4 Zinc oxide is a 

particularly attractive material for optical devices that operate at room temperature 

because ZnO has a wide band gap (3.37 eV) and large exciton binding energy (60 meV). 

There have been many reports on different types of self-assembled zinc oxide 

nanostructures.5-11 Among these structures, vertically aligned ZnO nanowire arrays are 

promising candidates for applications in nanoscale transistors,12 sensors,13 light emitting 

devices,9,14 and field emitting devices. 15 In order to realize these and other applications, 
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techniques are necessary that permit vertical alignment, enable selective growth, are low 

cost, and have potential for large-scale fabrication. Recently, aligned ZnO nanowires 

have been synthesized by various processes, such as metal-organic vapor-phase epitaxy,16 

thermal evaporation,17 electrochemical deposition,18 and vapor-liquid-solid (VLS) 

deposition.19 In each of these deposition processes, a patterned evaporated gold film is 

used as a catalyst for the selective growth.19 Although selectively placed ZnO nanowire 

arrays show promise for use in novel devices, the use of evaporated gold films as a 

catalyst presents a couple of disadvantages, including a lack of control over the diameter 

and density of nanowires and the generation of large amounts of gold waste. The use of 

self-assembled gold nanoparticle films as catalysts can potentially address these 

disadvantages,20 by reducing the amount of gold needed to produce the catalyst film, 

offering an approach to selectively deposit nanowires in specific locations, and providing 

opportunities to control the diameter and density of nanowires through variation of the 

density and/or size of the assembled nanoparticle precursors. Thus far, growth of ZnO 

nanowire arrays using self-assembled monolayers of gold nanoparticles has not been 

described. 

In this article, we demonstrate the selective growth of vertical ZnO nanowires 

using self-assembled arrays of gold nanoparticles. The particles are modified with a 

terminally functionalized thiolligand shell, 2-mercaptoethylphosphonic acid (2-MEPA), 

that selectively binds to a patterned ZnO seed layer to fabricate the vertical arrays on a 

Si02substrate (Fig. 4.1). Because ZnO exhibits spontaneous polarization in the wurtzite 

structure and Si and Si02have no surface charge, the phosphonic acid-functionalized 
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gold nanoparticles assemble onto the ZnO surface selectively. The utilization of the seed 

layer as a pattern and the functionalized gold nanoparticles as catalyst allows one to 

realize selectively positioned, vertical ZnO nanowire arrays without the disadvantages 

described for arrays derived from patterned evaporated gold layers. 

I Gold nanoparticle
'f / wi 2·MEPA 

(Ii) Gold nanoparticle 
... r ...monolayer 

ZnO nanowire 

(iii) Growth of ZoO
 
nanowires
 

Figure 4.1. Schematic diagram of selective growth of ZnO nanowires on a chemically anchored array of 
gold nanoparticle catalysts, 

Experimental 

Nanopmrtide Synthesis and FunctionaBizat!on. Gold nanoparticles (deore = 1.4 ± 

0.4 nm) were synthesized and functionalized with 2-mercaptoethylphosphonic acid (2­

MEPA) as described previously.21,22 Briefly, hydrogen tetrachloroaurate trihydrate 

(HAuCI4<>3H20, 1.00 g, 2.54 mmol) in water reacts with triphenylphosphine (PPh3 , 2.33 

g, 8.88 mmol) in toluene in the presence of the phase-transfer catalyst 
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tetraoctylammonium bromide (TOAB, lAO g, 2.56 mmol). Reduction with NaBH4 (1.99 

g, 52.6 mmol) yields 1.5 ± 004 nm PPh3-stabilized gold nanoparticles. The PPh3-stabilized 

particles were dissolved in dichloromethane, mixed with one mass equivalent of 2-MEPA 

dissolved in water, and stirred for 48 hours. When the organic layer was nearly colorless, 

the aqueous layer was separated, washed with dichloromethane, and purified by 

diafiltration using a 10 kD diafiltration capsule (Pall Life Sciences) and approximately 50 

volume equivalents of deionized water.23 Nanoparticles were considered pure when no 

free ligand was evident by IH NMR. The nanoparticle solution was diluted with 

deionized water to achieve the desired concentration for substrate soaking solutions. 

Preparation of ZnO Films. ZnO seed films were deposited on Si substrates 

possessing a 3-J.lm SiOzlayer by spin coating of a sol-gel precursor followed by an 

annealing step. The synthesis of a sol-gel precursor for ZnO has been reported by 

Kamalasanan et aI. Z4 Zinc acetate dihydrate ((CH3COO)2Zn·2HzO) (5 g, 22 mmol) was 

dissolved in 2.5 mL ethylene glycol, and the mixture was heated at 150°C for 15 min in 

a condensation system. After cooling the transparent solution to room temperature, 8 mL 

I-propanol and 0.2 mL glycerol were added, followed by 5 mL triethylamine and 0.1 mL 

water. The resulting solution was stirred at 35°C for 30 h. This precursor solution was 

diluted with isopropanol to a concentration of 50 mM, and ZnO seed layer films were 

prepared by spin coating of this solution at 3000 rpm for 60 seconds onto a l-cmz wafer. 

The spin coated films were pre-baked at 150°C for 10 min to drive off solvent and then 

baked at 350 °C for 30 min to obtain c-oriented ZnO seed films. Patterned ZnO seed 

films were prepared by photolithographic patterning of the substrate, followed by ZnO 
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seed film deposition and lift-off of the photoresist prior to annealing at 350°C for 30 min. 

Patterned ZnO surfaces were treated with UV -ozone for five minutes and rinsed with 

deionized water to remove adventitious carbon contamination25 prior to immersion in an 

aqueous gold nanoparticle solution (0.25 mg/mL). The samples were rinsed with copious 

amounts of deionized water to remove any physisorbed or unbound particles and then 

dried under a stream of nitrogen prior to further modification or analysis. 

Synthesis of ZnO Nanowire Arrays. ZnO nanowire arrays were grown by the 

VLS method. A mixture ofZnO and carbon powder was placed in a small quartz tube as 

a ZnO source, and the ZnO substrate was placed downstream from the source. The 

substrate temperature was controlled at 600°C. The source temperature was raised to 900 

°c and held for 20 min in Nz gas flow (2.5 SCFH). Then, the furnace was shut down and 

cooled to room temperature while maintaining the nitrogen flow. 

Results & Discussion 

Figure 4.2 shows TEM images of gold nanoparticles (a) with PPh3 ligand shell 

and (b) with 2-MEPA ligand shell following ligand exchange. TEM images indicate that 

the size distribution and dispersity of gold nanoparticles are similar before and after 

ligand exchange, exhibiting average diameters of 1.3 nm and 1.4 nm, respectively. As 

mentioned above, the 2-MEPA ligand is used as an anchoring agent between the gold 

nanoparticles and the ZnO surface (Figure 4.1). This ligand was shown to anchor gold 

nanoparticles selectively to hafnium-modified silicon dioxide in our previous work.26 

Others have reported the self-assembly of alkylphosphonic acid monolayers on indium 
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tin oxide27.28 and a range of other oxide surfaces,29-31 as well as on hafnium-modified 

2 3positive ion mapping images for Zn and Au ++

Figure 4.2. TEM images of gold nanopartic1es (a) with PPh3 ligand sheIl and (b) with 2-MEPA ligand 
shell. TEM images were acquired using a Philips eMl2 Transmission Electron Microscope operating at an 
accelerating voltage of 120 kV. 

To assemble the arrays, c-oriented ZnO patterned substrates are immersed into the 

0.25 mg/mL gold nanoparticle solution for 10 seconds. Figure 4.3 shows TOF-SIMS 

ions showing that the gold nanoparticles 

2 3compositions among samples. Peaks for Zn and Au ++

are anchored onto ZnO selectively. The ZnO surface is covered by a nanoparticle layer 

within 10 seconds, and no gold particles are observed on the bare Si02substrate. Table 

4.1 shows TOF-SIMS quantitative analysis of ion yields for a series of immersion times 

in gold nanoparticle solution. In this analysis, the peak intensities for ionic fragments of 

interest are divided by total ion intensity in each measurement to compare the relative 

positive ions and P03- and S2­

negative ions are observed even if the immersion time is only one second. The ratio of. 
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Au to Zn is constant and independent of immersion time (Table 4.1), indicating the 

reaction time is less than one second. In our previous results on hafnium-modified SiOz, 

the time required to achieve the maximum coverage of nanoparticles was approximately 

five days.z6 

This patterned, chemically anchored system provides a number of advantages 

over previously reported methods. Because terminal functionality of the thiolligand shell 

dictates the interactions of the particles with the substrate, a number of specific and 

selective particle-substrate interactions for the generation of nanostructures can be 

envisioned. Since this system uses only the amount of gold required to cover the seed 

layer, the amount of generated gold waste is much smaller than in vapor deposition 

systems (approximately 16,OOO-fold reduction). t 

(a) Zn 2+ ion (b) Au3+ ion 

Figure 4.3. TOF-SIMS positive ion mapping images for Zn2 
+ and Au3 

+ ions. TOF-SIMS images were 
acquired with an ION-TOF ModellY Spectrometer using a bismuth liquid metal ion gun as the primary ion 
beam, operated at an accelerating voltage of 5 kY. 

t Less than 50 ilL of gold nanoparticle solution (0.25 mg/mL) was used for the preparation of zinc oxide 
nanowires in each experiment. The mass of gold consumed is less than 12.5 Ilg in this case. The source 
amount of gold in an evaporation system is about 0.2 g. So, the mass of gold consumed by using 
nanoparticle solution is at least 16,000 times less than that consumed in an evaporation system for 
deposition of patterned gold films. 
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Table 4.1. TOF-SIMS quantitative analysis of film composition for a series of immersion times in gold 
nanoparticle solution. Each individual ion peak intensity has been normalized by the total ion count. 

Immersion time Zn2+ Au3+ P03­ 82-

1 s 480.6 22.8 2171.9 224.9 

3 s 461.0 21.3 2115.5 200.4 

lOs 455.6 21.1 2118.2 233.8 

30 s 450.7 20.8 1943.9 266.3 

Figure 4.4 shows SEM images of VLS-deposited ZnO nanowires grown on the 

nanoparticle-modified ZnO seed layer. ZnO nanowires grow vertically only on the 

patterned gold particle/ZnO layer. The regions of growth correlate with gold patterns 

observed by TOF-SIMS ion mapping (Fig. 4.3(a) and 4.3(b)). Thus, the nanoparticle­

modified seed layer serves as a selective template for nanowire growth. The average 

diameter and the height of ZnO nanowires are 30 nm and 1 /-Lm, respectively. The size 

distribution of the diameter is less than 10 nm. The height of the ZnO nanowires is 

controllable from 100 nm to a few micrometers by varying the growth time. Figure 4.5 

shows SEM images of ZnO grown by VLS with and without modification by 

nanoparticIes. The VLS-deposited ZnO without gold nanoparticle modification shows the 

hexagonal columnar structure of ZnO (Fig. 4.5(b)), while the nanoparticle-modifiedZnO 

shows a nanowire array (Fig. 4.5(c)). ZnO deposited by VLS method onto bare SiOz 

without a ZnO seed layer immersed in nanoparticle solution shows no structure (Fig. 
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4.5(a)). These results indicate that the gold nanopartic1e array works as a catalyst for the 

growth of ZnO nanowires. The ZnO seed layer works as a template to fabricate vertical 

arrays and by anchoring the nanopartic1es selectively. 

Figure 4.4. SEM images of VLS-deposited ZnO after immersion of substates into the gold nanoparticle 
solution for 10 seconds: (a) low magnification, (b) high magnification image, taken at a 30° tilt angle. SEM 
images were acquired with a Zeiss Ultra Scanning Electron Microscope operated at an accelerating voltage 
of5 kV. 

In Fig. 4.5(c), the nanowire arrays are tilted slightly relative to the surface normal 

and are not uniformly parallel. This is an effect of the non-epitaxial underlying substrate. 

Figure 4.5(d) shows vertical arrays on a c-sapphire substrate with a nanopartic1e-modified 

ZnO layer. The alignment of the nanowires is more uniformly parallel and perpendicular 

to the underlying epitaxial substrate. 
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Figure 4.5. SEM images of VLS-grown ZnO (a) on SiOz, (b) on an unmodified ZnO seed layer, (c) on a 
gold nanoparticle-modified ZnO seed layer on SiOz, and (d) on a nanoparticle-modified ZnO seed layer on 
c-sapphire. SEM images were acquired with a Zeiss Ultra Scanning Electron Microscope operated at an 
accelerating voltage of 5 kV. 

Photoluminescence (PL) measurements were performed at room temperature 

using 300 nm as the excitation wavelength. Figure 4.6 shows photoluminescence spectra 

of (a) VLS-grown ZnO on SiOz, (b) VLS-grown ZnO grains from a bare ZnO seed layer, 

and (c) VLS-grown ZnO nanowires derived from a gold nanoparticle-modified ZnO seed 

layer. These samples are identical to those in Fig. 4.5. Only samples with ZnO nanowires 

(Fig. 4.6(c)) show a strong UV peak at 3.27 eV (379 nm). The UV emission band can be 

attributed to a near band-edge transition of ZnO, namely the recombination of free 

excitons through an exciton-exciton collision process. 10 The strong UV emission in the 

PL spectrum indicates that the ZnO nanowires are of good crystal quality with few 
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oxygen vacancies. In Fig. 4.6(a), the Si02 substrate immersed only in gold nanoparticle 

solution showed no luminescence in the visible region. These results suggest that the 

selective anchoring system is suitable for developing optical devices using patterned ZnO 

nanowire arrays. 
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Figure 4.6. Photoluminescence spectra of (a) VLS-grown ZnO on Si02, (b) VLS-grown ZnO grains from 
unmodified ZnO seed films, and (c) VLS-grown ZnO nanowire arrays using nanoparticle-modified ZnO 
seed films, Photoluminescence measurements were carried out using a xenon lamp as the light source, with 
an excitation wavelength of 300 nm. 

Conclusions 

In summary, the selective anchoring of gold nanoparticles enables patterned 

growth of ZnO nanowire arrays. A layer of phosphonic acid-functionalized gold 

nanoparticles is deposited onto a ZnO seed layer in less than one second. The obtained 

vertical ZnO nanowire arrays show strong UV luminescence with near band-edge energy. 

User-defined arrays of this sort should be useful for sensors and field emitting devices, as 

well as light emitting devices. This self-assembled system is able to incorporate many 
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different specific ligand-substrate interactions. Therefore, it should be useful for 

fabricating a range of oxide, nitride, and carbon nanostructures that are generated through 

a catalyst growth mechanism. In addition, use of self-assembled gold nanoparticles as 

the growth catalyst may enable the tuning of nanowire diameter and spacing through 

control of nanoparticle core diameter, ligand shell length, and growth temperature. This 

growth technique also poses benefits for low-cost, low-waste manufacturing. 

Bridge 

Up through the time of the studies described in Chapter IV, we had demonstrated 

through the use of particle-substrate interactions and directed self-assembly that it was 

possible to assemble monolayers of nanoparticles for two important applications: 

nanoparticle-based electronic devices (Chapter III) and selective growth of high-quality 

nanostructures using gold nanoparticles as the growth catalyst (Chapter IV). We next 

directed our efforts toward the manipulation of the nanoparticle-environment interface. 

Our initial experiments for post-deposition modification of surface-bound gold 

nanoparticles were based on thiol-thiolligand exchange reactions. This research is 

discussed in Chapter V. 
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CHAPTER V 

THIOL-THIOL LIGAND EXCHANGE REACTIONS ON SURFACE-BOUND GOLD 

NANOPARTICLE MONOLAYERS 

Note: The contents of Chapter V are expected to appear in an upcoming publication, co­
authored by Jespersen, M. L. and Hutchison, J. E. The fIrst author designed and carried 
out all experiments described herein. The fIrst author also composed the manuscript 
corresponding to Chapter V. J. E. Hutchison provided experimental and editorial 
guidance. All materials syntheses and the majority of subsequent characterization were 
carried out at the University of Oregon, with some analysis performed at the Surface 
Characterization and Nanofabrication Laboratory at the University of Utah. 

Introduction 

A broad range of surface modification strategies are required to control the 

interfacial properties of nanoscale materials and to allow their integration into useful 

devices and materials applications. 1 Metal nanoparticles, in particular, have generated a 

great deal of interest due to their unique size-dependent properties, which make them 

promising candidates for use in catalysis,2-4 electronics,5-7 optics,8,9 and sensors. lO 

Methods for the reliable assembly of nanoparticles and control over their interactions 

with surfaces are required in order to take advantage of those properties in bottom-up 

assembly strategies. In addition, techniques for controlling the interactions of self­
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assembled arrays of nanoparticles with the surrounding environment will be necessary in 

order to explore the sensing capabilities of those systems,10-12 interface them with other 

nanostructures,13 improve their stabilities in a range of environmental conditions, and 

improve the durability of supported gold nanoparticle catalysts. 14,15 The surface 

chemistry required to assemble gold nanoparticles on surfaces, however, may not be 

optimal for promoting particular interfacial interactions with the environment. Instead, it 

is probable that tailoring nanoparticle-environment interactions will require the 

introduction of new surface functionalities to pre-assembled particles. 

The solubility and assembly properties of gold nanoparticles are generally 

controlled by the terminal functionality of a protecting ligand shell, and it is natural that 

the same strategies employed in functionalizing nanoparticles in solution could be 

applied to introduction of new terminal functionalities to nanoparticle assemblies. 

Modification of gold nanoparticle surfaces with self-assembled monolayers (SAMs) is an 

effective route for tailoring the interactions of nanoparticles with their environments in 

solution. There are many examples of gold nanoparticles stabilized by SAMs of 

organothiolates,16 organophosphines,17-19 and organoamines.20 Thiolate monolayers, in 

particular, have been extensively studied for the surface modification of gold 

nanoparticles to afford a library of materials with a wide range of terminal functional 

groups. 16, 21-23 The stabilizing ligand shell can be incorporated directly during the 

synthesis of the particles,22,24,25 or post-synthesis through facile ligand exchange 

reactions.16,20,21,23,26 While it is possible to design selective particle-substrate interactions 

through incorporation of specific terminal functionalities in the particle ligand sheU12,27 or 
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through electrostatic interactions,28-3o thiol-thiolligand exchange reactions for post­

deposition modification of these nanoparticle assemblies has not yet been reported. One 

approach to engineering the nanoparticle-environment interface could be to immobilize 

two-dimensional assemblies of nanoparticles on surfaces by directed self-assembly and 

then introduce new functionality through ligand exchange chemistry. 

In addition to thiolligand exchange reactions on gold nanoparticles in solution, 

surface modification strategies based on thiol-thiol exchange have been studied on planar, 

polycrystalline gold surfaces, where the total surface area of gold is much lower than in 

solutions of gold nanoparticles. Based on research involving the exchange of ferrocene­

terminated alkanethiols for long-chain alkanethiols31 ,32 and for other adsorbates,33,34 it has 

been established that exchange reactions occur first in regions of the SAM that are not 

perfectly crystalline (i.e., along step edges or grain boundaries) due to the lower packing 

density at these sites. This first exchange process is followed by a much slower exchange 

involving replacement of thiols at terrace sites within crystalline domains. Results from 

these studies are similar to those observed for place exchange reactions on thiol-protected 

gold nanoparticles,35,36 where the fraction of reactive defect sites relative to terrace sites 

of crystalline domains increases with decreasing particle size. Given the utility ofthiol­

thiol exchange reactions on planar gold substrates and on gold nanoparticles in "bulk" 

solutions, it is reasonable to assume that thiol-stabilized gold nanoparticles immobilized 

on planar substrates via chemical bonding should readily undergo ligand exchange with 

incoming thiolligands. In addition, it is expected that the particles will not desorb during 

post-assembly chemical modification of their surfaces because they are anchored to the 
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substrate. If the extent of such ligand exchange processes on surface-bound nanoparticles 

can be controlled, it should be possible to impart differential chemical functionality to 

surface-bound nanoparticles. 

Our strategy is to assemble surface-bound monolayers of gold nanoparticles and 

then introduce new functionality through thiol-thiolligand exchange reactions to tailor 

their surface properties. It has been previously demonstrated that silicon dioxide 

modified with hafnium(IV) guides the assembly ofpatterned gold nanoparticle 

monolayers that are dense enough to support electron transport across an in-plane 

electrode gap.27,37 By taking advantage of the strong interaction between the phosphonate 

terminal functionality ofthe nanoparticle ligand shell and the hafnium(lV) layer on Si02, 

it is possible to assemble extended monolayers ofnanoparticles that are covalently 

bonded to the underlying substrate. There are several advantages to assembling 

monolayers ofnanoparticles in this fashion, when compared to Langmuir-Blodgett and 

Langmuir-Schaefer techniques,38.40 kinetically driven self-assembly,41,42 or interfacial 

capillary force-driven assembly,43 all of which can be time-consuming, difficult to 

precisely control, or require external forces in order to produce ordered films. 

Nanoparticle monolayers assembled through covalent interactions with the substrate are 

patternable and readily obtained. They form by common solution phase self-assembly 

methods directly onto the target substrate and do not rely on transfer of nanoparticles 

from one substrate to another. Since the nanoparticle monolayers previously described 

are chemically bound to the surface, this opens up the possibility ofmodifying the 

exposed surfaces of the particles by exchanging the upper ligands for a variety of 
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functionalized thiols to tailor the interactions of the nanoparticles with the environment 

above the plane of the monolayer. 

Here we report ligand exchange reactions carried out on surface-bound gold 

nanoparticle monolayers to yield stationary films of topochemically functionalized 

nanoparticles. Functionalized gold nanoparticles bearing phosphonic acid terminal 

groups are assembled onto hafnium-modified silicon dioxide substrates, and their 

surfaces are modified through ligand exchange reactions in solution. Contact angle 

measurements show the surface properties of the nanoparticle films can be manipulated. 

We use x-ray photoelectron spectroscopic analysis to investigate the changes in elemental 

composition of the nanoparticle layer, while TEM analysis indicates the nanoparticles 

remain firmly anchored to the substrates on which they are assembled, suggesting only 

the top surfaces of the nanoparticles undergo ligand exchange. This method for 

introducing new functionality to gold nanoparticles pre-assembled on surfaces shotlltt 

fiIlgmany useful applications in the development ofnanoparticle-based sensors and the 

preparation of new types of nanomaterials, such as small (1-2 nm) Janus nanoparticles. 

In addition, since the films consist of discrete gold particles, this strategy should enable 

sophisticated self-assembly schemes for the formation of mixed SAMs with non­

interdiffusable domains for molecular electronics or biochip applications. 

Experimental 

Materials. Hafnium dichloride oxide octahydrate (Alfa Aesar; 99.998%), 1­

octadecanethiol (Aldrich, 98%), 1-octanethiol (Aldrich, 98.5%), 1-propanethiol (Aldrich, 
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99%), and lH,1H,2H,2H-perfluorodecanethiol ([HS(CH2h(CF2)gF]; Aldrich, 97%) were 

used as received. 2-Mercaptoethylphosphonic acid [HS(CH2)2P(O)(OHh] was 

synthesized as previously reported.27 Deionized water (18.2 MQ-cm) was purified with a 

Barnstead Nanopure system. Dichloromethane was distilled from calcium hydride. 

Water, absolute ethyl alcohol (Aaper), and hexane (Burdick & Jackson) were sparged 

with nitrogen for approximately 20 minutes prior to use. 

Nanoparticle Synthesis and Functionalization. Gold nanoparticles (dcore = 1.5 

± 0.5 nm) were synthesized first as triphenylphosphine-stabilized precursors according to 

a previously described synthesis.17
,19 Ligand exchange was carried out in a biphasic 

system, starting with 186 mg (~7.2 Ilmol) of the as-prepared gold nanoparticles in 60 mL 

dichloromethane and 148 mg (1.04 mmol, 144 molar equivalent) 2-mercapto­

ethylphosphonic acid in 100 mL H20 maintained at a pH of ~ 7.4 using a 

KH2P04IK2HP04 buffer. The biphasic solution was stirred for 48 hours until the organic 

fraction was clear and no insoluble material was observed as a foamy interphase, 

indicating completion of the exchange reaction. The aqueous and organic fractions were 

separated, and the aqueous fraction was washed with dichloromethane (3 x 50 mL). 

Residual dichloromethane was removed by rotary evaporation. In order to remove excess 

free ligand and buffer ions, the water-soluble nanoparticles were purified by a 

diafiltration process described elsewhere44 using a 10 kD diafiltration capsule (pall Life 

Sciences). The nanoparticle solution was concentrated to 30 mL and filtered with 50 

volume equivalents (1.5 L) of deionized water. The purified product solution was 
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concentrated to 20 mL and lyophilized overnight. I H NMR confirms the completion of 

the exchange reaction and the removal of free ligand from the product. 

Preparation of Substrates. The Si substrates used in this study were cut from n­

type <100> wafers with 10-20 O-cm resistivity and a 3-flm thermal oxide (University 

Wafer, Boston, MA). Silicon dioxide TEM grids were prepared as previously reported.45 

The Si02surfaces were cleaned usirig an oxygen plasma treatment (150W, 200 mT, 20 

sec), followed by immediate immersion in a cleaning solution of 100:4:1 H20: 30% 

H202: 30% NH40H for tWo hours at 70 °e.37 The substrates were then rinsed with 

deionized water and transferred immediately to a 5 mM aqueous solution of HfOCh for 

four hours at 45 QC. Following this surface modification step, the substrates were rinsed 

with water and transferred to a solution of 2.0 mg nanoparticles per milliliter of 3: 1 

MeOH: H20 for 24 hr at room temperature. Following nanoparticle assembly, the 

substrates were removed from solution, rinsed with copious amounts of water, and dried 

under a stream of argon. 

Ligand Exchange on Surface-Bound Nanoparticle Monolayers. Hafnium­

modified silicon dioxide substrates with surface-bound phosphonate-derivatized gold 

nanoparticles were immersed in 1.5 mM, nitrogen-sparged ethanolic solutions of 

l-octadecanethiol, l-octanethiol, or 1-propanethiol while stirring. Wafers were removed 

at various times throughout the exchange reaction, sonicated for 5 min in ethanol to 

remove any physisorbed material, then rinsed with copious amounts of ethanol and 

deionized water, and finally dried under a stream of argon prior to analysis. For 

exchange reactions with 11l,11l,21l,2H-perfluorodecanethiol, substrates were immersed 
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in a nitrogen-spaged, stirring solution of 1.5 mM HS(CHz)z(CFz)sF in hexane and rinsed 

in a similar manner to those from the alkanethiol exchange reactions, with the addition of 

a hexane rinse. 

Analysis Techniques. Contact angle measurements were conducted using a 

microscope equipped with a goniometer, utilizing the sessile drop method.46 TEM images 

were acquired using a Phillips CM-12 microscope operating at 120 kV accelerating 

voltage. Nanoparticle size analysis was carried out using a procedure developed for 

ImageJ and described elsewhere.47 

X-ray photoelectron spectroscopic measurements were conducted using a Kratos 

AXIS Ultra Photoelectron Spectrometer (Kratos Analytical, Chestnut Ridge, NY) with a 

monochromated Al Ka x-ray source, operated at an accelerating voltage of 15 kV and an 

emission current of 15 rnA. XPS region scans were acquired using a pass energy of 80 

eV and 0.2 eV steps to maximize the signal-to-noise ratio. 

Results & Discussion 

In order to introduce new functionality to chemically anchored gold nanoparticle 

films, we first investigated ligand exchange reactions with alkanethiols as the incoming 

ligands. Because the pre-assembled particles contain hydrophilic functional groups 

(phosphonates) and the incoming alkanethiolligands are hydrophobic, we anticipated the 

extent of ligand exchange could be monitored by contact angle measurements. One 

potential concern was that the nanoparticles would be desorbed during the exchange 

reaction, so we performed structural characterization of the films by TEM. These 
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analyses indicated the particles remain bound to the surface and that only the exposed 

ligands on the upper surfaces of the nanoparticles are modified. XPS analysis is utilized 

to quantify the extent of ligand exchange and suggests that although the gold nanoparticle 

surfaces can be modified and remain anchored to the substrate without observable 

changes in the average core size, they are likely asymmetrically etched. Finally, we 

extendthisligandexchange chemistry to perfluorinated alKanethiolstoshow that our 

strategy tolerates additional functionalized thiols. 

ContaCt Angle and TEM Studies. Monolayers of phosplioriic- aCid-derivatized 

gold nanoparticles were first assembled onto hafnium-functionalized Si02 substrates, 

followed by immersion in a solution of gold nanoparticles. This assembly method has 

been shown to yield dense, stable monolayers of nanoparticles that are chemically bound 

to the underlying substrate. 37 The nanoparticle films were then introduced into 

alkanethiol solutions to undergo thiol-thiolligand exchange reactions (Scheme 5.1). The 

nanoparticle-modified substrates were removed from alkanethiol solution at different 

times throughout the exchange reactions, and their water contact angles were measured to 

determine the extent of ligand exchange. Before immersion in a1kanethiol solutions, the 

phosphonic acid-terminated ligand shell surface was hydrophilic (15 ± 1 0). After 

immersion in alkanethiol solution, the contact angles increased with time until a 

maximum value was reached after approximately 4-5 hours (Fig. 5.1). The increased 

hydrophobicity of the surfaces indicates that hydrophilic phosphonic acid-containing 

ligands are exchanged for the more hydrophobic alkanethiols. Nanoparticle films 

remained immersed in solution for up to 24 hr. The maximum contact angle measured 
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Figure 5.1. Water contact angles ofnanoparticle monolayers as a function of immersion time in 
alkanethiol solution. The exposed phosphonic acid surfaces are hydrophilic, but the surfaces become 
increasingly hydrophobic with increased immersion time, as alkanethiol is exchanged onto the nanoparticle 
surface. The maximum contact angle obtained increases with chain length of the incoming alkanethiol 
ligand. 

Contact angle measurements clearly indicated that the surface-bound 

nanoparticles undergo ligand exchange, but the extent of the exchange reaction was 

unknown. One potential concern was that the chemisorbed nanoparticles could be 

desorbed from the surface if the gold-thiol bonds on the lower surfaces of the particles 

were interrupted during the exchange reaction, thus disrupting the thiol-phosphonate 

linkage. In order to assess the stability of the nanoparticles to this exchange process, we 

conducted TEM imaging experiments of the modified nanoparticle films. Nanoparticle 

monolayers were assembled onto hafnium-modified Si02 TEM grids,45 which were then 

immersed in stirring alkanethiol solutions for 24 hours. TEM images from before and 
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after the exchange reactions show that the nanopartic1e films are stable to the exchange 

process (Fig. 5.2). The average core diameter before and after the exchange reactions 

were 1.3 ± 0.5 nm and 1.3 ± 0.4 nm, respectively. In addition, the density of 

nanopartic1es on the surface did not change after 24 hours in alkanethiol solutions. This 

suggests that ligand exchange is only occurring on the exposed upper surfaces of the 

nanopartic1es, while the lower surfaces remain chemically anchored to the surface 

through the thiol-phosphonate linker. 
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Before ligand Exchange 

lOGO ------------------ ­
900 

800 

700 d = 1.3 +1- O.S nm 

f: r ... 
II. 

300 

200 

100 

o -I-t-t-lItI..-,J.....4Ai~....4A+...._t_+_+_+_+_+___i 

~o~~~'~~~~~~~~~~~~~~~~ 

partJde DIameter (nm) 

(b) 1.3 om AuNP 00 Hf-Modified Silicon Dioxide 
After DDT ligand Exchange 

900 ,------------------------- ­...
 
700	 

d =1.3 +1- 0.4 nm 
r;"O 
I soo

[400 
...	 300 

200 

100 

o -I-t--+-~~~....4I+.........4_.__+_+__+__+_I
 

~~~~'~~~~~~~~~~~~~~I/ 

Particle DIameter (nm) 

Figure 5.2. TEM images and size distributions for gold nanoparticle rnonolayers (a) before exchange and 
(b) after ligand exchange with octadecanethiol. The average core size is 1.3 nrn (± 0.5 nrn) in both cases. 
The density of cores per unit area is 0.1 cores/nm2 both before and after ligand exchange. 
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The success of this approach to modification of the nanoparticle monolayer 

surface likely results both from steric crowding and from the relative concentrations of 

incoming and outgoing thiols. Figure 5.3 summarizes these effects. Given the large size 

of the incoming ligand relative to the interparticle spacing, it is unlikely that the incoming 

ligand can diffuse to the region near the particle-substrate interface, making only those 

sites on the top hemispheres of the particles accessible during the exchange. 

Additionally, the exchange likely proceeds readily on the exposed upper nanoparticle 

surface, as the outgoing ligand can rapidly diffuse away from the substrate into bulk 

solution. The relatively high concentration of incoming thiol drives the exchange 

reaction on the surface. In the region near the particle-substrate interface, the local 

concentration of surface-bound ligand is high, and in the event that a gold-sulfur bond 

were to be interrupted, the high local concentration of the stationary thiol-phosphonic 

acid would likely drive the immediate reformation of the Au-S bond. For these reasons, 

ligand exchange near the particle-substrate interface seems improbable. The stability of 

the surface-bound arrays in the presence of smaller incoming ligands like 1-propanethiol, 

which could much more easily diffuse into the particle-substrate interface region than a 

larger incoming ligand like octadecanethiol, suggests this could be the case. 

XPS Composition Analysis Studies. To determine the extent of ligand exchange 

more quantitatively than by contact angle measurements, we utilized X-ray photoelectron 

spectroscopic analysis. Table 5.1 shows XPS composition data from nanoparticle 

monolayer substrates immersed in octadecanethiol solution as a function of immersion 

time. Two trends emerge from the XPS data. First, the atomic concentration of 



113 

Hf(IV)
 

SI0
2
 

Figure 5.3. Schematic illustration summarizing the relative concentration and steric effects underlying the 
stability of surface-bound nanoparticle mono layers to thiol-thiolligand exchange reactions. The high 
concentration of incoming thiol and extremely low concentration of the th iol-phosphonate in solution 
drives the exchange reaction on the upper surface. Diffusion to the particle-substrate interface is impeded, 
and the high local concentration of bound thiol-phosphonate linker makes nanoparticle desorption unlikely. 

phosphorus decreases after 24 hr of the exchange reaction, while the atomic 

concentration of carbon increases, which is expected if the exposed thiol-phosphonates 

are replaced by alkanethiols with no phosphorus content and greater carbon content. The 

atomic concentration of sulfur is also constant within 0.1 %, which is expected for a 1: 1 

exchange of thiols. Second, the atomic concentration of gold decreases throughout the 

exchange reaction with ODT. One might expect some attenuation of the gold signal due 

to the introduction of a thicker carbon overlayer of ODT, but this doesn't explain the 
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Table 5.1. Atomic concentrations determined by XPS for gold nanoparticle monolayers on hafnium­
modified SiOz immersed in ODT solution. All reported values are percent atomic concentration (± 0.1 %). 

Immersion Time Au4f P2p CIs S 2p Hf4d Si2p OIs 
omin 1.5 1.0 17.4 0.6 0.9 31.6 46.9 
5 min 1.5 1.0 18.2 0.7 0.9 31.0 46.7 

60 min 1.6 1.0 18.7 0.7 0.9 30.8 46.2 
24hr 1.2 0.8 19.5 0.6 0.9 30.5 46.5 

trend because we would also expect the sulfur signal to be attenuated if this were the 

case. The atomic concentration of sulfur does not decrease even after 24 hr. Another 

explanation is that the ligand exchange reaction etches the gold nanoparticles. We were 

initially skeptical that the gold nanoparticles could have been etched, given the 

preservation of the average core size and size distribution throughout the exchange 

reaction, observed in our TEM studies. A closer examination of the ligand exchange 

reaction conditions, on the other hand, suggests it is not that surprising that the gold cores 

are etched to some degree throughout the exchange reaction. Decomposition of gold 

nanoparticles has been observed in ligand exchange reactions when the incoming thiol is 

present in high concentrations (300 molar equivalents or greater). 16 Given that the 

alkanethiol solutions used in our experiments were 1.5 mM in alkanethiol, and taking into 

account that the nanoparticles available for reaction were limited to those assembled as a 

monolayer on the surface of a 1 cm2 wafer, it is clear that there is an extremely large 

excess (> 109 molar equivalent) of thiolligand in solution.t This certainly suggests gold 

etching is possible in our experiments. 

t Alkanethiol solutions for ligand exchange were 1.5 mM concentration and 150 mL volume, giving 0.23 
mol ofli~and in solution. The density ofnanopartic1es within the monolayer was approximately 0.11 
cores/nm . For ten l-cmz wafers, this gives 1.1 x 1014 nanparticles, or 1.8 x 10-10 mol. This represents a 
1.3 x 109 molar excess of ligand. 
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Taken together, the contact angle and TEM data suggest that ligand exchange has 

occurred on the top surface of the nanoparticle film and that the nanoparticles remain 

chemically anchored to the substrate without exhibiting any change in the average core 

diameter. The XPS data for phosphorus, carbon, and sulfur are consistent with this 

model. The XPS data for gold and examination of the ligand exchange reaction 

conditions, however, suggest gold etching. One explanation for the decrease in gold 

concentration despite the apparent stability of the particles by TEM is that the 

nanoparticles are asymmetrically etched during ligand exchange (Fig. 5.4). By TEM, in 

which the nanoparticle layer is observed from the top down, asymmetric etching of the 

top surfaces of the particles would not necessarily result in a decrease of the observed 

average core size. Given our previous model (Fig 5.3), in which steric crowding from 

bound thiol-phosphonates limits access to the nanoparticle surface for relatively large 

incoming thiols, we hypothesized that smaller incoming thiols could access a greater 

fraction of the nanoparticle surface and perhaps etch the nanoparticles to a greater extent 

than long-chain alkanethiols. 

In order to investigate the possibility of gold etching by incoming thiolligands, 

we examined the composition of the nanoparticle films following exchange reactions 

using l-octanethiol and I-propanethiol. As previously shown, the water contact angles of 

the surfaces become increasingly hydrophobic with increased immersion time in 

alkanethiol solution, and the maximum water contact angles achieved after 24 hr increase 

with increasing chain length, as expected. We conducted XPS composition analysis of 

films immersed in solutions of l-octadecanethiol, l-octanethiol, and I-propanethiol for 
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Figure 5.4. Schematic illustration of asymmetrically etched gold nanoparticles from ligand exchange 
reactions on chemically-anchored nanoparticles. The total surface area of the particle is decreased, thereby 
decreasing the number of thiols that can assemble onto the nanoparticle surface. 

24 hours to examine the resulting changes in nanoparticle monolayer composition. Table 

5.2 summarizes the XPS composition data from these experiments. The atomic 

concentration of gold decreases over 24 hr if alkanethiol is present in solution, as we also 

observed in our earlier experiments involving only ODT as the incoming ligand. It is 

interesting to note that the final atomic concentration of gold after 24 hr decreases with 

decreasing alkanethiol chain length. This is likely due to the ability of shorter-chain 

alkanethiols to access and etch the nanoparticle surface more easily than long-chain 

alkanethiols due to steric constraints induced by thiols exchanged onto adjacent particles 

(Fig. 5.5). Asymmetric etching of the upper particle surfaces would decrease the total 

surface area of the particles, along wi th the total number of thiols that could assemble 

onto the nanoparticle surface (Fig. 5.4). This is consistent with the decrease in sulfur 

concentration with decreasing chain length after 24 hr. The atomic concentration of 
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Table 5.2. XPS atomic concentration data detennined for gold nanoparticle monolayers immersed in 
alkanethiol solutions for 24 hr. All reported values are percent atomic concentration (± 0.1 %). 

Incoming Thiol Au4f P2p Cis S2p Hf4d Si2p Dis 
No Exchange 1.5 1.0 17.4 0.6 0.9 31.6 46.9 

ODT 1.2 0.8 19.5 0.6 0.9 30.5 46.5 
l-Octanethiol 1.1 0.8 15.4 0.5 1.0 32.1 49.2 

1-Propanethiol 1.0 0.7 13.5 0.4 1.0 32.9 50.5 

carbon diminishes with the chain length of the incoming thiol, as expected. t TEM studies 

indicated no change in average core size or number ofparticles per unit area for the 

exchange reactions with l-octanethiol and l-propanethiol. Again, we would not expect 

asymmetric etching of the nanoparticles to result in observable changes in the average 

core size or nanoparticle coverage because spherical particles and asymmetrically etched 

particles would appear the same from the top down by TEM. These data suggest that the 

nanoparticles are asymmetrically etched due to the large excess of incoming thiol in 

solution and that the extent of etching increases with decreasing chain length of the 

incoming thiolligands. 

Having demonstrated that the ligand exchange process with alkanethiols works to 

modify the surface properties of chemically anchored gold nanoparticles, we investigated 

semi-perfluorinated alkylthiols as another class of incoming ligands. Substrates with 

surface-bound monolayers of gold nanoparticles were immersed in a solution of 

11l,11l,211,2H-perfluorodecanethiol. The contact angle of the nanoparticle film increases 

accordingly with immersion time in the thiol solution. XPS analysis shows that 

t The atomic concentration of carbon does not scale exactly with alkyl chain length in our data because 
some portion of the C Is signal originates from adventitious carbon. 
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Figure 5.5. Illustration of two adjacent gold nanoparticles with 2-MEPA ligand shells. Also shown is a 
trace of the particle radius with an incoming ligand of n-octadecanethiol (ODT). Steric constraints dictate 
that the available surface area for incoming ODT consists of a small spherical cap on the topmost surface of 
the surface-bound nanoparticles. Based on the surface area of the cap, the maximum number of incoming 
ligands that can exchange onto a particle will increase with decreasing alkyl chain length of incoming 
ligand. Shorter-chain alkanethiols would be able to access a greater fraction of the total surface area of the 
nanoparticle. 

the amount of fluorine in the film increases over the course of the exchange reaction up to 

24 hr (Fig. 5.6), consistent with the chemisorption of a fluorinated overlayer. The atomic 

concentration of gold again decreases after ligand exchange (from 1.5 % to 1.3%), and 

the extent of the gold etching appears to be less than that observed for the short-chain 

alkanethiols, suggesting that the extent of gold nanoparticle etching varies inversely with 

chain length. 
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investigating the versatility of this approach with a library of organic- and water-soluble 

incoming thiolligands, the structure of the etched, surface-bound particles following 

exchange reactions, and whether this approach can be used to generate small Cd core< 2 

nm) Janus nanoparticles. 

Bridge 

Having demonstrated that known thiol exchange chemistry for planar gold 

substrates and gold nanoparticles can be extended to two-dimensional nanoparticle 

assemblies, we wanted to assess the utility of other gold surface treatments in 

modification of gold nanoparticle films. Chapter VI describes our experiments utilizing 

UV/ozone treatment as a method of stripping the ligand shells from chemically anchored 

gold nanoparticle monolayers. Rather than functionalizing the gold cores, as in Chapter 

V, this method exposes the bare gold cores for interaction with the surrounding 

environment. We demonstrate this concept by producing gold nanoparticle catalysts on 

iron oxide using mild self-assembly conditions and convenient UV/ozone treatment to 

activate the particles toward low-temperature catalysis of CO(g) to CO2(g). 
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CHAPTER VI
 

UV/OZONE-MEDIATED STRIPPING OF ORGANIC THIOL LIGAND SHELLS
 

FROM SURFACE-BOUND GOLD NANOPARTICLE MONOLAYERS
 

Note: Portions of Chapter VI are expected to appear in an upcoming communication, co­
authored by Jespersen, M. L. and Hutchison, J. E. The first author designed experiments 
and carried out all of the laboratory work described herein. The author also composed the 
manuscript corresponding to Chapter VI. J. E. Hutchison provided experimental and 
editorial guidance. All materials syntheses and the majority of subsequent 
characterization were carried out at the University of Oregon, with some analysis 
performed at the Surface Characterization and Nanofabrication Laboratory at the 
University of Utah. 

Introduction 

In contrast to the non-reactive behavior of gold in the bulk state, nanoscale gold 

supported on certain metal oxides has been shown to readily catalyze a number of 

transformations. Haruta and coworkers first demonstrated the low-temperature catalytic 

conversion of CO(g) to CO2(g) using nanoparticulate gold coprecipitated on several metal 

oxide supports. 1-3 Gold nanoparticles have since been shown to catalyze many reactions 

of technological and industrial significance, including oxidation ofprimary alcohols to 

aldehydes,4 epoxidation of propene,5,6 hydrogenation of CO and CO2,
7 chemoselective 

hydrogenation of nitro compounds,s and the reduction of nitrogen oxides,9, 10 among 
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many others. 11-13 The vast potential of supported gold nanoparticles in heterogeneous 

catalysis has spawned a vigorous research effort into the origin of this catalytic activity 

and the preparation of supported gold catalysts. 

A number of parameters have been investigated in attempts to elucidate the 

mechanisms underlying the enhanced catalytic activity ofnanoscale gold. In particular, 

this activity has been shown to depend on the composition and structure of the metal 

oxide support,2,14 the particle-support contact interface,lS gold oxidation state,16 and 

particle size and shape. The catalytic activity of gold nanoparticles strongly depends on 

particle size,17-20 with peak activity observed for particles in the 2-4 nm size range, which 

exhibit nonmetallic electronic properties?l These size effects make the incorporation of 

small gold nanoparticles approximately 3 nm in diameter (or smaller) highly desirable 

targets in the design of supported gold nanoparticle catalysts. 

There are several challenges to controlling the key structural attributes of 

supported gold catalysts, including the size of the gold nanoparticles, the catalyst loading, 

and establishment of contact between the support material and the particles. Common 

preparative methods for supported gold nanoparticle catalysts enable formation of the 

particle-support interface and a limited degree of control over catalyst loading. These 

methods include coprecipitation, which involves simultaneous precipitation ofmetal 

hydroxides or carbonates with Au precursors, and deposition-precipitation techniques, 

which generally involve formation of gold hydroxide in solution, followed by addition of 

the metal oxide support. Both approaches require calcination at elevated temperatures, 

which causes sintering of the supported particles. Sintering during catalyst preparation or 
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during use at elevated temperatures presents a large obstacle to the widespread 

incorporation of these materials in heterogeneous catalysis applications because gold 

nanoparticles larger than 8 nm in diameter do not appear to be catalytically active. In 

addition to nanoparticle growth by sintering,22 the disadvantages of these high­

temperature preparations include significant colloid polydispersity due to deposition of 

large Au precipitate crystals onto the metal oxide support14 and incompatibility with a 

number of other support materials (e.g., carbon).23 

In order to minimize sintering and polydispersity issues, some groups have 

investigated deposition of pre-synthesized gold nanoparticles, rather than coprecipitated 

gold, onto metal oxide supports. This approach offers the advantages that small, 

relatively monodisperse colloids can be used, and the interparticle spacing or catalyst 

loading can be controlled through the use of protecting ligands, usually in the form of 

thiolates.24 One drawback of this approach is that in order to access the catalytic activity 

of these particles, the ligands must be removed post-deposition. Although thermal 

treatments effectively remove the protective ligand shell, they also induce nanoparticle 

aggregation, resulting in larger core diameters and increases in polydispersity. Because 

gold nanoparticles deposited on metal oxide supports by this method are still subject to 

sintering, and because it is difficult to control the catalyst loading and homogeneity by 

current catalyst preparative methods, a strategy for the low temperature removal of the 

protecting ligands should prove advantageous because thermal treatment would be 

unnecessary. 
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We propose the self-assembly offunctionalized gold nanoparticles onto metal 

oxide supports as a strategy to overcome the disadvantages of current gold catalyst 

preparation methods. This approach utilizes mild self-assembly conditions, followed by 

ligand removal from the chemically anchored nanoparticles at low temperatures using 

UV-generated ozone (UV/03). Stripping ofthiolligands should expose bare gold cores, 

thus providing access to the catalytically active gold nanoparticle surface. In addition, 

interparticle spacing could potentially be manipulated by the ligand shell thickness, 

enabling control over the catalyst loading. Furthermore, it has been proposed that if 

supported gold nanoparticles can be confined to their own "sticky islands" to inhibit 

aggregation, this would represent a tremendous step forward in nanoparticle-based 

heterogeneous catalysis.25 If the ligand shell can be partially removed, it is likely that 

residual surface-bound linker ligands will discourage nanoparticle aggregation. 

Our strategy calls for the convenient removal of thiolligand shells from gold 

nanoparticles at ambient temperatures using UV-generated ozone. UV/ozone treatment is 

an effective means for removal of adventitious organic contamination from planar gold 

substrates.26
,27 In addition to removal of physisorbed contaminants, this strategy has been 

employed to remove self-assembled monolayers of alkanethiols from planar gold 

surfaces26 and in the photopatteming of alkanethiol monolayers on gold.28
, 29 The 

effectiveness of UV103 treatment in thiol monolayer removal from gold is due to 

oxidative conversion of chemisorbed alkylthiolates to physisorbed a1kylsulfonates, which 

can be easily rinsed from the substrate with water or ethyl alcoho1.26
,30 Gaseous ozone 

treatment has been utilized as a method of ligand stripping in gold nanoparticle catalysts 
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supported on Ti02.31 While ozone treatment and ligand stripping did cause an increase in 

nanoparticle size in these catalysts, ligand removal by ozone results in gold particles that 

are appreciably more stable to subsequent thermal treatment than non-treated samples. 

These catalysts were then calcined at 400°C but did not aggregate during thermal 

treatment after exposure to ozone. To date, such an approach has not yet been applied to 

monolayers of chemically anchored gold nanoparticles formed by directed self-assembly. 

A potential concern is that nanoparticle aggregation occurs in many supported 

gold catalysts after prolonged use even at low temperatures because the particles are not 

chemically bound to the support. We address this concern by utilizing self-assembled 

films of surface-bound gold nanoparticles. Monolayers of alkylphosphonates are a well­

known class oforganic thin films that readily assemble onto a range of metal oxide 

surfaces,32,33 including iron oxide.34 In addition, gold nanoparticles passivated with a 

thiolligand shell containing terminal phosphonic acid functionality have been assembled 

onto patterned hafnium(IV) oxide on silicon dioxide.35,36 Ifgold nanoparticles can be 

chemically-bound to an underlying metal oxide support through the stabilizing ligand 

shell, it is possible that partial removal of the ligands by ozone treatment could leave gold 

nanoparticles tethered to the metal oxide support through residual thiollinker, while bare 

gold cores could be exposed for interaction with the gaseous environment and the 

underlying support material. Such an approach based on surface-bound nanoparticle 

monolayers would enable convenient, low-temperature activation of supported gold 

catalysts while inhibiting the· mobility of nanoparticles that causes particle growth and 

diminished catalytic activity. 
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Here we report the production of catalytically active gold nanopartic1es on metal 

oxide supports through mild self-assembly conditions followed by UV/03 treatment. The 

UV/03 treatment almost completely removes the ligand shell, exposing the catalytically 

active bare gold surface to the gaseous environment. A fraction of the thiol-phosphonate 

ligand shell remains after this treatment, so nanopartic1e aggregation is limited despite 

their exposed gold cores. Functionalized gold nanopartic1es are assembled onto iron 

oxide powders, and their ligand shells are removed by convenient UV/03 treatment. We 

demonstrate that the bare gold nanopartic1es obtained through this strategy participate in 

the catalytic conversion of CO(g) to CO2(g) at room temperature. 

Experimental 

Materials. Iron nitrate nonahydrate [Fe(N03)3-9H20] was obtained from 

Mallinkrodt. Hydrogen tetrachloroaurate trihydrate (HAuCI4-3H20, 99+%) was acquired 

from Strem. 2-Mercaptoethylphosphonic acid [HS(CH2)2P(0)(OH)2] was synthesized as 

previously reported.35 Deionized water (18.2 MQ-cm) was purified with a Barnstead 

Nanopure Diamond system. Dichloromethane was distilled from calcium hydride. 

Nanoparticle Synthesis and Functionalization. Gold nanopartic1es (dcore = 1.5 

± 0.5 nm) were synthesized first as triphenylphosphine-stabilized precursors according to 

a previously described synthesis.37 Ligand exchange was carried out in a biphasic system, 

starting with 203 mg (~7.9 /lmol) of the as-prepared gold nanopartic1es in 80 mL 

dichloromethane and 117 mg (0.82 mmol, 114 molar equivalents) 2-mercapto­

ethylphosphonic acid in 100 mL H20, buffered to pH .... 8. The biphasic solution was 
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stirred for 24 hours until the organic fraction was clear and no insoluble material was 

observed as a foamy interphase, indicating completion of the exchange reaction. The 

aqueous and organic fractions were separated, and the aqueous fraction was washed with 

dichloromethane (3 x 50 mL). Residual dichloromethane was removed by rotary 

evaporation. In order to remove excess free ligand, the water-soluble nanoparticles were 

purified by a diafiltration process38 using a 10 kD diafiltration capsule (pall Life 

Sciences), concentrating the particle solution to 30 mL and then filtering with 50 volume 

equivalents (-1.5 L) of deionized water. The purified aqueous nanoparticle solution was 

concentrated to 20 mL and lyophilized overnight. 

Preparation of Planar Substrates. The Si substrates used in this study were cut 

from n-type <100> wafers with 10-20 Q-cm resistivity and a 3 /lm thermal oxide (Wafer 

World). Silicon dioxide TEM grids were prepared as previously reported.39 The Si02 

surfaces of the grids were cleaned in a solution ofdilute SC-l (dSC-l, 100:4:1 H20: 30% 

H20 2: 30% NH40H) at 70°C for 15 min. Substrates were then rinsed with copious 

amounts of deionized water and dried under a stream of argon prior to further surface 

treatment. Si02 surfaces were activated using an oxygen plasma treatment (150W, 200 

mT, 20 sec), followed by immediate immersion in deionized water.36 Plasma treatments 

were carried out using a March Plasma Systems CS-1701 reactive ion etcher. Following 

this plasma treatment, the substrates were again treated in dSC-l at 70°C for 15 min to 

remove adventitious carbon contamination and inorganic particulates, as well as to 

chemically generate surface silanol functionality.36 The substrates were then rinsed with 

deionized water and were transferred immediately to a 5 mM aqueous solution of HfOCh 
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for four hours at 45°C. HfOClz solutions were filtered through a cellulose acetate 

syringe filter with 0.2 !-tm pore size prior to any assembly chemistry in order to remove 

insoluble particles. Following the surface functionalization step, the substrates were 

rinsed with water and transferred to a solution of 2.5 mg nanoparticles per milliliter of 3: 1 

MeOH: H20 for 24 hr at room temperature. Following nanopartic1e assembly, the 

substrates were removed from solution, rinsed with copious amounts of deionized water, 

and dried under a stream of argon prior to analysis. 

UV/ozone treatment of planar substrates was carried out in a stainless steel box 

supplied with laboratory air at room temperature. Substrates were placed face up in a 

Boeke! Industries UV Clean 135500 UV/ozone cleaning system supplied with laboratory 

air and were exposed to ozone generated by UV light for three minutes. Following this 

treatment, substrates were rinsed with copious amounts of deionized water and dried with 

a stream of argon prior to any surface analysis. 

Preparation of Iron Oxide-Supported Gold Catalysts. Iron oxide powder was 

prepared by precipitation of iron hydroxide, followed by calcination. Briefly, 6.36 g (60 

mmol) sodium carbonate was dissolved in 300 mL water in a round-bottom flask 

equipped with a stir bar, and heated to 70°C. To this solution was added 90 mL 0.11 M 

Fe(N03h The mixture was stirred for 1 hr at 90°C and then filtered to retain the dark 

orange precipitate, which was washed with deionized water (3 x 100 mL). The product 

was collected in a glass dish and heated at 130°C for one hour in air. The mixture was 

then calcined at 400 °C in air for 4 hours to yield a dark red-orange powder. Gold 

nanoparticles with a stabilizing ligand shell of2-MEPA were dissolved in water (24 mg 
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in 15 mL) and added to a 50 mL round-bottom flask. Fe203 powder (0.277 g) was added 

to the reaction flask, and the mixture was stirred overnight. The insoluble, dark orange 

product was collected by vacuum filtration and washed with deionized water (5 x 20 

mL). The product was dried at 50°C in air for approximately 2 hours, yielding self­

assembled monolayers of functionalized gold nanoparticles supported on iron oxide. 

Nanoparticle ligand shells were removed by exposure of the dried powder to UV­

generated ozone in a Boekel Industries UV-ozone cleaning system for three min. The 

product was transferred into a.fritted funnel and rinsed with deionized water (3 x 20 mL) 

to remove physisorbed alkylsulfonates. The product was again dried in air at 50°C 

overnight, yielding ligand-stripped gold nanoparticles supported on iron oxide. 

Analysis Techniques. X-ray photoelectron spectroscopy measurements were 

conducted using a Kratos AXIS Ultra Electron Spectrometer (Kratos Analytical, Chestnut 

Ridge, NY) with a monochromated Al Ka x-ray source operated at an accelerating 

voltage of 15 kV and an emission current of 15 rnA. TEM images were acquired using a 

Phillips CM-12 microscope operated at 120 kV accelerating voltage. 

Infrared spectra were acquired using a Thermo-Nicolet Magna IR Spectrometer. 

Carbon monoxide (4%) in air was obtained from AirGas. A 5-mL IR gas cell with KBr 

windows (New Era Enterprises, Inc.) was fitted with rubber septa at the inlet and outlet 

ports. This configuration was leak tested by filling the cell with 4% CO gas mixture and 

collecting IR spectra at various times over a 48-hour period, with no observable change 

in the IR spectra even after 48 hours. For qualitative measurements of catalytic 

conversion of CO to C02, a glass tube was packed with 150 mg of the test material, with 
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glass wool on either side. This glass tube was inserted into the gas line so any gas 

mixture entering the cell was passed once through the catalyst plug. The CO gas mixture 

3was introduced to the cell at a flow rate of approximately 2 cm sec-1 for 45 seconds to 

ensure complete purging of the cell. The infrared spectrum of the enclosed gas was then 

collected. In cases where CO2 gas was observed, the cell was allowed to sit in a nitrogen 

atmosphere for up to 24 hours before the spectrum was collected again to ensure that any 

observed CO2 could not be attributed to air leaking into the cell. In all cases, the initial 

and final IR spectra were identical, indicating no CO2 was leaking into or out of the cell, 

and all CO2 observed was the result of catalytic conversion of CO. 

Results & Discussion 

Our surface modification strategy is to assemble surface-bound gold nanoparticle 

monolayers and then partially remove the protective ligand shell by UV/ozone treatment. 

We suspect that the bound alkylthiolates are oxidized to alkylsulfonates by this approach 

and that these sulfonates can be easily removed from the film by simply rinsing the 

substrates in water to yield gold cores that are exposed to the surrounding environment 

and anchored to the surface through residual thiol-phosphonate linkers (Scheme 6.1). We 

investigate the extent of ligand removal from the film by XPS composition analysis. One 

concern is that the nanoparticles could be completely desorbed from the film if all 

thiolate ligands are oxidized, resulting in aggregation or rinsing of the nanoparticles from 
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Scheme 6.1. Schematic illustration of UV/ozone-mediated ligand stripping on surface-bound gold 
nanoparticles. The UV/ozone treatment oxidizes the majority of bound thiolates to sulfonates, which can 
be easily rinsed from the film with water to yield bare gold cores exposed to the surrounding environment 
and still anchored to the underlying substrate. 
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the substrate. We examine the nanopartic1e layers by TEM to assess the structural effects 

ofUV/ozone treatment and show that the nanopartic1es undergo limited aggregation but 

likely remain anchored to the substrate through residual ligands. Because the 

nanopartic1e core sizes after ligand removal are in the ideal size range for gold 

nanopartic1e catalysts, we demonstrate the utility of this surface treatment by stripping 

the ligands from pre-assembled gold nanopartic1e films on iron oxide, thus activating the 

nanopartic1es for catalytic conversion of CO to C02 at room temperature. 

XPS Analysis of Model Planar Substrates. UV/ozone treatment was 

investigated as a ligand stripping method to produce catalytically active gold 

nanopartic1es on metal oxide supports. In order to understand the changes in nanopartic1e 

film composition in response to treatment with UV/03, we examined UV/03-treated 

monolayers of gold nanopartic1es by x-ray photoelectron spectroscopic analysis. 

Although we intended to use gold nanopartic1es assembled onto metal oxide powders as 

catalytic materials, XPS analysis of powder samples generally suffers from low count 

rates of emitted photoelectrons due to scattering caused by the rough surface topography. 

Poor signal-to-noise ratio, sample-dependent variation of differential surface charging, 

and the low sensitivity of phosphorus and sulfur in the XPS experiment suggested the use 

of planar substrates could yield more useful data than powder samples for these analyses. 

To this end, we utilized self-assembled monolayers of functionalized gold nanopartic1es 

on hafnium-modified Si02 as a model substrate for XPS. 

We have previously reported the formation of gold nanopartic1e monolayers on 

modified silicon dioxide substrates by a directed self-assembly process.35,36 Using 
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assembled films of gold nanoparticles on hafnium-modified silicon dioxide, we examined 

the composition of the nanoparticle film before and after treatment with UV-generated 

ozone. Figure 6.1 shows XPS spectra from the S 2p region. Prior to UV/ozone treatment, 

the S 2p signal from bound thiolates is clearly evident. After exposure to UV/03 for 

three minutes, nearly all of the thiolates present are converted to sulfonates, evidenced by 

the shift of the S 2p peak to higher binding energy (168 eV). After rinsing the substrate 

in copious amounts ofwater to remove alkylsulfonates, a small amount of sulfonate 

remains, and the S 2p peak from bound thiolates is not observed in the spectrum. The 

relative atomic sensitivity of S 2p in the XPS experiment is very low, and the plasmon 

loss peak from Si interferes with the S 2p signal. For these reasons, we suspect that a 

small amount of thiolate ligand could remain in the film but that it is below the detection 

limit of the instrument on this substrate. 

Table 6.1 lists atomic concentrations of the nanoparticle films determined by 

XPS. The S 2p signal from thiolates decreases to below the detection limit of the 

instrument after UV/ozone treatment. The S 2p signal from sulfonates increases after 

UVlozone treatment and then diminishes almost entirely after rinsing of the 

alkylsulfonates, as expected. The P 2p signal decreases in intensity, indicating that some 

of the thiol-phosphonate is removed but that a small amount remains present in the film. 

The majority of this residual phosphorus content is likely in the form of surface-bound 

phosphonates. The carbon content of the film decreases after UV/ozone treatment, as 

expected. The measured carbon content is higher after rinsing than after UV/ozone 

treatment. This is unexpected, and we conclude that a significant portion of the carbon 
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Figure 6.1. XPS spectra from the S 2p region showing bound thiolate prior to UV/ozone treatment (left), 
sulfonate following UV/ozone treatment (middle), and removal of sulfonates by rinsing (right). 

content is adventitious in all three samples. The oxygen content increases following 

oxidation ofthiolates to sulfonates. We would also expect the Si and 0 concentrations to 

increase after UV/ozone treatment and rinsing because the initial carbon-containing 

overlayer probably attenuates the signals from both Si and 0 in the bulk Si02 substrate. 

In addition, the atomic concentration of gold has decreased, but most of the gold content 

of the film is retained. We suspected that this decrease in Au concentration resulted from 

complete removal of the ligand shells from some of the nanopartic1es, which were then 

rinsed away with the physisorbed sulfonates. In order to determine the extent to which 
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Table 6.1. XPS atomic concentration data for UV/ozone-treated gold nanoparticle monolayers. All 
reported values are percent atomic concentrations (± 0.1 %). 

Sample Au (4t) S (2p) P(2p) C (ls) Hf(4d) O(ls) Si (2p) 
No treatment 1.8 0.8 o 1.2 17.9 1.0 46.4 30.9 
UV/03,3 min. 1.0 o 0.7 1.3 9.3 1.0 54.5 32.1 
UV/03 + rinse 1.0 o 0.1 0.6 11.6 0.9 53.1 33.3 

the gold nanoparticles had been desorbed from the film, we conducted structural analysis 

of the nanoparticle monolayers using TEM. 

TEM Analysis of UV/03-Treated Planar NP Films. Because XPS analysis of 

the UV/ozone-treated nanoparticle monolayers indicated removal ofgold nanoparticles, 

we wanted to characterize the effects ofUV/03treatment on the nanoparticle film 

structure using TEM. Use of planar TEM substrates simplifies the structural 

characterization of the UV/03-treated nanoparticles because powder specimens exhibit 

very non-uniform electron transparency. To this end, we utilized self-assembled 

monolayers of gold nanoparticles on hafnium-modified SiOz TEM grids produced in our 

laboratory as model substrates for TEM analysis. 

TEM images and particle size analysis before and after UV/03treatment show 

that the average core size increases by a small amount after ozone exposure, from 1.5 ± 

0.6 urn to 1.8 ± 1.0 urn (Fig. 6.2). In addition, the nanoparticle size distribution broadens. 

We suspect that some of the nanoparticles are able to migrate short distances on the 

surface because most of the ligands have been removed, although residual ligand is 

observed by XPS. This movement results in the aggregation of adjacent particles and 

could occur even if the ligand-stripped particles remain anchored to the substrate because 
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Figure 6.2. TEM images and nanoparticle size distributions from (a) assembled nanoparticles prior to 
UV/ozone treatment, and (b) the nanoparticle film after UV/ozone treatment and rinse step to remove 
akylsulfonates. The average core size increases following UV/ozone treatment, and some aggregates can 
be observed. The majority of the nanoparticles remain adsorbed to the surface, and the average core sizes 
in both cases fall into the ideal size range for oxide-supported gold nanoparticle catalysts. 

the majority of the gold core is bare, and the initial interparticle distances afforded by the 

2-MEPA ligand are short. By visual inspection, the nanoparticle layer has a greater 

fraction of voids after UV/ozone treatment. Based on the average core sizes for either 

sample and the model of a close-packed monolayer with an interparticle distance of twice 

the ligand length, we calculate 67% ·of a complete monolayer for the as-deposited 
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particles, compared to 48% of a full monolayer for the UV/ozone treated sample.t While 

a fraction of the nanoparticles could have been rinsed from the substrate following 

complete ligand shell oxidation, it is important to note that the majority of the 

nanoparticles remain adsorbed on the surface, in agreement with our XPS analysis. In 

addition, these nanoparticle films are stable in water and air over several days without 

exhibiting further aggregation or desorption of nanoparticles. This suggests that some of 

the surface-bound ligand remains, limiting the mobility of the nanoparticles and 

preventing further aggregation. This is also consistent with our XPS data that shows the 

UV/ozone treated film retains some phosphorus content from the thiol-phosphonate 

ligand. It is likely the case that some of the remaining ligand resides randomly around 

the entire perimeter of the particle, but the majority of the gold surface is bare (Scheme 

6.1), allowing the gold core to interact with its environment, the oxide support, and 

adjacent particles while still remaining surface-bound. 

Based on our observation that the majority of the gold cores remain anchored to 

the surface after UV/03 treatment and the fact that the average core diameter remains in 

the ideal size range for oxide-supported gold nanoparticle catalysts, we hypothesized that 

this post-deposition modification strategy could serve as a convenient, low-temperature 

method for ligand removal in the preparation of oxide-supported gold nanoparticle 

catalysts. Although hafnium-modified Si02 serves as a useful model substrate for XPS 

t Nanoparticle coverage calculations were based on a close-packed monolayer (ML) model, in which the 
interparticle distance was assumed to be twice the ligand length of 0.65 nm for a 2-MEPA ligand. Based 
on the average core diameter for the as-deposited particles, this gives 0.15 cores/nm2

• For the UV/ozone 
treated particles, this gives a maximum density of0.12 cores/nm2

. Nanoparticles were counted within 
regions ofknown area in ImageJ to give 0.10 cores/nm2 (67% ML) and 0.06 cores/nm2 (48% ML) for the 
untreated and UV/03-treated samples, respectively. 
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composition analysis and TEM studies, this surface is not an ideal oxide support for 

catalysis because its surface area is extremely low. In addition, this type of hafnium­

modified oxide support has not been studied in heterogenous catalysis involving gold 

nanopartic1es. In order to determine whether or not UV/03could be utilized to produce 

catalytically active gold nanopartic1es, we employed iron oxide as the support material 

because Fe203/Au catalysts have shown excellent catalytic activity in other studies. 1. 2 

IR Studies for Catalytic Conversion of CO to CO2_ Using iron oxide powders 

as support materials for self-assembled gold nanopartic1es, we conducted gas phase IR 

studies to determine whether UV/03-mediated ligand stripping could expose bare gold 

cores for catalytic conversion of CO(g) to C02(g) at room temperature. Functionalized 

gold nanopartic1es (dcore = 1.5 ± 0.5 nm) stabilized by a 2-MEPA ligand shell were 

assembled onto iron oxide powders. Two control experiments were carried out in order 

to determine whether the bare iron oxide or the nanopartic1e-coated iron oxide showed 

any catalytic activity prior to UV/03 treatment. A gas mixture of 4% CO in air was 

passed through a catalyst plug, consisting of a glass tube containing 150 mg of either test 

material, capped by glass wool on both ends. The product gas mixture was collected in 

an air-tight gas cell and analyzed by infrared spectroscopy (Fig. 6.3). No appreciable 

catalytic activity was observed for either material, as shown by the small amounts of CO2 

present in the gas mixture. This lack of activity was expected because iron oxide is not 

known to catalyze the room temperature oxidation of CO. In addition, the catalytically 

active gold nanopartic1e surfaces in the iron oxide/gold nanopartic1e hybrid material were 

passivated by the thiolligand shell, blocking CO adsorption. 
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Iron OXide/Gold Nanoparticle CO Oxidation 
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Figure 6.3. Infrared transmission spectra of 4% CO in air (blue) passed through a plug of UV/ozone­
treated iron oxide powder (green), iron oxide powder with self-assembled gold nanoparticles (black), and 
UV/ozone-treated iron oxide/gold nanoparticle hybrid material (red). The UV/ozone-treated gold 
nanoparticles on iron oxide showed enhanced activity in conversion of CO to CO2 . 

In order to assess the effectiveness ofUV/ozone treatments for exposing the bare 

gold cores, the nanoparticle-loaded iron oxide powder was treated with UV-generated 

ozone for three minutes. After rinsing away any unbound sulfonates resulting from this 

treatment, the material was dried under vacuum. This UV/ozone-treated material showed 

considerably enhanced conversion of CO to CO2 at room temperature (Fig. 6.3). Only 

after UV/ozone treatment did the oxide-supported nanoparticles show this enhanced 

catalytic activity. In addition, a 4% CO in air mixture allowed to sit in the sealed IR cell 

in the presence of excess catalyst showed continued conversion of CO to CO2 over 

extended periods of time (Fig. 6.4). These experiments show that UV/ozone-mediated 
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Iron Oxide/Gold Nanoparticle CO Oxidation 
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Figure 6.4. Infrared transmission spectra of 4% CO in air mixture exposed to excess UV/ozone-treated iron 
oxide/gold nanoparticle catalyst for 5 min (black), 15 min (red), 1 hr (blue), and 8 hr (green). For 
reference, an IR spectrum from the gas mixture exposed to untreated iron oxide/gold nanoparticle material 
is shown by the dashed line. Only the UV/ozone-treated material participates in the room temperature 
conversion of CO to CO2 at room temperature, and the catalytic conversion continues over time until the 
signal from CO disappears almost entirely at longer reaction times. 

ligand stripping is an effective strategy for exposing bare gold cores in self-assembled 

films of functionalized gold nanoparticles without the use of thermal treatments. 

Although the removal of ligand shells results in desorption of some of the assembled 

nanoparticles and a small amount of particle growth, the majority of the particles remain 

anchored to the surface, and their aggregation is limited. The nanoparticle films 

assembled on iron oxide and treated with UV/ozone participate in conversion of CO to 

C02. This convenient strategy for production of catalytically active gold nanoparticles 

on oxide supports should find use in many heterogeneous catalysis applications. 
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Conclusions 

In summary, we have demonstrated a process for generating active nanoparticle 

catalysts on metal oxide supports by mild self-assembly conditions and UV/ozone­

mediated stripping ofprotecting thiolligands. Composition analysis reveals the 

conversion of bound thiolate ligands to physisorbed sulfonates, which can be easily 

rinsed from the film to expose bare gold cores. Due to the partial removal of the ligand 

shell, the majority of the nanoparticles remain bound to the substrate through the ligand 

terminal functionality. Ligand stripping results in a small increase in the average 

nanoparticle core size, broadening of the size distribution, and limited aggregation, as 

observed by TEM, but the average core size following UV/03 treatment is well-suited for 

accessing the enhanced catalytic activity of oxide-supported gold nanoparticles. Utilizing 

this surface modification strategy, we have shown that self-assembled monolayers of gold 

nanoparticles can be activated to participate in the catalytic conversion of CO to CO2 at 

room temperature by rapid treatment with UV-generated ozone. We are currently 

examining in greater detail the nature of the nanoparticle-support interaction, the turnover 

frequencies of these catalytic materials, and the effects of nanoparticle structural 

parameters (ligand shell length, core size, etc.) on the loading levels of gold nanoparticles 

in these catalysts. 
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CHAPTER VII 

CONCLUDING SUMMARY 

In this dissertation, we have developed new surface chemistry on gold and 

demonstrated the use of designed interfacial interactions in nanoparticle monolayers to 

access the unique size-dependent properties of these materials. We have shown that 

ligand-substrate interactions enable the formation of extended surface-bound gold 

nanoparticle monolayers that support electron transport, as well as guide the precise 

placement of nanopartic1es that catalyze nanowire growth on patterned substrates. In 

addition, the interactions of these nanoparticle films with the environment can be 

manipulated through thiolligand exchange reactions or UV-ozone treatment to access 

uniquely functionalized nanopartic1es and unlock the catalytic properties ofgold 

nanoparticles on metal oxide supports. 

While self-assembled monolayers of thiols on gold and organic acids on metal 

oxides have been well-studied, there still exists a need for new surface chemistries that 

are complementary to established systems in order to meet the demand for advanced 

functional materials requiring increasingly sophisticated self-assembly schemes. In 

Chapter II, we described a new class of monolayers based on modification of gold 

surfaces with hafnium ions. Monolayers of alkanephosphonic acids assembled on 
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hafnium-modified gold are readily obtained, patternable, well-ordered, and resistant to 

displacement by thiols. We demonstrated the compatibility of this new surface chemistry 

with well-known gold-thiol assembly strategies. This was accomplished through the 

formation of novel surface structures utilizing a bifunctional (thiol-phosphonic acid) 

molecule to simultaneously form a patterned phosphonic acid monolayer on hafnium­

modified gold and a thiol monolayer on the bare gold. The success of this approach 

demonstrates that there are numerous new surface modification chemistries yet to be 

developed that should enable a range of novel and complex self-assembly schemes. 

Some exciting applications that should be explored for hafnium-phosphonate-modified 

gold include its use as a diffusion barrier for domains ofthiol monolayers, its use as an 

etch resist for fabrication of nanoscale metal contacts and interconnects, as well as the 

development of test structures for electron tunneling experiments on conductive 

substrates in molecular electronics applications. 

We next turned our attention toward the development of surface chemistries that 

allow control over the interfacial assembly properties of gold nanoparticles. In Chapter 

III, we described a surface modification strategy based on a combination of oxygen 

plasma and wet chemical treatments that restores the surface composition of thermal Si02 

to that observed on the native oxide. This proved to be an easy method for improving 

reactivity of thermal silicon dioxide and perhaps a general route to the activation of 

otherwise non-reactive, insulating oxide substrates. We demonstrated the utility of this 

strategy by employing the subsequent increase in surface reactivity toward hafnium ions 

in solution to direct self-assembly of extended, high-density monolayers of gold 
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nanopartic1es functionalized with thiolligands containing terminal phosphonic acids. 

These nanopartic1e monolayers are dense and extended enough to support electron 

transport across a 5-/-tm electrode gap. This was also an opportunity to showcase new 

thermal Si02 TEM substrates developed by Greg Keams, which allow TEM to be used as 

a surface analysis technique, complementary to surface composition analysis methods 

such as XPS. Our surface modification strategy could be easily integrated into current 

semiconductor processing technologies, serving as an example of using selective surface 

chemistry to transition from traditional semiconductor device fabrication to the bottom­

up assembly of nanoscale devices with nanopartic1es as their active components. 

In addition to the formation of nanopartic1e films that have interesting electronic 

properties, we proposed that the design of specific ligand-substrate interactions could be 

used to pattern gold nanoparticles for the selective generation of other nanomaterials. We 

explored this unique application in Chapter IV. Using the directed self-assembly of 

phosphonic acid-functionalized gold nanopartic1es onto patterned zinc oxide on Si02, we 

demonstrated the selective growth of high crystal quality, vertically-aligned zinc oxide 

nanowire arrays by the vapor-liquid-solid growth method. Careful design of the 

interaction between the nanopartic1e ligand shell and the substrate can lead to 

environmentally-benign nanofabrication, and we estimate that the synthesis of nanowires 

using self-assembled gold nanopartic1es as the growth catalyst reduces the amount of 

gold waste by 16,000 times when compared to deposition of the gold catalyst by 

evaporative methods. In addition, the use of chemically-anchored nanoparticles as the 

growth catalyst may facilitate fine control over certain properties (spacing, diameter, etc.) 
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of the nanowire arrays through judicious selection of nanopartic1e core size, shape, and 

ligand shell thickness, avenues which should be explored in detail as an extension of this 

work. 

The remainder of the research described within this dissertation focused on post­

deposition modification of self-assembled nanopartic1e monolayers. This aspect of 

engineering nanoparticle interfaces has not been studied as extensively as partic1e­

substrate interactions. In many ways, the surface-bound nanopartic1e assemblies 

explored in our work are optimal for further modification to manipulate partic1e­

environment interactions. The chemically-bound nanopartic1e films are stable, unlikely 

to desorb under further treatment when compared to physisorbed nanoparticle arrays, and 

are likely resistant to a range of chemical environments. 

Thiol-thiolligand exchange reactions on surface-bound nanopartic1e monolayers 

were studied as a first example of post-deposition modification, described in Chapter V. 

Ligand exchange reactions influence the surface energies of nanopartic1e films, as 

evidenced by changes in their water contact angles, measured by contact angle 

goniometry. The nanopartic1es are stable to the exchange process, as both average 

particle core size and the number of cores per unit area are preserved. This approach 

should be compatible with current lithographic patterning techniques and could permit 

formation ofthiol monolayer domains that, due to the discrete nature of the individual 

gold particles, cannot interdiffuse. Since this surface chemistry generates topochemically 

functionalized nanopartic1es bound to an underlying support, a next logical extension of 

this work should be to develop a high-yield method for releasing the particles from the 
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substrate, in order to isolate and characterize 1-2 run Janus nanoparticles. One way to 

accomplish this might be to use high surface area silica as the substrate, which can later 

be removed by selective etching. 

In addition to employing ligand exchange reactions to modify the ligand shells of 

surface-bound nanoparticles, in Chapter VI we investigated the use ofUV/ozone 

treatment to partially remove the ligand shells from chemically anchored gold 

nanoparticles. This treatment exposes the gold core for direct interaction with its 

environment. Gold nanoparticles exposed to UV-generated ozone lose a portion of the 

stabilizing ligand shell, and the majority of the nanoparticles remain anchored to the 

oxide support. The utility of this approach was demonstrated by self-assembly of 

phosphonic acid-functionalized gold nanoparticles onto iron oxide powders, ligand 

removal by UV-ozone treatment, and the subsequent activity of those gold nanoparticles 

in the catalytic conversion of CO(g) to CO2(g) at room temperature. It should be helpful to 

design a controllable method of ozone delivery in order to more precisely tune the extent 

of ligand removal by this approach. In addition, mass spectrometry studies should be 

carried out to determine catalyst turnover frequencies and the lifetimes of these catalyst 

materials. 

There remains a great deal of work to be done in order to effectively manipulate 

the interfacial properties of nanoparticles and nanomaterials in general. One could 

envision seemingly countless self-assembly schemes taking advantage of a wide range of 

known surface chemistries to access the properties of nanomaterials in interesting and 

important applications. Here, we have only examined the manipulation of gold 
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nanoparticles in the 1-2 nm regime as a model system. The nanoparticle monolayers 

formed by our approach lack long-range order, and if self-assembly conditions can be 

tuned to induce greater long-range crystalline order in this system, it should be possible 

to exercise control over the electronic properties of these films, achieve more finely 

controlled dimensions of high-quality nanostructures generated from colloidal gold 

catalysts, design sensors based on two-dimensional nanoparticle assemblies, and 

precisely tune gold catalyst loading on metal oxide supports. 
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APPENDIX A
 

SUPPORTING INFORMATION FOR CHAPTER II:
 

ALKANEPHOSPHONATES ON HAFNIUM-MODIFIED GOLD:
 

A NEW CLASS OF SELF-ASSEMBLED ORGANIC MONOLAYERS
 

Reproduced with permission from
 
Jespersen, M. L.; Inman, C. E.; Keams, G. J.; Foster, E. W.; Hutchison, 1. E.
 

Journal a/the American Chemical Society 2007,129, 2803-2807.
 
Copyright 2007, American Chemical Society.
 

Introduction 

The following sections describe the initial experiments that suggested hafnium 

could bind to gold surfaces. Based on our initial observations using contact angle 

goniometry, we characterized octadecylphosphonic acid monolayers on hafnium-

modified gold that were dense and well-ordered enough to resist displacement by thiols. 

In addition, another set of experiments is described in which we attempted to elucidate 

the nature of the hafnium-gold interaction based on TOF-SIMS imaging. Based on the 

presence of Hf-Ox-Au fragments and the absence of Hf-Au and Hf-CI fragments, we 

suggest that the hafnium(IV) species interacts with a partially oxidized gold surface and 

not through a chloride bridging species, nor directly with gold itself. 
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Experimental 

Materials. Hafnium dichloride oxide octahydrate (Alfa Aesar; 99.998%), n­

octadecylphosphonic acid [CH3(CHz)I7P(O)(OH)z] (Alfa Aesar), and allyl mercaptan 

(Avocado Research Chemicals, Ltd.; 70%) were used as received. Shipley 1818 

Photoresist (Shipley Company, Marlborough, MA), and Microposit 351 Developer 

(Shipley Company) were used as received. Deionized water (18.2 MO-cm) was purified 

with a Barnstead Nanopure Diamond system. Absolute ethyl alcohol (Aaper Alcohol and 

Chemical Company) was sparged with nitrogen for approximately 20 minutes prior to 

use. 

Preparation of Substrates. Glass microscope slides used in this study were 

cleaned in a piranha solution (7:3 cone. HZS04: 30% HzOz) for 15 minutes, rinsed with 

copious amounts of deionized water, and dried under a stream of argon prior to any 

assembly chemistry. Gold substrates on glass were prepared by evaporating 10 run of 

chromium to promote adhesion of the gold layer, followed by 100 run of gold. 

Monolayers of n-octadecylphosphonic acid (ODPA) on hafnium-modified gold and glass 

were prepared by soaking gold-coated glass slides in a 5 mM aqueous solution ofHfOClz 

for 3 days at 50°C. Upon removal from this solution, the substrates were rinsed with 

deionized water, dried under a stream of argon, and soaked in a 1 mM ethanolic solution 

of ODPA for 24 hours. Modification of the gold surface with allyl mercaptan was 

accomplished by soaking gold substrates on glass in a 1 mM ethanolic solution of allyl 

mercaptan for 24 hours. 
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Preparation of Patterned Substrates. The Si substrates used in this study were 

cut from n-type <100> wafers with 10-20 a-cm resistivity (University Wafer, Boston, 

MA). The Si substrates were cleaned in a piranha solution (7:3 conc. H2S04: 30% H202) 

for 15 minutes, rinsed with copious amounts of deionized water, and dried under a stream 

of argon prior to any assembly chemistry. Gold-coated Si surfaces were prepared by 

evaporating 10 nm of chromium to promote adhesion of the gold layer, followed by 100 

nm of gold. The gold-coated substrates were exposed to ozone for 10 minutes in a 

UV/ozone cleaner supplied with laboratory air at room temperature prior to further 

modification. 

Photolithographic patterning of the Si substrates was achieved using Shipley 1818 

Photoresist. The resist was applied using a dropper and spin-coated onto each gold­

coated wafer at a speed of 3,000 rpm for 60 seconds. Solvent was driven off by heating 

the wafer on an aluminum block at 110 DC for 60 seconds. The substrate was then placed 

under a pre-fabricated emulsion mask using an OAI Model 200 Contact Mask Aligner 

and exposed to UV light for 11 seconds (125 W/cm2). The photoresist patterns were 

developed by agitating in a mixture of 3.5: 1 deionized water: Microposit 351 Developer 

for 60 seconds. The substrates were rinsed again in deionized water and dried under a 

stream of nitrogen. The patterned substrates were heated at 120 DC for 1 hour to improve 

the adhesion of the photoresist to the substrate. Any photoresist residue remaining within 

the exposed gold regions was removed by an oxygen plasma treatment (300 W, 5 

seconds, 400 mT). Following the oxygen plasma treatment, the substrates were rinsed 

with deionized water and immediately transferred to a 5 mM aqueous solution of HfDCb 
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at 50°C for three days. The substrates were then sonicated in water for five minutes to 

remove any physisorbed material, rinsed with water, and dried with a stream of argon. 

Photoresist was removed by sonicating the substrates in acetone, followed by a short 

oxygen plasma treatment as described above. 

Results & Discussion 

Initial XPS Studies of Hf/ODPA on Gold. We initially investigated the use of 

hafniumlalkanephosphonate chemistry to generate a hydrophobic surface between the 

fingers of interdigitated gold electrode arrays on a silicon dioxide substrate. We first 

modified the silicon dioxide portion of the substate with hafnium (IV), expecting to 

selectively attach n-octadecylphosphonic acid (ODPA) to the hafnium-modified regions. 

By then selectively modifying the patterned gold surface with allyl mercaptan, we 

expected to generate a uniformly hydrophobic surface. However, after treatment with 

hafnium-ODPA and prior to treating the substrate with allyl mercaptan, we found a 

uniformly hydrophobic surface, even on the gold portion of the substrate, where we 

anticipated the surface would maintain its relative hydrophilicity. Subsequent x-ray 

photoelectron spectroscopic analysis of the substrates showed the presence of hafnium 

and phosphorus on both the silicon dioxide and gold regions; no sulfur was detected on 

either surface (Figure A. 1(a)). When the order of the surface modification steps was 

switched, with the allyl mercaptan soak preceding the hafniumlODPA treatment, sulfur 

was found only on the gold surface, while hafnium and phosphorus were observed 

exclusively on the glass surface (Figure A.1 (b)). These data suggest that the 
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hafniumlODPA binds to both the glass and gold surfaces and prevents subsequent 

binding of the allyl mercaptan to the gold. 

3
24x10

Vi' 
22~ 

<:
 
:0
 
0 
~ 20 

.li\'" 
<: 

18~ 
E 

16 

200 180 160 140 
Binding Energy (eV) 

A 

Si 400020xl0
3 Sip PP SS 6000 

:> Vi'5000	 ;;; 18 
:0 ~ 

<: 
:0

~. 
'< 0 
~ u 4000 
n ~ 16 
0 

.t\'" 3000	 ~ <:
OJ> 
"- ~ 14 

2000 
~ E 

1000 12 

120	 200 180 160 
Binding Energy (eV) 

B 

P 

3500 

~ 

I3000	 '":0
 

is·
 
2500	 ~ 

n	 __ GoldSi0 I
0 2 

2000	 
<: 
'I 
'" 

1500	 ~ 

1000 

140 120 

Figure A.1. XPS spectra for gold-patterned glass surfaces treated with (a) hafnium/ODPA followed by 
allyl mercaptan or (b) allyl mercaptan followed by hafnium/ODPA. The black traces are the spectra for the 
gold surfaces and the red traces are for the glass surfaces. The data show that when the substrate is first 
treated with hafnium/ODPA, phosphonls is found on both gold and glass, indicating that the 
hafnium/ODPA has prevented the adsorption of allyl mercaptan to the surface. These spectra were 
collected at 20 eV pass energy with a monochromated Al Ka x-ray source. 

TOF-SIMS Imaging of Patterned Substrates. After preparing the hafnium-

patterned gold substrates, the surfaces were analyzed using TOF-SIMS in an attempt to 

identify mass fragments that would help to elucidate the nature of the interaction between 

the hafnium species and the underlying gold. The images in Figure A.2 below show the 

ion yields for the HfO, AuOHf, AuOzHf, Au03Hf, and AuHf fragments. The patterning 

of HfO on the gold surface is easily observed. The ion yields corresponding to AuOxHf 

can be discerned from the background and closely match the Hf-patterned regions, 
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though the overall ion yields are quite low for those species. In contrast, AuHf fragments 

cannot be distinguished from the background, suggesting this species is not present. This 

seems to indicate that the hafnium species on the surface interacts with gold through an 

oxygen bridge and does not interact directly with gold itself. 

HfO AuOHf Au0
2
Hf Au03Hf AuHf 

Figure A.2. TOF-SIMS imaging data from sample containing hafnium-patterned regions on gold. The 
bright areas correspond to higher ion yields. In the images for AuOxHf fragments, the higher ion yields 
closely follow the HfO pattern at left. The absence of AuHf seems to suggest that the hafnium surface 
species does not interact with gold directly. 

Considering the overall ion yields are quite low for the AuOxHf species, one 

method for more clearly showing the contrast between regions of higher ion yields and 

regions of noise is to divide the images by the total ion image of the sample. Figure A.3 

below shows the total ion image and the images for the HfO and sum of the AuOxHf 

fragments. In addition, the HfO and AuOxHf images have been normalized to the total 

ion image for comparison. The AuOxHf ion yields track the pattern of the HfO fragments 

quite closely, and the pattern is more clearly distinguished from the background. 
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Figure A.3. TOF-SIMS image data of the sum of AuO,Hf fragments and HfO fragments normalized to the 
total ion image (at left). The AuO,Hf pattern is clearly distinguished from the background, and it matches 
the HfO pattern shown. 
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APPENDIXB
 

SUPPORTING INFORMATION FOR CHAPTER III:
 

SURFACE MODIFICATION STRATEGY FOR THE FORMATION OF EXTENDED,
 

HIGH-DENSITY GOLD NANOPARTICLE MONOLAYERS ON THERMALLY
 

GROWN SILICON DIOXIDE
 

Introduction 

A series of experiments is described in which the optimum treatment conditions 

are determined for regeneration of surface silanol functional groups on thermal silicon 

dioxide substrates. The surface treatment steps involve both an oxygen plasma etch and a 

wet chemical treatment. Optimization of wet chemical treatments has been described 

elsewhere. l For the oxygen plasma etch, the optimized parameters were time, oxygen 

pressure, and RF power. The resulting surface sHanol content is not measured directly. 

Rather, treated thermal silicon dioxide substrates are modified with a hafnium(IV) layer 

by reaction in an aqueous solution of HfOClz, and the Hf content of these substrates is 

determined by X-ray photoelectron spectroscopy. Since HfDClz has been shown to react 

with surface silanol functional groups and to be unreactive toward siloxane,2 the efficacy 

of surface silanol regeneration treatments is inferred from the resulting Hf: Si ratios. 
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This appendix also describes the removal of free ligand from aqueous solutions of 

gold nanopartic1es functionalized with 2-mercaptoethylphosphonic acid after ligand 

exchange. Removal of free ligand is essential to the formation of dense gold nanopartic1e 

monolayers in our studies because free ligand would compete with functionalized 

nanopartic1es for binding sites on hafnium-modified Si02 and decrease the density of the 

nanopartic1e monolayers obtained. IH NMR spectra acquired before and after 

diafiltration of the nanoparticle solution demonstrate the effectiveness of this purification 

method for removal of free ligand from aqueous solutions of nanopartic1es. 

Experimental 

Materials. Hafnium dichloride oxide octahydrate (Alfa Aesar; 99.998%) was 

used as received. Deionized water (18.2 MQ-cm) was purified with a Barnstead 

Nanopure Diamond system. 

Nanoparticle Synthesis and Purification. Functionalized gold nanopartic1es 

were prepared as described in Chapter III. Briefly, gold nanopartic1es (dcore;:::: 1.5 nm) 

were synthesized first as triphenylphosphine-stabilzed precursors according to a 

previously reported synthesis.3 The phosphine-stabilized intermediates were 

functionalized with 2-mercaptoethylphosphonic acid through a biphasic ligand exchange 

reaction. The aqueous and organic fractions were separated, and the aqueous fraction 

was washed with dichloromethane (3 x 50 mL). Residual dichloromethane was removed 

by rotary evaporation. In order to remove excess free ligand and buffer ions, the 

nanopartic1e solution was concentrated to 20 mL and was purified by diafiltration using a 
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Minimate 10 kD diafiltration membrane (pall Life Sciences) and 50 volume equivalents 

(1 L) of deionized water.4 The purified solution was concentrated to 20 mL and 

lyophilized overnight. IH NMR confirms the completion of the exchange reaction and 

the removal of free ligand from the product. 

Preparation of Substrates. The Si substrates used in these experiments were cut 

from n-type <100> wafers with 10-20 Q-cm resistivity and a 3-~.Im thermal oxide layer 

(Wafer World). Prior to plasma optimization studies, the Si02 surfaces were cleaned in a 

solution of dilute SC-l (dSC-l; 100:4:1 H20: 30% H202: 30% N~OH) at 70°C for 15 

min to remove adventitious organic contamination and inorganic particulates. Substrates 

were rinsed with copious amounts of deionized water and dried under a stream of argon 

prior to oxygen plasma treatment. Oxygen plasma treatments were carried out using a 

March Plasma Systems CS-170l Plasma Etcher. Following plasma treatment, the 

substrates were immediately immersed in a rinsing bath of deionized water and 

transferred to a 5 mM aqueous solution of HtDCh for three days at 45°C. Substrates 

were then removed from this solution, sonicated for 5 min in deionized water to remove 

any physisorbed material, rinsed with deionized water, and dried under a stream of argon 

prior to XPS analysis. 

Analysis Techniques. X-ray photoelectron spectroscopy measurements were 

conducted using a Kratos AXIS HSi Electron Spectrometer (Kratos Analytical, Chestnut 

Ridge, NY) with a monochromated Al Ka X-ray source, operated at 13.5 kV accelerating 
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voltage and 10 rnA emission current.t Hf: Si ratios were determined by calculating the 

areas underneath the Hf 4d and Si 2p peaks (Fig. B.l) and correcting these areas using the 

relative sensitivity factors for each element. The normalized areas were used to calculate 

atomic concentrations. IH NMR spectra ofwater-soluble gold nanoparticles were 

collected using a Varian Inova 300 NMR Spectrometer. 
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Fig. B.l. XPS spectrum of hafnium-modified SiOz. Characteristic peaks for oxygen, carbon, silicon and 
hafnium are shown. The two peaks used for quantitative analysis (Hf 4d and Si 2p) are shown as region 
scans collected using 0.2 eV steps and 300 ms dwell time. 

t The XPS data reported in this appendix was collected using the Kratos AXIS HSi spectrometer at the 
University of Oregon CAMCOR facility prior to instrument failure. XPS data in Chapter III was collected 
using the Kratos AXIS Ultra spectrometer at the University of Utah Surface Analysis and Nanofabrication 
Laboratory. 
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Results & Discussion 

Optimization of Plasma Treatment Parameters. In order to determine the 

optimum oxygen pressure range for plasma treatment, a series of experiments were 

carried out in which Si02 substrates were treated in oxygen plasma pressures of 150 mT, 

500 mT, and 600 mT. The lower-pressure treatment was selected as a physical etch, 

while the higher-pressure treatments were selected as chemical etch treatments. 5 The RF 

power was 400 W, and the treatment time ranged from one to four minutes. Immediately 

following plasma treatment, the substrates were immersed in deionized water and 

transferred to a 5 mM HfOCh solution for three days at 45°C. The Hf: Si ratio was 

determined for each sample and plotted versus the etch time (Fig. B.2).t The 150 mT 

oxygen plasma treatment resulted in the highest hafnium coverage for all treatment times. 

This is likely due to physical etching of the topmost surface layers, exposing reactive 

surface groups that, upon exposure to water in the air or upon immersion in water, react 

to form surface silanol functional groups. 

In order to determine the optimum oxygen plasma treatment time for surface 

silanol regeneration, a series of experiments were carried out in which the oxygen 

preSs\lrewas'held constant at 150 mT and the RF power at 400 W, while the treatment 

time was varied. After the plasma step, the substrates were treated with HfOCh as 

previously described. The resulting Hf: Si ratios were determined by XPS and plotted 

t In Chapter III, [Hf]:[Si+O] ratios were reported because both native and thermal Si02 substrates were 
utilized. Due to diminished count rates from the Kratos AXIS HSi XPS instrument at the University of 
Oregon CAMCOR facility at the time of these studies, only Hfand Si were analyzed in the interest of time. 
Since all samples described in this appendix were cut from the same thermal Si02 substrate, it is reasonable 
to neglect oxygen content so long as atomic concentration ratios are reported, rather than absolute atomic 
concentrations. 
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against plasma treatment time (Fig. B.3). The Hf: Si ratio reaches a maximum for plasma 

treatments between 20 and 30 seconds. Following similar methods and utilizing XPS 

quantitative analysis, the optimum plasma pressure and RF power were determined to be 

200 mT and 150 W, respectively. 

Hafnium Content of Plasma-Treated Silicon Dioxide 
[Hf}:[Si] Ratio vs. Treatment Time for Selected Oxygen Pressures 
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Figute B.2. Hf:Si ratio versus plasma etch time for a range of oxygen pressures. The hafnium coverage 
after 150 mT oxygen plasma treatment is higher than that observed for higher pressures. 

Determination of HfOCh Treatment Time. Finally, we wished to determine if 

the previously utlilized treatment time of 72 hr in aqueous HfOCh solution2 was 

necessary to ensure completion ofthis surface modification reaction. Thermal Si02 

substrates were treated in oxygen plasma (150 mT, 400 W, 30 sec), rinsed with water, 

and transferred to 5 mM HfOCh solution. Substrates were removed from this solution at 
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various times and analyzed by XPS. Hf: Si ratios determined by XPS showed that the 

hafnium content reached its maximum value after one hour rather than after 72 hours (not 

shown). Given this information, we used an HfOCh treatment time of at least four hours 

for all studies in Chapter III to ensure complete modification of SiOz surfaces. No 

differences in Hf coverage were noted for samples that underwent a 72-hour HfOCh 

treatment versus those that underwent only a 4-hour treatment. 

Hf:Si Ratio ys. Plasma Etch Time 
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Figure B.3. Hf: Si ratio versus plasma treatment time. Plasma conditions were 150 mT oxygen pressure 
and 400 W RF power. The atomic concentration of hafnium reaches a maximum value after approximately 
20-30 seconds ofplasma treatment. 

Removal of Free Ligand by Diafiltration. The removal of excess free ligand is 

essential to purification of the nanopartic1es used in this study. Free ligand competes 
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with the phosphonic acid-functionalized gold nanopartic1es for binding sites on the Hf­

modified silicon dioxide surface, so any residual free ligand in solution will inhibit the 

formation of extended, high-density gold nanoparticle monolayers. Diafiltration is a 

powerful tool for removal of small molecules from solutions of nanomaterials. Figures 

B.4 and B.5 below show IH NMR spectra of gold nanoparticles dissolved in D20 before 

and after diafiltration using 50 volume equivalents of deionized water. The sharp 

resonances (b = 2.1 ppm and b = 2.7 ppm) from the free ligand can be easily 

distinguished from the broad resonances from nanoparticle-bound ligands. After 

diafiltration, no free ligand is observed in solution. 

- --,--~ ,~-----._--- , --,----- . 
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. ----.-------~-----......-.-..--. J_._-..... -- . .----..........------.,--.
 

Chemical ShIft (ppm) 

Figure B.4. IH NMR spectrum ofunpurified phosphonic acid-functionalized gold nanopartic1es in D20. 
The broad resonances (tl ... 2.3 ppm and tl ... 3.6 ppm) from bound 2-MEPA can be observed, along with 
sharp multiplets (tl ... 2.0 ppm and tl ... 2.8 ppm) from free 2-MEPA in solution. 
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Figure B.S. IH NMR spectrum of phosphonic acid-functionalized gold nanoparticles in D20 after 
diafiltration with 50 volume equivalents of water. Free ligand is no longer detectable, leaving only the 
broad resonances from bound 2-MEPA on the nanoparticles. 
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