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ABSTRACT 

 
The size-dependent properties of nanoparticles offer many opportunities for the 

creation of new functional materials. The goal of the work presented here is to utilize 

metal nanoparticles for new applications in linear and nonlinear spectroscopy.  This is 

centered on the synthesis and characterization of metal nanoparticle composites for metal 

microfabrication and biosensing. In particular, the structures of nanoparticle composites 

and their optical properties are explored via chemically tailoring the nature of the organic 

layer surrounding the nanoparticles.   

The majority of these studies are concerned with discrete, thiol-passivated silver 

nanoparticles and elucidation of the structure of these alkylthiol-coated nanoparticles. 

New interpretations of the thermodynamic nature of nanoparticles and nanoparticle 

assemblies are made. An effective structure-property relationship that correlates the 

nature of the ligands with the temperature and energy of the order-disorder phase 

transition is determined. Consequently, the solubility of silver nanoparticles in organic 

solvents was optimized in a rational manner, allowing for the preparation of high quality 

polymer composites containing nanoparticles and utilized for two-photon induced writing 

of 3D silver microstructures. Alkylthiol-capped copper nanoparticles were also prepared, 

with a particular focus on the influence of oxygen on the composition of the nanoparticles 

and a structural model of copper nanoparticles is developed.   

Silver nanoparticles were also utilized as “concentrators” via functionalizion with 

a dense layer of two-photon absorbing chromophores.  Despite having a high 

concentration of dyes attached to metal surfaces, these composites exhibit a high 
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fluorescence quantum yield, illustrating the first functional use of nanoparticles as tools 

for concentrating fluorophores in a small volume around a metal core. Moreover, these 

particles exhibit an exceedingly large two-photon absorption cross section. Subsequently, 

these nanoparticles were polyfunctionalized with hydrophilic ligands and biotin for 

application in biological imaging and sensing. Water solubility may successfully be 

induced, allowing for use of a hydrophobic fluorophore in an aqueous environment.  

In addition to discrete nanoparticles, the formation of fractal aggregates of metal 

nanoparticles is described. Enhancement of the two-photon fluorescence intensity of dye-

labeled DNA located near these silver nanoparticle fractal clusters is shown, and hence a 

proof of concept for potential ultrasensitive detection of DNA is outlined. 
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CHAPTER 1: INTRODUCTION 

 
 
1.1. Scope of Chapter 

 
 This dissertation is concerned with metal nanoparticles, mainly silver and 

copper nanoparticles. Relevant comparisons with gold nanoparticles are also presented.  

The general area of nanoscience is extremely large and has grown exponentially in the 

last two decades.  A full introduction to nanomaterials would certainly involve a 

discussion of fullerenes and carbon nanotubes (which were reported in 19851 and 19912 

respectively), semiconductor quantum dots of materials such as CdS, CdSe, and 

CdSe/ZnS core-shell structures (which have been extensively studied and utilized for 

their tunable luminescent properties),3 and other nanoscale materials. There is a broad 

array of primary and review literature covering these and related topics, for which an 

extensive summary is beyond the scope of this dissertation. The interested reader is 

referred to a comprehensive reference elsewhere.4  

 Gold nanoparticles are the most studied of the noble metal nanoparticles and the 

majority of literature to date is concerned with these.  The history of the development of 

these nanoparticles and a summary of their functionalities (including synthetic and 

biological) will be included in this introduction.    Both the individual and collective 

properties of nano-sized materials will be discussed in this dissertation, focusing on three 

analogous systems: metal nanoparticles, planar self-assembled monolayers (SAMS) on 

metals, and metal thiolate polymers.  Metal nanoparticle assemblies considered include 
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both ordered arrays and random fractal aggregates. The specific research objectives of 

this work will be explicated on a per-Chapter basis.  

 

1.2. History of Nanoparticles 

 
The quest for materials with new properties is a constant theme in science, and the 

last 20 years have resulted in a significant advancement with the discovery of 

nanomaterials.  They represent the transition between molecules and extended solids 

where a unique set of tunable properties take form.  Both applied and fundamental 

researchers from many fields have interest in them for these new properties.  There are 

important applications of these materials for electronics and optics as instrumentation 

miniaturizes, and it is crucial to understand the individual properties of each component 

and how they interact with one another.  Other significant areas of investigation include 

such topics as size-dependent scaling laws, the chemistry of size and shape, and the 

process of molecular organization into bulk materials.  These nanosized materials are the 

result of the merging of cluster and colloid science and are important because of their 

size.  As the fraction of atoms confined to the surface of a material increases when the 

size of the structure decreases, traditional applications that exploit surface properties can 

greatly benefit.  Materials in this size regime have the majority of the atoms confined the 

surface while retaining many bulk properties.  This has been exploited in catalysis,5, 

electronics,6 and surface-enhanced spectroscopies,7among others.  The unique properties 

of nanomaterials, such as optical,8 mechanical,9 magnetic,10 electronic properties,11 have 
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led to a burst of research in these areas, where control of nanoparticles as individuals and 

bulk systems is under investigation.    

 The existence of nanoparticles is certainly not new, and their first uses have 

been dated back as far back as ancient Roman times, where they were employed for their 

unique optical properties as stains in glass.  In general, nanoparticles discussed in this 

Chapter are composed of metals in their neutral valence state or of their oxides, sulfides, 

selenides, etc.  Though nanoparticles of metals, metal oxides, etc. differ, they all share a 

fundamental need for stabilization from aggregation to form the thermodynamically more 

stable bulk materials. Faraday carried out groundbreaking work wherein it was 

established that the intense red color of stained glass indeed derives from small particles 

of gold in 1857.12  He described a relatively simple way to make colloidal gold 

nanoparticles suspended in water that are quite stable over time. In fact, a sample made 

by Faraday is still on display at the Royal Institution in London. Faraday realized that 

these colloids are electrostatically stabilized by the adsorption of ions onto the 

nanoparticle surfaces during growth and noted that they must be stabilized kinetically 

against aggregation.  Electrostatic stabilization occurs via an electrical double layer 

arising from the attraction of negatively charged ions to the metal nanoparticles, with a 

shell of surrounding positive counterions to form a second layer. 

In the early 20th century, the optical properties of nanoparticles were addressed by 

both Mie13  and Maxwell-Garnett14 theories for the first time. The field remained 

relatively quiet for some time due to lack of instrumentation with sufficient resolution to 

observe and study nanoparticles.  In 1953, Turkevich and co-workers synthesized gold 
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nanoparticles in a similar manner to Faraday and observed them with electron 

microscopy, which proved visually the existence of nanoparticulate gold.15  Through the 

late 1970’s until the early 1990’s, work proceeded involving the synthesis of 

nanoparticles contained within micelles or surfactants16 which were studied utilizing Mie 

theory, and significant agreement between experiment and theory was observed.  Size 

and shape control with reverse micelle water content allowed for further investigation 

into size-dependent optical properties.17 Gas-phase preparations were also pursued to 

study the properties of monodisperse nanoparticles.18-21  Although these studies were 

useful in gaining insight into nanoparticle properties, at no time could these nanoparticles 

be isolated, dried, and stored, as flocculation of charge-stabilized colloids is irreversible.   

A significant breakthrough occurred in 1994, when Brust took advantage of the 

known self-assembly of thiols on gold surfaces to create charge-neutral gold 

nanoparticles coated with alkylthiols.22   His group published the first synthesis of soluble 

gold nanoparticles that could be isolated and stored as a free-flowing powder.  These 

clusters are stable in air and can be produced in macroscopic quantities.  In his two-phase 

reduction method, metal salts are introduced into toluene via a long chain 

alkylammonium surfactant.  The capping agent, typically a long-chain thiol, is then added 

to the mixture followed by a reducing agent which is rapidly introduced to cause 

nucleation of the nanoparticles.  In 1995, Brust and co-workers followed this synthesis 

with a one-phase synthesis, removing the need of a phase transfer reagent.23   These 

broadly applicable synthetic schemes produced particles that are passivated with 

covalently bound ligands for long-term stability. In fact, they can be handled and 
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derivatized in manners familiar to synthetic chemists.  Further functionalization of gold 

nanoparticles via modification of the ω-functional group and/or place exchange has been 

demonstrated.24   Typical convenient chemical reactions have been used, such as 

reductive amination, esterification reactions between the carboxylic acid group and an 

alcohol, substitution reactions, etc.25 

Quickly, many took the opportunity to study these particles and explain their unique 

properties.  Leff and co-workers demonstrated further size control in these systems by 

varying gold-to-thiol ratios.26  Murray and co-workers established the structure of gold 

nanoparticles coated with various ligands via many standard solution methodologies that 

were never before available with solid 2D self-assembled monolayers.27,28  The synthesis 

has also been extended to amine-stabilized gold nanoparticles, which are considered to be 

kinetically stabilized, versus thermodynamically stabilized as is the case for thiol-capped 

gold nanoparticles.26  In a study that proved to be of fundamental importance toward a 

full structural analysis of these particles, Whetten and co-workers utilized laser-

desorption mass spectrometry to identify multimodal distributions of sizes and were able 

to obtain and purify monodisperse nanoparticles with defined shapes and sizes.  The 

masses and dimensions correspond to theoretically predicted structures of exceptional 

stability ("magic number" clusters).29  A 29 kDa truncated decahedral structure was the 

first cluster to be identified; this has been investigated in greater detail due to its 

particular stability and ease of high-yield preparation with various alkylthiol groups in 

high yields.30  From these studies, a transition from bulk-like to quantized energy levels 

was detected to occur in the range of 1-2 nm in diameter, below which quantum size 
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effects are seen.  These quantized energy levels can be readily observed at room 

temperature by solution-based electrochemical means, where quantized single electron 

charging characteristics of monodisperse clusters has been documented.31 

An additional motivation for the development and understanding of alkylthiol-

coated nanoparticles is their potential to serve as high surface area analogues to planar, or 

two-dimensional, self assembled monolayers (2D SAMS).  For a full appreciation of this, 

one must consider the highly influential discovery and characterization of 2D SAMS of 

alkylthiols on gold and silver planar surfaces that occurred in the 1980’s.  These are one 

of the most highly studied material surfaces to date, and may in fact be considered an 

elementary form of nanostructures.32  2D SAMS provide a stable yet flexible method to 

immobilize monolayers of functional chemical and biological materials in a controlled 

manner.  SAMS on metal surfaces are of great technological importance because an 

understanding of reproducible surface interactions may result in control of metal 

corrosion, adhesion, and wetting.33  

With the discovery of a synthetic route to yield large quantities of isolable gold 

nanoparticles in 1994, many groups quickly seized the opportunity to study these “3D 

SAMS” in solution. Here, the surface atoms dominate the material properties and 

sensitivity issues that had so often been detrimental to 2D SAM studies may be 

circumvented.  As the dimensions of these materials decrease, the surface-to-bulk ratio 

increases drastically to the point that some of the smallest nanoparticles (<2 nm in 

diameter) can essentially be considered “all surface”.  2D SAMS on gold and gold 

nanoparticles have proven to show strong parallels in terms of structure.  TEM has shown 
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that, unlike a cartoon 'sphere' model, the surfaces of metal nanoparticles are not curved, 

but consist of highly faceted defined 3D surfaces,34 each of which behaves as a 2D SAM 

(Figure 1.1).  One distinct difference between the structure of thiol monolayers on 

nanoparticles and 2D SAMS lies in the intrinsic “defect” sites induced by the edges of the 

nanoparticle surfaces, whereby alkyl chains bundle to space-fill the voids.35  X-ray 

photoelectron spectroscopy (XPS) studies have shown that the bonding is essentially the 

same in these two gold systems when the particles are >2.2 nm in diameter.36  Electron 

diffraction and scanning tunneling microscopy (STM) studies reveal that the monolayer 

forms a commensurate overlayer structure, and surface order can extend over hundreds of 

square nanometers. The spacing between adjacent sulfur atoms in this structure is larger 

than that approached by alkyl chains, allowing for them to maximize their van der Waals 

interaction by choosing a tilt angle of approximately 49º.37  A full discussion of this is 

presented in Chapter 3. 
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Figure 1.1:   Schematic view of alkylthiol-stabilized 2-D (left) and 3-D (right) SAMS.  Metal 
nanoparticles (a.k.a. nanocrystals) are faceted and can be depicted as a collection of 2D metal 
surfaces with the same parameters.  The tilt angle (α) is defined relative to the surface normal and 
the twist angle (β) is the rotation of the CCC bond plane relative to the plane of the surface normal 
and the chain.   The edge sites and vertices are effective defect sites.  

 

Each of the coinage metals exhibit qualitative resemblances to one another, but also 

some notable differences, including different reactivities towards organosulfur 

compounds which impact surface structure.  In the case of silver, a monolayer is formed, 

even in the presence of unclean (i.e. silver oxide surface) silver surfaces, as thiol 

solutions remove the surface oxide.  The spacing of the adjacent sulfur atoms is too close 

to allow for efficient packing of the alkyl chains and results in an expanded, 

incommensurate lattice with a tilt angle of approximately 13º from the surface normal.  

These surfaces can display long range order to result in high quality SAMS, although 

thiols have been known to etch silver in some cases.38  Copper has always been a 

puzzling case.  As with silver, the adsorbed monolayer can remove contaminants in 

ambient atmosphere, particularly oxides.  The structures formed are not well understood 

and significant care needs to be taken in order to create a high-quality SAM.39  Copper 
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sulfides have been detected as a common contaminant and theoretical studies have shown 

that S-C bond fragmentation is energetically more favorable than thiolate desorption for 

copper.40        

Another system that bears conceptual resemblance to a metal nanoparticle is a metal 

thiolate salt.  Such binary systems are essentially 1D analogues of SAMs; these are 

formed by reaction of the metal cation and thiolate anion to give spontaneous formation 

of a highly-ordered coordination polymer.  Gold,41 silver,42 and copper43 alkylthiolates 

are known, each possessing approximately a 1:1 metal/ligand stoichiometry, versus the 

typical 3:1 gold/ligand ratio known for SAMs on Au.37  The large degree of ligand order 

(typically all-trans) results in highly insoluble materials.  However, bulky groups have 

been used to induce a degree of disorder, due to a restructuring of the lattice, and to 

impart solubility to the systems. The structure of these materials can be probed and 

compared to the structure of thiols on nanoparticles. The packing and tilt angles of the 

alkyl chains are variable between metal systems and analogous to 2D SAMS.  The 

bonding mode for copper and silver is µ3-, whereas for gold it is µ2-.   

Much of this section has focused on the history of gold nanoparticles.  Indeed, gold 

has been the most influential metal in nanoscience, as it is the most inert to oxygen of the 

coinage metals and planar gold surfaces are atomically flat over long ranges.  The 

exceptional stability of gold nanoparticles led to the suggestion that they be can described 

as “cluster compounds”.  The ability to store nanoparticles and alter their size makes gold 

nanoparticles stand out among other well-studied cluster compounds, such as platinum-

carbonyl clusters.44  In fact, yet another reason for the explosive interest in nanoparticles 
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comes from the field of cluster chemistry.  The ability to make these large clusters simply 

in a one-pot synthesis where no difficult precursors are needed and to collect them in 

large quantities also makes gold nanoparticles attractive.  

Shortly after gold nanoparticles were reported, preparations of silver nanoparticles 

coated with alkylthiols began to appear in the literature.45,46  Silver nanoparticles have not 

been as thoroughly characterized and as a result are not as well understood as gold ones.  

Silver and gold as bulk metals have a variety of common characteristics, such as bond 

distance and crystal structure (face-centered cubic), yet monolayers on these metals are 

quite different and exhibit unique characteristics.  The tilt angle, the structure, and the 

density of these thiolated monolayers are strongly affected by the strengths of the M-SR 

(M=Ag, Au, Cu) bond relative to the metal-metal bond.  The properties of 2D SAMS 

should be expected to extend to 3D nanoparticles because of their analogies, as discussed 

previously.  Many similarities in the properties of nanocrystal superlattices have been 

noted as a result of steric likeness.  When condensed into films, the ligand shells of 

neighboring particles tend to interact in a space-filling manner (see section 1.3.2).  TEM 

images of gold particles reveal that the interparticle spacing approaches the distance of 

one ligand length. Interdigitation and bundling of thiolates between neighboring silver 

nanoparticles was imaged with energy filtered TEM.47  Mass spectrometric studies were 

not pursued in detail for silver48 as with gold, where magic number clusters of 

exceptional stability have been identified.  However, by utilizing TEM, many different 

geometric shapes have been visualized, including icosahedral, decahedral, and truncated 

octahedra, with hexagonal close packing and fcc packing seen, respectively.49  Many 
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other larger shapes, such as nanoprisms and nanocubes with sizes on a micron scale have 

been reported for silver as well.50,51  

Of the noble metals, copper nanoparticles have received the least attention, owing 

to their relative instability and the difficulty of obtaining well-defined 2D monolayers.  

As with 2D SAMS, the copper-sulfur bond strength is stronger than the gold-sulfur bond, 

but the formation of copper sulfide and the differing head-group spacing results in 

numerous defects.52 Copper is important for catalysis and electronics and nanoparticulate 

copper has been investigated to a limited degree.  The first well-documented formation of 

copper particles was in reverse micelles16 and more recent reports of both copper and 

copper oxide nanoparticles from a variety of precursors have been demonstrated.53-58     

 

1.3. Overview of Metal Nanoparticles   

1.3.1. Physical properties of metal nanoparticles 

 
 In the description of size-dependent properties, three main regimes can be 

identified.  These are bulk materials, nanomaterials, and atomic clusters.  Nanomaterials 

exhibit new properties mostly as a result of having large surface-to-volume ratios.  

Important to nanoparticles is the increased coupling of confined electrons with their 

environment as the size decreases.  The property that was first recognized for noble metal 

nanoparticles was their intense color.  The shape and size-dependent optical properties of 

these nanoparticles have been exploited for new optical filters,59 biosensors,60,61 and 

surface-enhanced spectroscopies.62,63  What distinguished metallic nanoparticles from 

bulk materials is the existence of a localized surface plasmon resonance (SPR).  In metal 
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nanoparticles, there can exist collective oscillation modes (plasmons) of the conduction 

electrons at the surface of the nanoparticles and these modes can interact with the electric 

field of incoming electromagnetic radiation.  For noble metal nanoparticles, strong 

dipolar and quadrupolar oscillations occur in the visible/NIR wavelengths, resulting in 

the aforementioned intense color of solutions.  In metal nanoparticles with d >2 nm, 

quantum confinement does not play as large of a role as in semiconductor nanoparticles, 

owing to the existence of a quasi-continuum of electronic states in the metal case.  The 

surface alters the boundary conditions for the polarizability of the metal and shifts the 

resonance to optical frequencies.64  The surface plasmon absorption is a small particle 

effect, not a quantum size effect.  Linear optical responses associated with the collective 

oscillation of conduction band electrons have been studied to a great extent.  Nonlinear 

optical properties are also affected by the surface localization of electrons, but are beyond 

the scope of this dissertation.65,66  

Both Mie13 and Maxwell-Garnett14 theories were derived independently to explain 

the observed optical properties of nanoparticles. Gustav Mie13 solved the Maxwell 

equations for particles smaller than the wavelength of light and Maxwell-Garnett theory14 

describes the total dielectric response of an assembly of spheres embedded in a dielectric 

as a function of the number density of the spheres and single-sphere polarizability.  The 

former is often used to describe dilute solutions of nanoparticles, where the latter is used 

to treat composite materials and is formulated for relatively dilute systems with low 

volume filling factors.67 Mie theory will be used from this point on to explain the optical 

absorption properties of metal nanoparticles.   
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In 1908, Mie mathematically addressed the well-known red color of gold 

nanoparticle solutions.13  Maxwell’s equations were solved for an electromagnetic light 

wave interacting with small spheres having the same frequency-dependent dielectric 

constant as the corresponding bulk metal.14  Boundary conditions for a spherical object 

were applied and resulted in a series of multipole oscillations for the extinction cross-

section of nanoparticles.  For nanoparticles which are much smaller than the wavelength 

of light (d<λmax/2), only the dipole oscillation was considered.  The scattering term 

(radiative damping effect) is omitted as it plays a negligible role at these sizes.  The 

resulting dipole approximation can be seen in equation 1.1, where σext(ω) is the 

frequency-dependent extinction coefficient, V is the particle volume, ω is the 

frequency of the exciting light, c is the speed of light and εm, ε1, and ε2  are the dielectric 

functions of the surrounding medium and the metal (real and imaginary), respectively.   
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The SPR is the coherent excitation of all the free electrons induced by the interacting 

electromagnetic field, resulting in an absorption peak that contains 100% of the oscillator 

strength.  Resonance occurs when the following condition is fulfilled: 

ε1(ω) + 2εm(ω) = 0    (1.2) 
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This is true if ε2 is small or weakly dependent on frequency. The interaction of the 

electron cloud of localized metal nanoparticles with the incoming radiation is shown 

schematically in Figure 1.2. 

 

 

Figure 1.2:  Schematic of surface plasmon oscillations, depicting the collective oscillation of the full 
electron cloud (e-) induced by interaction with an electromagnetic field (E-).  Figure adapted from 
reference 8. 

 
 When metal nanoparticles are larger than approximately 20nm (in the case of 

gold), other multipolar oscillations become important, as the light can no longer polarize 

the nanoparticles homogeneously.  Because multipolar oscillations occur at lower energy 

than the dipolar ones, a red shift is expected with increasing size, accompanied by an 

increase in the plasmon bandwidth due to dephasing of the coherent electron oscillation.  

When metallic nanoparticles are smaller than approximately 20 nm, a 1/r dependence of 

the plasmon bandwidth versus the particle radius is seen and has been accounted for 

theoretically with the addition of a Drude term which considers only the free electrons.  

This is a result of increased inelastic scattering from smaller particles and a loss of 

coherence of the surface plasmon.  As the diameter of the nanoparticles reaches 2 nm or 

less, the use of bulk dielectric constants is no longer valid and a complete disappearance 

E-

e-
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of the surface plasmon band is seen.  The 1/r dependence of the plasmon bandwidth has 

been observed experimentally in particles below 20 nm diameter, but the dependence of 

the resonance absorption maximum as a function of particle size has been debated.64,67 

Utilizing size-exclusion chromatography with tandem UV/visible measurements, 

Wilcoxon and co-workers have separated gold and silver nanoparticles by size and 

measured their optical absorption as they eluted from the column.  The size-dependence 

of the surface plasmon position was found to differ for gold and silver nanoparticles.68  

The plasmon peak energy blue shifts for gold nanoparticles with decreasing size and red 

shifts for silver nanoparticles with decreasing size. There are other transitions that affect 

the electron dynamics of nanoparticles. These are interband (full d-to-empty sp states) 

transitions and intraband (d-d) transitions.  The differences in surface plasmon shifts are 

likely due to the relatively larger importance of the interband transition in gold versus 

silver nanoparticles.  The presence of interband transitions also gives a pronounced 

asymmetry to the gold surface plasmon lineshape.  

Not only have ranges of nanoparticle sizes been studied, but also a variety of 

shapes, which cause oscillations of varying strength and energy.69  Silver has a much 

more sensitive and intense SPR due to the isolation of the surface plasmon from inter and 

intraband transitions and usually forms the model system for optical studies.  One 

example is found in “nanosphere lithography,” a technique in which naturally-assembled 

polystyrene latex nanospheres are used as a mask.  Following this self-assembly of 

nanospheres, a metal is deposited by thermal evaporation through the mask.  After 

removal of the mask, silver metal that was deposited through the mask onto the substrate 
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is left behind.  By using various tilt angles and overlap of masks during deposition, the 

size and shape of the resulting structures can be controlled and studied optically.70 

Another example is the photo-induced conversion of silver nanospheres to nanoprisms in 

which the solution turns from yellow to blue as a result of new bands arising from 

transitions in these unique-shaped particles.   

Optical properties in solution were one of the few characteristics of nanoparticles 

that could be studied before the discovery of Brust-like nanoparticles. However, 

following the synthesis of organic-soluble nanoparticles, many characterization 

techniques have been applied to them.  TEM has arguably been the most important in this 

regard as visual and structural characterizations have allowed for determination of shapes 

and sizes of individual and assembled nanoparticles to aid in the understanding of 

structural effects on optical properties.   

The optical properties of bulk silver and gold metals have been exploited in both 

planar and fractal films.  Surface plasmon spectroscopy is a technique wherein adsorption 

of a molecule to the metallic surface results in a modulation of the dielectric properties of 

the organic layer and therefore the angular-dependent surface plasmon resonance.  

Coupling with fluorophores has been demonstrated for enhancements of this effect by 

coupling to the surface plasmon.71  However, to take advantage of this resonance more 

effectively, rough surfaces with fractal-like dimensions have been exploited.  These 

surfaces can be obtained by a variety of methods, including growth of silver islands from 

either sputtering or aggregation of small metal particles to induce nanometer size 

roughness features with strongly localized surface plasmon polaritons.  Boyd, et. al. 
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studied the effect of surface roughness and found that luminescence from rough surfaces 

was enhanced several fold in comparison to planar surfaces (i.e. the “lightning rod 

effect”).72  The same enhancement was observed in Raman scattering from molecules on 

nanoparticle aggregates or single nanoparticles.73  This phenomenon, known as surface-

enhanced Raman scattering (SERS) is a well known effect that results from chemical 

coupling of the molecule to the metal surface and, to a larger extent, enhancement via 

interaction with the electromagnetic fields at the surface of the particles.  This local field 

effect has been used to explain a variety of linear and nonlinear enhancements, such as 

luminescence and second-harmonic generation (SHG).74,75  Nonlinear optical properties 

are predicted by Shalaev et. al. to reach enhancement factors of 1015.76 Enhancement of 

multiphoton excitation of fluorescence near metallic nanoparticles and sharp tips has 

been demonstrated as well.77-79  

 

1.3.2. Nanoparticle superlattices 

 
Many important potential uses of 1D, 2D and 3D assemblies of nanoparticles lie 

in the fields of electronics and optics, for example in the creation of photonic bandgap 

structures.  Of particular interest is the possibility of "bottom-up" approaches to assembly 

of controlled microscopic or macroscopic materials that has come about with the 

discovery of processible nanomaterials. Traditional "top-down" approaches, such as 

lithography, often depend on irradiation by light, which has a natural diffraction 

limitation of about 0.6 λ/NA,80 where NA is the numerical aperture which has a 

theoretical limit of approximately 1.5.  The possibility of controlling the assembly of 
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clusters into specified structures with tunable bulk properties has sparked a multitude of 

studies in this regard. 

To understand why tunable bulk properties occur, it is useful to consider simple 

atomic cases.  When atoms or molecules organize into condensed systems, new collective 

phenomena develop. These are the physical properties commonly observed in bulk 

materials, and the properties of the condensed system may be understood by simple 

models such as the closing of the gap between the conduction band and the valence band 

upon evolution of bulk materials from atoms.  Recent advances suggest such a process 

can be envisioned as occurring in two steps.  First, atoms assemble into nanomaterials 

which are capped before forming bulk materials.  Similarly, nanoparticles are then used 

as the building blocks of condensed manner.  Assembly of nanoparticles into close-

packed solids gives rise to new collective phenomena and control and manipulation of 

this process can be used to modulate the unique properties arising from this.   

Self-assembling tendencies of nanoparticles has been shown for gold and 

silver.34,81  Whetten and coworkers have described nanoparticles as assemblies of core-

coronas, where metal nanocrystal cores are compactly encapsulated by soft and 

compressible thio-groups.82  The adsorbed molecules on gold and silver nanoparticles 

perform multiple functions.  They serve to cap the nanocrystals during growth at a 

particular size, protect from further aggregation, and provide the dominant cohesive 

interaction between nanoparticles to form superlattices.  This leads to the ability to 

control sizes of individual components and distances between them, allowing for more 

flexibility in the properties of the resulting super-structures, versus typical self-
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assemblies where control at the smallest level is not always possible.   The interplay of 

protective forces of capping groups, which prevent agglomeration of nanoparticles, and 

attractive forces between particles results in isolable materials that can reversibly form 

larger structures.  With control over the parameters that define the properties of a bulk 

material, solids may be developed via custom synthesis for an intended application.  This 

has led to the notion that nanoparticles are “artificial atoms” that can be assembled into 

“artificial solids”.83 

In contrast to cluster compounds, which display only short range order, long range 

order has been observed in gold nanoparticle samples.  This initial observation of highly-

ordered thin films and powders was surprising.  When utilizing powder X-ray diffraction 

(XRD), a series of intense, sharp Bragg peaks arising from the spacing between planes of 

nanocrystals (crystals of nanocrystals) were identified.  Key to this concept is the idea of 

bundling of alkyl chains in a uniform space-filling manner to obtain a dense packing, as 

displayed in Figure 1.3.  The long range order was observed only for highly 

monodisperse samples.82  The ordering is dependent upon both the shape and the 

“softness” of the individual nanoparticles.  Alkyl chains may be considered as 

compressible, with longer-range attractive potentials, wherein lower symmetries are 

preferred.  Whetten and co-workers found that packing symmetry depends on the size of 

the core and the length of the alkyl chain.  Similar findings were reported for silver 

nanoparticles, whereby a dividing point between bcc and fcc lattices was identified as 

dependent on the ratio of diameter to chain length.84 

       

37



 

Figure 1.3:  Space-filling tendencies and interdigitation of alkyl chains on neighboring nanoparticles 
to result in superstructures.  The packing structure is variable and depends on ligand length and core 
size.84  Nanocrystal cores are depicted as truncated icosahedra, one of the identified geometries of 
silver nanoparticles. 47 

    

The collective properties of nanoparticle assemblies have been investigated in 

regard to their optical effects,82,85 electron transport,86 and magnetic properties.10  The 

dispersion energy between nanoparticles is a result of the overall weak attraction between 

the particles.  Therefore, the thickness of nanocrystal films can be varied by altering the 

solvent polarity87 and negative pressure-area isotherms have been measured on a 

Langmuir-Blodgett trough.45  Utilizing pressure to compress monolayers, Heath and co-

workers have demonstrated reversible insulator-to-metal transitions as a result of 

nanoparticle coupling.  The coupling between nanoparticles is treated in a classical 

manner, occurring through dipole-dipole coupling until the crystallites are separated by 

less than 1 nm.  At shorter distances, the interactions need to be treated in a fully 

quantum manner. 
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1.3.3. Functionalization 

 
 As was seen for 2D SAMS, the advancement of nanoparticle characterization 

was quickly followed by functionalization of nanoparticles with more complex groups.  

Initially, ligand exchange reactions were used due to their ease and versatility.  These so-

called “place-exchange” reactions involve simply co-dissolving a thiol-capped 

nanoparticle with another free thiol of choice and incubating over variable time periods.  

This is a desirable route for functionalizing nanoparticles with compounds that are 

incompatible with the reaction conditions necessary in particle formation.  Though 

aspects of this mechanism remain unclear, reproducible and controllable associative thiol 

exchanges have been demonstrated to occur, with faster rates of displacement at edge 

sites.24  Gold nanoparticles protected by polymers,88,89 water soluble gold nanoparticles 

coated with glutathione,90 gold and silver nanoparticles coated with N-(2-

mercaptopropionyl) glycine91 and gold nanoparticles coated with coenzyme A92 have 

been synthesized using such place-exchange reactions. The formation of branched 

structures for increased steric bulk and stability93 and the coating of nanoparticles with 

electroactive and photoactive groups have been explored to a limited extent as well in this 

fashion.94-99 

Besides using spontaneous self-assembly, a variety of workers have expanded the 

complexity of the adsorbed ligands to form assemblies based on interaction of their 

adsorbates.   For example, linked arrays of nanoparticles were formed via dithiolate 

introduction,100 reaction of terminal functional groups,23 or by utilizing DNA and related 

hydrogen bonding assemblies101 and protein linkers.  The hybridization of 
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complementary DNA and RNA and the resulting optical changes has been used to 

selectively detect certain sequences of a variety of viruses.102,103 

Hybrid materials of two metals and/or metal-coated silica have been demonstrated 

as well.  Examples include gold/silver core–shell particles modified with DNA,104 and 

gold105 and silver nanoparticle-coated silica particles. Chen, et. al. have demonstrated the 

use of galvanic core metal exchange to form alloyed gold/silver nanoparticles.106 

Assemblies of metal nanoparticles have been subjected to further processing by 

lithographic techniques. Organic ligands such as alkylthiol molecules, were fragmented 

by direct electron irradiation.107 This technique has the potential to reduce the fabrication 

of metallic nanostructures to a three-step process: coating, writing and rinsing.  In 

principle, it may be possible to fabricate structures as small as the nanoparticle core size, 

i.e. 1–10 nm.  The ratio of metal to non-metallic atoms in passivated nanoclusters is much 

higher than in more conventional organometallics, such as ferrocene, which have also 

been employed in electron beam writing.108  

 The application of nanomaterials to biology is an obvious one, as biology 

operates intrinsically on the nanoscale. Thiol-functionalized DNA-coated metal 

nanoparticles have been synthesized and utilized for specific recognition of targets in 

colorimetric assays.102  Close contact between nanoparticles of complementary DNA 

strands result in red shifts in the surface plasmon that are as large as several hundred 

nanometers. Non-thiolated DNA has also been used as a ligand for the protection of gold 

colloids, where the negatively charged phosphate backbone can interact electrostatically 

with the particle surface.109  Mixed monolayers of ligands on nanoparticles for the 
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recognition of macrobiological molecules with groups to prevent nonspecific adsorption 

have been used as well to successfully induce specific interactions with proteins.110  

Nanoparticles coated with immunoglobulins (IgG) and serum albumins have been 

demonstrated along with their ability for specific recognition.51,111 

Nanoparticles with mixed ligands have been prepared to impart water-solubility 

and tandem fluorescence/biological interactions.  Previous methods for the formation of 

multifunctional nanoparticles involve ligand exchange of a new thiolated ligand onto a 

pre-formed nanoparticle.  However, these methods are only useful if ligands and ligand-

coated nanoparticle display solubility in the same solvent.  By utilizing a mixture of 

ligands for a one-step direct synthesis of nanoparticles, finer control over nanoparticle 

properties can be achieved.   

 Larger structures may be fabricated from nanoparticle precursors via controlled 

assembly of nanoparticles. The field of microelectronics is currently dominated by “top-

down” methodologies to build dense circuits via optical lithography.  The degree of 

control is limited by the dimensional control of the optical process, as was discussed 

earlier.  Others view “bottom-up” approaches which rely on the assembly of 

nanomaterials into desired shapes as the preferable route.  The latter approach requires a 

full understanding of the physical properties of the materials.  Although it has been 

demonstrated that alkylthiol-coated nanoparticles can organize reproducibly into specific 

structures, only a limited number of close-packed architectures can be obtained, as 

described above.  More advanced bottom-up methodologies could exploit noncovalent 

self-assembly with specific recognition groups.  For example, Fitzmaurice and co-
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workers have utilized complementary hydrogen bonding between a uracil moiety and a 

diaminopyridine moiety for programmed self-assembly.101 Biomolecule-assisted 

nanoparticle assemblies include the organization of nanoparticles by DNA and oligomers 

in solution, self assembled circuits (DNA computing), and microconstruction of silver 

wires using DNA.  

 

1.4. Research Objectives  

1.4.1. Enhanced solubility of metal nanoparticles and surface structure investigation 
 
 
 The preceding sections have outlined the properties and possible applications of 

metallic nanoparticles.  In order to effectively utilize them in these applications, it is vital 

that the structures of individual nanoparticles and their assemblies are understood. 

Processibility is also an extremely important factor in making reproducible organic-based 

devices.  The orientation of alkylthiol ligands on nanoparticles is a crucial element in 

successfully tailoring superstructures of nanoparticles.  Although gold nanoparticles have 

been characterized to a large degree, similar insight into silver nanoparticle structure has 

not yet been achieved.  An understanding of the monolayers will result in the ability to 

selectively adjust electrical, optical, and reactivity properties.  Although silver SAMS 

resemble gold SAMS, there are structural differences that are likely to manifest in 

nanoparticles and lead to assemblies of nanoparticles with unique properties that depend 

on the constitutent metal.   

Chapter 3 will describe characterization studies of silver nanoparticles from which 

structure-solubility relationships will be derived, followed by quantitative and qualitative 
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data.  Analogous silver alkylthiolate polymers will also be discussed in detail for 

elucidation of the nanoparticle surface structure.  Known and acquired properties of silver 

thiolates and SAMS will be drawn from continually throughout the Chapter.   From the 

understanding of structures comes the ability to rationally design nanoparticles with 

enhanced solubility for desired applications.  Solubility studies and incorporation of 

nanoparticles into high quality polymeric films will be discussed for two-photon 

microfabrication applications based on nanoparticle seeds.   

 

1.4.2. Development of new copper nanoparticles for metal microfabrication 

 
 Copper remains the least studied of the noble metals in terms of nanostructures, 

owing to the poor quality of 2D SAMS and the lower oxidation potential.  However, 

copper is extremely important to the electronics industry and microfabrication of 

conducting structures made of copper metal with various shapes and topologies would be 

desirable for many applications.  Few attempts to synthesize copper nanoparticles have 

been reported previously, and in many cases their characterization was incomplete.  In 

Chapter 4, various syntheses were attempted for formation of such nanoparticles, 

including variations of the one and two-phase methods.  The role of oxygen in the 

synthesis will be explored in detail for a deeper understanding of discrepancies in the 

literature.  Incorporation of these nanoparticles into composite films will be described 

and the films used to generate copper wires via two-photon microfabrication.  Again, 

analogous copper alkylthiolates, which bear significant resemblance to copper 

nanoparticles, will be studied for further insight.         
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1.4.3. Two-photon fluorescence and biological sensing 
 

Two-photon excited fluorescence is a phenomenon that has created great interest 

in a variety of fields and significant efforts have been devoted to research aimed at 

identifying materials with enhanced two-photon cross-sections.  The absorption of two 

photons simultaneously is a nonlinear optical process that can typically occur only near 

the focus of a beam, where the photon flux is highest.  One consequence of the two-

photon absorption process is the possibility to achieve high three-dimensional special 

selectivity (small excitation volume) when a laser beam is tightly focused.  This is the 

principle used in Chapters 3 and 4 for microfabrication of metallic wires.  Two-photon 

chromophores have found application in biological imaging also because their use can 

lead to a significant decrease of background fluorescence, reduced scattering and 

absorption, and improved depth discrimination and penetration with respect to traditional 

imaging techniques.  Additionally, the use of photons at lower energy can greatly reduce 

the photobleaching and photodamage in biological specimens.112   

Alteration of the structure of the individual TPA (two-photon absorption) 

molecules is one route taken to enhance the absorbance cross-sections.  The route taken 

here will rely on the concentration of chromophores in a small volume by tethering them 

via long alkyl chains to nanoparticle surfaces.  Silver nanoparticles are shown in Chapter 

3 to contain a high coverage of ordered ligands as a result of the high degree of curvature.  

Chapter 5 includes two examples of attachment of multiple efficient fluorophores to 

silver nanoparticles for the formation of fluorescent composites with large two-photon-

absorption cross-sections.  Extensive linear and nonlinear optical characterizations have 
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been performed on such systems.  We have also undertaken the attachment of a mixture 

of organic and water soluble ligands to nanoparticles for selectively altering the 

solubility.  Methods for creating more complex nanoparticles co-functionalized with 

organic and biomolecules for solubility tuning of fluorescent nanosensors were explored. 

 

1.4.4. Fractal clusters of nanoparticles for DNA detection 

 
As stated in the previous paragraph, silver nanoparticles were used as 

“concentrators” to increase the local concentration of TPA fluorophores for enhancement 

of the overall composite, not of the individual fluorophores.  Chapter 6 utilizes a different 

approach for the enhancement of the response from individual fluorophores via their 

attachment to fractal cluster films formed with random aggregation of colloidal silver 

nanoparticles.  As discussed previously, the silver aggregates result in the coupling of the 

electromagnetic fields of neighboring nanoparticles to create localized hotspots with 

significantly larger intensity than is present in the incoming light.   

This Chapter is focused on a two-photon fluorescence based DNA microarray for 

detection of particular DNA sequences.  Fractal surfaces covered with thiolated DNA 

probes have been prepared.  When fluorophore-labeled complementary DNA strands are 

present in solution, they can interact with the DNA probe and are hence localized in close 

proximity to the surface.  Their fluorescence properties are thus expected to be enhanced.  

Non-complementary DNA strands will be at larger distances from the surface and not 

experience the short-range enhancement.  The complementary strands can therefore be 

selectively detected or imaged.  However, it is difficult to form clean momolayers on 
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rough surfaces with intentional defects.  This Chapter is primarily focused on the 

formation of fractal clusters and optimization of surface binding conditions.  Preliminary 

two-photon fluorescence measurements were performed on these fractal clusters.  Unique 

temperature-induced dehybridization measurements will be discussed in this regard. 

1.4.5. Charge-transfer complexes 
 

The concept of nanoparticles as “concentrators” is expanded upon in the 

appendix.  Charge-transfer complexes result from the coupling of an electron-donor and 

electron-acceptor in close proximity.  Such complexes are dependent on local 

concentrations of donor and acceptor species, and the use of nanoparticles as supports for 

attachment of thiolated donors and acceptors can significantly increase the local 

concentration of the ligands.  This appendix discusses some preliminary results involving 

charge-transfer complexes, which were formed by a variety of methods with carbazole as 

the donor with two different acceptors.   
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CHAPTER 2: METHODS AND MATERIALS 
 

2.1 Materials 
 

All solvents, other than ethanol, were purchased from Aldrich and used as 

received.  Reagent grade solvents were used in all syntheses and spectrophorometric 

grade solvents were used in all optical measurements, including film preparation.  

Ethanol (200 proof) was supplied by Aaper, Shelbyville, KY.  Ultrapure water with a 

resistance of >18 MΩ was used in all cases within 1 month of the initial filtration. 

 

All reagents were used as received. The following were supplied by Aldrich: 

silver nitrate (99.999 %), alkylthiols (hexylthiol, heptylthiol, octylthiol, nonylthiol, 

dodecylthiol, octadecylthiol), sodium citrate dihydrate (98 % +), fumaric acid (99 % +), 

sodium borohydride (98 %), tetraoctyl ammonium bromide, 1,11-dibromoundecane, 

copper (II) tetrafluoroborate dihydrate, HAuCl4.3H2O, 11-mercaptoundecanoic acid, 6-

mercaptohexanol, 3-aminopropyl trimethoxysilane, silver tetrafluoroborate, 3-

mercaptopropionic acid, 4,4-bipyridyl, potassium thioacetate, biotin, DMAP, DCC, PVK, 

PMMA, 9-ethyl carbazole, sodium thiosulfate, bromoundecanol, thiourea. The following 

were purchased from Sigma: avidin, N-(2-mercaptopriopionyl) glycine (a.k.a. tiopronin), 

KCl, NaCl, Na2HPO4, NaH2PO4. 1H,1H,2H,2H-perfluorooctanethiol was supplied from 

Fluorochem, USA. 

 

Coumarin 307 (Acros), fluorescein (Acros), rhodamine B (Acros), 1,4-bis(2-

methylstyryl)-benzene (Aldrich), 9,10-diphenylanthracene (Acros), 9,10-bis(phenyl-
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ethynyl)anthracene (Aldrich), coumarin 6 (Aldrich), kiton red (Acros), and nile blue 

perchlorate (Aldrich) were used as fluorescence standards. 

 

DNA was supplied from MWG Biotech or Biosource International in lyophilized 

form.  The 5’ thiol-functionalized DNA was supplied with excess DTT (dithiothreitol) to 

keep the thiol in reduced form.   A NAP-10 desalting column for purification from excess 

DTT prior to use was provided.  The dye-labeled complementary sequences were labeled 

on both the 5’ and 3’ ends with tetramethyl rhodamine (TAMRA). Probe: 5’ SH-(CH2)6-

TGT ACG TCA CAA CTA 3’, Target-5: 5’ (TAMRA)-TAG TTG TGA CGT ACA 3’, 

Target-3:  5’ TAG TTG TGA CGT ACA-(TAMRA) 3’. 

 

2.2. Synthesis of Alkylthiol-Stabilized Metal Nanoparticles 

2.2.1. Organic-soluble alkylthiol-capped silver nanoparticles via the one-phase method 

  
 Syntheses of silver nanoparticles via the so-called “one phase" method employ 

ethanol as the solvent; the limiting factor in these reactions is the solubility of the 

thiolated ligand in ethanol. These syntheses were carried out either in an ice bath (~0ºC) 

or at room temperature. The typical procedure is described here. To a solution of silver 

nitrate (0.340 g, 2.00 mmol) in ethanol (100 mL) was added alkylthiol (either neat or, in 

the case of octadecylthiol, as a solution in ethanol (10 mL)).  The amounts of alkylthiol 

(RSH; where R = n-alkyl chain with C6, C7, C8, C9, C12, C18) used varied from 2.00 

mmol to 0.17 mmol.  A light yellow/white cloudy solution resulted from addition of 

alkylthiol (indicating the formation of a silver thiolate) and the mixture was stirred for 1 
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hour.  To this solution was added a saturated solution of NaBH4 in ethanol (6-7 mmol) 

dropwise from an addition funnel slowly with vigorous stirring of the solution until a 

dark brown color was seen, after which the speed of addition was increased.  The solution 

was stirred an additional three hours before refrigerating overnight to induce 

precipitation.  A cannula was used to decant the ethanol to avoid disturbing the settled 

nanoparticles, which can easily be re-suspended.  The final thick solution was filtered on 

quantitative filter paper and the dark solid collected washed copiously with acetone (to 

remove excess alkylthiol) and water (to remove excess water soluble species). The 

material was washed with acetone again, dried for 24 hours under vacuum and stored in 

powder form. 1H-NMR analysis of the product revealed no excess alkylthiol to be present 

in the collected material in all cases. Typical yields from this synthesis were ca. 250 mg. 

This method was successfully repeated on a scale of ¼ mmol to 4 mmol AgNO3. Silver 

nanoparticles containing mixtures of n-alkylthiols, and a mixture of n-octylthiol and 

carbazolethiol were prepared in the same manner. 

 A fraction of the final product was usually found to be soluble in organic solvents 

(e.g. hexane, methylene chloride), whereas a fraction was not. To separate the soluble 

material, the crude product was washed with hexane until the washings were colorless. It 

was difficult to induce precipitation of nanoparticles from the hexane filtrate; for more 

efficient collection, the solution was concentrated to near dryness by rotary evaporation. 

A film was formed on the sides of the flask that could not be removed by scraping.  

Hexane (apx. 5 mL) was used to rinse the sides and collect a concentrated solution on the 

bottom of the flask, which was evaporated under a stream of dinitrogen. The crystalline 
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material was collected by addition of acetone, scraping, and filtration.  Both "soluble" 

and "insoluble" fractions were analyzed as described in Chapter 3. 

 Silver nanoparticles capped with a fluorinated alkylthiol were made using 

1H,1H,2H,2H-perfluorooctanethiol via the one-phase method. To an ethanol solution of 

silver nitrate (2 mmol in 100 mL) was added 1H,1H,2H,2H-perfluorooctanethiol (2/3 

mmol).  After stirring for approximately 1 hour, a solution of NaBH4 in ethanol (7 mmol 

in 100 mL) was added dropwise to yield a viscous, foamy solution that required vigorous 

stirring. The mixture was placed in the refrigerator to induce precipitation of the 

nanoparticles, which were collected via filtration. The product was washed copiously 

with ethanol and water to remove reaction by-products. These nanoparticles displayed 

limited solubility in acetone, unlike the n-alkythiol-capped nanoparticles described 

above. 'Soluble' and 'insoluble' fractions were separated by the method outlined above, 

using acetone as solvent.  

 Table 2.1 summarizes elemental analysis data for silver nanoparticles prepared by 

the one-phase method. #C describes the length of the carbon chain of the n-alkylthiol 

used (Cz represents 8-carbazol-9-yl-octanethiol, and F represents 1H,1H,2H,2H-

perfluorooctanethiol).  
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#C (ratio) Ag:HSR feed  % C % H % S % N or F % Ag % Ag:% SR 

8 3:1 22.9 4.6 7.2  62.5 2.3 

8/12 (1:1) 3:1 24.7 4.6 6.3  54.3 1.93 

8 9:1 10.1 1.9 3.2  82.9 6.6 

8/Cz (3:1) 3:1 24.4 3.4 6.2 0.9 65.5 3.3 

8/12 (3:1) 3:2 32.4 5.8 9.7  53.4 1.7 

7/12 (3:1) 3:2 31.4 5.8 10.4  52.6 1.5 

7/12 (3:1) 3:1 20.9 3.4 5.4  63.6 2.4 

8/Cz (1:3) 9:1 15.9 1.9 3.3 1.0 77.2 5.9 

12 3:2 27.4 4.8 6.1  58.8 2.7 

7/8/12 (1:1:1) 3:2 21.3 3.8 6.0  64.5 2.7 

18 3:2 34.0 5.9 4.8  51.2 2.8 

12/18 (1:1) 3:2 29.6 5.3 4.9  57.2 3.1 

8/12 (3:1) 3:2 22.0 3.9 6.0  60.5 2.3 

7 3:2 17.1 2.9 6.5  73.6 3.4 

6 3:2 10.7 1.9 4.4  82.4 5.8 

9 3:2 18.1 3.4 5.4  72.7 3.4 

8 6:5 28.9 5.5 9.5  53.6 1.6 

F 3:2 11.5 0.7 3.5 27.2 45.7 3.0 

6 6:1 6.1 1.1 2.3  85.9 7.5 

8 1:1 19.9 3.5 5.1  63.8 3.3 

Table 2.1:  Elemental analysis of silver nanoparticles prepared by the one-phase method. 
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2.2.2.  Organic-soluble alkylthiol-capped silver nanoparticles via the two-phase method 

  
 The two-phase method was carried out in toluene and 18MΩ water as solvents.  

To a solution of AgNO3 in water (10 mL, 0.0288 M) was added a solution of phase 

transfer catalyst, tetraoctylammonium bromide (TOAB), in toluene (21.6 mL, 0.036 M) 

and the solution stirred vigorously for 1 hour. Both organic and aqueous layers became 

white and opaque.  A solution of alkylthiol (RSH; R=C8, C18) in toluene (23.8 mL, 

0.0139 M) was added and the mixture stirred an additional 20 min.  An aqueous sodium 

borohydride solution (8.25 mL, 0.238 M) was then added dropwise over a 30 minute 

period, upon which the toluene phase became dark brown/black. After stirring for 3 

hours, the aqueous layer was separated and discarded and the organic layer was 

concentrated by rotary evaporation to ca. 5 mL, keeping the solution below 35 ºC to 

avoid decomposition of product. The dark crude material was washed with copious 

amounts of ethanol and acetone to remove unreacted alkylthiols and TOAB. The 

nanoparticles were dried in vacuo and collected as a dark powder.  Separation of 

"soluble" and "insoluble" fractions was carried out in the same manner as for the 

nanoparticles prepared via the one-phase method as described in Section 2.2.1.1, using 

hexane as the solvent. 

 Table 2.2 summarizes elemental analysis data for silver nanoparticles prepared by 

the two-phase method. #C describes the length of the carbon chain of the n-alkylthiol 

used. 
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#C % C % H % S % Ag % Ag : % SR 

8 27.6 4.6 8.7 55.9 1.6 

18 53.5 9.5 7.4 29.7 0.6 

Table 2.2:  Elemental analysis of silver nanoparticles prepared by the two-phase method. 

 
 
2.2.3. Alkylthiol-capped silver nanoparticles via the two-phase method in the absence 

of silver thiolate as precursor 

 
 A variation of the two-phase method was used to form dodecylthiol-coated silver 

nanoparticles in the absence of silver thiolate precursor, as discussed in Chapter 3. CHCl3 

was used in place of toluene for its higher density which keeps the organic phase as the 

bottom layer. To a solution of TOAB (3.7 g, 6.7 mmol) in CHCl3 (75 mL) was added a 

solution of AgNO3 (0.469 mg, 2.76 mmol) in H2O (40 mL). This was stirred vigorously 

until the aqueous layer was almost clear and the organic layer was cloudy and light 

yellow (1.5 hours).  A solution of NaBH4 (27 mmol) in H2O (30 mL) was added dropwise 

over a 10 minute period.  The resulting dark brown solution was stirred an additional 20 

minutes before neat dodecylthiol (1. 65 mL, 6.9 mmol) was added. The mixture was 

stirred overnight, after which a large amount of solid was visible. The aqueous layer was 

separated and discarded, and an insoluble powder was collected from the organic layer by 

filtration. The dark, clear CHCl3 filtrate was concentrated by rotary evaporation and 

washed with acetonitrile to remove excess TOAB.  For further removal of impurities, 

“etching” was used, wherein neat dodecylthiol (1 mL) in CH2Cl2 (25 mL) was added to 

the solution and the mixture stirred overnight. Addition of ethanol caused precipitation of 
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nanoparticles, which were dried and washed again with acetonitrile and acetone. 1H NMR 

analysis of the product revealed the presence of uncomplexed thiol at this point. Washing 

steps were repeated twice more with acetone and ethanol until the particles were deemed 

free of excess thiol by 1H NMR. 

   

2.2.4.   Organic-soluble alkylthiol-capped copper nanoparticles via the one-phase 
method 

 
 Copper nanoparticles were prepared via a one-phase method both in air and under 

an inert atmosphere of either argon or dinitrogen. Typically, to an oven-dried round-

bottom flask or Schlenk tube was added ethanol (100 mL). The solvent was 

deoxygenated for approximately 45 minutes by passage of argon or dinitrogen. To this 

was added Cu(BF4)2.H2O (2 mmol) while purging. Alkylthiol was injected into this 

solution via syringe and the opaque yellow/green solution (which indicated formation of 

a copper alkylthiolate and copper disulfides) was allowed to stir for 30 minutes. A 

solution of NaBH4 (10 mmol) in ethanol (100 mL) was deoxygenated for 30-45 minutes 

by passage of argon or dinitrogen after which it was added to the copper solution under 

dinitrogen. This mixture was stirred for 3 hours and the final solution was refrigerated 

under dinitrogen overnight. The precipitate was collected by filtration under dinitrogen 

using a filter cannula or sintered glass frit, washed with deoxygenated acetone and water, 

and dried in vacuo. Typical yields from this synthesis were ca. 75 mg. 

  

 Table 2.3 summarizes elemental analysis data for copper nanoparticles prepared 

by the one-phase method. #C describes the length of the carbon chain of the n-alkylthiol 
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used; a denotes syntheses carried out in air, b denotes syntheses performed under an inert 

atmosphere. 

 

#C (ratio) 
Cu : RSH 

feed 
% C % H % S % Cu % Cu :  SR 

8a 3:1 27.2 5.1 7.9 28.8 1.7 

8/12 (3:1)a 3:1 35.5 6.4 10.4 27.3 1.4 

8b 3:1 23.9 4.8 6.3 40.8 2.7 

8/12 (3:1)b 3:1 45.3 8.0 13.1 29.9 1.0 

8b 3:2 40.6 8.1 13.6 34.4 1.3 

8b 4:1 26.9 5.3 8.6 37.2 2.1 

8/12 (1:1)b 4:1 37.5 7.2 10.0 29.9 1.5 

Table 2.3: Elemental analysis of copper nanoparticles prepared by the one-phase method. 

 
 

2.2.5.   Synthesis of organic-soluble alkylthiol-capped copper nanoparticles via the 
 two-phase method 
 
 Copper nanoparticles were also prepared in a two-phase method under dinitrogen. 

All glassware used was cleaned with Aqua Regia (3:1 HCl/HNO3) and rinsed thoroughly 

before use to prevent aggregation of the initially prepared colloids onto surface 

impurities. To a solution of CuSO4 in water (50 mL, 10mM, 0.5 mmol) was added an 

aqueous solution of KI (50 mL, 10mM, 0.5 mmol). The mixture was deoxygenated for 45 

minutes by passage of dinitrogen through the solution. A solution of NaBH4 (48mM) in 
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18 MΩ water (25 mL) was deoxyenated for 30 minutes in a similar fashion after which 

this was added dropwise to the copper solution over a 30 minute period.  A solution of an 

alkylthiol (1 mmol) in toluene (50 mL) was added to the aqueous solution to give a 

biphasic mixture. Initially, a mirror of metallic copper formed at the liquid-liquid 

interface; after 15 minutes phase transfer typically began to occur, accompanied by a shift 

in color to the toluene layer. The mixture was stirred for 1 hour before refrigerating under 

dinitrogen. The precipitate was collected by filtration and washed extensively with de-

oxygenated water and acetone. The product was of limited solubility and required 

refluxing in hexane for dissolution and further studies. 

 Table 2.4 summarizes elemental analysis data for copper nanoparticles prepared 

by the two-phase method. #C describes the length of the carbon chain of the n-alkylthiol 

used; MUA represents 11-mercaptoundecanoic acid. 

 

#C (ratio) 
Cu : RSH 

feed 
% C % H % S % Cu % Cu :  SR 

12 4:1 16.3 2.9 2.5 63.9 5.7 

8/12 (2:1) 3:1 12.6 2.2 2.7 53.0 2.9 

MUA 3:1 26.6 4.3 5.5 44.2 2.8 

Table 2.4: Elemental analysis of copper nanoparticles prepared by the two-phase method. 
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2.2.6.   Synthesis of organic-soluble alkylthiol-capped gold nanoparticles 

 
 Gold nanoparticles were prepared via both one-phase and two-phase methods.  

The latter is well-documented in the literature and was carried out with similar 

conditions.22 Typically, a solution of tetraoctylammonium bromide (TOAB) (1.52 g, 2.7 

mmol) in toluene (80 mL) was stirred for 10 minutes before a solution of HAuCl4.3H2O 

(0.312 g, 1 mmol) in 18MΩ water (25 mL) was added and the mixture stirred vigorously 

until the red Au (III) species transferred completely into the toluene phase. Dodecylthiol 

(50 mg, 0.25 mmol) was added and the mixture stirred for 10 minutes. A solution of 

NaBH4 (0.38 g, 10 mmol) in water (25 mL) was added all at once to the toluene solution. 

The mixture was stirred overnight after which the aqueous layer was separated and 

discarded. The organic layer was concentrated by rotary evaporation after which ethanol 

was added to precipitate the product. This was collected by filtration, washed with 

ethanol, water, and acetone and dried in vacuo. 

 A one-phase synthesis was also used. Typically, to a solution of HAuCl4.3H2O 

(0.786 g, 2 mmol) in ethanol (100 mL) was added dodecylthiol, which resulted in a 

cloudy solution. This was stirred for 1 hour after which NaBH4 (8 mmol) in ethanol (100 

mL) was added dropwise over a 30 minute period. The mixture was stirred an additional 

three hours before refrigerating. The precipitate was collected by filtration, washed with 

copious amounts of acetone and water and dried in vacuo. 

 Table 2.5 summarizes elemental analysis data for gold nanoparticles prepared by 

the one-phase method. #C describes the length of the carbon chain of the n-alkylthiol 

used. 
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#C 
Au : RSH 

feed 
% C % H % S % Au 

% Au : 

% SR 

12 6:1 2.3 0.6 0.4 95.5 21.7 

12 4:1 4.5 0.8 0.7 83.4 5.2 

Table 2.5: Elemental analysis of gold nanoparticles prepared by the one-phase method. 

 

2.2.7. Synthesis of water-soluble silver nanoparticles 

 
 Water-soluble silver nanoparticles were prepared via the two-phase method.  In 

both cases, a toluene-soluble thiol ligand was used that featured a ω-acid or alcohol 

functionality to induce water solubility when bound to the nanoparticle surface. To a 

solution of AgNO3 (1.15 mmol) in water (40 mL) was added TOAB (1.69 g, 3.1 mmol) 

and the mixture stirred vigorously for 1 hour. The functionalized thiol (1.3 mmol) was 

added directly to the solution after which a solution of NaBH4 (6-7 mmol) in water (33 

mL) was added dropwise and the mixture stirred for an additional 3 hours after which the 

solution was left to settle overnight. The tan precipitate was collected via filtration and 

washed with water, hexane, and acetone and dried in vacuo. The particles only began to 

display solubility in water after washing; a significant amount of the particles were 

insoluble in water and separation before use was carried, wherein the water soluble 

portion was collected and dried with rotary evaporation to obtain a brown powder. 

Mercaptohexanol-coated (23.5% C, 4.9% H, 10.1% S, 44.0% Ag) and 11-

mercaptoundecanoic acid-coated (37.2% C, 5.3% H, 8.9% S, 30.3% Ag) silver 

nanoparticles were synthesized. 
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2.3.  Synthesis of Noble Metal Thiolates 

  
 Noble metal thiolates were typically prepared in ethanol with a 1:1 metal/thiol 

ratio.  

 
2.3.1. Synthesis of silver(I) thiolates 

 
 To a solution of AgNO3 (2 mmol) in ethanol (100 mL) was added alkylthiol (2 

mmol) via syringe. The solution was allowed to stir for 3 hours during which the initial 

lemon yellow color became light yellow/white. The solid was allowed to settle and was 

subsequently filtered. After washing with water and acetone, the final product was 

collected and dried under vacuum. The product displayed no solubility in any common 

solvents. Elemental analyses: Ag-SC6H13 (found 32.01 % C, 5.74 % H, 14.37 % S: calc. 

32.01 % C, 5.82 % H, 14.24 % S).  Ag-SC7H15 (found 35.29 % C, 6.41 % H, 13.48 % S: 

calc. 35.16 % C, 6.32 % H, 13.41 % S). Ag-SC8H17 (found 38.20 % C, 6.88 % H, 12.37 

% S: calc. 37.96 % C, 6.77 % H, 12.67 % S).  Ag-SC9H19 (found 40.66 % C, 7.46 % H, 

12.05 % S: calc. 40.46 % C, 7.17 % H, 12.00 % S) Ag-SC12H25 (found 46.63 % C, 8.20 

% H, 10.38 % S: calc. 46.60 % C, 8.15 % H, 10.37 % S).  Ag-S(CH2)(CH2)(CF2)5CF3 

(found 19.73 % C, 1.04 % H, 53.62 % F, 6.14 % S, 19.93 % Ag:  calc. 19.73 % C, 0.83 

% H, 50.71 % F, 6.58 % S, 22.15 % Ag). 
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2.3.2. Synthesis of copper (I) thiolates 
 

 Copper (I) octylthiolate was prepared in a similar manner with a starting solution 

of Cu(BF4)2.H2O (2 mmol) in 100 mL of ethanol. This was deoxygenated for 45 minutes 

with dinitrogen before adding octylthiol (2 mmol) via syringe. After stirring for 4 hours, 

the product was allowed to settle and filtered in air. The product was washed with water 

and acetone and dried in vacuo to yield 64.5 mg product (45.41 % C, 8.16 % H, 14.31 % 

S, 30.68 % Cu, calc. 46.01 % C, 8.21 % H, 15.35 % S, 30.43 % Cu). 

 A two-phase method was also used to prepare copper (I) octylthiolate. To a 

solution of CuCl2·H2O (0.029 mol) in water (20 mL) was added TOAB (0.036 mol) with 

vigorous stirring. After 1 hour, a solution of octylthiol in toluene (50 mL, 0.014 M) was 

added and stirring continued for 20 minutes. An aqueous solution of NaBH4 (20 mL, 0.39 

M) was added dropwise and the mixture stirred overnight. The organic phase was 

separated and refrigerated to induce precipitation. The product was collected by filtration, 

washed with water and acetone and dried in vacuo to yield 199.8 mg product (found 

44.58 % C, 8.20 % H, 14.10 % S, 31.64 % Cu, calc. 46.01 % C, 8.21 % H, 15.35 % S, 

30.43 % Cu). 

 

2.3.3. Synthesis of gold (I) thiolates 

 
 Gold (I) dodecylthiolate was prepared utilizing a one-phase method. To a solution 

of HAuCl4·3H2O (0.71 mmol) in ethanol (100 mL) at 50 ºC was added octylthiol (2.14 

mmol) via syringe. After stirring vigorously for 10 minutes, the solution was removed 

60



from heat and the product allowed to settle. The product was collected by filtration, 

washed with ethanol, water and acetone and dried in vacuo. Yield = 163.0 mg (found 

48.34 % C, 8.10 % H, 9.83 % S, 30.54 % Au, calc. 48.06 % C, 8.40 % H, 10.69 % S, 

32.84 % Au). 

 

2.4.  Synthesis of Electrostatically-Stabilized Silver Nanoparticles and Formation of 
 Fractal Clusters 

 
2.4.1. Synthesis of electrostatically-stabilized silver nanoparticles 

 
 Silver nanoparticles were prepared in water by the reduction of silver nitrate with 

sodium citrate, which also acts as the electrostatically-stabilizing surface group. All 

glassware was cleaned with Aqua Regia (3:1 HCl/HNO3) before use to remove any 

surface impurities that often result in nucleation on the flask walls. To a refluxing 

aqueous solution of AgNO3 (various concentrations and amounts, as will be discussed in 

Chapter 6) was added a solution of sodium citrate dihydrate (1%) in H2O (5 mL) rapidly 

via syringe. The solution was monitored for color changes and a chromatic series of 

yellow/orange/green was noted as the formation of electrostatically-stabilized silver 

nanoparticles proceeded. Upon reaching an olive green color (30 minutes-1 hour), the 

refluxing was discontinued. The solution was transferred into a bottle for storage or used 

immediately after reaching room temperature. 
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2.4.2. Formation of fractal clusters 

 
 Glass slides were cleaned with piranha solution (30% of a 30% H2O2 solution, 

70% H2SO4), followed by soap, water, and ethanol, and finally brief sonication in acetone 

before use.  Most experiments used these glass slides purified as described; however, in a 

few preparations, further treatment with 3-aminopropyltrimethoxy silane (APS) was used 

to induce stronger nanoparticle adsorption to the functionalized slides. To achieve this, 

clean slides were placed in a solution of 1.25% APS in 95 mL H2O for four hours and 

rinsed thoroughly with water.  

 To induce fractal cluster formation, 15-100 mL of a fumaric acid solution (0.025 

M) was added to 500 mL of a silver colloid solution prepared as described above. The 

amount of fumaric acid was chosen so that cluster formation was clearly observable by 

optical absorption monitoring of the nanoparticles. Precipitated clusters were deposited 

over a period of 3 days up to 3 weeks in a receptacle filled to a height of 2.5 cm with the 

colloid and the glass substrates placed at the bottom. The substrates were removed 

carefully so as to avoid removal of the fractals from the glass. In some cases, a large 

pipette was used to remove a majority of the water before removal of the glass slides.  

The films were left to dry, upon which the fractals were more strongly adsorbed and 

could withstand more stringent washes with water and ethanol.      
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2.5.  Synthesis of Organic Ligands 
 
2.5.1. Synthesis of a disulfide-functionalized biotin derivative 

 
 A disulfide-functionalized biotin derivative was prepared by a known literature 

method, as shown in Figure 2.1.113  Bromoundecanol (5.24 g, 21.0 mmol) was dissolved 

in MeOH (25 mL) and H2O (10 mL) and heated to reflux. Sodium thiosulfate (5.00 g, 

31.6 mmol) was added and refluxing continued for 6 hours. A white powder was 

collected by filtration to yield 10.14 g Bunte salt product (Figure 2.1, A). This product 

(10.14 g, 31.7 mmol) and thiourea (2.50 g, 33 mmol) were combined in aqueous HCl (10 

%, 125 mL). The mixture was set to reflux for 4 hours and cooled to room temperature. A 

white product was collected by filtration; recrystallization from a hexane/chloroform 

solution yielded 2.15 g of undecanol disulfide (Figure 2.1, B). The carboxylic acid group 

of biotin was activated with 1,3-dicyclohexylcarboiimide (DCC).  DCC (1.01 g, 4.92 

mmol) was dissolved in dry DMF (5 mL).  Biotin (0.90 g, 3.96 mmol), 4-(N,N-

dimethylamino)pyridine (DMAP, 45.0 mg, 0.369 mmol), and undecanol disulfide (0.500 

g, 1.23 mmol) were added and stirred at room temperature for 20 hours, then at 50 ºC for 

4 hours. After cooling to room temperature, the product was stirred in CH2Cl2 (10 mL) 

and filtered to remove the excess biotin. The supernatant was reduced in vacuo and 

recrystallized from a methanol/ice-cold water mixture. The final product (Figure 2.1, C) 

was collected by filtration as a white solid which was identical to the literature compound 

by 1H NMR and MS (yield 0.180 g, 16.4 %). 
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Figure 2.1:  Synthesis of a disulfide-functionalized biotin derivative. 

 
 
2.5.2.  Synthesis of a thiol-functionalized viologen 
 
 
 A viologen-functionalized thiol was synthesized according to established 

protocols, as shown in Figure 2.2.114  To a solution of 4,4-dipyridyl (10.0g, 64.0mmol) in 

ether (300 mL) was added methyl trifluoromethanesulfonate (1.26 mL) via syringe 

resulting in the precipitation of a white solid. After 30 minutes, the solid was collected by 

filtration and washed with ether. Recrystallization with CH2Cl2/MeOH was used to 

separate mono-substituted and di-substituted product. The mono-substituted product was 

dissolved in acetone (100 mL) and a solution of LiBr (8.55g, 98.3 mmol) in acetone (100 

mL) was added to obtain a thick, sticky, yellow solid. This was collected on a frit and 

washed with acetone to afford monosubstituted bromide salt (Figure 2.2, A) as a light 

yellow powder. Bromoundecanol thioacetic acid ester 115 was prepared; a mixture of 

potassium thioacetate (1.82g, 15.9 mmol) and 1,11 dibromoundecane (10g, 44.6 mmol) 

was refluxed in ethanol (10 mL) for 2 hours. After solvent removal, the product was 

purified with flash chromatography (20:1 hexane/ether) to separate mono-substituted 

64



(Figure 2.2, B) from di-substituted product. Subsequently, B (3.47 g, 11.2 mmol) was 

added to a solution of A (2.81 g, 11.2 mmol) in DMF (10 mL) and the mixture was 

heated at 120 ºC under an atmosphere of dinitrogen for 36 hours. Addition of acetonitrile 

caused the precipitation of product (Figure 2.2, C) which was collected by filtration as a 

light yellow powder. To a solution of C in dry methanol (20 mL) at 0 ºC under dinitrogen 

was added acetyl chloride (5 mL) via syringe. The mixture was warmed to room 

temperature and purged with dinitrogen for 3 hours. The product (Figure 2.2, D) was 

concentrated in vacuo and collected by filtration as a yellow powder (0.215 g, 75%); 1H 

NMR and MS were in accord with the literature. 
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Figure 2.2:  Synthesis of a thiol -functionalized viologen. 
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2.6.  Synthesis of Functionalized Silver Nanoparticles 
 
2.6.1.  Synthesis of chromophore-coated silver nanoparticles 
 
 
 Synthesis of chromophore 1-coated (Figure 2.3) silver nanoparticles: To a 

solution of silver nitrate (0.117 g, 0.685 mmol) in ethanol (75 mL) at 0 ºC was added a 

solution of chromophore 1 (0.138 g, 0.228 mol) in acetone (100 mL) and CH2Cl2 (5 mL). 

The mixture was stirred for 45 minutes and a saturated sodium borohydride solution in 

ethanol (75 mL) was added dropwise over a four hour period. The mixture was allowed 

to stir for an additional three hours and refrigerated overnight to instigate precipitation of 

the nanoparticles. The product was collected by filtration, and washed with water, 

acetone, and methylene chloride until no fluorescence was detected in the wash-off, and 

dried in vacuo. Yield 0.146 g. Elemental analysis: 41.0 % C, 4.10 % H, 2.88 % N, 3.57 % 

S, 37.51 % Ag. 

 

 Synthesis of chromophore 2-coated (Figure 2.3) silver nanoparticles: To a 

solution of silver nitrate (0.037 g, 0.219 mmol) in ethanol (75 mL) at 0 ºC was added a 

solution of chromophore 2 in acetone (9 mL) and CH2Cl2 (1 mL) in the dark to avoid 

photoreduction of the silver salt. This mixture was stirred for 45 minutes in the absence 

of light after which a saturated sodium borohydride solution in ethanol (50 mL) was 

added dropwise over a 2 hour period. The mixture was allowed to stir for an additional 

four hours and refrigerated overnight to induce precipitation of nanoparticles. The 

product was collected by filtration and washed with acetone until the washings were not 
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fluorescent, followed by further washing with water and drying in vacuo. Yield 0.049 g. 

Elemental analysis: 48.48 % C, 5.28 % H, 3.20 % N, 2.05 % S, 33.53 % Ag.  

 

Figure 2.3:  Thiol-functionalized chromophores. 

 
  

 Fully-coated chromophore 1-coated silver nanoparticles were extracted into 

water by the following method:  A solution of tiopronin (0.136 g, 0.833 mmol) in H2O 

(10 mL) was stirred with a filtered 1,2-dichlorobenzene solution of dye-coated 

nanoparticles (5 mL, dissolved with reflux).  After stirring for 5 days, the water appeared 

to have a slight gray color and was double-filtered with 0.1 µm filters (Whatman). 

 

 Mixed-ligand chromophore-coated nanoparticles were also prepared with both 

chromophore 1 and 2, biotin, and 11-mercaptoundecanoic acid (MUA) utilizing the two-

phase method. 

 

 6:2:1 MUA/ biotin/chromophore 2: To a solution of silver nitrate (0.043 g, 0.252 

mmol) in water (20 mL) was added a solution of TOAB (0.400 g, 0.732 mmol) in toluene 
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(20 mL) and stirred vigorously for 1 hour. A mixture of chromophore 2 (0.081 g, 0.012 

mmol), biotin disulfide (0.009 g, 0.010 mmol disulfide, 0.020 mmol monomer), and 

MUA (0.015 g, 0.067 mmol) was prepared in 1:1 toluene/methylene chloride (6 mL). 

This was added to the biphasic silver salt mixture and the resulting mixture stirred for 15 

minutes after which NaBH4 (0.076 g) in water (20 mL) was added dropwise. This 

mixture was stirred overnight in the dark after which a dark brown color was observed in 

both the toluene and water layers. The combined aqueous and organic layers were 

evaporated until near dryness after which acetone was added to induce precipitation of 

product. The material was collected by filtration and washed with copious amounts of 

water and hexanes. Some of the material appeared soluble in water and passed through 

the filter (fraction A).  This water/hexane filtrate was collected by rotary evaporation and 

stored separately. Because each hexane wash was observed to result in the removal of 

dye, the material on the filter paper (fraction B) was left stirring in hexane overnight and 

re-filtered.  This was washed with hexane and acetone and dried in vacuo.  Fraction B 

was found to be soluble in methylene chloride and 1H NMR analysis revealed TOAB as 

the major component. Fraction A was filtered and washed with methanol and hexane to 

yield a product that was easily solubilized in water or water/ethanol mixtures with slight 

heating and 1H NMR revealed that no TOAB was present.  Absorbance measurements 

revealed the presence of metal nanoparticles in water and fluorescence measurements 

revealed the presence of the fluorescent dye as described in Chapter 5. 
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 2:1:1 chromophore 2/MUA/biotin: The above procedure was repeated with a 

solution of silver nitrate (0.039g, 0.231 mmol) in water (20 mL) and TOAB (0.300 g, 

0.549 mmol) in toluene (20 mL). A mixture of chromophore 2 (0.011 g, 0.016 mmol), 

biotin disulfide (0.008 g, 0.009 mmol disulfide, 0.018 mmol monomer) and MUA (0.007 

g, 0.033 mmol) was prepared in toluene (5 mL) and CH2Cl2 (2mL). This was added to the 

biphasic silver salt mixture and stirred for 20 minutes before addition of NaBH4 (0.100 g, 

2.65 mmol) in water (20 mL) dropwise at 0 ºC. The mixture was stirred overnight in the 

dark. A dark brown color was observed in both the toluene and water layers and the 

combined mixture was evaporated until near dryness after which acetone was added to 

induce precipitation. The product was collected by filtration and washed with large 

amounts of water, acetone, and CH2Cl2 and dried in vacuo. The product was dissolved in 

water (3 mL) and methanol (200 µL) methanol, concentrated in vacuo and stored in 

solution due to the small amount of collected material. 

 

 3:1:1 chromophore 1/MUA/biotin: The above reaction was repeated with 

chromophore 1.  A solution silver nitrate (0.088 g, 0.517 mmol) in water (30 mL) was 

added to a solution of TOAB (0.470 g, 0.860 mmol) in toluene (30 mL) and stirred 

vigorously for 1 hour.  A solution of chromophore 1 (0.018 g, 0.031 mmol), MUA (0.023 

g, 0.103 mmol) and biotin disulfide (0.010 g, 0.012 mmol disulfide, 0.024 mmol 

monomer) in toluene (5 mL) and CHCl3 (3 mL) was added to the biphasic silver salt 

mixture with vigorous stirring over 20 minutes at 0ºC. A solution of NaBH4 (0.120 mg) 

in water (30 mL) water was added dropwise to the solution and the mixture stirred 
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overnight. The resulting mixture was concentrated in vacuo and the product was 

precipitated with acetone. This was collected by filtration and washed with acetone and 

CH2Cl2 until the washings were colorless. The solid was left to sit in acetone for a few 

hours and filtered again to ensure complete removal of the free dye and TOAB.  This 

resulting material was dried and stored as a brown powder which displayed significant 

solubility in water. 

  

2.6.2.  Formation of nanoparticle-supported charge-transfer complexes 

  
 Nanoparticles were made with donor-acceptor ligands for formation of charge-

transfer (CT) complexes on the surface. Two methods were used, namely ligand place-

exchange reactions, and synthesis with ligand mixtures. 

 

 Place-exchange of 8-carbazol-9-yl-octanethiol onto a pre-formed chromophore 

1-coated nanoparticle:  To a solution of 8-carbazol-9-yl-octanethiol (0.255 g, 0.819 

mmol) in 1,2-dichlorobenzene (25 mL) was added a solution of chromophore 1-coated 

nanoparticles, prepeared by refluxing the material in 1,2-dichlorobenzene (70 mL) and 

filtration through a 0.10 µm filter. The mixture was stirred for 10 days and concentrated 

in vacuo, which required heating to ~80 ºC. The mixture was washed with acetone, to 

extract excess 8-carbazol-9-yl-octanethiol, displaced chromophore 1, and the mixed-

ligand functionalized nanoparticles.  In order to separate the free thiols from the 

nanoparticles, an organic-soluble silver salt (AgBF4, 0.435 g) was added to an acetonitrile 

solution of the mixture to form an insoluble silver thiolate polymer. This mixture was 
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stirred for 30 minutes in the dark and filtered. The acetonitrile solution was reduced in 

vacuo and the resultant method dissolved in hot 1,2-dichlorobenzene, to which water was 

added in a separatory funnel to extract excess silver salt. The final product was stored in 

1,2-dichlorobenzene. 

  

 Charge-transfer nanoparticles prepared with ligand mixtures: Three silver 

nanoparticle syntheses were conducted with varying ratios of donor/acceptor/silver.  In 

the first, to a solution of silver nitrate (0.350 g, 2.06 mmol) in ethanol (90 mL) was added 

a solution of 12-carbazol-9-yl-dodecylthiol (0.224 g, 0.611 mmol) and chromophore 1 

(0.004 g, 0.007 mmol) in CH2Cl2 (10 mL) at 0 oC. After stirring for 45 minutes, a 

solution of sodium borohydride (75 mL, 5.84 mmol) in ethanol (30 mL) was added 

drowise over a 4 hour period to yield a dark brown solution which was stirred overnight. 

After settling, the product was collected by filtration and washed with acetone until no 

color was eluted, followed by washing with water. The product was dried and stored in 

an amber vial. Yield 0.335 g. Elemental analysis 37.72 % C, 4.06 % H, 4.09 % S, 1.82 % 

N, 52.46 % Ag.   

 

 A similar preparation used silver nitrate (0.081 g) in ethanol (50 mL), to which a 

solution of chromophore 1 (0.006 g, 0.0093 mmol) and 12-carbazol-9-yl-dodecylthiol 

(0.122 g, 0.332 mmol) in acetone (10 mL) and CH2Cl2 (10 mL) was added. To this, a 

solution of sodium borohydride (0.051 g, 1.35 mmol) in ethanol (50 mL) was added 

dropwise over a 1.5 hour period. After settling, collection by filtration, washing with 
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acetone and water and drying in vacuo, the solid was collected and stored in an amber 

vial. Yield 0.120 g. Elemental analysis 54.64 % C, 6.39 % H, 2.96 % S, 6.04 % N, 28.16 

% Ag. 

            

 In a third preparation, to a solution of silver nitrate (0.175 g, 1.03 mmol) in 

ethanol (100 mL) was added chromophore 1 (0.001 g, 0.0017 mmol) and 12-carbazol-9-

yl-dodecylthiol (0.113 g, 0.305 mmol) in acetone (5 mL) and CH2Cl2 (5 mL). A solution 

of sodium borohydride (0.190 g, 5.04 mmol) in ethanol (50 mL) was added dropwise 

over a 2.5 hour period. After settling, collection by filtration, washing with acetone and 

water and drying in vacuo, the solid was collected and stored in an amber vial. Yield 

0.184 g. Elemental analysis 38.60 % C, 4.32 % H, 4.32 % S, 1.96 % N, 49.07 % Ag. 

 

 Viologenthiol and carbazolethiol CT complexes were also prepared via place 

exchange:  A 1:1 mixture of both thiolated ligands (36 mg, 0.1 mmol carbazolethiol, 50 

mg, 0.1 mmol viologenthiol) was prepared in 10 mL methanol.  A suspension of 

dodecylthiol-coated particles (20mg, soluble portion) was prepared in ethanol.  To this 

was added the thiolated charge-transfer complex solution and stirred for a 12 hour period.  

The particles were allowed to precipitate at -20ºC and collected by filtration.  Washing 

briefly with water, then extensively with ethanol and hexane successively removed 

unbound ligands, as determined by 1H NMR.      
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2.7.  Characterization and Analysis 

 
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

were performed using a Shimadzu DSC/TGA 50, which is connected to a personal 

computer via a Shimadzu TA 50 thermal analyzer, or with a DSC, both under a nitrogen-

purged atmosphere.   

Gas chromatography-mass spectrometry (GC-MS) was performed using a JP 

6890 gas chromatograph equipped with a mass selective detector HP 5973.    

Elemental analysis was performed either by Atlantic Microlab, Inc., Norcross, GA 

or by Desert Analytics Laboratory, Tucson, AZ. 

 High resolution mass spectrometry was performed by the Department of 

Chemistry, University of Arizona, Tucson, AZ (grant number NSF CHE- 9601809) or by 

the Department of Chemistry and Biochemistry, Georgia Institute of Technology, 

Atlanta, GA.  

 TEM was performed using a Hitachi 8100S (University of Arizona) or a JEOL 

100CX II (Georgia Institute of Technology). The samples were cast on Si3N4 grids 

purchased from SPI, West Chester, PA, USA or on lacey carbon mesh grids (Ted Pella).  

Size analyses were conducted on at least 50 particles (although usually over 100 were 

selected) utilizing ImageJ or NIH image software.  Selected-area electron diffraction 

(SAED) was also performed on these instruments.  Electron nanodiffraction 

measurements were performed at Arizona State University (Tempe, AZ) by John M. 

Cowley utilizing electron beams with 100 keV in an HB-5 scanning transmission electron 

microscopy (STEM) instrument from VG Microscopes, Ltd. for convenient observation 
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and recording capabilities of nanodiffraction patterns.116 In these experiments, the 

electron beam is focused onto the specimen to form a cross-over diameter as small as 0.3 

nm.  The convergent-beam diffraction pattern formed on a fluorescent screen is viewed 

by a television camera and recorded with a videocassette recorder (VCR), which may be 

record at a rate of 30 images per second.  This allows for imaging as the beam scans 

across the specimen, which was deposited on lacey carbon grids. 

1H NMR spectra were recorded on a Bruker AM-250 MHz, a Varian Unity Plus-

500, a Bruker AMX 400, or a NMR spectrometer.  Deuterated solvents containing TMS 

as an internal standard were used. 

Electrochemical measurements were performed at room temperature using a BAS 

potentiostat with a glassy-carbon working electrode supported by platinum wire auxiliary 

and AgCl/Ag pseudo-reference electrodes. Measurements were made on deoxygenated 

solutions ca. 5 x 10-4 M in sample and 0.1 M in [nBu4N]+[PF6]– as supporting electrolyte. 

Solvents (CH2Cl2, MeOH) were freshly distilled before use. Potentials were referenced to 

the ferrocenium/ferrocene couple at 0.00 V by addition of either ferrocene or 

decamethylferrocene to the cell (for each measurement using decamethylferrocene this 

was referenced to internal ferrocene in a separate experiment). The reversibility of the 

redox couple was judged by comparison with the behavior of the ferrocenium/feroocene 

couple under the same conditions. Experimental parameters used: CV scan rate 50 mv s-1; 

SWV scan rate 10 mV s-1, pulse amplitude = 50 mV, step height 6 mV, pulse period 20 

ms; DPV scan rate 10 mV s-1, sample width = 17 ms, pulse amplitude = 40 mV, pulse 

width = 50 ms, pulse period = 200 ms. 
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Fourier transform infrared spectroscopy (FTIR) measurements were performed on 

a Perkin Elmer FTIR.  Solid samples were prepared by filming a fresh hexane solution of 

nanoparticles onto KBr plates or by pressing a fresh KBr pellets with nanoparticle 

powder.  Solution samples were prepared by injection between two KBr plates that were 

sealed to prevent evaporation. 

 X-ray diffraction experiments were performed on film and powder samples, in 

both reflection and transmission geometries, using a Scintag X1 Advanced Diffraction 

System (Georgia Institute of Technology) and a Philips X'Pert Pro MPD (University of 

Arizona) respectively; both machines employ CuKα radiation (λ = 1.54056 Å). Film 

samples were prepared on flat substrates by air-drying concentrated solutions of 

nanoparticles in hexane at ambient conditions.  Measurements of these films in the 

reflection geometry were performed on samples deposited on glass or on a specially-

prepared miscut (5 degrees) single-crystalline Si111 wafer.  Miscutting was necessary to 

prevent the appearance of intense diffraction peaks due to Si lattice in the large-angle 

region.  Powder samples were ground and spread onto an aluminum plate (1x1cm).  In 

most cases, the plate was completely covered and reasonably topographically smooth.  

Typical data sets spanned angular range from 2θ = 1o to ~2-60º, where θ is the angle of 

incidence.  Temperature-controlled XRD measurements were conducted on a copper 

plate, where adhesion of powder samples was achieved by a thin layer of vacuum grease.  

All powder samples were doped with a small amount of silicon powder, used as an 

internal standard.            
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 XPS measurements were performed by K. Nebesney at the LESSA facility 

(Department of Chemistry, University of Arizona) with a Kratos 165 Ultra.  

  

2.8.  Optical Studies of Nanoparticle Solutions and Films 

2.8.1. One-photon absorption studies 
 
  
 Linear optical measurements were obtained using a Hewlett Packard diode array 

spectrophotometer, a Varian CARY 5, or a Lambda 9.  The Hewlett Packard UV/visible 

spectrophotometer is a single beam instrument that requires a solvent background 

correction before the sample spectrum is taken.  This operates at a wavelength range of 

190-1100nm. Both the Varian 500 and Perkin Elmer Lambda 9 are double-beam 

UV/visible/NIR instruments for which solvent correction occurs as the sample 

absorbance is measured.   These have an operation range of 175-3300 nm.  Molar 

extinction coefficients were measured according to Beer’s Law: 

A(λ) = ε(λ)bc      (2.1) 

Where A is the wavelength dependent absorption, ε is the wavelength-dependent 

extinction coefficient, b is the path length of the cell, and c is the concentration of the 

solution.  Measurements of 5 serial dilutions were taken in quartz cuvettes of 1.0 or 0.1 

cm path length. 

 Nanoparticle solutions were generally filtered with a 0.1 µm or a 0.02 µm filter 

(Whatman) before performing optical studies, unless otherwise noted.  Solubility 

measurements of silver nanoparticles were performed by utilizing the optical density of 
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the nanoparticle solutions.  Solutions of each nanoparticle of interest were prepared with 

known concentrations in which the particles visually appear solubilized.  The solutions 

were sonicated for 30 minutes and stirred for 24 hours before measurements.  From these 

solutions, a Beer’s Law plot was used to calculate an extinction coefficient.  This plot 

functioned to serve two purposes.  First, by noting the degree of linearity of the plot, the 

solutions can be determined to contain mostly dissolved nanoparticles, versus suspended 

nanoparticles which will cause a deviation from Beer’s Law.  Second, the extinction 

coefficient determined was used to determine solubility limits.   Saturated solutions were 

made by stirring and sonicating solutions for one day.  The filtered solutions were diluted 

appropriately to place them in the linear regime of UV/Vis (A<2.0).  From this, the 

concentration and hence the solubility can be determined.  Similar measurements have 

been performed for C60 in THF.117  

    

2.8.2. Fluorescence measurements 

 
 A Horiba JobinYvon Spex Fluorolog-3 was used for both fluorescence and 

excitation spectra measurements.  The light source is a 150 W xenon lamp, which is 

capable of providing excitation from 200-600 nm.  The slits on the monochromators 

(excitation and emission) were chosen for each separate experiment to obtain signals less 

than ~6 x 106 in intensity, after which saturation of the detectors resulted.  A double 

grating installed on the emission monochromator allows for greater rejection of scattered 

light.  The photomultiplier tube (PMT, R928) detector is sensitive in the range of 250-850 

nm. A choice between conventional right-angle emission collection or front-face viewing, 

77



with a 22.5º angle between the incoming and collected light to reduce scatter, is possible.  

The former was used for solutions in quartz cuvettes, the latter for solid films held by a 

clipped accessory.  The wavelength-dependent detection sensitivity of both emission and 

excitation monochromators, along with variations of lamp intensity were measured and 

incorporated into a correction factor, which were used for correction of each spectrum 

measured.    Also, all of the spectra collected were corrected for a blank spectrum of the 

solvent.  The absorbance at the excitation wavelength was kept at approximately 0.02 to 

avoid the possibility of re-absorption.   

 Fluorescence quantum yields were measured from these dilute solutions and 

compared to standards with established quantum yield values.  Quantum yields are 

defined as the ratio of emitted photons/absorbed photons, with a theoretical limit that 

approaches 1.  Quantum yields are defined by the following expression: 

ηS  =  ηR ·     (2.2) 

 

Where λ is the excitation wavelength, R is the reference, S is the sample, η is the 

refractive index of particular solvents, and ∫ Fdλ is the integrated intensity of the full 

fluorescence band. The ratio of refractive indices is an established empirical value.  In all 

cases, the excitation wavelength and slit width remained constant for the sample and 

reference compounds to avoid the need for correction of the lamp signal and detector 

sensitivity at differing wavelengths.  Excitation wavelengths of the fluorophores were 

necessarily chosen to be blue-shifted from the fluorescence band by at least 10 nm so as 

 A(λex)R   ∫ FSdλ   nS
2 

 A(λex)S    ∫ FRdλ  nR
2 
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to collect the full spectrum.  The references used were chosen per experimental needs and 

are mentioned in the text.   

 Temperature-controlled fluorescence measurements were also conducted.  A 

home-built heater (S. Kuebler, S.J.K. Pond), which was controlled via a thermocouple 

and an aluminum jacket with an accuracy of 1 ºC and a measuring range of room 

temperature to ~80 ºC was used.  Two open windows allowed for insertion of a typical 1 

cm quartz cuvette and measurements via standard right angle geometry.       

 

2.8.3.  Fluorescence lifetime measurements 

 
 Fluorescence lifetimes were measured via time-correlated single photon 

counting (TCSPC).118  The measurements utilized a mode-locked Nd:YAG laser 

(Quantronix model 416, 76 MHz repetition rate, 1064 nm, 10 W, pulse width <100 ps), 

which pumped a cavity-dumped dye laser (Coherent 702, 3.76 MHz repetition rate, ~5 ps 

pulse width) containing Rhodamine 6G in ethylene glycol as the lasing medium.  The 

laser is tunable from 560 – 620 nm, which was used either directly or after frequency 

doubling.  The frequency doubling crystal used was potassium dihydrogen phosphate 

(KDP), which was coupled with a short-pass filter.  The dye laser output was 

characterized by reflecting a small fraction of the beam with a glass slide to a 

monochromator (wavelength determination) and autocorrelator (temporal weak width).  

The beam passes through a half-wave plate and polarizer (s-polarizer) and weakly 

focused onto the solution.  Emission is collected at a right angle to the excitation by a 

lens (f/1.5) and collimated before passing through a thing film polarizer at the magic 
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angle of 54.7º to remove anisotropy effects from the data.  Then, the signal is passed 

through a second monochromator (ISA, Inc.) for emission wavelength selection and 

finally reaches the multichannel plate photomultiplier tube (PMT, Hamamatsu 1546U-

01).  Instrument response time (t = 85-100 ps) was determined by measurement of 

scattered light from an aqueous suspension of TiO2 nanoparticles, which was set at t = 0 

for further measurements.  A time-to-amplitude converter (TAC, Ortec 457), which is 

coupled to a constant fraction discriminator (CFD, Tennelec TC455) for noise rejection 

and a pulse height analyzer (MCA, Ortec-Norland 5600) for photon counting, is used to 

measure a fluorescence intensity decay curve.  From this, a curve fit is used to determine 

the lifetime of the emitting specie(s).  The goodness of fit is judged according to a 

parameter χ2, the difference between experimental and calculated data points divided by 

the standard deviation of each point and finally a sum over all of the data.   
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Figure 2.4:  TCSPC layout: M-mirror, BS-beam splitter, L-lens, BD-beam dump, PD-photodiode, 
WP-half wave plate, P-polarizer, S-sample, F-filter, KDP-frequency doubling crystal, POL-magic 
angle polarizer (54.7º), PMT-photomultiplier tube, Mc-monochromator. 

 

2.8.4.  Two-photon fluorescence measurements 

 
 Two-photon absorption (TPA) is a third-order nonlinear optical process in which 

two photons are absorbed simultaneously, such that the energy is the sum of the energies 

of the photons, E = nν1 + hν2. After rapid relaxation to the lowest excited state (S1), 

radiative decay occurs, as predicted by Kasha’s rule which states emission typically 

results from S1.  Two-photon-induced fluorescence (TPF) measurements were used in 

this work to measure TPA.  This technique, which necessitates fluorescent molecules to 

measure two-photon excitation spectra, was conducted using a cw mode-locked 
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Ti:sapphire laser (Spectra-Physics Millenia/Tsunami combination) with ~100 fs pulses at 

a repetition rate of 82 MHz, a wavelength tunable over the range of 710-1050 nm, a 

bandwidth of 10 nm and an average power up to ~500 mW.  The stability of this laser 

allows for sequential measurement of sample and reference in a single arm setup.  The 

beam was initially expanded to a diameter of ~1 cm and then focused using a 76 mm 

focal length lens into a 1 cm path length cell power with the power kept below 100 mW 

using either a half waveplate or neutral density filters before irradiating the sample in a 

quartz cuvette.  The concentration is typically kept at 1-10 µM.  The fluorescence is 

collected in a right angle geometry by a monochromator (Jarrell-Ash, 8 nm bandwidth), 

with short pass filters to eliminate scattered laser light.  A PMT operating in single 

photon counting mode counts the incident photons, which are multiplied and averaged 

over 60 seconds, as seen in Figure 2.5.   
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Figure 2.5: TPF measurement layouts for film (left) and solution (right) measurements.  PMT-
photomultiplier tube, BD-beam dump, Mc-monochromator, L-lens, SWP-short-wave pass filters, M-
mirror, S-sample, AMP-amplifier. 

 
 TPA cross sections are reported in units of GM (10-50 cm4 s photon-1 molecule-

1).  For the measurement of the relative TPA cross-section, the fluorescence signal was 

obtained from two-photon excitation of an unknown and two reference molecules at the 

same conditions.  The detected fluorescence intensity corresponds to the product of both 

the fluorescence quantum yield, η and the two-photon cross-section, δ.  To obtain 

absolute δ values, the intensity is divided by the fluorescence quantum yield.  During 

measurements, a periodic check for dependence of the signal on I2 was utilized to 

determine that the measurements were indeed a result of two-photon excitation.  The two-
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photon absorption cross-section can be calculated at each wavelength according to the 

following relationship: 

 

   δS  =  δR ·      (2.3) 

 

 Where F is the detected two-photon induced fluorescence signal, C is the 

concentration of the chromophore, and φ is the collection efficiency, which cancels upon 

performing measurements against a reference at the same conditions.  The references 

used in this work are coumarin 307 in methanol, fluorescein in pH 11 water, and BMSB 

in toluene, for which the two-photon spectra have been measured by an absolute method.  

For pure two-photon absorption processes, δ should be independent of temporal pulse 

width, though deviations are possible due to higher-order processes, such as excited-state 

absorption.  These processes are more probable with ns pulses and can be considered 

negligible with fs pulses.   

 For comparable measurements of the two-photon excitation spectrum of 

nanoparticle solutions and the free choromophore solutions were made of known 

concentrations of the chromophore and the nanoparticle solution were adjusted to have 

the same OD at the peak (~430 nm).     

 

 TPF measurements on films were performed using the collimated ~3 mm 

diameter beam, at incident angles between 0º and 45º, and collecting the emission at an 

angle between 60º and 90º to the incident beam to avoid specular reflection of the 

FS ηR θR CR 

FR ηS θS CS 
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incident beam.  The emission was analyzed using a spectrograph (SpectraPro 150, Acton 

Research Corp.) with liquid nitrogen-cooled CCD detection (Princeton Instruments 

LN/CCD-1100-PB). 

 

2.8.5.  Transient absorption measurements 

 

 Transient absorption measurements were performed with a pulsed white light 

source (xenon arc lamp) operated at 120W as the probe and a Q-switched ND:YAG as 

the pump source with 8 ns pulses (10Hz) frequency doubled to 532 nm or tripled to 355 

nm.  The laser light is passed through a half wave plate for intensity control and a 

polarizer to obtain linearly polarized light.  After passing through a lens for weak 

focusing, the sample in a quartz cuvette is irradiated.  The zero-time is determined by the 

fluorescence of the sample.  The change in optical density over time is measured and the 

lifetime of the transient absorbing species is determined by fitting to an exponential 

curve, according to the following expression: 

    Y = MoeM1X    (2.4) 

 where 1/M1 is the lifetime of the transient species.  See Figure 2.6. 
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Figure 2.6:  Transient absorption (pump-probe) spectroscopy optical layout.  SH-shutter, PD-
photodiode, WP-waveplate, PZ-polarizer, M-mirror, D-diaphragm, CM-concave mirror, BD-beam 
dump, SP-ICCD-intensified charge coupled device, L-lens, SP-spectrograph. 

 
 
2.9.  Metal Microfabrication 
 
 

Films were prepared by solvent evaporation under an atmosphere that was 

saturated with the solvent vapor. Microscope glass slides (75x25 mm2) were cleaned by 

sonication in water, ethanol, and acetone and then rinsed with isopropanol.  Silver 

microfabrication:  Films were formed by dissolving 60 mg of PVK, 30 mg of N-

ethylcarbazole, 3 mg of chromophore 3 (Figure 2.7), up to 0.3 mg (depending on 

solubility) of silver nanoparticles, and 6 mg of AgBF4 in 2 mL of CHCl3.  These 

conditions were optimized previously by F. Stellacci. 
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Copper microfabrication: Films were prepared with 60 mg PMMA, 3 mg of 

chromophore 3, 1.1 mg copper nanoparticles, and 5 mg iodo trimethyl copper(I) 

phosphite in CHCl3.    

Two-photon writing experiments were performed using a femtosecond mode-

locked Ti:sapphire laser (Spectra Physics, Tsunami) pumped by a diode-pumped YVO4 

laser (Spectra Physics, Millennia). The average pulse length of the laser was 120 fs, and 

the repetition rate was 82 MHz. The excitation wavelength used was 760 nm in all cases. 

The film samples were mounted on a micropositioner (Sutter MP-285). The laser beam 

was focused on the sample using an inverted microscope (Nikon, Eclipse TE300) with a 

computer controlled micropositioner and shutter (Newport 846HP). The combination of 

the micropositioner movements and the opening/closing of the shutter were synchronized 

to allow patterned exposures and metallic structures to be written in the sample.  

Microfabricated structures were imaged in situ using two-photon scanning laser 

microscopy (Biorad MRC-1024 scanner/controller). 

 

Figure 2.7:  Chromophore 3 used as the sensitizer for metal microfabrication. 
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2.10. Tetramethylrhodamine-Labeled DNA on Metallic Surfaces 

 
 Short-chain single-stranded DNA consisting of 15-base pairs was used in this 

study and attached to metal surfaces via thiolate linkages (HS-ssDNA).  The thiol was 

attached to the 3’ position of DNA with the following sequence: 3’-HS-5’.  Other short-

chain, water-soluble thiolates (3-mercaptopropionic acid, 6-mercaptohexanol) were co-

adsorbed in some cases for “spacing-out” HS-ssDNA.  Afterwards, complementary 

strands of tetramethyl rhodamine (TAMRA)-labeled DNA were hybridized onto these 

functionalized surfaces.  Both 3’ and 5’-dye labels were used for altering the proximity of 

the chromophore to the metal surfaces.  Planar substrates were used for diagnostics and 

optimization, and fractal surfaces were coated for fluorescence enhancements of dye-

labeled DNA.       

Planar surfaces: Gold films were prepared by cleaning for 30 minutes in a piranha 

solution for removal of organic impurities from the surface and rinsing extensively with 

water.  Thiolated oligonucleotides were adsorbed to silver surfaces or gold foil by 

soaking the freshly cleaned metal in a 0.5-1 µM buffer solution of the HS-ssDNA.  The 

buffer, phosphate buffer system (PBS), consisted of 10mM phosphate buffer (NaH2PO4, 

Na2HPO4) at a pH of 7.4, 2.7 mM KCl, and 150 mM NaCl.  Fine-tuning of pH was 

achieved by dropwise addition of 1 M NaOH or 1 M HCl. Mixed monolayer surfaces of 

HS-ssDNA and short chain thiols were prepared by immersing the HS-ssDNA solution 

for 2-4 hours, followed by 30 minute exposure to a 2.0 mM aqueous solution of the 

corresponding thiol (spacer thiol).  After a thorough wash with water and buffer to 

remove excess thiol, the metal substrates were exposed to the complementary TAMRA-
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ssDNA in PBS for hybridization overnight.  Desorption of the complementary strand was 

accomplished by exposing the functionalized surfaces to basic conditions (pH = 11.7)119 

or to heat.  These conditions were applied with concomitant fluorescence measurements, 

whereby the fluorimeter was set to measure fluorescence intensity at a particular 

wavelength versus time.  At certain times, incremental alterations in pH or temperature 

were made to determine an adsorption isotherm.  

 Fractals were prepared as described previously and similar conditions were used 

for functionalization of these rough metal surfaces.  Three to five separate areas of the 

same fractal film were exposed to varying conditions by dropping buffer solutions (~300-

500 µL) of ssDNA onto isolated sections, which were approximately circular with at least 

a 1 cm diameter.  As the surfaces are hydrophobic, large contact angles allowed for easy 

separation of droplets.  Likewise, further addition of dye-labeled complementary ssDNA 

strands or thiolated spacers remained in the previously exposed portions.  To avoid 

evaporation, the films were kept in a moist environment.  For two-photon measurements 

on DNA-labeled fractal films, the spots were irradiated individually and measurements 

were conducted as described previously. 
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CHAPTER 3:  STRUCTURE AND THERMODYNAMICS OF THIOL-
PROTECTED METAL NANOPARTICLES, NANOPARTICLE 

ASSEMBLIES, AND METAL THIOLATES 
 

 
3.1.  Introduction 
 
 
3.1.1. Nanoparticles, self-assembled monolayers, and noble metal thiolates 
 

 
Two-dimensional self-assembled monolayers (SAMs) of alkylthiols on metals 

have been investigated extensively for over a decade as a means to functionalize metal 

surfaces in a controllable manner.37 If one considers these SAMs as a two dimensional 

array of metal atoms and alkylthiol groups, two simple analogues of these systems may 

be envisioned. One extreme is a metal (I) alkythiolate salt, essentially a self-assembled 

bilayer consisting of units of metal and alkylthiols in a 1:1 ratio with a layered ligand-

metal-ligand arrangement.  These layered compounds represent the upper limit of the 

metal/alkylthiol surface-to-volume ratio for assembled metal/alkylthiol systems.42  The 

other extreme is a three-dimensional self-assembled monolayer, represented by an 

alkylthiol-capped metal nanoparticle.  The structure of ligand-functionalized metal 

nanoparticles and their resultant self-assemblies have been investigated extensively and 

these coatings are often viewed using 2D SAMs as models.120 A significant difference 

between 2D and 3D SAMs is the surface curvature, which results in the formation of 

facets and potentially surface defects in the 3D case.  Alkylthiol coated-nanoparticles 

offer the distinct property of solubility in organic solvents that the 2D and layered 

systems do not.  This solubilization has opened the possibility of utilizing for coated 

nanoparticles many of the common techniques for characterization of materials, such as 
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solution NMR spectroscopy, electrochemistry and electronic spectroscopy.  The structure 

and thermodynamic properties of individual alkylthiol-coated noble metal nanoparticles 

and their assemblies is the focus of this Chapter. 

Noble metal (I) thiolates (M-SR, M = Au, Ag, Cu, R = alkyl) vary in structure and 

thermodynamic properties depending on the metal, but all may serve as precursors to 

metal nanoparticles in many solution-based syntheses, as will be described in this 

dissertation.  Uses of gold (I) thiolates include decorative finishes to ceramics and 

medicine for the treatment of rheumatoid arthritis.121,122  Gold (I) thiolates are similar to 

their silver counterparts in that both are highly insoluble materials with repeating layered 

structures.  However, the arrangement of the bonds in the backbone for gold thiolates 

results in a material that has different thermodynamic properties compared to their silver 

analogs.  Straight chain Au (I) alkylthiolates are generally insoluble in most solvents, 

although those with ligands derived from cyclohexanethiolate display limited solubility 

due to the disorder induced by these bulky groups.122 Au (I) alkylthiolates have been 

shown by Mössbauer spectroscopy to exhibit a linear coordination of the gold ions by 

two sulfurs, with a polymeric 1-D chain structure, as shown in Figure 3.1.  
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Figure 3.1: Structure of polymeric gold(I) thiolate showing linear coordination. 
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Generally, studies on gold (I) thiolates are sparse, in contrast to silver thiolates 

which are well described in the literature. This may be ascribed, in part, to the interest in 

Ag (I) thiolates as highly ordered layered materials;  the alkyl chains in silver thiolate 

structures commonly show an exceptional degree of order, even more so than in the 

standard for chain order: polyethylene.42  Several methods have been utilized for 

synthesis of these compounds, all of which result in a precise 1:1 stoichiometry of silver 

to thiolate, although the degree of long-range alkyl-chain ordering is variable.42,123-125  

With a variety of techniques that will be outlined below and throughout the text, these 

materials have been shown to adopt a highly ordered bilayer structure, with the alkyl 

chains exclusively in the all-trans conformation at room temperature. Scanning electron 

microscopy (SEM) shows that the bulk Ag (I) thiolate material forms lamellar particles 

that range in size from 1-100 µm.42 The typical layered structure of Ag thiolates is shown 

schematically in Figure 3.2. 

 

 
Figure 3.2:  Schematic of silver alkylthiolate networks in perpendicular view (left) and top view 
(right) of the quasi-hexagonal silver-sulfur lattice with alkyl chains extending above and below the 
plane.  Dark circles represent silver atoms, light circles represent sulfur atoms.  Adapted from 
reference 5. 

 
  These materials show alkyl chain order that is comparable in the bulk to 

crystalline alkanes and is higher than, but comparable to, that observed for thiolate-
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capped nanoparticles.  Structural models proposed for the layered compounds involve a 

trigonal (µ3) coordination of Ag by S atoms that forms a strongly coupled quasi-

hexagonal 2D lattice, with alkyl chains extending perpendicularly on either side.124,126 

The same model has also been proposed for copper alkylthiolates.42  In these structures, 

the silver-silver atom distance is found to be 2.9Ǻ, the same as in bulk silver, though this 

is considered purely coincidental; strong metal-metal bonds exist in bulk silver while the 

structure of Ag thiolates is presumably determined by a balance between silver-sulfur 

attraction and repulsive interactions between neighboring silver ions, with no direct 

metal-metal bonding.  Because 2D SAMs and layered compounds have the same alkyl tilt 

angle (~13º), they most likely have similar alkyl chain packing density.  It is possible that 

similar bilayers may form on Ag SAMs.  In fact, it has been noted that thiols can degrade 

silver under extended exposure times,127 presumably forming silver thiolate materials.     

The arrangement of the Ag-S backbone keeps the thiol alkyl chains highly 

ordered by forcing them to reside in a tightly confined space.  This, along with the 

anchoring of the chain ends, is manifested in the melting transition of the alkyl chains 

which occurs at an unusually high temperature (128 ºC). This melting is proposed to be a 

result of a complete restructuring of the Ag-S lattice from trigonal to linear.124  This 

change in bonding arrangement from a µ3 to µ2 bond arrangement results in a structural 

change from a lamellar to micellar  structure, a solid to liquid crystal transition.125  The 

material above this transition temperature is a phase with liquid-like structrue of the alkyl 

chains; a true liquid phase appears above 180 ºC and is accompanied by decomposition.  

These thiolate compounds behave differently from phospholipids and similar bilayer 

93



materials, with the difference due in part to the strong pinning of the alkylthiolates to the 

backbone and the Ag-S structural rearrangement needed to “open-up” space for chain 

motion.  Silver thiolates, in which the alkyl group is more sterically demanding, such as 

cyclohexanethiolate, display partial solubility in organic solvents, presumably due to 

more significant alkyl chain disorder.  The bulk of the cyclohexane is sufficient to disturb 

the silver-sulfide lattice bonding and this may lower the energy needed to disrupt the 

layer in going to a solvated state.  Single crystals of these materials have been obtained 

and shown to display a mixture of µ3 and µ2 bonding.128 

The structure of silver thiolates and silver SAMs are very similar in terms of 

atomic position and alkyl chain tilt angle.  SAMs on Ag are incommensurate with the 

underlying lattice,129 and the high order and thermodynamic stability of silver thiolates 

has been suggested as a driving force for a surface restructuring. Upon adsorption of 

alkylthiols the atoms of the outermost silver layer reorganize to a structure similar to that 

found for silver thiolates,42 resulting in a distorted (√7x√7)R10.9º lattice.129  Van der 

Waals interactions between long-chain alkyl groups contribute to the restructuring of the 

underlying Ag-Ag bonds that are weakened as a result of a strong ionic character of the 

S-Ag bonds.  Large differences between alkylthiol SAMs on Au (111) and Ag (111) are 

observed and attributed to interplay of chemisorption and chain-chain interactions and to 

the fact that silver is more electropositive than gold,130 with both MI/M0 reduction 

potential and workfunction around 1.0 eV lower than their respective values for gold.  

Gas phase first ionization energies are as follows for gold and silver: 890 kJ/mole and 

731 kJ/mole, respectively.  In contrast to SAMs on gold, the alkylthiols on silver all 
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remain the same distance from the surface to maximize lateral packing, with a S-S 

distance of 4.6 Å.  Gold SAMs have a (√3x√3)R30º commensurate lattice, which is ~20% 

less densely packed than the corresponding silver SAMs.37  See Figure 3.3 for schematic 

structures of silver and gold SAMs.  The lower kinetic and thermodynamic stability of 

SAMs on gold versus those on silver has been attributed to relativistic effects, which 

cause the gold-sulfur bond to have greater covalent character. However, the exact nature 

of the binding mechanism in both metals remains highly controversial, as the oxidation 

state of the metal at the surface is essentially unknown. 37,131 

 

Figure 3.3   Schematic structures of planar SAMs on (111) surfaces.  Dark circles represent metal 
atoms, light circles represent sulfur atoms, black lines represent alkyl chains extending above the 
surface with a black circle as the terminal methyl group.   A gold (√3x√3)R30º surface is shown from 
a top-view(A).  A silver (√7x√7)R10.9º surface is shown from a top-view (B) and a side view (C), 
where smaller light circles are those in the hollow sites and larger light circles represent on-top 
binding sites. 
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The thermodynamics of SAMs on planar gold surfaces have been probed by 

variable temperature electrochemical measurements.  It was shown that as the 

temperature is raised, a gradual growth of the population of disordered alkyl chains 

occurs up to a final transition temperature, after which the chains are in a liquid-like, 

disordered state.132    The temperature and energetics of these transitions depend on chain 

length.  They are analogous to phase transitions detected for lipid bilayers but are 

broader; this is due to the fact that the sulfur headgroup is covalently bonded to the gold, 

restricting a cooperative transition.  A similar trend has also been observed for gold 

alkylthiol capped-nanoparticles. 

The ratio of S to surface Au atoms for 2D SAMs is 1:3 for the (111) facet and 1:2 

for the (100) facet, but somewhat higher in small (1.5-2.5 nm diameter) nanocrystals.  

Murray and co-workers report that this higher coverage is found for particles up to 4.4 

nm in diameter, after which nanoparticles behave like 2D surfaces and approach the 33% 

(111) coverage limit.28  Gold nanoparticles that are 3.2 nm in diameter have been studied 

in detail for analysis of the surface-bound thiols. 13C NMR shows that the resonances of 

the first three carbons next to the sulfur headgroup disappear upon binding to the gold, as 

they are severely broadened due to their proximity to the surface.  The alkyl chains are 

crystallized into an extended all-trans conformation; the rotational mobility of these 

chains increases toward the unbound ends as a result of surface curvature.133  The 

coexistence of motionally restricted all-trans chains and a smaller population of liquid-

like conformationally disordered chains at room temperature is proposed to arise from 

close packing of the gold nanocrystals, resulting in interstitial spaces and regions where 
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chains of neighboring particles can interdigitate to produce ordered domains.  The 

alkylthiols on gold 3D SAMs also undergo phase transitions in the same temperature 

range as analogous lipid bilayers.134   

The differences observed in bonding between silver and gold(I) thiolates and 

SAMs suggest that it is possible that alkylthiol capped-nanoparticles, their 3D analogues, 

will display quite different properties in structure and thermodynamics for silver and gold 

cores. In contrast to gold nanoparticles, few studies have been performed on silver 

nanoparticles in this context, and such studies form the basis of this Chapter.  Coverage, 

stability, and orientation of the capping ligands on the particle should be expected to 

differ significantly for these two metals.   The cooperative behavior of nanoparticle 

assemblies will also be affected. For example, a de-interdigitation of ligands or bundles 

of ligands on adjacent particles has not been identified thermodynamically in assemblies 

of silver nanoparticles, as has been for gold nanoparticles.   The next section will discuss 

these nanoparticle assemblies. 

 

3.1.2. Assemblies of gold and silver nanoparticles 
 

Alkylthiol-coated nanoparticles, including those of Au, Ag, CdSe, Ag2S, and γ-

Fe2O3, will self-assemble to form close-packed arrays, as discussed in Chapter 1.  Simply 

dropping a solution of these nanoparticles onto a transmission electron microscopy 

(TEM) grid and allowing for evaporation results in hexagonally packed arrays.  These 

arrays offer the possibility of implementing the size-dependent properties that 

nanoparticles offer in a device. The ordering of gold nanoparticle assemblies formed by 
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simple solvent evaporation methods to such a large extent, as characterized by TEM and 

both powder and small angle XRD (X-ray diffraction), was surprising.  XRD studies 

revealed not only the peaks expected for spacing of individual gold atoms in the 

nanoparticle cores, but an intense sequence of peaks resulting from regular spacing 

between particles in a three-dimensional superlattice.  Such assemblies also have been 

referred to as a crystal of nanocrystals.82  To obtain such long-range ordering, it is 

necessary for the particles to have a narrow size distribution, which may be achieved by 

fractional crystallization. 

As was mentioned previously, it was found that the alkyl chains extending from 

the surface of neighboring gold nanoparticles tend to space fill uniformly to create a 

maximal dense packing.  This interdigitative packing was evidenced by TEM, where the 

spacing between neighboring nanoparticles approaches one all-trans ligand length.  This 

interaction was shown by DSC to be reversible and IR studies have supported that the 

alkyl chains are in an extended, mostly trans state.35  Chain-chain interactions may arise 

from close-packed domains on a single particle or by interdigitation of chain domains 

between neighboring particles. A technique for directly imaging the thiolate distribution 

on silver nanocrystals (energy-filtered TEM) was used to show that alkylthiols on 

truncated-octahedral (111) and (100) silver surfaces are highly directionally bunched, 

forming the interdigitative molecular bonding between the nanoparticles via 

interdigitation of bundles.49 

  A significant amount of study has been directed to elucidate the forces that direct 

superlattice formation and the resultant coupling due to particle positioning in the array.  
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In 1957, Alder and Wainwright showed that hard spheres, which display no interparticle 

attraction when separated, order via an entropy-driven disorder-order phase transition.135  

Because alkylthiol-coated nanoparticles are roughly spherical in shape and are stable in 

solution for weeks without aggregation, it has been assumed that these would also behave 

like hard spheres.  In 1995, Ohara et. al. reported that gold nanocrystals do not, in fact, 

behave as hard spheres and the van der Waals attraction between the nanocrystals is an 

important factor in self-organization during solvent evaporation.  They also noted that 

size-dependent interparticle dispersive attraction was sufficient to drive size-segregation 

and superlattice formation, even if the initial particle size distribution was broad.136  

Hamaker theory was used to account for dispersion interactions between two finite-

volume spheres as a function of separation between the spheres.  At large interparticle 

separations, the attractive potential scales as D-6.  At small separations, the potential 

scales as D-1.  If the attractive potential is much smaller than kT, there is no drive towards 

order and if it is much larger then kT, nonequilibrium (fractal) structures result (see 

Chapter 6 for further discussion of fractal clusters).  Size monodispersity is not necessary 

to form a superlattice, though the narrower the distribution of sizes, the greater the degree 

of long-range superlattice ordering.  A standard deviation of less than 10% in diameter is 

often required to obtain large domains of ordered assemblies. 

 To obtain nanoparticles with a narrow size-distribution, most groups use 

solvent-induced size-selective precipitation and/or preparation of particles as a gas-phase 

aerosol with subsequent passivation by thiols.  Whetten and co-workers have used LDI-

MS (laser desorption ionization mass spectrometry) to follow the sizes, where they 
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observed “magic number” clusters corresponding to particularly stable surface-to-volume 

ratios;137 for example a 29kDa “magic number” gold butylthiolate-protected cluster is 

ubiquitous in their studies.30 They discovered predominantly truncated-octahedral shapes 

for gold nanoparticles that assembled into bcc lattices. Bcc patterns were identified for 

octylthiol and dodecylthiol-capped gold clusters, and fcc for butylthiol clusters.30 

  This group also reported results for silver nanoparticles prepared by the aerosol 

technique.  These were found to be icosahedral or decahedral in shape and to assemble 

into mostly fcc superlattices, but this was dependent upon the orientation of the 

facets.47,49  Using similar preparative techniques, tetrahedral silver nanoparticles were 

identified as well.34  In these studies, high temperatures are used to create highly annealed 

particles with well-resolved facets that can be seen easily by TEM.  Notably, annealed 

particles can also be obtained in solution with ‘etching’ techniques to heal defects, 

whereby the nanoparticles are heated under inert atmospheres in the presence of neat or 

concentrated toluene solutions of thiols.30   

In addition to forming close-packed arrays with spherical particles, Korgel and 

Fitzmaurice have shown that ellipsoidal silver nanocrystals self-assemble from solution 

and subsequently form 2-D nanowire arrays, typically consisting of 7 nm thick wires 

separated by 2 nm.138  This reveals that the particle shape provides a route to control the 

geometry of self-assembled nanocrystal arrays.  It was also noted that ellipsoidal particles 

with an aspect ratio above 1.3 fused irreversibly into wires.  This was attributed to the 

strong metallic bonding of silver, and both the decreased alkylthiol surface coverage for 

these 'distorted' nanocrystals and the relative lability of the silver-thiolate bond.  An 

100



important point discussed regarding this is that polar solvents can actually remove 

thiolates from the surface of silver nanoparticles and fusion of nanoparticles in dilute 

solutions has been observed for spherical particles as well.  A desorption-adsorption 

equilibrium exists for thiolates on silver nanoparticles which is extremely relevant for the 

results that will be presented in this Chapter.   

 In considering all of the previously mentioned works, it is clear that many 

factors govern nanoparticle packing arrangements.  A variety of shapes and packings 

have been reported for both silver and gold nanoparticles, where the identity of the 

ligand, the size of the core, and the orientation of the facets all affect the overall structure.  

Many forces govern these structures and two insightful studies30,82,139 have shown limits 

for arrangements of superstructures and reported them as dependent upon the L/R 

paramater, where L is the ligand length and R is the radius of the particle core.  In the 

case of silver, nanoparticles with L/R>0.6 orient to form bcc lattices, whereas fcc lattices 

typically occur when L/R<0.6. 

Amazingly, the forces that cooperatively result in ordered superstructures allow 

for reversibility of ordering.  This reflects one of the major concepts fueling the so-called 

“nanorevolution”:  Nanoparticles can be prepared in multigram quantities, collected in a 

bottle, and assembled into 2D or 3D superstructures with a variety of adjustable 

properties.  These properties have been studied in ways that could not have done before 

as a result of this reversible ordering. For example, it has been shown that Langmuir-

Blodgett films consisting of monlayers and bilayers of silver nanoparticle can be taken 

through a reversible metal-insulator transition brought about by coupling of particles.83,140  
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Using impedance spectroscopy and SHG of these ultrathin films, the interparticle spacing 

has been shown to control the spacing of electronic energy levels and hence the optical 

properties of the film. 

Besides using spontaneous self-assembly, a variety of groups have expanded the 

complexity of the adsorbed ligands to form assemblies based on interaction of their 

adsorbates.   For example, linked arrays of nanoparticles were formed via dithiolate 

ligands,100 reaction of terminal functional groups,23 as well as by utilizing DNA and 

related hydrogen bonding assemblies and protein linkers.101  The hybridization of 

complementary DNA and RNA and the resulting optical changes have been used to 

selectively detect certain sequences of a variety of viruses.102,103 

Both the individual and the collective structures of nanoparticles imparts quite 

different properties to a material, which may vary even amongst particles with the same 

metal core.  The knowledge of the properties of Ag SAMs is somewhat limited when 

compared to Au SAMs, and likewise, silver nanoparticles are also not as well understood 

as those of gold.  These two metal nanoparticle types share a structural similarity in that 

they both consist of a polarizable core, surrounded by a soft corona of ligands that extend 

radially outward from the core.  These both may form close-packed assemblies, which 

can vary significantly in structure.  A thorough understanding of the resulting assemblies 

of these silver particles has not yet been achieved and will be addressed in this Chapter 

along with comparisons to the properties of gold nanoparticles. 
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3.2. Results and Discussion 

3.2.1.  Analysis and comparison of synthetic methods 

 
The structure of individual nanoparticles and their assemblies is extremely 

important, as discussed in the previous section.  Many synthetic methods have been used 

to obtain metal nanoparticles, including not only a variety of solution-based 

methods,22,23,26,48,51,56,141-143 but also gas-phase,49,130,144 electrophoretic deposition,145 laser 

ablation,146 and supercritical fluid-based syntheses,147 to name but a few.  Each of these 

methods are similar on a basic level, essentially producing a core of metal protected by a 

layer of ligand medium present to prevent aggregation.  However, the structure of the 

core and surface can be significantly different between particles made by different 

syntheses. For example, for nanoparticles formed as an aerosol the stage at which the 

thiol is introduced will greatly influence the resulting structure. In the solvated metal 

atom dispersion (SMAD) technique, metals are vaporized and later capped with a thiol 

upon cooling. The particles created by SMAD have many surface defects and twinning 

boundaries, and form close-packed superlattices that differ depending on the extent of 

these defects.144  In other cases, the thiol was introduced as a vapor and the resulting 

nanoparticles were found to be highly monodisperse with annealed cores, which formed 

superlattices of high quality when condensed.49   

The preparative methods used in this work are solution-based.  Two broad 

synthetic avenues were used, described as one-phase and two-phase methods, where the 

second relies on the use of a phase-transfer agent to introduce metal salts into organic, 

water-immiscible solvents (Note that some consider this a three-phase method, where the 
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phase-transfer agent represents this third phase).148  The phase transfer agent used in the 

majority of cases is tetraoctylammonium bromide.  The Brust synthesis,22 the first 

solution-based synthesis of thiol-capped metal nanoparticles, was performed in this way.  

See Figure 3.4 for a summary of the synthethetic scheme, which has been developed 

further by Whetten and co-workers.30 

 
 
 
 
 
 
 
                               AuSR(toluene)                Au nanoparticle(toluene) 

   
Figure 3.4:  Schematic of the two-phase gold nanoparticle synthesis.  Utilizing a phase transfer agent, 
a gold salt is solubilized in toluene, where addition of alkylthiols results in the formation of a gold-
thiolate complex suspended in toluene.  The free gray circles represent excess gold complex, which 
may be present in the formation of larger particles.  After reduction of the excess gold and/or gold-
thiolate, a thiol-protected gold nanoparticle is formed in toluene.   

 
 In Figure 3.4, step 1, (nC8H17)4N+ mediates the initial transfer of AuCl4

- to the 

organic phase, which replaces the Br- anion.  The exchange is very apparent, as the red 

color of the gold (III) salt can be seen moving from water into toluene.  After the transfer 

of Au(III) into the organic layer occurs, alkylthiols are then added.  The first two 

equivalents of alkylthiol are used to reduce Au(III) to Au(I), resulting in oxidation of 

these thiols to disulfides.  The final thiol equivalent binds to form an Au (I)-thiolate 

complex, the structure of which has been described above.  The solution becomes cloudy 

and white, as the colorless Au (I)-thiolate displays limited solubility.  Reduction of the 

alkylthiolate complex to nanoparticles is then accomplished by adding a large excess (up 

to 10x) of NaBH4 in water.  Though the details of this reaction have not been completely 

NaBH4  

1.  HAuCl4(aq)
 + phase transfer agent(toluene)            AuCl4

-

(toluene) 

 

 
2.  AuCl4

-
(toluene) + RSH 
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determined, it is consistent with a nucleation-growth-passivation process.149  Often, 

further processing is done post-synthesis to separate the nanoparticles by size.  This 

typically involves fractional precipitation by addition of a non-solvent to a very 

concentrated solution of the particles.   

 This synthesis has also been extended to silver.84,150  However, the mechanism is 

unclear.  The salt most often used is silver nitrate, where Ag (I) is present as a cation 

versus AuCl4
-.  Presumably, this can not be simply transferred to the organic as is; an 

anionic complex with bromide anion is most likely formed.  In performing the synthesis 

for this Dissertation with both octylthiol and dodecylthiol, observations made for a 

toluene/water mixture were as follows:  1.) A complete phase transfer is not seen.  A 

white cloudy precipitate is formed and dispersed in both phases when TOAB in toluene is 

added to an aqueous solution of silver nitrate.  2.) The phase-transfer agent is necessary 

for the reaction to occur.  When the same synthesis was repeated without TOAB, a silver 

thiolate was formed at the interface of the two liquids and addition of NaBH4 served only 

to increase ligand order in this material.  Further discussion of this material will occur 

later in the XRD Section.  3.) TOAB alone is not adequate for protecting silver 

nanoparticles, as will be described later; thiol addition is necessary to form stable 

nanoparticles.  4.) After addition of NaBH4, silver nanoparticles were formed that were 

soluble in toluene; the toluene phase becomes dark, and both phases become clear 

indicating complete reaction of insoluble thiolate material.   

 The first and third points in the previous paragraph are a result of the ionic 

nature of the materials involved.  Clearly, a stable structure involving the coordination of 
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a metal ion to the phase-transfer agent is not occurring in the case of silver nitrate, unlike 

for gold.  There have been reports of reversing the order of the last two steps in the case 

of gold.  That is, reduction of the gold while capped with TOAB has been performed first 

to yield gold nanoparticles with surfactant protective groups.151  Subsequently, these 

nanoparticles were isolated and a thiol was added later to replace the 

tetraoctylammonium groups.  This was done to avoid exposure of ligands to NaBH4.  The 

same process was repeated for silver in this work, and two major by-products were 

detected.  The first was a fine powder of silver metal (as identified by XRD), which 

accounted for most of the product mass, and the second was the silver thiolate.  Unlike 

the standard processes, silver thiolate was not a precursor in this synthesis, with thiol 

added after the reduction took place. Hence, this silver thiolate forms from the 

nanoparticles.  This important point will be discussed further in this Chapter. 

 The two-phase synthesis is important and useful, but one major drawback is the 

difficulty in removing all of the TOAB and (in the case of gold) disulfides, which are less 

soluble in ethanol than their thiol counterparts.  A comparison between silver 

nanoparticles prepared in a one- and two-phase method has been reported.152  Through a 

variety of methods, including IR and TEM, it was shown that the particles were 

essentially the same, though the particles produced in the one-phase synthesis displayed 

more alkyl chain order in the ligand shell.  This is most likely a result of contamination 

by TOAB in the two-phase synthesis.  For this reason, the one-phase method is used most 

often for alkylthiol-coated silver nanoparticles in the work presented here.  Despite these 

advantages, the one-phase method remains largely unexploited in the literature.  This 

106



synthesis is usually performed in ethanol, as is the case for all of the particles to be 

presented.  See Figure 3.5 for a general synthetic scheme. 

 
 
 
 
 
 

     
AgSH(ethanol)                       Ag nanoparticle(ethanol) 

 
Figure 3.5:  Schematic of the one-phase synthesis of silver nanoparticles in ethanol.  Both alkylthiols 
and disulfides (RSSR) may be used and mixtures of ligands (R1SH, R2SH, etc.) may be used for 
polyfunctionalization.  Gray circles represent silver atoms.  The silver thiolate is formed in ethanol 
and reduced in ethanol to form a silver nanoparticle suspension.   

 
    This synthesis is very similar to that seen in Figure 3.4, where the final step 

involves formation of particles via reduction of a silver salt/silver thiolate mixture.  In the 

case of gold, it is well documented149 that changing the ratio of thiol to metal can alter the 

final size of the particles.  Similar results will be presented here for silver.  No clear 

mechanism has been defined for the formation of silver nanoparticles, but the following 

observations have been made in this work concerning the one-phase synthesis:  1.) Bulk 

silver metal was not detected in cases where there was an excess of silver vs. thiol.  2.) 

Unreacted silver thiolates were not detected (for all ratios of silver:alkylthiol 6:1 to 1:1), 

though this statement will be expanded on further in this Chapter.  3.) Silver thiolates can 

themselves be reduced to form nanoparticles.  These observations lead to the conclusion 

that the reduction of a silver salt/silver thiolate mixture results in reduction of the silver 

salt to silver metal, while a concomitant decomposition of the silver thiolate occurs and 

incorporates the silver metal into the final structure.   

AgNO3
 + RSH  EtOH NaBH4 
+ RSSR 
+ R2SH + R3SH….. 
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 The experimental evidence for these statements will be explained briefly here.  

Powder XRD is a powerful tool for examining not only the superstructures of 

nanoparticles, but also the particle size.  Had bulk silver metal been present, it would 

have been very obvious from the powder X-ray pattern, as the (100) reflection from the 

fcc metallic phase is strong and sharp.  See Section 3.2.2.2 for a further description of this 

analysis.  The second statement above requires much more investigation and is a major 

focus of this work.  Although evidence for the presence of silver thiolates will be 

presented, they do not appear to be derived from unreacted starting material.   

 To determine if the reduction of silver thiolates results in the production of 

silver nanoparticles, a silver thiolate was formed, purified, and isolated.  This was 

redispersed in ethanol and the reaction was continued with the addition of NaBH4.  The 

final material was remarkably similar to nanoparticles formed without isolating this 

intermediate and will be discussed throughout the Chapter.  As expected, this 1:1 ratio of 

silver to thiol generated much smaller particles than in the cases where silver is in excess.  

The TEM image of these particles is shown in Figure 3.6a.  This reaction was also 

repeated with the addition of excess silver.  Specifically, the silver thiolate was isolated 

and redispersed as before, but excess AgNO3 was also added to this solution and 

reduction was again commenced to form larger particles.  Again, organic-soluble silver 

nanoparticles were formed (see Figure 3.6b).   

Finally, in an attempt to determine if silver thiolates could effectively attach to a 

silver nanoparticle surface, the use of a different silver starting material was investigated.  

A solution of silver colloids (electrostatically protected with citrate anions, see Chapter 6) 
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in water was diluted to twice its volume with ethanol.  To this was added a suspension of 

silver thiolate in ethanol.  After stirring for two days, the product was collected as a solid 

and extracted into dichloromethane.  UV-visible spectroscopy (vide infra) of the organic 

solution showed the presence of nanoparticles via identification of a surface plasmon 

band. This crude experiment suggests that silver thiolates can attach as a species coating 

the nanoparticle surface.  As these silver thiolates are extremely stable and the thiol 

moiety is strongly pinned into this polymeric network, it is unlikely that the thiols are 

separately removed and bound to the colloidal particles in large enough amounts to create 

organic-soluble nanoparticles.  

 

 
Figure 3.6:  TEMs of a.) reduced silver dodecylthiolate (average size=2.6 ± 0.5 ), scale bar = 10 nm. 
b.) reduced silver dodecylthiolate with excess silver (average size=4.9 ± 1.1 ), scale bar = 20 nm. 

  

As mentioned above, the resulting particle size can be adjusted by altering the 

silver:thiol ratio.  In addition, other degrees of freedom for modifying the particle 

composition are possible.  In cases where a variety of ligands are desired on individual 

nanoparticles, the addition of more than one thiol in a particular ratio may be carried out.  

The validity of this statement will be shown below for n-alkylthiols, and the concept is 

A B 
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considered as a rough guide for the introduction of other functionalities that will be 

discussed in later Chapters.  A summary of size control with alteration of silver/thiol 

ratios are shown for a variety of ligands in Table 3.1. It can be seen that in both the mixed 

and monoligand cases, the size is directly related to the silver/ligand ratios.  It is also 

interesting to note that the mixture of octylthiol and dodecylthiol in the nanoparticle shell 

results in consistently larger particles than for the nanoparticles with monoligand shells.  

This indicates that the disorder induced by ligand mixtures allows for less passivation and 

larger nanoparticles during the growth. 

 
 
Ligand(s) nAg/nthiol feed ratio nAg/nthiol found in 

final particle 
Particle size 
(nm) 

Octylthiol/Dodecylthiol 3.0 3.4 10.1 ± 2.0 
Octylthiol/Dodecylthiol 1.5 1.7 4.9 ± 1.6 
Octylthiol 1.2 1.6 2.0 ± 0.6 
Octylthiol 3.0 3.9 4.0 ± 1.0 
Octylthiol 9.0 6.6 9.7 ± 1.9 
Hexylthiol 6.0 7.5 5.9 ± 1.8 
Hexylthiol 3.0 5.8 3.1 ± 0.6 
Table 3.1: Size of nanoparticles measured by TEM and molar ratios used (feed ratio) and determined 
by elemental analysis.  All lignads were normal alkylthiols.  The ocytlthiol/dodecylthiol molar ratio 
was 1:1. 

 
The synthesis of mixed-ligand nanoparticles involves simply adding two (or 

more) ligands in the desired ratio in the first step of the reaction.  A variety of 

experiments were performed to determine if polyfunctionalization of silver nanoparticles 

is possible in a controlled manner.  To begin with, the ratios of different n-alkylthiols 

present on the surface of the synthesized nanoparticles was determined.  In this 

experiment, iodine was added to the nanoparticles in dichloromethane.  This led to the 
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precipitation of AgI and the alkylthiolates became oxidized to disulfides. Using GC/MS, 

three separate mass peaks were detected (for the case of two ligands) which revealed the 

total ratio of these thiols according to the following chemical equation: 

 

(R1S)m(R2S)nAgx + x/2 I2              x AgI + m/2 R1S-SR1 + (m+n)/2 R1S-SR2 + n/2 R2S-SR1  

 

The ratio of the thiols determined to be bound to the nanoparticles was found to 

agree, within experimental error, with the ratio of thiols added initially in the initial 

synthesis (see Table 3.2).  Statistically, it is probable that these were present on a mixed-

ligand nanoparticle as opposed to a mixture of two homogeneously coated ligand-

stabilized silver nanoparticles, especially when considering the lability of the silver-

thiolate bond.  In the next section, DSC experiments will be described which show that 

not only is each nanoparticle polyfunctionalized, but when two monoligand (one type of 

ligand) -coated nanoparticles are co-dissolved, the ligands are quickly exchanged to form 

polyfunctionalized nanoparticles (coated with two or more types of ligand)   This 

investigation was also extended to the solid state, where it was observed that a mixture of 

nanoparticles with two different ligand coated nanoparticles, each with a different ligand 

can be annealed via a series of heating cycles to form mixed-ligand nanoparticles (as 

evidenced by DSC). 
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Ligands Mass ratios added Mass ratios detected 

Heptyl/dodecylthiol 2.00 2.00 

Octyl/dodecylthiol 1.99 2.04 

Table 3.2:  Ligand ratios determined by GC/MS with addition of I2. 

 

It is important to note that at no time in the above studies was a size-selective 

purification procedure used.  The original particles were collected by precipitation with 

either addition of non-solvent (in the two-phase method) or by preparing the 

nanoparticles in ethanol, a non-solvent, and allowing for spontaneous precipitation.  

Extensive washing was conducted to remove free thiols and any remaining NaBH4.  No 

excess thiols have been detected in the final nanoparticle products; here the simplest way 

to detect thiol impurities is 1H NMR spectroscopy.  See Figure 3.7 for a typical 1H-NMR 

spectrum of an alkylthiol-coated silver nanoparticle product.  As is the case with gold 

nanoparticles, significant broadening occurs due to a distribution of bonding sites 

(terraces, edges, vertices of nanocrystals)153 and as a result of rotational hindrance of the 

alkyl chains.   
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Figure 3.7:  NMR spectrum of n-hexylthiol showing broadened features due to silver nanoparticle 
binding (referenced to TMS at 0 ppm). 

 
 
Many of the studies described in this Chapter were performed on this as-prepared 

material, as shown in Figure 3.8 as a diffuse black powder.  It should be noted that this 

material is not a fine powder, but actually exists as larger pseudocrystallites.  Gold 

nanoparticles behave slightly differently, where a description of the material as a “free-

flowing” powder is more accurate; here the crystallites are of smaller size.  Silver 

nanoparticles may be "recrystallized" by adding hexane to the as-prepared material, 

followed by filtering and isolation by evaporation of hexane.  Dichloromethane often 

dissolves a larger fraction of the particles, but the resultant isolated material is not as 

stable over time.  This can be attributed to decomposition of the thiolate-silver bond 

resulting in degradation of the protective monolayer, possibly due to the slight acidity or 
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the polarity of this solvent, or the high solubility of thiols and disulfides in this solvent.  

As was mentioned previously, polar solvents are capable of removing thiols from silver 

nanoparticle surfaces.84  For this reason, hexane was typically used instead as the 

preferred separation solvent.  Filtration results in separation of a hexane-soluble portion 

from the bulk.  The soluble portion was obtained as shiny, faceted crystallites upon 

removal of solvent; these are approximately 2 mm across their longest axis.  Typical 

‘soluble’ crystallites are shown in Figure 3.8, along with as-prepared nanoparticles and 

the white silver thiolate precursor.  Comparisons of the properties of these three materials 

using a wide variety of experimental techniques will be presented in the remainder of this 

Chapter.   

 
 

 
 

Figure 3.8: Pictures of (from left to right) as-prepared silver nanoparticles, recrystallized silver 
nanoparticles, and silver thiolate. 

 
3.2.2. Analysis of nanoparticle assemblies and AgSCnH2n+1 layered compounds 
 
3.2.2.1.  Differential scanning calorimetry 

 
Differential scanning calorimetry (DSC) is a modern calorimetric technique in 

which a material is heated at a constant rate and the heat flow during an increase in 

temperature and compared to is monitored and compared to a reference. The energetics, 
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reversibility, and energy of phase transitions can be extracted from DSC profiles, as well 

as the heat capacity of the material.  This characterization technique is used for 

identification of glass transitions in polymers, liquid crystal phase transitions, protein 

unfolding, lipid phase transitions, and many others.154 Peaks or changes in heat flow of a 

material can be used to identify phase transitions and the temperatures at which the 

transitions occur can be crucial in identifying the possible processes involved.  DSC has 

proven to be one of the most useful tools for characterizing nanoparticle assemblies in the 

work presented here. When coupled with optical microscopy, powder X-ray diffraction 

(XRD) and IR spectroscopy, DSC can be very powerful in the understanding of the 

thermodynamics of nanoparticle assemblies.   

Previously, DSC has been used for identifying phase transitions in ligand-coated 

gold nanoparticles.  Briefly, gold nanoparticles in the solid phase undergo a disordering 

process as identified by DSC.133  The bulk solid material does not melt after these 

transitions occur; in conjuction with temperature-controlled FTIR (Fourier transform 

infrared spectroscopy), the disordering process has been assigned to the melting of the 

alkylthiol chains surrounding the nanoparticle cores.  These melting events are strongly 

dependent on the length of the alkylthiols in both energy and temperature and are 

undetectable for nanoparticles coated with ligands shorter than dodecylthiol (from -20 ºC 

to 200 ºC).  The chain melting of CnH2n+1thiol-coated gold nanoparticles occurs at the 

followng temperatures for the indicated chain length: 3 ºC (n = 12), 22 ºC (n = 14), 41 ºC 

(n = 16), 51 ºC (n = 18), and 64 ºC (n = 20).35  These melting transition temperatures are 

quite comparable to those found for gold SAMs, for which the temperatures are: 39 ºC 
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(n = 16), 53 ºC (n = 18), and 63 ºC (n = 20) as detected electrochemically for the 

corresponding alkylthiols length..132  The transitions as observed by DSC are very broad, 

occurring over a range of some 30 ºC, versus 5 ºC ranges that have been observed for 

typical liquid-to-gel crystalline transitions seen for lipid bilayer membranes.155 

Further experimental and theoretical work has supported the observation of such 

melting events.  Hostetler et al. characterized gold nanoparticles capped with a variety of 

alkylthiol chain lengths via FTIR and showed that shorter ligands are the most 

disordered, with the first evidence of crystallinity observed for hexylthiol coated 

nanoparticles.27 In an elegant study by Badia, et al., alkylthiolates which were deuterated 

at each carbon independently were studied by DSC, FTIR, and NMR.  The degree of 

ordering at each carbon along the chain was monitored to reveal a dynamic melting 

process in which gauche defects begin at the outermost (ω) methylenes and propagate in 

towards the α carbon.155  Leudtke and Landman utilized molecular dynamic simulations 

and concluded that longer chain thiols organize into bundles.  In fact, the interlocking of 

the thiol bundles was assigned as the major force governing the assembly of 

nanoparticles into superlattices.156   

Though the energetics of the de-interdigitation phase transitions potentially could 

reveal much about the strength of the overall super-assemblies, DSC has not been utilized 

significantly for this purpose.  A major goal of the work in this dissertation is to obtain an 

experimental measure of the energetics of the de-interdigitation process and to correlate it 

to solubility as part of a structure-solubility study.  Section 3.2.3 will provide a complete 
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summary of this work.  The rest of this section is devoted to characterizing and 

understanding the nature of the transitions.  

To begin, DSC measurements were conducted on the raw, as-prepared 

nanoparticles synthesized via the one-phase method.  TGA (thermogravimetric analysis) 

showed that mass loss for the silver nanoparticles studied was not found to occur before 

250 ºC.  DSC measurements for silver nanoparticles protected with one type of ligand 

were conducted first.  See Figure 3.9 for illustrative DSC scans of dodecylthiol and 

octylthiol coated nanoparticles.  There is a large amount of information to be drawn from 

the DSC traces and this will be summarized here.  A sharp reversible transition is evident 

at approximately 128 ºC (increasing temperature scan) for both sets of nanoparticles.  

This peak appears slightly lower in temperature after the first cycle in both cases as well.  

Also, there is a peak at 184 ºC which can be assigned to a degradative process, as 

reversibility of the earlier transitions is no longer seen after cycling above this 

temperature.  A similar high temperature transition is not clearly seen for the octylthiol 

case in the figure shown, but the reversibility of the lower temperature transition is also 

lost upon cycling past 180 ºC.  Although quite similar, there is one important difference 

at the lower temperatures.  A peak which is relatively small in energy is observed for the 

nanoparticles with the octyl ligand at approximately 63 ºC; this peak is also reversible 

and often gains in sharpness after a second cycle, most likely a result of annealing of the 

ligand shell.  The traces in Figure 3.9 bottom do not show a discernable peak at 60 ºC for 

the dodecylthiol-coated silver nanoparticles, likely due to a higher degree of order.  
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Figure 3.10 shows another example of this lower temperature peak for heptylthiol coated 

nanoparticles. 

 
 
 

 
Figure 3.9:  Differential scanning calorimetry of octylthiol-coated (top), with low temperature peak 
as inset, and dodecylthiol-coated (bottom) silver nanoparticles.  The first scan (increasing T) and 
second (decreasing T) are shown in red and blue, respectively, and the third scan (increasing T) is 
shown in dotted green. 

 
Before analyzing the source of these transitions, there are a few more important 

points to note about these thermograms.  First, there is an asymmetry of the endothermic 
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peak near 130 ºC with a tail on the low temperature side.  This occasionally manifests 

itself as a small peak occurring immediately before the major phase transition. This “pre-

melting” peak is not always clearly evident, as it is often incorporated into the tail of the 

130 ºC phase transition, causing a broadening as shown for the dodecylthiol case, see 

figure 3.9.  However, upon annealing via cycling the heating-cooling processes, two 

separate peaks can be observed in some cases.  Figure 3.9 shows the presence of such a 

peak on the second heating at 112 ºC for octylthiol-coated nanoparticles. This and the 

transition occurring at ~63 ºC are observed mainly for nanoparticles coated with n-

alkylthiol chains where n < 12.  However, for n = 18, a peak occurs reproducibly at 

62 ºC.     

 
Figure 3.10: DSC traces for n-heptylthiol-coated nanoparticles in the low-temperature region.  The 
first (increasing T) scan is in red, the second (decreasing T) in blue, and third is in dotted-green.   

 

 
Secondly, the degradative transition varies by up to 10 ºC between samples and 

no clear trend has been identified. Thirdly, the position of the most prominent phase 

transition shifts to higher temperatures for alkylthiols with an odd number of carbons in 
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the chain.  The temperatures are 138 ºC and 140 ºC for n = 9 and n = 7, respectively. 

Such odd-even effects have been observed previously for liquid crystals.157 and 

paraffins158 where high temperature hexagonal ‘rotator’ phases of odd and even paraffins 

exhibit differences associated with interactions between chain ends.  Terminally 

fluorinated 2D SAMs also display even-odd effects effects that are described on the basis 

of the the orientation and hence dipole of the outermost CF3.159   The odd-even effects are 

manifested on other properties, specifically wetting behavior, of 2D SAMS on gold due 

to the different surface projections of the methyl groups for odd and even-numbered 

carbon chains.160  This orientation effect is depicted schematically in Figure 3.11.  Gold 

SAMS of thiolates with an even number of carbons produce surfaces whose free energy 

is slightly larger than those with an odd number of carbons.   

 

Figure 3.11:  Schematic illustration of an all-trans alkylthiol chain in a SAM on a metal surfaces.  
The tilt (α) and twist (β) angles and are preserved for both even and odd-numbered carbon chains, 
resulting in different projections of the ω-methyl groups.  

 
Silver nanoparticles coated with a mixture of alkylthiols with different chain 

lengths show significantly different energetics of the phase transitions. The position of 
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the major phase transition decreases by up to 25 ºC versus the transition temperature for 

their counterparts coated with a single type of ligand, “monoligan”-coated nanoparticles,  

(e.g.128 ºC for C12, 109 ºC for C12/C8, see Table 3.3, sample 2 versus 8).  The “pre-

transition” and the lower temperature phase transitions are not evident for the mixed-

ligand coated particles; instead a gradual energy absorption profile is observed.  The 

energetics of the major phase transition were determined and evaluated in terms of the 

moles of organic coating for comparison amongst nanoparticle samples.  Using elemental 

analysis, the percentage relative to silver is determined and the value of J/g is converted 

to J/mole organic.  In this way, the contribution of the organic shell, which is assumed to 

be responsible for the major component of this phase transition, is isolated. Table 3.3 

provides a summary of data for this transition, where the molar ratio of silver to thiol is 

indicated in each case for direct comparison. The following trends are clear from this 

Table: 1.) There is a general decrease in ∆G with ligand length, as seen in samples 1-6.  

2.) chains with odd or even-numbers of carbons.  3.) The order-disorder transition free 

energy change decrease upon mixing  of ligands in the nanoparticle shell, where a 

mixture of two ligands results in a total enthalpy change which is less than that of the 

weighted average of that for the particles coated with the two ligands separately (i.e.#7 

vs. #2, #9 vs. #5). 4.) The size of the core did not affect the transition temperature, but the 

enthalpy change was altered (sample numbers 11-13). The significance of these effects 

will be the focus of Section 3.2.3.  The remainder of this section will focus on the 

interpretation of the DSC data and its implications for the structure of the particle and the 

assemblies.   

121



 

Sample 

number 

Ag:RSH 

molar ratio 

Ligand s 

(ratio) 

Transition 

temperature 

(°C) 

∆H (kJ/mol 

organic) 

∆G (kJ/mol 

organic) 

1 3:1 C18 131 42.3 11.1 

2 3:1 C12 128 36.4 9.3 

3 3:1 C9 138 16.0 4.4 

4 3:1 C8 128 20.6 5.3 

5 3:1 C7 140 10.4 2.9 

6 3:1 C6 129 8.2 2.1 

7 3:1 C18 / C12 

(1:1) 

120 20.5 5.0 

8 3:1 C12 / C8 

(3:1) 

109 16.3 3.6 

9 3:1 C12 / C7 

(3:1) 

111 12.3 2.8 

10 3:1 C12 / C8 / C7 

(1:1:1) 

107 9.4 2.0 

11 9:1 C8 128 13.7 3.5 

12 6:1 C6 129 5.5 1.4 

13 6:5 C6 129 10.9 2.8 

14 3:2 C12 / C8 

(3:1) 

109 21.6 4.7 

15 3:2 C12 / C7 

(3:1) 

117 20.7 4.9 

Table 3.3:  Summary of phase transition energetics for various paricle sizes and ligands.  Alkylthiol 
ligands are identified by the number of carbons in the chain.  Silver:ligand molar ratio represents the 
initial ratio of reagents used, larger silver to thiol ratios give larger particles. 
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The strength and general invarability with temperature (for even-numbered or 

odd-numbered carbon chains) of the phase transition temperatures are important 

characteristics of these silver nanoparticle samples.  If the length of the chain is not a 

determining factor in the temperature of a transition, then a cooperative idisruption of 

inter-chain interaction between neighboring particles and disordering along the length of 

the chains are not the dominant processes.  Also, the observed transition temperatures are 

very high compared to the melting of neat alkylthiols and alkylthiols on gold SAMs and 

nanoparticles.     

As discussed above, the observed phase transitions for gold nanoparticles occur at 

50 ºC for octadecanethiol- and 0 ºC for dodecanethiol-coated particles.  This temperature 

dependence on chain length was crucial in assigning the deinterdigitative nature of the 

transition.  Though the energy changes are much smaller for the lower temperature peaks 

observed for silver nanoparticles, they also do not vary in position with ligand length.    

These are most likely a result of melting in which the chains gain limited motion, 

possibly at edge or defect sites, but are restricted by the pinning to the silver core.  Table 

3.4 lists the positions of the low temperature peaks for various ligand lengths andincludes 

a size comparison for C8 ligands.  Sample numbers refer to those in Table 3.3.  This 

evidence calls for a re-evaluation of the properties and structure of the silver 

nanoparticles, which have been incorrectly considered to mimic their gold nanoparticle 

counterparts.161  Important misinterpreted information presented by Pradeep and co-

workers lies in the temperature-controlled FTIR, which shows no alkyl chain melting to 

occur until after 130 ºC.    

123



 

Sample number Ligand chain 

length 

Transition 

Temperature (ºC) 

3 C9 64 

4 C8 67 

11 C8 63 

5 C7 85 

6 C6 74 

Table 3.4: Transition temperarures of the lowest temperature peak for alkylthiol-coated silver 
nanoparticles with n = 6 - 9.  Temperature variations are ±2ºC for molar ratios and core sizes.  Refer 
to Table 3.3 for sample numbers and identities. 

 
For comparison with silver nanoparticles, the energetics of the silver thiolate 

precursors were examined.  A surprising similarity was seen in the DSC thermograms, as 

shown in Figure 3.12.  In fact, all of the previously mentioned endothermic peaks were 

present.  The transition assigned to a decomposition event generally occurred at higher 

temperatures for the silver thiolates and occasionally was not evident as a distinct peak.  

The enthalpy change of the transitions in the case of the silver thiolates was substantially 

higher than for their nanoparticle counterparts.  See Table 3.5 for these data.  Also, upon 

cycling the heating-cooling process past this large phase transition, little to no annealing 

was evident for the thiolates, in contrast to their nanoparticle counterparts.  Annealing 

was evident in the sharpening of the lowest temperature peak, however.   
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Figure 3.12:  Comparison of DSC traces for silver nonylthiolate (blue, top) and nonylthiol coated 
silver nanoparticles (red, top).  Thermal cycling of silver octylthiolate (bottom, first heating scan in 
red, cooling in blue, and second heat in dotted green).  Note the lack of change for the high energy 
peak upon cycling.  Inset in both cases shows the lowest temperature peak. 
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Ligand chain 

length 

Transition 

temperature(°C) 

∆H 

(kJ/mol organic) 

∆G 

(kJ/mol organic) 

C12 133 58.6 15.6 

C9 138 25.9 7.1 

C8 131 35.7 9.4 

C7 140 19.5 5.4 

C6 128 13.8 3.5 

C12/C8 111 21.2 4.7 

 
Table 3.5:  DSC data for phase transitions of silver thiolates. ∆H and ∆G are for the order-to-
disorder transition.  These data should be compared to the data in Table 3.3. 

 
 

It has been reported in the literature that silver dodecylthiolate shows a well-

defined phase transition at 129 ºC by DSC.  The transition temperature does not change 

much with chain length (5 ºC from C8 to C18) and is reversible.42  These thiolates form 

micelles at high temperatures (~130 ºC), where a sharp solid-to-liquid crystal transition is 

evident by DSC.  This is proposed to be a result of the restructuring of the Ag-S lattice 

from trigonal (µ3) to linear (µ2) bonding.124  This transition has been observed for 

thiolates with chains that vary from hexyl to octadecyl and the independence of this phase 

transition temperature on chain length supports that it is related to  a reconstruction of the 

Ag-S bonding. The change in structure from a lamellar to a hexagonal columnar micellar 

bond arrangement was assigned by temperature-controlled polarization microscopy and 

such data will be shown in Section 3.2.2.3.125   Figure 3.2 shows a schematic structure of 

the room temperature lamellar phase; the transition described here is from this phase to a 

micellar phase, where the micelles are arranged in a hexagonal columnar micelle packing 
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arrangement.  In addition, a “pre-transition” process has been noted, but not described in 

full.42,125  The solid and liquid crystalline structure of silver thiolates will be expanded on 

in the next section in and considered with results from powder X-ray diffraction. 

Due to their extremely insoluble nature, silver thiolates can not be studied by 

simple solution NMR.  However, solid-state 13C NMR shows the order of the alkyl chains 

to be comparable with bulk crystalline alkanes and is higher than that observed with 

alkylthiol capped nanoparticles.  Also, the NMR peaks associated with the first and 

second carbons adjacent to the metal atoms are easily resolved, unlike what is found for 

gold nanoparticles, which show severe inhomogeneous broadening due to a distribution 

of bonding sites, suggesting a single type of bonding site for the silver thiolates.153  

How is it that silver nanoparticles seemingly undergo the same phase transitions 

as silver thiolates? An obvious explanation simply could be that the silver thiolate 

precursors were present as contaminants in the nanoparticle samples, i.e. precursor 

material that had not completely reacted and been removed.  Though no color other than 

black had been noted in the sample, there is often a significant amount of undissolved 

material present when solutions are made which necessitates filtering for further 

application.  The soluble portion of silver nanoparticles was separated from the insoluble 

portion in several cases and these were each studied separately.  The soluble portion 

yielded a crystalline, gray/black material as shown in Figure 3.8 while the insoluble 

portion remained black in all cases.  This separation was performed for a dodecylthiol-

coated silver nanoparticle and each portion was studied.  Figure 3.13 shows DSC traces 

for these particles, along with TEM images of the soluble nanoparticles.  The particles 
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exhibit a reasonably narrow Gaussian distribution of sizes for the soluble nanoparticles, 

showing that a range of particle sizes was solubilized.  This is further supported by 

elemental analysis, which shows a nearly identical ratio of silver to organic for the one-

phase preparative method.     

Separation of the soluble nanoparticles was also performed for other samples, 

including octylthiol-coated nanoparticles, nanoparticles coated with a 3:1 mixture of 

octylthiol and dodecylthiol, and dodecylthiol-coated nanoparticles prepared via the two-

phase method. The first two of these samples were made by the 1 phase method.  In all 

cases, the DSC data show that the two separated portions have somewhat different 

energetics, and that the behavior of the initial product is energetically intermediate to  the 

soluble and insoluble portions.  Figure 3.13 (middle) shows a DSC thermogram of a 

dodecylthiol-coated nanoparticle prepared via the two-phase method.  Again, it is 

apparent that the peaks present in the “as-prepared” nanoparticle materials are also 

present in the case of the soluble fractions.  As silver thiolates are highly insoluble, they 

can be ruled out as contaminants in these samples and the phase transitions must 

therefore be attributable to alkylthiol-coated nanoparticle assemblies. Finally, the DSC 

trace for the soluble portion of octylthiol-coated silver nanoparticles prepared by the one-

phase method is shown at the bottom of Figure 3.13. The largest peak is clearly reversible 

and the melting/decomposition peak was sharpened.   
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Figure 3.13:  DSC traces and TEM images for separated portions of dodecylthiol-coated silver 
nanoparticles prepared via the one-phase method (top, scale bar = 12 nm) 3.3 nm ±  0.7 nm and two-
phase method (middle, scale bar = 12 nm) 3.4 nm ± 0.5.  The scan for the “as-prepared” material is 
shown in red, insoluble portion in green, and soluble portion in dotted blue.   A DSC trace of a one-
phase octylthiol-coated silver nanoparticle preparation is shown at the bottom to demonstrate the 
reversibility of the phase transition (first heating is in red, cooling in blue, second heating in dotted 
green). 
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The main result from the DSC study of the materials obtained from the one-phase 

and two-phase methods is the same in that both cases yield a soluble portion, wherein 

silver thiolates are unlikely to be present in a significant amount, which undergoes similar 

phase transitions to the “as-prepared” material and the corresponding silver thiolates.  

The phase transitions in the isolated soluble portion are slightly lower in temperature and 

significantly lower in energy than for the silver thiolates.  Also, the decomposition/melt 

transitions above 170 ºC are more clearly evident as distinct peaks.  However, a major 

difference in the composition is observed for the materials from the two methods.  In the 

two-phase method, elemental analysis shows a difference between the soluble and 

insoluble fractions, whereas the one-phase method results in two fractions with similar 

composition.  Table 3.6 shows the results for the two different separated portions from 

both one-phase and two-phase methods. 
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 Phase-Fraction Ligand Length %C %Ag n Ag/n organic ∆H 
One-Initial 

 
C12 23.5 62.9 3.2 38.0 

One-Insoluble 
 

C12 24.5 62.9 3.2 46.4 

One-Soluble 
 

C12 23.8 62.9 3.2 25.4 

One-Initial C12/C8 14.1 74.6 4.4 20.6 

One-Insoluble C12/C8 14.3 73.9 4.2 31.3 

One-Soluble C12/C8 13.7 71.5 3.8 9.7 

Two-Initial C12 27.5 56.9 2.5 17.2 

Two-Insoluble C12 40.1 39.6 1.2 50.6 

Two-Soluble C12 23.9 67.2 3.9 17.9 

Table 3.6: Elemental analyses and enthalpy changes for phase transitions (130 ºC) of separated 
nanoparticle fractions prepared via one-phase and two-phase methods.  The initial material is the 
raw product, the insoluble fraction is the remainder of the raw product after washing with hexane, 
and the soluble fraction is the isolated, hexane-soluble material.  The ligand mixture is 1:3 C12/C8. 

  
 The data in Table 3.6 are informative in that both materials (C12 thiol and 

C12/C8) thiol coated nanoparticles) from the one-phase preparation show similar trends.  

Notably, all three fractions (“as-prepared,” soluble, and insoluble) have nearly identical 

silver to organic ratios, suggesting that the final product is composed of the same 

material, all of which is coated silver nanoparticles.  The separated fractions simply have 

varying degrees of solubility.  The degree of in solubility is directly related to the energy 

change associated with the most prominent DSC transition, an important observation that 

will be discussed in Section 3.2.3.  The insoluble portion is likely to have more ordered 

ligands with the formation of superlattices.  In contrast, the two-phase method resulted in 

a mixture of soluble nanoparticles and silver thiolates, as evidenced by the ratio of silver 
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to organic.  The observed ratio of of 1.2:1 Ag/organic is quite similar to that of a 1:1 

silver thiolate. The final, soluble products from both methods bear similarity both in 

elemental analyses and phase transitions.  Also, TEM analyses (Figure 3.13) are similar, 

suggesting that both routes lead to analogous soluble materials. 

 TEM was used for analysis of the spacing of individual nanoparticles in a 

monolayer for a further understanding of the structures. Figure 3.14 shows a TEM image 

used in the analysis of interparticle distance for soluble dodecylthiol-coated 

nanoparticles, for which the DSC is shown in Figure 3.13.  Interestingly, the distance 

approaches that of one ligand length, indicating that the ligands are in fact interdigitated.  

However, the similarity of the DSC data for the coated nanoparticles and the thiolates 

suggests that the deinterdigitation process is not dominant in the thermodynamics of these 

materials.  In other words, the deinterdigitation most likely occurs as the result of other 

processes, but does not stand alone as a unique process. 

 

 

Figure 3.14:  TEM image of dodecylthiol-capped silver nanoparticles and corresponding interparticle 
distances.  The length of an all-trans dodecylthiol is approximately 1.6nm (scale bar = 20 nm). 
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Two other alterations were made in the nanoparticle coatings to probe the phase 

transitions.  First, 11-mercaptoundecanoic acid was utilized as a ligand in a slightly 

altered version of the two-phase synthesis.  The hydrogen bonding ability of the carboxy 

groups in the final product could alter transitions based on ligand interactions.  Figure 

3.15 shows the DSC traces for these nanoparticles.  The only phase transition present 

occurs at 137 ºC with an energy of 42.1 kJ/mol org, higher than that of dodecylthiol-

capped silver nanoparticles (36.4 kJ/mol org). Clearly, the position of this transition has 

not changed significantly as compared alkylthiol-coated silver nanoparticles.  No lower 

temperature peaks, attributable to a limited amount of ligand melting at edge or defects, 

was observed, possibly due to an increased interaction of the end groups on adjacent 

chains. An alteration in deinterdigitation is seen for gold nanoparticles capped with 

mercaptohexadecanol, where the temperature and energy of the transition was higher than 

for octadecylthiol-coated gold nanoparticles.  An increase in alkyl chain order was 

attributed to the presence of hydrogen bonding at the chain termini (on the same particle 

or between neighboring nanoparticles).133 The results presented here give strong evidence 

against interparticle attraction as the source of the enthalpy change in the phase transition 

at 130 ºC. 
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Figure 3.15:  DSC trace for 11-mercaptoundecanoic-acid coated silver nanoparticles (left) and TEM 
image of corresponding nanoparticles  (right).  Scale bar = 10nm. 

 
Another alteration of ligand coating was performed wherein a bulky ligand was 

used.  In the case of silver thiolates, bulkier ligands prevent the formation of a µ3- 

bonding arrangement.128  In this work, a fluorinated ligand, 1H,1H,2H,2H-

perfluorooctylthiol, was used as a bulky capping ligand where only the α and β carbons 

are present as simple methylenes.  The fluorine atoms are more sterically demanding and 

were expected to form much less ordered structures with µ2- bonding.  Indeed, the 

resultant material less dense and more free-flowing in comparison to the alkylthiol 

protected silver nanoparticles.  Also, these particles are highly soluble in acetone, 

whereas alkylthiol-coated nanoparticles are usually insoluble in this solvent and are 

typically soluble in nonpolar solvents.  This partially fluorinated ligand has also been 

used by Korgel and co-workers to cap silver nanoparticles via a method utilizing 

supercritical CO2, resulting in particles with similar properties.162   DSC measurements 

revealed no phase transitions for nanoparticles with such ligands, showing that the 130 oC 

phase transition observed for the alklythiol silver nanoaparticles does not occur for this 
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case of potentially µ2- silver-thiol bonding.  This observation offers further support to the 

notion that the phase transition observed for alkylthiol coated nanoparticles is not simply 

a de-interdigitation transition, but involves a large restructuring of the silver thiolate 

surface from a µ3 to a µ2 arrangement.  Figure 3.16 includes a TEM image of these silver 

nanoparticles.  

To support the idea that the fluorinated ligands are bulky enough to result in a 

different bonding arrangement with silver surfaces, a silver thiolate was made with the 

same ligand and resulted in a material that was also fluffy and free-flowing.  Phase 

transitions are evident (see Figure 3.16) in the silver fluorinated thiolate material, but are 

of relatively small energy (4.1 kJ/mol for the 86 ºC and 2.8 kJ/mol organic for the 144 ºC 

transitions) which would not result from a silver-sulfur bond reorientation unless the 

strength of the silver-sulfur bonding is itself greatly weakened by the bulky ligand 

structure.   These transitions likely correspond to the melting of the fluoroalkyl chains 

followed by a melting of the entire structure, as a liquid is observed upon heating.  See 

Figure 3.16 for a DSC profile.  When considered along with the previously mentioned 

invariance of phase transition temperature with ligand length and terminal functional 

group, it can be concluded that a disordering effect is occurring that involves a 

reorganization at the silver-thiol surface bond.  This reorganization is comparable to the 

phase-transition present in silver thiolates, and a similar driving force presumably 

controls the disordering. 
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Figure 3.16:  DSC traces for silver fluoroalkyl thiolate (left).  Enthalpy changes are 4.1 kJ/mol for the 
86 ºC and 2.8 kJ/mol organic for the 144 ºC phase transitions. TEM image of silver nanoparticles 
with the same ligand (right, scale bar = 10 nm).  DSC of fluoroalkylthiol-coated silver nanoparticles 
(right) reveal no transitions over the same temperature range.   

 
The question remains as to how the alkylthiol-coated silver nanoparticles can 

have similar thermal behavior to silver thiolates.  Is it possible to view the surface of the 

nanoparticle as essentially consisting of adsorbed silver thiolates?  An important 

additional experiment was performed to gain further insight into this question. As 

described earlier, a set of silver nanoparticles was synthesized via the two-phase route 

wherein the nanoparticles were formed with stabilization by TOAB alone, and 

subsequently capped with dodecylthiol to replace the tetraoctylammonium groups.  Silver 

thiolate, which is not a precursor in this case, was detected as a precipitated side-product 

via XRD (see Section 3.2.2.2).  The phase transition at 61 ºC and a small irreversible 

transition at approximately 114 ºC were observed as shown in Figure 3.17.  The phase 

transition at 61 ºC most likely represents a melting of the alkyl chains, which is expected 

to be more evident in the case of a more disordered ligand shell.  Interestingly, this 
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transition is comparable in position to that observed for other alkylthiol-coated 

nanoparticles that were listed in Table 3.4. XRD and FTIR data which further explores 

the structure of these particles will be presented vida infra.  What the results on these 

particles reveal is that the structure does depend on the order in which the thiol is 

introduced.  That is to say, if a silver thiolate acts as the precursor to the formation of the 

silver particles, the structure of the silver nanoparticle surface is similar to and the 

material undergoes undergoes essentially the same phase transitions as silver thiolates. 

 

Figure 3.17:  DSC trace for dodecylthiol-capped silver nanoparticles prepared via addition of thiol 
after formation of silver nanoparticles stabilized with tetraoctylammonium bromide.   

  

Finally, to illustrate and confirm that alkylthiol-protected gold nanoparticles have 

different thermodynamic properties to gold (I) thiolates, two gold (I) thiolates 

(octylthiolate and dodecylthiolate) were studied.  Figure 3.18 shows the DSC results for 

gold (I) dodecylthiolate.  There is a small peak at 34 ºC for the octylthiolate material (not 

shown), and a much more prominent peak for the dodecylthiolate at 35 ºC, followed by a 
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second peak at 158 ºC.  Three things can be noted here.  First, the lower temperature peak 

that does not change position with ligand length.  Second, this peak is much more intense 

and occurs at different positions than that for gold nanoparticles (0 ºC for dodecylthiol-

capped gold nanoparticles).133  Third, the higher temperature peak is unique to gold 

alkylthiolates and is not seen in gold nanoparticles.  This supports the idea that a stable 

commensurate lattice occurs on gold, on which the thiolates incorporate into the gold 

surface.  Simply, the gold particle surface completely rearranges the gold(I) thiolate, 

giving the ligands a higher tilt angle and more opportunity for interdigitation to take 

place.  Conversely, silver nanoparticles can have layered type surfaces, where these may 

detach from the surface following rearrangement. 

 

Figure 3.18:  DSC trace for gold (I) dodecylthiolate.   

 
Clearly, a few important questions remain and a technique which will allow for 

further probing of the structures was necessary to explore them.  What has been 

established at this point is that the thermal behavior of alkylthiol-protected silver 

nanoparticles formed by the one-phase method is not similar to that known for their gold 
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analogues.  Interdigitation of the alkyl chains may occur between neighboring particles, 

but it is not simply this steric effect that keeps the ligands in a highly ordered, all-trans 

state as for gold nanoparticles.  The ordering of the ligands is partially brought about by 

the tighter packing of ligands on the silver surface.  Transitions related to those of silver 

thiolate do occur, but recrystallization and purification procedures to remove possible 

excess thiolate show these transitions are not simply due to the presence of excess 

precursor material.  The transition must happen on the surface of the particle, with likely 

detachment of the silver thiolate.  For elucidation of the structures of the particles before 

and after the phase transitions, temperature-controlled XRD was utilized.   

 

3.2.2.2.  Powder X-ray diffraction 

 
X-ray diffraction (XRD) relies on coherent reflections from lattice planes within a 

crystalline sample. While it would be useful to employ X-ray diffraction to study single 

crystals of nanoparticles, currently no single crystals of nanocrystals (or “supercrystals”) 

suitable for a XRD study have been obtained.  Single crystal measurements are well-

known for molecular crystals, of course, and it is considered to only be a matter of time 

before a single-crystal diffraction study of a nanocrystal superlattice becomes possible.163  

Powder XRD, however, has proven extremely useful for studying both the metallic cores 

of nanoparticles and the structure of the overall superlattice structures.  

Powder XRD is a useful technique for polycrystalline materials and may be used 

for those materials that are not available as single crystals. Despite the advent of scanning 

and transmission electron microscopies, powder XRD is still extensively used for 
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structure analysis of nanomaterials.  One major advantage in powder XRD is that this 

technique samples a large area of either a powder or film, offering a level of high 

statistical sampling.  Intrinsically, this technique is an averaging technique, where a 3-D 

sampling of a bulk specimen reports the average structure of each crystalline phase 

present.  In contrast, TEM requires a very thin film of material, and the areas chosen to 

represent the sample as a whole depend on choices made by the experimental operator.  

Powder XRD is most useful in nanoparticle studies for the identification of lattice 

parameters and determination of average crystallite or domain size, which is often used to 

support TEM size analyses. In this section, X-ray diffraction studies of various 

nanoparticle and silver thiolate materials will be used to gain a better understanding of 

their structure and domain size. 

Two important pieces of information contained in the diffraction pattern are the 

peak position and the peak width. The diffraction intensity IN(s) can be expressed as a 

function of the diffraction vector length, s = 2 sinθ / λ, where θ is the diffraction angle 

and λ is the wavelength of the X-rays (1.541 Å in the case of Cu Kα).  For determining 

the distance between diffraction planes (d-spacing), a simple inversion of the scattering 

vector, s, will give such distances. The width of the diffraction peaks is useful for 

determining the extent of long range order.  Two major sources of line broadening within 

diffraction patterns are finite crystallite (domain) size, and inhomogeneous strain 

(random variation of lattice parameters from plane to plane within the crystal).  

Vibrations give small fluctuations where as lattice deformations due to defects can give 

larger variations in lattice parameters.  Although other factors, such as dislocations and 
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stacking faults, can also influence peak widths, their contribution is generally much 

smaller, and can be ignored in most cases. 

To separate size and microstrain effects, Williamson-Hall plots may be used.164  

The procedure involves plotting values of βcosθ vs. sinθ, where β are peak widths (in 

2θ), and θ is the scattering angle, in radians.  By fitting the data to a linear function, 

θπεβθβ sin2cos 0 ⋅+=⋅    (3.1) 

one can extract β0, which is the line width broadening due to size effects, and 
a
a∆

=ε , 

which is the microstrain within the sample.  The average domain/crystallite size is 

determined from β0 using the Scherrer formula: 

0

9.0
β

λ
=L

    (3.2)
 

where λ is the wavelength of the incident radiation. 

X-ray diffraction patterns of gold nanoparticles have been well-studied. Before 

size separation, a broad peak at s ≈ 0.35 nm-1 is seen for dodecylthiol-coated 

nanoparticles, corresponding to a rough interparticle spacing of 2.9 nm.82  Upon size-

selective purification, samples of the aurothiol clusters show intense Bragg diffraction 

peaks in the small-angle region.  These peaks reflect a periodic order within the solid, 

with a repeat distance 10 to 20 times greater than the Au-Au interatomic distance.  They 

arise from spacings between planes of the nanocrystals within a giant, three-dimensional 

superlattice structure.  It is from these diffraction patterns that unambiguous 

determination of fcc or bcc lattices for a variety of gold nanoparticles may be derived.  A 
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similar finding for silver nanoparticles has been determined by XRD and small angle X-

ray scattering.139   

Silver thiolates typically display a powder XRD pattern with a well-developed 

progression of intense (0k0) reflections, which represent successive orders of diffraction 

from a layer structure with a large interplanar d spacing.  These sharp reflections confirm 

the layered structure and may be used to determine the interlayer spacing.  A plot of 

interlayer spacing versus the number of methylene groups is linear for a series of 

thiolates; from these data a tilt angle (the silver-sulfur-carbon angle) of 12 ± 3º is 

obtained, similar to SAMs which show 13 ± 2º.  This suggests similar packing density 

and rules out complete interdigitation between different layers in the thiolate.  The degree 

of buckling or the height of the sulfur atom above the silver plane is not known, so 

precise distances between layers can not be determined.155 

 XPS measurements on silver thiolates show narrow peak linewidths, consistent 

with a single coordination geometry for each element as suggested by XRD.  The binding 

energy shift between Ag(0) and Ag(I) is too small to determine the metal oxidation state 

definitively, but the S 2p peaks show that sulfur occupies a single binding site.42  Raman 

spectroscopy has shown that silver butanethiolate has two forms, both with a 1:1 silver to 

thiolate ratio, which differ in color.  The white form has all trans alkyl chains while the 

yellow form has gauche defects in these chains.  Diffuse reflectance spectroscopy shows 

a maximum at 340nm for the all-trans form and 400nm for the yellow product.42,165 

Powder XRD has been extremely useful for analysis of these layered materials 

because they are typically insoluble and therefore can not be grown into single crystals.  
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Aside from the (0k0) reflections, other reflections at larger angle are observed. Generally, 

these are weak and are apparently independent of the interlayer spacing, indicating 

mostly (h0l) reflections which are common among all structures, arising from the Ag-S 

in-plane structure. If one considers the geometry as trigonal, the Ag-S bond distance may 

be determined as 2.56Å.  When combined with the fact that the S planes are at 0.5 Å on 

either side of the Ag plane, as indicated by (0k0) reflections, Ag-S-Ag angles are 

determined to be 116.3º.  This can be fitted into a monoclinic unit cell geometry (see 

Figure 3.2).   

Silver thiolates were studied by powder XRD in this dissertation for comparison 

to alkylthiol-protected silver nanoparticles. These precursors to nanoparticles were 

studied as a powder at room temperature to look first at the interlayer (0k0) spacing.  

Figure 3.19 shows typical diffraction patterns for a variety of alkyl chain lengths.  Silver 

octadecylthiolate (not shown), displays a similar pattern typical of a layered material, but 

the first peaks occur below the angle detection limit of the instrumentation. (For Cu Kα 

radiation, the first peak is predicted to occur at approximately s = 0.19 nm-1).  In general, 

from s = 0.2 to 2.0 nm-1, the intense peaks due to diffraction from the interlayer spacing.  

The first four to six reflections are seen clearly, and even higher orders are seen at larger 

s values.  These progressively move to higher s for shorter chain lengths, and the odd-

numbered alkylthiols are slightly different in their interlayer spacing from the even-

numbered chains.  In the literature, no comparisons between odd and even-numbered 

silver alkylthiolates has been mentioned and no studies including nonylthiol have been 

conducted.  DSC studies in the previous section revealed that the lamellar solid to 
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columar liquid-crystal phase transition of odd-numbered silver alkylthiolates occurred at 

higher temperatures than even-numbered analogues.  In addition to the low-angle peaks, a 

large amount of structure is seen above s = 2.0 nm-1.  There are common diffraction 

peaks for all of the compounds which show medium to weak intensity.  There is no 

apparent dependence of these d spacings on the ligand length and they are due to the Ag-

S in-plane structure as described earlier. 
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Figure 3.19:  Powder XRD data for silver alkylthiolates, ranging from dodecylthiol (bottom) to 
hexylthiol (top).  The chain lengths of the alkylthiolates are indicated on the plots.  The dotted line is 
intended as a guide for the eye. 

 

 All of the silver thiolates studied here were made by a slightly different method 

to that reported in the literature.  Addition of alkylthiols to silver salt in ethanol resulted 
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immediately in formation of silver thiolates, as described in the Methods and Materials 

section.  As typical one-phase syntheses involve some form of base (such as triethyl 

amine), a synthesis was also conducted in this way to determine if the products were 

comparable.  Interestingly, the intralayer diffraction was identical and the only difference 

in the final products was in the intensity of the (0k0) peaks, indicating more registry 

between successive layers when base is used (see Figure 3.20).    This is manifested in 

the color of the materials.  Typical longer chain silver thiolates are often white with a 

yellow tint.  The shorter chained analogs are typically more yellow in color.  In the case 

of Figure 3.20, the sample whose XRD is shown in dotted blue was almost pure white, 

versus light yellow for that shown in red.  Longer range order occurred with the addition 

of base (NaBH4), as the width analysis of the first (010) diffraction  results in domain 

sizes of 43 nm and 65 nm along the lamellar spacing direction for the case without and 

with base, respectively. 

 

Figure 3.20: Powder XRD for silver octylthiolate prepared with one- (red) and two-phase (blue-
dotted) methods.  Intraplanar structure (above s=2.4) remains unchanged, with sharpening of 
interlayer diffraction (below s=2.4) 
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Alkylthiol-coated silver nanoparticles were then studied for comparison.  A 

diffraction pattern typical of monoligand alkylthiol-coated silver nanoparticles is shown 

in Figure 3.21 for dodecylthiol-coated nanoparticles that were twice recrystallized from 

hexane.  A wealth of information is available from each experiment about both the size of 

the core and the domain size of the superstructure.  Above s = 4, diffraction from planes 

corresponding to distances of approximately 0.2 nm are evident from ‘bulk’ silver in the 

nanoparticle core.  Below s = 0.25 nm-1, a peak which corresponds to the spacing 

between individual nanoparticles is seen at approximately 4 nm. Surprisingly, between 

0.5 and 2 nm-1, diffraction patterns similar to silver alkylthiolates were seen.  
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Figure 3.21:  Powder XRD data for twice-recrystallized dodecylthiolate-capped silver nanoparticles.  
Bottom shows diffractograms of the original sample (blue) and the aged sample (for 3 weeks as a 
solid, ambient conditions) (red)  on a silicon wafer. Top shows the powder, where the arrow marks 
the superlattice peak. The asterisks indicate the diffraction peaks from Si powder present in the 
sample as a reference.  

 

To determine silver core sizes, the width of the bulk silver peak was treated by a 

Scherrer-type analysis as outlined above. For particles with dimensions in the nanometer 

size range, a significant fraction of the atoms in the particle are exposed on the surface, 

which means that surface energetics plays an important role in determining the 
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equilibrium crystallite morphologies. It has been shown that the shape and internal 

structure plays an important role in and is important for careful analysis of the bulk silver 

peaks, as it can alter the lineshapes of the diffraction peak. As a distribution of sizes (up 

to 20%) is present in most samples presented here, a variety of shapes are sampled by 

XRD.  A rough estimate of size is obtained assuming a spherical object which is 

generally comparable to sizes estimated from TEM.  Assuming spherical morphology for 

the particles whose XRD pattern is shown in Figure 3.21, the average core diameter is 

found to be 3.9 nm by a Scherrer analysis, in good agreement with the TEM result (3.4 

nm). 

Selected area electron diffraction (SAED) is a technique that relies on monitoring 

the secondary diffraction in a typical TEM instrument.  The diffraction of an electron 

beam from a small area (as small as 20 nm in diameter) is chosen and the angular 

distribution of the electrons is monitored.  Because of the limits on the chosen area, only 

larger isolated samples or a collection of nanoparticles typically can be evaluated.  In one 

case, an isolated silver nanoparticle coated with dodecylthiol was chosen for analysis.  

The corresponding diffraction pattern is shown in Figure 3.22.  These data demonstrate 

that the highly crystalline nature of the silver cores and supports that the XRD diffraction 

analyses for small crystalline materials is valid.  The pattern shows the characteristic 

diffraction from an fcc lattice.   
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Figure 3.22:  Selected area electron diffraction of an isolated silver nanoparticle coated with 
dodecylthiol. 

 

In the XRD pattern, the position of the broad peak seen at s ≈ 0.2 nm-1 roughly 

corresponding to the nearest-neighbor distance within the superlattice.  The relatively 

large width of the peak indicates that only short-range ordering is present within the 

superlattice.  Due to the distribution of nanocrystal diameters in the raw material studied, 

nearest neighbor distances are expected to vary throughout the solid. Combined with the 

angle limitation of the instrumentation, a distinct superlattice can not be assigned.  Only 

the smallest nanoparticles revealed identifiable superlattice diffraction, as these were 

evident in the window accessible using this instrumentation.  The interparticle distance 

corresponds to approximately 4.95 nm, with a coherence length of approximately 14 nm 

or 4 nanoparticles per edge of a cubic superlattice.  With a core diameter of 3.5 nm and 

assuming an all-trans conformation of ligands approximately 1.3 nm in length 

(dodecylthiol), the spacing minus the core diameter is much less than two ligand lengths 
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(1.45 vs 2.60 nm), consistent with a partially interdigitative model of the nanoparticle 

arrangement. 

By comparing the XRD of the nanoparticles to the silver thiolates, it was found 

that the same (0k0) reflections are observed.  It can be seen (Table 3.7) that the spacings 

for the nanoparticles and silver thiolates are very similar for each chain length. This 

suggests that the similarity is not coincidental, but most likely arises from silver thiolate 

in both materials, probably as a result of desorption of silver thiolate in the case of the 

nanoparticles.  By analyzing the width of the peaks for these silver thiolates, they were 

typically in the form of small domains as compared to the pure silver thiolate samples, as 

evidenced by the broadness of the peaks, indicating a relatively small coherence length 

from small domains desorbed from the surfaces of the nanoparticles. For example, the 

coherence length for the alkylthiolates in Figure 3.21 is 13.6 nm, as compared to 42 nm 

for corresponding silver dodecylthiolate samples. 

151



 

y = 0.2321x + 0.5906
R2 = 0.9912

nanoparticles

y = 0.2292x + 0.5943
R2 = 0.9705
Ag-thiolates

1.9

2.1

2.3

2.5

2.7

2.9

3.1

3.3

6.0 7.0 8.0 9.0 10.0 11.0 12.0
Carbon #

D
is

ta
nc

e 
(n

m
)

 

 

Table 3.7: Comparison of spacing between lamellar layers of the silver thiolates and interparticle 
spacing silver nanoparticles (right) derived from XRD data.  The spacing for the nanoparticles is the 
distance corresponding to the particle spacing minus the average core diameter.  The interlayer 
distance versus carbon number in the alkyl chain is shown in the graph on the left; a tilt angle of 13º 
is derived from the slope of the best-fit line. 

 
 In order to determine unambiguously determine that there was indeed silver 

thiolate present in the silver nanoparticle samples, high temperature XRD studies were 

carried out.  In each of these samples, a heating cycle similar to that in DSC experiments 

was used.  DSC revealed that reversible phase transitions occur between 128-131 ºC for 

silver thiolates of all alkyl chain lengths examined.  Samples were heated above the phase 

transition and held at this temperature for the measurement.  Figure 3.23 shows 

diffraction patterns for silver dodecylthiolate at various temperatures.  Annealing of the 

compound occurs after one heating cycle as evidenced by the increase in intensity of the 

Bragg diffraction peaks.  At temperatures above 130 ºC, the silver-thiol backbone has 

been proposed to re-arrange and form micellar structures which stack into hexagonal 

columns, identified by Baena et al. to be a liquid crystalline Colhd phase.125  This is 

indicated by the appearance of a single peak at s = 0.43 nm-1 and the complete 

#C Interlayer 
spacing (nm) 
nanoparticle 

Interlayer 
spacing (nm) 
Ag-thiolate 

6 2.0 2.0 

7 2.2 2.0 

8 2.5 2.5 

9 2.6 2.4 

12 3.4 3.4 
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disappearance of all other peaks at both 150 ºC and 200 ºC.   At 300 ºC, complete thermal 

decomposition has occurred, with the formation of bulk silver and volatile organics, 

presumably disulfides. 

 

Figure 3.23:  Temperature-dependent XRD of silver dodecylthiolate.  Inset is for a range of higher s 
values.  Initial (solid red) was heated to 150ºC (solid blue), cooled to room temperature (green-
dotted), heated again to 200ºC (blue dash-dotted), then to 300ºC (solid purple), where all peaks 
disappear and a bulk silver peak grows in as a result of decomposition (inset). The asterisks 
represent diffraction from Si powder present in the sample as a reference. 

 

 

A diffraction pattern identical to that of the corresponding silver thiolate at high 

temperature (albeit very weak in most cases) was detected for C6, C7, C8, C9 and C12 

alkylthiol-coated silver nanoparticles at temperatures above that observed for their major 

DSC peak at 130 ºC.  The micellar sizes estimated from the XRD data for both silver 

nanoparticle samples and silver thiolates (assuming a hexagonal unit cell) are shown in 

Table 3.8, along with a proposed schematic of the micellar phase.  These results suggest 
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strongly that silver thiolates are present in the nanoparticle sample, even after 

recrystallization.  It is unlikely that there is another structure that could have 

coincidentally a similar spacing that matches so well with the silver thiolates at both 

room temperature and high temperature.  There is a major difference  in the annealing 

properties of the samples.  For most nanoparticle samples, annealing cycles did not 

sharpen the intensity of the (0k0) diffraction peaks, but either weakened them or caused a 

complete disappearance, suggesting decomposition of the material.  Diffraction at high 

temperature (often 140 ºC) was peformed with faster scanning rates than at low 

temperature for these samples due to their observed instability. 

 

 
 
 
 

 

 

 

Table 3.8:  Spacing of high temperature micellar species as determined by XRD at 150 ºC for both 
silver thiolate and nanoparticle samples.  Left is a schematic of the micellar species with µ2 
coordination of the silver (gray circles) and thiolates (yellow circles with liquid-like alkyl chains). 

 

 

#C Intermicellar 
spacing (nm) 
nanoparticle 

Intermicellar 
spacing  (nm) 
Ag-thiolate 

6 1.9 1.7 

7 1.9 1.9 

8 2.0 2.0 

9 2.1 1.7 

12 2.3 2.3 

D 
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How is it that silver thiolates are present in the recrystallized samples?  The data 

so far suggest that the thiolate is not present as an unreacted precursor, but rather through 

dissociation from the silver nanoparticle surface.  As was mentioned earlier, the silver-

sulfur bond is dynamic and thiols have been known to etch surfaces.127  It is likely that 

these thiolates are being removed from the surface after formation of the nanoparticles to 

a small degree.  To determine absolutely that this silver thiolate was formed after 

purification of the nanoparticles, a synthesis was performed in which the thiolate was not 

a precursor, as described in the previous section (DSC characterization was shown earlier 

in Figure 3.17).  The XRD of the final product is shown in Figure 3.24 where again 

spacing between individual silver nanoparticles is approximately 4.67 nm based on the 

lowest angle peak.  The diffraction from bulk silver has the appearance of two peaks, as a 

Lorentzian shape is not evident.  Either there are two distinct silver sizes or this is 

diffraction from a higher order plane of the layered material.  With a deconvolution of the 

two peaks for the bulk silver, the crystallite size for the nanoparticles was determined to 

be approximately 2.4 nm.  Also, there is evidence of a lamellar (0k0) diffraction.  An 

analysis of the first (010) “superlattice” peak at s ~ 0.25 nm-1 reveals a coherence of 

approximately 15 nm, or 6 nanoparticles per edge.  This shows that although silver 

thiolates were not present in the initial reaction, they are present as an impurity phase.  

There is an intensity alteration for odd/even diffractions which is unexplained at this 

time. 
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Figure 3.24:  Powder XRD data for octylthiol coated silver nanoparticles prepared without use of a 
silver thiolate precursor. 

 
The alkylthiol-protected silver nanoparticles described remain stable for weeks to 

months in the solid state at room temperature; however, heating and solution processing 

have been known to effect core sizes.166 If there is in fact a dynamic exchange occurring 

between silver thiolates and the nanoparticles, a size change should be observed with 

eventual aggregation and nanoparticle growth in this kinetically-stabilized system.  To 

address this, a single isolated supercrystal of nanoparticles (~2 mm) was heated to 150 ºC 

for approximately 20 minutes and allowed to cool.  Redissolution of this sample, which 

was originally recrystallized from hexane, revealed a small amount of insoluble material, 

but the majority of material was soluble in hexane.  TEM of these samples showed 

growth in average size from 3.5 ± 0.2 nm to 4.5 ± 0.4 nm (TEM images shown in Figure 

3.25).  The degree of order in the superlattices was reduced as a result of the increase in 

size dispersity.  This is strong evidence that silver thiolates are being removed from the 
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surface of the nanoparticles at temperatures above 130 ºC, followed by a re-adsorption 

onto the nanoparticles to form a protective layer.  

 

Figure 3.25:  TEM images of dodecylthiol-coated nanoparticles before and after heating to 150 ºC for 
20 min.   

 
To understand how it is possible that silver thiolates are present in the 

recrystallized nanoparticle samples, a reaction in which silver thiolates were first made in 

the presence of excess silver salt was conducted. This procedure is identical to typical 

nanoparticle syntheses in this dissertation.  Fractions were removed at various time 

intervals with addition of the reductant (NaBH4) at a rate of ~1mL/minute.  These times 

were chosen when an obvious change in color was apparent during the formation of the 

nanoparticles. The approximate times and colors of 7 samples are as follows: 1.) initial, 

white; 2.) 20s, tan; 3.) 1min, purple/tan; 4.) 2 min purple/brown; 5.) 4 min, brown, 6.) 10 

min dark brown/black, 7.) 3 hours, final, recrystallized (from hexane) dark brown 

powder.   Each sample was removed and quickly quenched with addition of methanol and 

centrifugation.  Each sample was thoroughly washed with ethanol, water, and acetone 

before studies continued.  The powder XRD patterns of the isolated materials are shown 
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in Figure 3.26. The z-axis represents the collected sample number, that correlates to the 

reaction time, where 0 is the initial silver thiolate and 7 is the final isolated nanoparticle 

product.  Several points of interest may be distinguished:  1.) First, the initially removed 

sample of silver thiolate revealed that the spacing is not identical to that of  purified silver 

thiolate prepared under similar reaction conditions, where reaction times are typically 3 

hours or more.  At this time, a “pre-annealed” structure exists with a limited degree of 

coherence between planes, as evidenced by the absence of (0k0) peaks above k = 4.  The 

position of these peaks shows that the initial structure has an interlayer spacing shorter 

than typical silver octylthiolate.  During the reaction, an alteration was observed in this 

regard, and is most obvious for k = 2.  By the third fraction, a splitting to lower s values 

occurs, followed by a new peak at higher s value, and a continual splitting/shifting until 

the 6th sample.  
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Figure 3.26:  Powder XRD data for samples taken from a reaction mixture wherein silver 
octylthiolate was being reduced  to form silver nanoparticles.  Sample numbers are described in the 
text; samples 1-6 were removed from reaction vessel at different times while 7 is the final 
nanoparticle product (z-axis).  The main diagram shows the low angle (0k0) scattering while the inset 
shows the appearance of bulk silver peaks (s = 4.3 nm-1) and disappearance of the intralayer peaks 
from the thiolates. 

 

2.) The intralayer structure, as seen in the inset of Figure 3.26, is initially evident 

and is relatively constant for the first 4 reaction times, in contrast to the (0k0) positions.  

3.) Appearance of the bulk silver diffraction peak at s = 4.3 nm-1 is first observed at the 

fourth sampling, with a sharpening up to the 6th sampling.  This was the last fraction 

sampled, and corresponds to the point where the nanoparticle dispersion reached its final 

brown/black color.  4.) Sample 7 was the the final nanoparticle material after collection.  

The silver diffraction peaks reveal this sample to consist of smaller nanoparticles than in 

the bulk sample 6, as evidenced by the increase in width, indicating a further evolution in 
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the size distribution with time. A broad nanoparticle superlattice peak at s = 0.25 nm-1 

value is also observed, as described for previous samples.  The final position of the (0k0) 

diffraction peaks are nearly identical to pure silver octylthiolate powders.   It appears that 

annealing of the thiolate occurred in conjunction with the formation of nanoparticles and 

the silver thiolate is not fully dissociated, but rather has a dynamic interlayer structure 

throughout the process. This indicates that the initial silver thiolate is always present 

during the nanoparticle synthesis, but is disrupted throughout the reaction, forming 

intermediate less ordered structures in terms of interlayer structure as they grow on the 

nanoparticles.  However, the intralayer structure remains intact throughout most of the 

synthesis until the 5th and 6th sampling, where a loss of the peak intensity occurs.  

Therefore, the disruption of the bulk silver thiolates and occurs at the point when the final 

dark color, signifying nanoparticle formation, is reached.  Because the final product, 

which was recrystallized from hexane, contains evidence of silver alkylthiolates with 

smaller domain sizes, it is evident that this indeed is the result of desorption from the 

surface. 

An examination of two other systems was conducted to finalize the studies 

presented in this section.  The first was a silver 1H,1H,2H,2H-perfluorooctylthiolate and 

the analogous ligand-coated nanoparticles.  As discussed, the DSC of these nanoparticles 

does not display an obvious phase transition at 130 ºC.  There is no bonding 

rearrangement likely for these materials if they feature µ2- bonding, which is supportive 

of previous results. Figure 3.27 shows the powder XRD of both materials.  Again, the 

thiolate is shown to display a (0k0) pattern with an interlayer spacing of 2.4 nm, slightly 
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smaller than the 2.5 nm spacing determined for silver octylthiolate.  There is higher order 

diffraction within planes, however the broadness above s = 2.4 nm-1 prevents an accurate 

determination of the intraplanar structure, the determination of which is outside the scope 

of this study.  The formation of nanoparticles and subsequent recrystallization from 

acetone resulted in a weak, but similar XRD pattern in the region of interest for the 

corresponding silver thiolate, accompanied by a bulk (100) silver peak for the cores and 

an additional superlattice peak at s = 0.25 nm-1.  This evidence signifies that silver 

thiolates are present, regardless of the initial bonding arrangement. 

 

Figure 3.27:  Powder XRD data for Ag (I) 1H,1H,2H,2H-perfluorooctylthiolate (dotted blue) and the 
analogous ligand coated silver nanoparticle material (solid red).  

 

 An additional brief study on gold (I) thiolates was conducted to compare to both 

the previously mentioned results and those found for gold nanoparticles.  Figure 3.28 

shows the powder XRD pattern for gold octylthiolate and gold dodecylthiolate.  

Interlayer spacings of 2.5 nm and 3.4 nm were found respectively for these gold (I) 
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thiolates (identical to the corresponding silver thiolates), supporting an analogous layered 

structure for these materials at room temperature.  No features of this type have been 

identified for gold nanoparticles in the literature previously, indicating that gold thiolates 

are typically not present in isolated nanoparticle materials.  The broadness of the 

diffraction pattern above s = 2.4 nm-1 is reminiscent of that seen for silver 1H,1H,2H,2H-

perfluorooctylthiolate, where each is expected to have a µ2- bonding arrangement.  

Although reports of annealing and etching of gold nanoparticles have been made,30 their 

relative stability compared to gold (I) thiolates is quite high.  Indeed, gold nanoparticles 

have been referred to as ‘thermodynamically stabilized’; in contrast, silver nanoparticles 

are often considered to be ‘kinetically stabilized’.163 

 

Figure 3.28:  Powder XRD data for Au (I) octylthiolate (red) and Au (I) dodecyltholate (blue).  The 
low-s peaks (s < 1.6) representing interlayer (0k0) reflections are not present in gold nanoparticle 
XRD experiments.   
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3.2.2.3. Optical microscopy 

 
 Optical microscopy is a very important to the study of polymers and liquid 

crystals (LCs), and temperature-controlled polarized microscopy is often critical in 

assigning LC phases.  The optical transmission of an anisotropic material when viewed 

with polarized light can reveal much information about the material.  Isotropic materials, 

which include gases, liquids, unstressed glasses and cubic crystals, exhibit the same 

optical properties in all directions. They have the same refractive index for different light 

polarization and propagation relative to all crystallographic or dielectric axes. 

Anisotropic materials exhibit refractive indices that depend both on the propagation 

direction of light through the substance and on the direction of polarization, which is 

called birefringence. The technique of polarized optical microscopy exploits the effects of 

material birefringence on the polarization state of the light with the sample place between 

crossed polarizers. In crossed polarizers, isotropic materials can be easily distinguished 

from anisotropic materials as they remain dark when the stage is rotated through 360 

degrees. The birefringence of an anisotropic material can induce an ellipticity of the 

transmitted light polarization such that there is a component of polarization parallel to the 

analyzer and can be viewed after the polarizer.  The birefringent retardation at different 

points in a specimen depends on the local birefringence and the wavelength of the light, 

such that colors may be seen in the image of the light transmitted by the analyzer, 

depending on the properties and domain structure of the material. The polarization colors 

provide a way to visualize the domain structure of multidomian specimens and this is 

widely used to identify liquid crystalline phases based on the image texture of the sample. 
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Superimposed on the polarization color information is intensity information due to 

selective absorption of polarized light. 

As a specimen is rotated relative to the polarizers, the intensity of the polarization 

colors varies cyclically (this depends on the orientation of the domains), from zero up to a 

maximum after 45 degrees and back down to zero after a 90-degree rotation. Whenever a 

domain is in extinction, the incident light is polarized parallel to one of the dielectric axes 

of the material.167  Though the detected color of a material with incident cross-polarized 

light is important in detailed studies, it can be simply stated that the presence of any color 

reveals the presence of an anisotropic material. This technique is often a crucial method 

of characterization and can be coupled with DSC and XRD to reveal the types of phase 

transitions occurring.   

To examine if there were similarities in the phase behavior of silver nanoparticles 

and their alkylthiolate analogues, these materials were analyzed by variable temperature 

optical microscopy. Figure 3.29 shows a series of optical images of silver 

dodecylthiolate.  When viewed above the major phase transition temperature (130 oC) 

and a visibly colored liquid-crystal texture is observed using cross-polarized light, 

indicating the high temperature phase above the 130 ºC transition to be liquid crystalline 

in agreement with previous work. The previous XRD studies also showed disappearance 

of the crystallinity and the appearance of a single strong diffraction peak from the liquid 

crystalline phase.  The assignment of the lamellar-micellar transition was in fact 

previously made with polarized microscopy. 125  At room temperature, a fan-shaped focal 
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conic texture was observed, typical for lamellar phases.  After 130 ºC, batonnes and 

platelets are formed, which are characteristic of a micellar mesophase. 

 

Figure 3.29: Optical microscopy of silver dodecylthiolate at room temperature (left), 150ºC 
(unpolarized images) (middle) and 150 ºC observation with cross-polarizers (right). 

 

 
Previously, it was mentioned that recrystallization of silver nanoparticles resulted 

in small crystallites that were shiny with defined edges.  These ‘supercrystals’ are 

assumed to contain insignificant thiolate impurity, which would prevent the formation of 

crystals.  The images shown in Figure 3.30 were collected with reflected light.  A shiny 

crystallite with well-defined edges can be seen, which is surrounded by smaller pieces of 

darker material.  Upon heating to 150 ºC, a clear loss of defined edges can be seen, along 

with a loss of some reflectance.  This reveals that the nanoparticle crystallite appears to 

undergo a complete melting and flow, which is likely in part the result of desorption of an 

amount of silver thiolates. Previous TEM results, as presented in Figure 3.25, showed 

these particles experienced growth in size after heating, providing evidence that these 

particles experienced aggregation due to the decrease in stabilization upon undergoing 

the phase transition and desorption of silver alkylthiolates that was accompanied with 

little overall decomposition.  In order to see whether there is anisotropy of these 

materials, a nanocrystal was compressed between two glass coverslips to thin the 
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material.  Upon melting, the edges showed evidence of anisotropy, as shown on the right 

in Figure 3.30.  This is likely due to silver thiolates which had desorbed from the surface 

at the edge of the particles.  These results indicate that a melting of the supercrystals of 

nanoparticles occurs at 130 ºC, coincident with the liquid-crystal phase transition of silver 

alkylthiolate.  No melting or apparent loss of order is evident at lower temperatures.  The 

anisotropy of the multidomain material at high temperatures is evidence of the presence 

of silver thiolates produced during the phase transition. 

 
 

Figure 3.30:  Optical microscopy of silver nanoparticles coated with dodecylthiolate.  Left (room 
temperature) and middle (150 ºC) images were collected in reflectance mode, right (150 ºC) in 
transmission mode with polarizers. 

 
 
3.2.2.4. Infrared spectroscopy 

 
It is well known that FTIR is a very sensitive technique for revealing the degree 

of order in extended alkyl chains.168  An extensive FTIR investigation by Murray and co-

workers has shown that alkyl chains in alkylthiol-coated gold nanoparticles mimic the 

chain crystallinity of bulk hydrocarbons.  The chains are predominantly all trans, as seen 

by the sharp wagging and rocking progression bands, along with the position of the 

methylene C-H stretching vibrations.27  It is known that CH2 stretching modes for all-

trans extended alkyl chains lie at 2846-2850 cm-1 and 2915-2918 cm-1, for the 
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asymmetric and symmetric stretches, respectively.  Comparatively, these stretching 

modes for disordered chain modes lie in the ranges of 2854-2856 cm-1 and 2924-2928 

cm-1. The wag progression from ~1400-1100 cm-1 is an indicator of a high degree of alkyl 

chain order.  The CH2 scissor is also known to be a sensitive indicator of the alkyl 

packing, where the appearance of a single narrow peak at 1473 or 1467 cm-1 is attributed 

to an ordered triclinic or hexagonal subcell packing, respectively.169  Finally, another 

useful indicator is the wagging band at 1342 cm-1 for chain-end defects 124   

Silver alkylthiolates have been discussed at length in the preceding sections and 

FTIR studies are another convenient means of probing their structure.  Layered silver 

thiolate compounds have a very high degree of alkyl chain order at room temperature.  

The presence of CH2 wagging progressions confirms the all-trans structure of the alkyl 

chains.124  These are attributed to out-of-phase coupling between the wagging motions of 

the adjacent methylene units along the chain.  This coupling did not occur if significant 

gauche conformers are present.  The existence of one peak at 1469 cm-1 for layered 

compounds is consistent with a hexagonal subcell packing containing a single all-trans 

chain per unit cell. Also a less intense but distinct progression in the region from 1000-

1150 cm-1 is assigned to the skeletal C-C-C backbone stretching.  

  Temperature-dependent FTIR shows that there is a distinct “pre-melting” 

window from 100 to 125 ºC wherein the gradual accumulation of gauche conformers 

appears to prepare the material system for the incipient phase transition at 130 ºC. At 

130 ºC, an abrupt structural change from bilayer to micellar (solid-liquid crystal) and a 

second irreversible transition occurs at 190 ºC, which is assigned to a micellar-amorphous 
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transition, accompanied by degradation.125  New bands are seen between 130 ºC and 

190 ºC at 1339, 1350, 1312, and 1365 cm-1, which are attributed to these gauche defects.  

The peak at 1469 cm-1 moves to lower energy at 1463 cm-1, which is consistent with 

disrupted hexagonal packing in a partially disordered chain.     

Alkylthiol-protected silver nanoparticles were studied by FTIR to gain further 

insight into their alkyl chain ordering and structure as well.  Figure 3.31 shows an FTIR 

spectrum of octylthiol-coated silver nanoparticles before and after annealing at 130 oC 

(spectra are all taken at room temperature).  The initial sample has peaks at 2924 and 

2854 cm-1, consistent with chains that are disordered and at comparable positions to neat 

liquid alkylthiols.169  However, the sample achieves significantly more alkyl chain order, 

with a shift to 2919 and 2848 cm-1 after heating above the major DSC phase transition at 

130 ºC for 20 minutes.  Heating at 130 ºC for 2 hours did not result in further shift of 

these bands to higher energy; these bands remained identical.  However, after heating for 

one day, significant disordering occurs, as shown by shifts of these bands to 2927 and 

2855 cm-1.  This interesting result supports that these high temperatures induce a melting 

in the alkyl chains, causing the stabilization of the core to weaken.  Over extended times, 

desorption of the small silver thiolate domains occurs, resulting in disordered structures.  

The irreversibility of the variable-temperature XRD experiments described previously 

support this, as all evidence of silver thiolate diffraction disappears after long-term 

heating.  Hence, permanent imperfections are introduced into the alkyl monolayers. 

Analysis of other vibrational modes supports these results.  The wagging 

progression significantly sharpens after short annealing times and almost completely 
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disappears after one day.  The band at 1422 cm-1 is assigned to the bending mode of the 

methylene group located next to the sulfur atom, often observed as a shoulder for 

nanoparticles.170  This also sharpens and finally disappears after extended heating. The 

feature at 1382 cm-1 is the terminal methyl symmetric bend, or umbrella mode, which 

sharpens for the disordered particles.   

 

Figure 3.31:  FTIR spectra of octylthiol-coated silver nanoparticle films on KBr plates at room 
temperature: initial (black, top), and after annealing at 130 ºC for 20 minutes (red, second from top), 
2 hours (green, third from top), and one day (blue, bottom). 

 

The previous FTIR results described concerned "crude" nanoparticle materials, 

including both the soluble and insoluble portions, as discussed previously.  Separation of 

these is expected to result in sharpening of the spectral features of the insoluble portion.  

As the DSC profiles reveal higher enthalpy changes for complete melting of the alkyl 
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chains, the FTIR spectra would be expected to show more order for the insoluble 

portions.  Figure 3.32 shows the well-defined infrared spectroscopy of these materials, 

which allow for a more complete analysis.  By purifying each sample (one-phase and 

two-phase), the spectrum was intensified and sharpened for the insoluble portion. In both 

cases, no significant shift in the methylene stretch frequencies is seen, but a sharpening 

for the insoluble materials is evident.  Also, in both cases a beautiful wag progression is 

seen for each CH2 oscillator.  Again, this is sharpened for the insoluble material, along 

with a sharpening of the C-C stretch modes and rocking mode at 721 cm-1. This is true of 

both the one-phase synthesis and the two-phase synthesis, where it was shown previously 

that the soluble portions of each product were quite similar in composition.  This data 

indicates that the increase in solubility of these portions is derived from more surface 

defects.  Both of the insoluble portions have relatively more order and less gauche 

conformers.  However, it was shown that in the one-phase method that the insoluble 

fraction is also similar in composition to the soluble fractions, but was presumed to have 

more ordered chains due to formation of insoluble superlattice structures.  Conversely, 

the majority of the two-phase insoluble product was found to consist of silver 

alkylthiolates.  Although structurally different, both types of materials have quite similar 

order, as shown by FTIR, and result in insolubility.  It is very important to note that 

regardless of synthetic process, a fraction of the nanoparticle product will often be 

insoluble, very much unlike gold nanoparticles, where most of the product is soluble. 
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Figure 3.32:  FTIR spectra of two-phase (top) and one-phase (bottom) synthesized dodecylthiol-
coated silver nanoparticles.  The insoluble portion is shown in blue, the soluble portion in red. 
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 Previously, results were presented for a silver nanoparticles prepared by a 

synthesis in which the thiol was added after reduction, wherein the phase-transfer agent 

TOAB acted as the surface passivant.  DSC results suggested that the alkyl chains exhibit 

significant disorder, resulting in a lower temperature melting of the dodecyl chains than 

in comparable nanoparticles prepared with reduction after addition of the alkylthiols.  To 

further investigate the packing on these surfaces, a spectroscopic investigation using 

FTIR was performed, as shown in Figure 3.33.  The akyl chain is apparently well-ordered 

due to attachment to the metal surface, with symmetric and asymmetric methylene 

stretches occurring at 2918 and 2849 cm-1, respectively.  However, the lower energy 

region shows the chains to have significantly different packing than other particles, as 

evidenced by the weak features.  A broad peak at 1470 cm-1 can be attributed to an 

inefficient packing of conformationally disordered chains. The only other peaks that are 

clearly resolvable occur at 719 (C-C rocking mode) and 1261 cm-1 (part of the wagging 

progression). 
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Figure 3.33:  FTIR of dodecylthiol-coated silver nanoparticles prepared via addition of thiol after the 
reducing agent.   

 
 Previously, 1H,1H,2H,2H-perfluorooctylthiolate-coated nanoparticles were also 

presented with XRD and DSC results, which suggested that these were ordered materials 

similar in structure to the analogous silver thiolate.  As this fluorinated octylthiol is a 

bulky ligand, a µ2- structure was proposed, where these structures are attached to the 

surface of the particles.  In order to: 1.) confirm the presence of the fluorinated ligands on 

the particle surfaces and 2.) support the evidence that the ligands are in similar 

environments for both the thiolate and nanoparticle, FTIR spectroscopy was used.   

Figure 3.34 reveals very similar spectra and structure for both the nanoparticle and silver 

thiolate.  The methylene symmetric and asymmetric stretching modes are evident at 2859 

amd 2936 cm-1 respectively, but are quite weak due to the low relative number of CH2 

groups in the ligand (this results in an imperfect baseline correction in the CH2 region).  
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These modes occur at higher wavenumbers than found for simple alkylthiolate-protected 

nanoparticles, indicating less interaction between neighboring chains resulting in more 

disorder due to a lower ligand packing density on the surface.  As expected, the lack of a 

terminal methyl group results in the absence of a methyl stretching mode.  The strong 

features between 1300-1500 cm-1 are the νs(CFn) stretches, which occur at similar 

wavenumbers in both thiolate and nanoparticle samples.  Indeed, this is evidence that the 

structures are similar, but more ordered in the silver-thiolate layered material and that the 

degree of order is less than for tightly packed, µ3- bonded silver alkylthiolates. 

 

Figure 3.34:  FTIR spectra of silver 1H,1H,2H,2H-perfluorooctylthiolate thiolate (red, top) and 
1H,1H,2H,2H-perfluorooctylthiolate-protected silver nanoparticles (blue, bottom). 
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3.2.3. Solubility studies  
 
 

  The initial motivation for the study of the structure of silver (and gold) 

nanoparticles presented in the previous sections was to understand how to enhance their 

solubility in organic matrices.  With a thorough understanding of the ordering of the alkyl 

chains and the factors that govern this, a reasonable series of alterations can be expected to 

follow to increase disorder and hence solubility. These nanoparticles often form ordered 

structures which manifests in the interdigitation of alkyl chains on adjacent particles. This 

can lead to detrimental aggregation and phase separation in solutions and polymer matrices 

(see Figure 3.35).  Many materials applications of silver nanoparticles require a 

homogeneous dispersion of nanoparticles in an organic host and would benefit from such a 

study.  Examples are metallodielectric photonic crystals based on diblock copolymers,171 

oriented arrays of nanoparticles in polymers to form polarization-dependent color filters,59  

and laser 3-D metal writing in polymer films.172  The latter application was conducted in 

the Perry lab and has benefited significantly from this study.  These results will be 

presented in this section.    

 

Figure 3.35:  Schematic illustration of an interdigitated assembly of nanoparticles, and the 
dissolution in solvent resulting in a dissociation of the assembly and formation of a polymer 
nanocomposite film. 

 

dissolve
Polymer 

film
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 Several ways of reducing the extent of interdigitation of the ligand chains were 

explored.  A series of silver nanoparticles was synthesized, wherein ligand length and 

silver core size were varied, multiple ligands were attached to the particles, and ligands 

bearing terminal groups were added that promote favorable interaction with host 

materials. An effective structure-property relationship was found that correlates the 

nature of the ligands with the temperature and energy of the superlattice melting detected 

for silver nanoparticles.  Differential scanning calorimetry (DSC) was used to measure 

the enthalpy change of the disordering of the alkyl chain surface structure as was 

discussed at length in Section 3.2.2.1.  Not only were these measurements crucial in 

developing a thermodynamic picture of the melting processes, but they also served as 

indicators of solubility. 

 To summarize the results from Table 3.5, it was found that: 1) In shortening the 

ligand chain length from 18 to 6 carbons, decrease in enthalpy was observed with the 

temperature of the phase transition remaining nearly constant; 2) Odd-even effects in the 

solubility of the nanoparticles were observed, where both heptylthiol and nonylthiol-

capped nanoparticles show significant shifts for the phase transition from approximately 

128 °C to 140 °C and 138 °C, respectively; 3) Upon polysubstitution of the nanoparticles, 

there was a decrease in enthalpy change and a significant increase in entropy change, 

with the transition temperatures dropping by approximately 10-25 ºC; and 4) Larger 

molar ratios of ligand to silver resulted in smaller particles, and these small nanoparticles 

showed decreased solubility in comparison to their larger counterparts.  FTIR studies also 

supported that the soluble portions with smaller enthalpy changes for the 130 C transition 
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 These measurements show that mixtures of ligands significantly reduce the 

superlattice melting energy.  For example, a mixture of octadecyl and dodecylthiol results 

in disordering energies comparable to those observed with nanoparticles coated with 

octylthiol, a shorter ligand, alone.  This is extremely useful in terms of applications where 

greater interparticle separations are required, but solubility is important.  Further 

polyfunctionalization results in an even larger benefit in solubility.  In fact, a mixture of 

dodecylthiol, octylthiol and heptylthiol results in the lowest superlattice melting enthalpy 

measured, which is comparable to that found for hexylthiol.  These low melting energies 

are attributed to the fact that neighboring ligands that are of differing chain lengths will 

not retain as much alkyl chain order.  For example, in the case of dodecylthiol and 

octylthiolligand mixtures, the last four carbons in the dodecylthiol chain will be free to 

rotate and bend, as depicted in Figure 3.36(a).  In keeping fully ordered domains from 

forming, the interdigitation, or space filling, of bundles on neighboring particles is 

impeded.  Also, the melting transition of these longer chains occurs at much lower 

temperatures and energies.   
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     (a)       (b) 
Figure 3.36:  Schematic illustration of a polyfunctionalized nanoparticle (left) with a small ligand 
domain shown.  Note the disorder of the terminal methylenes and methyl group, resulting in an 
overall partially disordered shell.  Right is a depiction of the surface curvature effect on the radial 
curvature of the ligands.  Note the curvature of the ligand shell is larger for the smaller particle, 
resulting in more defect/open sites for interdigitation with neighboring ligands.     

 
 The effects of metal core size were also studied. Larger particles consistently 

resulted in lower melting enthalpies.  A possible interpretation of these results lies in the 

surface curvature of the particles, as depicted in Figure 3.36(b).  The figure was drawn so 

as to keep the spacing of the ligands at the particle surface the same.  Though the surface 

is actually faceted, the many defects and edge sites result in a roughly spherical shape.  

For larger particles, the ligands pack tighter with more ordered bundles with less space 

that would allow for packing with the ligands of the neighboring particles.  In the case of 

smaller particles, there is more defect and open spaces where bundles from neighboring 

ligands may pack.  A final alteration made to enhance solubility involved the addition of 

a pendant group to promote favorable interaction with the host material.  For example, a 

carbazole moiety was attached to the ω position of an octylthiol chain, and nanoparticles 

whose coatings included this ligand displayed significant solubility in 

poly(vinylcarbazole). 

D D/2 
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 In order to further substantiate the solubility of the nanoparticles beyond 

qualitative observations on dispersability in films, direct solubility studies were carried 

out using optical density measurements to monitor the concentration. From the molar 

absorptivity measured for dilute solutions of particles, the concentration of saturated 

solutions was extracted.  These results are shown in Table 3.9, where the trend of 

increasing solubility with decreasing enthalpy change of superlattice melting is generally 

confirmed.  The trend is obvious, but a clear linear correlation is not observed.  These 

results can serve merely as a guideline because of the many sources of error that could 

affect these measurements, notably size dispersity which can alter the molar absorptivity 

and peak width, and possible deviation from Beer’s Law in the highly concentrated 

solutions. 

        

Sample number 
  ∆G of alkyl melting (kJ/mol 

organic) 

Concentration of saturated 

solution (g/L x 102) 

  1 11.1 0.165 

  5 2.9 0.712 

9 2.8 4.84 

   6 2.1 8.04 

10 2.0 27.6 

Table 3.9:  Saturation concentrations of ligand coated silver nanoparticles in saturated hexane 
solutions and comparison to free energy change of superlattice melting as measured by DSC.  Sample 
numbers refer to Table 3.3. 

 
The polysubstituted nanoparticles were the most soluble and useful in the 

formation of nanocomposites and laser based metalwriting applications.  Previously, 

evidence was shown that the ratio of different alkylthiols in a nanoparticle sample is a 
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controllable parameter.  However, it had not yet been established that these particles were 

indeed coated with a ligand mixture versus a situation where the alkylthiols segregate 

according to length, resulting in samples that contain a mixture of monoligand 

nanoparticles.  To address this issue, DSC measurements were used.  In Section 3.2.2.1, 

DSC results were presented that revealed the melting of the alkyl chains on mono-ligand-

coated nanoparticles occurred between 127-131 ºC.  Mixtures of ligands significantly 

decreased this temperature by up to 25 ºC.  DSC measurements of a mixture of different 

mono-ligand nanoparticles and on nanoparticles polysubstituted with these same two 

ligands were conducted and compared.  The mixtures were made in two ways:  1.) A 

solution was made in dichloromethane of two separate previously prepared silver 

nanoparticle samples coated with dodecylthiol in one case and octylthiol in the other, and 

after agitating for approximately ten minutes, the particles were recollected as a solid.  2.) 

A solid state mixture of these two powders was made directly in the DSC pan.     This 

was taken through three heat-cool cycles (see Figure 3.37 for the DSC traces). 
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Figure 3.37: DSC traces for mixtures of monoligand-coated nanoparticles compared to mixed-ligand 
particles.  Left:  Silver nanoparticles prepared with a mixture of dodecylthiol and octylthiol on 
individual silver nanoparticles (solid blue) and a mixture of octylthiol-coated nanoparticles and 
dodecylthiol-coated nanoparticles (dotted red) collected after co-dissolution in methylene chloride.  
Right: Solid state mixture of octylthiol-coated nanoparticles and dodecylthiol-coated nanoparticles.  
Initial cycle (solid black), second cycle (red dashed), and third cycle (blue dotted) are shown.  

 
These measurements resulted in a few revelations about the dynamics of place-

exchange.  First, after co-solubilizing these particles in a slightly polar solvent and 

recollecting, the thermodynamics of the assembly resembles that of nanoparticles 

prepared with a ligand mixture.  Specifically, a melting of the ligands occurs at a 

significantly lower temperature than for the monoligand counterparts.  As was established 

in this Chapter, the melting involves reorganization at the surface of individual particles 

and not just a cooperative deinterdigitation of the superassembly.  Therefore, the 

observed melting behavior must be associated with a mixture of ligands on each particle 

induced by the ligand place exchange during the short time these particles were in 

solution.   

 Upon mixing of solid samples of the two different coated nanoparticles in a pan, 

the expected behavior of a mixture of two nanoparticle species was observed.  However, 

repetitive heating and cooling cycles resulted in a steady decrease in the energy change 
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and temperature of the alkyl disordering phase transition.  This reveals that the lability of 

the silver-thiolate bond at high temperatures allows for place exchange to occur as well.  

These results are of great interest for place-exchange reactions, which typically involve 

mixing a free thiol-containing group with a ligand-coated nanoparticle in solution.  What 

is shown via these DSC studies is the possibility of mixing pre-made nanoparticles to 

form surface-coatings that are characterized by the average of the ratio of ligands on the 

pre-made particles.  At high temperatures, where silver thiolates are detaching from the 

surface of the particles, it is likely that there is subsequent readsorption of silver thiolates 

and not simply thiols to other nanoparticle surfaces.  Very recent work also suggests that 

the place-exchange mechanism is more complicated than previously thought, wherein 

mixtures of silver and gold nanoparticles with differing ligands resulted in bimetallic 

nanoparticles.91  It was concluded that metal thiolates must be the transferred group.      

 

3.2.4.  Application to metal microfabrication 
 
 

With an established structure-solubility relationship, application of ligand coated 

nanoparticles to 3D laser-based metal microfabrication was undertaken. The laser-writing 

method is based on a photochemically induced growth of continuous metal structures 

seeded by nanoparticle nucleation centers and affords a single-step direct laser writing of 

metal in a polymer composite material.  Nanoparticle assembly for microfabrication has 

been performed using other methods, such as layer-by-layer DNA mediated assembly.173 

and electron beam patterning of monolayers.174  These techniques are only applicable to 

monolayers, which can be built one at a time.  In the nanoparticle-seeded 
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microfabrication presented here, excitation by one- or two- photon absorption allowed for 

the one-step laser writing of continuous silver structures.  This was also extended to gold 

and copper nanocomposites.  Copper microfabrication will be explained in more detail in 

the next Chapter.  

Figure 3.38 shows a schematic of the energetic processes that occur, wherein 

photoinduced electron transfer from a dye sensitizer to a silver cation results in the 

formation of a silver atom.  The poly(vinyl)carbazole (PVK) matrix behaves as a 

sacrificial donor, replenishing the neutral ground state of the dye.  With the presence of 

nanoparticles in the matrix, a thermodynamic sink is provided in which adsorption and 

growth to form continuous metal structures becomes favorable, versus formation of 

incipient nuclei and their limited growth.  Competing processes, including charge 

recombination and nucleation, are explained in the caption. 

183



 

 

Figure 3.38:  Schematic of photoinduced electron transfer from a sensitizing dye to silver ions with 
resultant growth of nanoparticles.  Left is an orbital energy level diagram illustrating one-photon 
excitation of the dye and electron transfer (ET) to Ag+.  The polymer is depicted as a sacrificial 
donor, from which ET to the dye replenishes the HOMO, allowing for further absorption events.  
Charge recombination (CR) is a competing mechanism to formation of nanoparticles.  Right is a 
qualitative free energy diagram demonstrating that nanoparticle seeds act as thermodynamic sinks 
to allow fast formation of nanoparticles relative to nucleation. 

 
 Composites were prepared consisting of 1.) an organic solvent soluble silver salt 

(AgBF4) as a Ag+ source, 2.) a photoreducing dye with appropriate HOMO and LUMO 

levels as the sensitizer, 3.) ligand-coated silver nanoparticles, 4.) polyvinylcarbazole 

(PVK) as the host and sacrificial donor, and 5.) ethyl carbazole as the plasticizer.  The 

dye used also exhibited the necessary efficient one- and two-photon absorption 

properties, and an excited state lifetime of 1.79 ns, which is sufficiently long enough to 

facilitate electron transfer (ET).  The structure of the bis-electron acceptor substituted 

conjugated chromophore is shown in Figure 3.39.   
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Figure 3.39: Two-photon absorbing dye used as the sensitizer in metal microfabrication.  

 
Indeed, the presence of the nanoparticles proved crucial for the formation of 

continuous micro- and nano-structures.  Films prepared without nanoparticles resulted 

only in the formation of silver islands when exposed to laser light. It was found that an 

increased solubility of the nanoparticles resulted in films with better optical quality and, 

importantly, a reduced writing and power threshold.  The two types of particles used that 

exhibited the largest improvements in the film and the overall metal-writing process were 

prepared with the solubility results in mind.    These particles were: 1.) a large silver 

nanoparticle (d = 10.0 ± 2.0 nm) capped with a mixture of octylthiol and dodecylthiol 

ligands and 2.) a silver nanoparticle containing a mixture of octylthiol and carbazole-

terminated octylthiol (d = 5.2 ± 1.3 nm). Metallic structures were formed in 100 µm thick 

films that were exposed to a 3D pattern by scanning a tightly focused laser beam of 120 

fs pulses at 730 nm with an average power of 15 mW at a scan rate of 25 µm/s.  After 

removal of the polymer matrix, a free-standing, albeit slightly deformed, structure 

resulted.   
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Figure 3.40:  Metallic structures formed by two-photon scanning laser exposure.  Left is a model of 
the 3D structure, middle is an actual SEM image of the fabricated structure after removal of the 
polymer, and right is an actual image constructed from a series of two-photon fluorescence 
microscopy images in the polymer film. 

 
 
3.3. Conclusions 
 
 
 The structure and thermodynamics of silver nanoparticles and silver 

alkylthiolates were the focus of this Chapter.  The synthesis of the nanoparticles via both 

a one-phase and a two-phase method was evaluated.  In both cases, silver alkylthiolates 

serve as the precursor and can serve as the sole precursor for the smallest nanoparticles.  

These are formed simply by reduction of the silver thiolates, and by adding excess silver 

salt, larger nanoparticles can be formed.  The one-phase method avoids the use of phase-

transfer agents, which can be difficult to remove from the final product.  Although the 

exact role of the phase-transfer agent is not clear in the two-phase method, it was 

determined to be necessary for silver nanoparticle synthesis.  It was also found that a 

mixture of alkylthiols can be used in the initial feed ratio in a controlled manner that 

manifests as a mixture of the final nanoparticle material, as determined by GC/MS and 

DSC studies.          
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Planar 2D SAMS on noble metal films have been intensely investigated for more 

than a decade.  Metal nanoparticles and metal thiolates were considered as 3D and bilayer 

analogs of these 2D surfaces throughout this study.  Each of these substances are 

influenced by the same silver-sulfur bonds, resulting in consistencies in each structural 

dimension.  By continually drawing from both the known structure of planar silver 

SAMS and studies conducted here on silver alkylthiolate bilayers, analogies with the 

structure of silver nanoparticles were made. There is a significant difference between 

gold and silver nanoparticles, and incorrect correlations have been made in the literature.  

Throughout this Chapter, structural and thermodynamic differences between these two 

metals were found.  These differences translate into the differences in the properties of 

the superlattices of the nanoparticles as well.  In fact, very different properties are known 

for 2D SAMS of gold and silver, and are maintained in nanoparticles. 

 To first order, the nanoparticles and the corresponding SAMs are similar in that 

the nanoparticles are faceted and have ordered monolayers of alkylthiols on the surface.  

The curvature of the particles results in defects leading to inherent voids in the surface 

coating.  As a result, the ligands in neighboring nanoparticles tend to fill these spaces, 

resulting in interdigitation of the ligands.  For gold nanoparticles, the cohesive energy of 

this interaction is evident thermodynamically and manifests as a low-temperature 

disordering peak as observed by DSC.  The energy and position of this peak varies 

significantly with ligand length, indicating that this is an interaction associated primarily 

with the alkyl chains.  Similar transitions are observed in lipid bilayers.  It was shown 

that silver nanoparticles do interdigitate, but the disordering of the chains themselves is 
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not the dominant process controlling the thermodynamics.  In fact, the thermodynamics 

are very similar to those for silver alkylthiolates.  

 Both DSC and XRD studies were used to reveal that the thermal behavior of 

both alkylthiol coated silver nanoparticles and silver alkylthiolates are analagous.  DSC 

studies revealed three transitions.  The first transition which occurred between 64 and 85 

ºC for ligands with 6 to 9 carbons was assigned to melting of alkyl chains at defect sites.  

No clear trend was observed with ligand length or size.  The second transition at about 

130 ºC, which is the most significant in energy, was evident for all ligand lengths studied 

from hexylthiol to octadecylthiol.  The free energy change decreased with ligand length, 

but the phase transition temperature did not vary.  The temperature invariance of both 

phase transitions with ligand length indicate that neither are the result of de-

interdigitation driven by simple alkyl chain melting.  The final phase transition above 170 

ºC is the associated with a melting and decomposition of the material, as reversibility of 

the other transitions is lost in going past this temperature.  The use of ligand mixtures 

resulted in the incorporation of gauche conformations and a decrease in temperature and 

enthalpy of the transition.  Alterations of the size of the metal core resulted only in 

enthalpy changes, not in transition temperatures.   

 Strikingly similar data was observed for silver alkylthiolates.  The same 

transitions and trends were noted as for alkylthiol coated silver nanoparticles.  XRD 

studies revealed that silver alkylthiolates are ofter present in nanoparticle samples, even 

after recrystallization.  This indicates that the source of these layered structures is the 

surface of the alkylthiol silver nanoparticles themselves.  The high degree of stability of 
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silver thiolates is known to influence the properties of 2D silver SAMS by etching silver 

and forming bilayers on the surface and the same occurs for silver nanoparticles.  Both 

coated silver nanoparticles and silver alkylthiolate samples revealed the presence of 

lamellar structures that undergo melting to form a micellar liquid crystal phase.  The 

coherence length of the lamellae is significantly smaller for the thiolates in the 

nanoparticle samples than in the synthesized thiolates, indicating small domains are likely 

desorbed from the surface of the coated nanoparticles.  Optical microscopy and TEM 

studies of heat-treated samples demonstrate the generation of these layered materials and 

the growth of nanoparticles due to this silver thiolate desorption/adsorption process.           

 Each nanoparticle synthesis investigated resulted in a portion that was soluble in 

nonpolar solvents.  These soluble portions exhibited a smaller enthalpy change for the 

phase transitions in comparison to the bulk, insoluble portion, and less order, as indicated 

by FTIR studies.  This suggested that a direct relationship exists between the energy of 

the phase transition at 130 ºC and the solubility of the nanoparticles.  Solubility studies 

showed that this is indeed a valid conclusion.  Larger, lower curvature nanoparticles have 

less facets and voids in the surface monolayers, and hence a smaller degree of 

interdigitation, resulting in lower enthalpies of melting. Ligand mixtures also 

significantly improve the solubility of alkylthiol coated silver nanoparticles with the 

introduction of gauche defects.   

Utilizing these ideas, rational improvements in the solubility of nanoparticles 

were made for incorporation into polymer films with high optical quality and 

homogeneity.    The initial motivation for these studies was the formation of such films 
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for two-photon microfabrication of metal wires. Both one-photon and two-photon 

excitation of polymer composites containing metal nanoparticles, metal salt, and a two-

photon sensitive dye resulted in writing of metal structures.  Free-standing structures 100 

µm in height were fabricated using two-photon excitation.  Metal writing was not 

effective in the absence of metal nanoparticles and was greatly improved with highly 

soluble nanoparticles.  These studies have not only elucidated the properties of 

nanoparticles and nanoparticle assemblies, but has shown a reliable method for obtaining 

highly soluble nanoparticles for better processibility which is an important factor in their 

continuing applications of nanotechnology.  
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CHAPTER 4:  COPPER NANOPARTICLES 

 
 
4.1. Introduction 
 
4.1.1.   Literature review of copper nanoparticles 
 
 
 Coinage metal nanoparticles are of interest because of their unique optical and 

electronic properties and for their use in catalysis. Copper, for example, has demonstrated 

catalytic ability in the formation of aldehydes from the conversion of methanol to 

ethanol,175 and the generation of methanol, generated from synthesis gas ("syn gas", a 

CO/H2 mixture). Because catalysis often occurs on the surface of the metal, nanoparticles 

offer an advantage with the drastic increase in surface-to-volume ratio that occurs with 

shrinking from the bulk to nanoparticle size. Soluble, nanoparticulate gold has received 

the most attention, closely followed by silver.  Structural and surface analysis of silver 

nanoparticles is presented in detail in Chapter 3.  Copper nanoparticles in isolable, 

soluble form have not been studied to the same degree as a result of their tendency to 

oxidize and decompose under ambient conditions.   

One of the earliest reports of copper nanoparticles were of those prepared in 

reverse micelles.16  These reverse micelles consisted of water, oil, and a surfactant 

(dioctyl sulfosuccinate), where the aqueous phase is in the center of the micelle and the 

hydrophobic end of the surfactant extends into an organic solution.  In this method, the 

size of the particles was tunable by varying the water content. The composition and 

optical properties of the particles were monitored as a function of size.  The largest 

particles were found to consist mostly of Cu2O, whereas the small particles were found to 
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be metallic copper; however, the water content of the micelle proved a major limitation to 

the stability of the metal nanoparticles and leads to the eventual formation of Cu2O from 

these.  As was described for silver and gold nanoparticles in this size regime (vide supra), 

the conduction electrons are confined to the surface.  Interaction of light with metal 

nanoparticles leads to a coherent oscillation of these surface confined electrons, which is 

referred to as a surface plasmon.  The position of a surface plasmon depends on the metal 

core and the organic-coating. The surface plasmon for larger copper nanoparticles (>4 

nm) occurs at 566 nm for those synthesized in micelles, and becomes significantly 

broadened for particles below 4 nm in diameter. As the interband (d-sp) transition is at 

approximately 500 nm for Cu particles, the ratio of A566/A500 may be used as an indicator 

for size; the suface plasmon peak generally increases in intensity with size, whereas the 

interband transitions of noble metal nanoparticles are only present for the smallest sized 

particles. 

More recently, the use of reverse micelles was extended to include supercritical 

fluids.  Particle growth in these micelles depends on reaction exchange between the 

cores, which occurs upon collision via Brownian motion and attractive forces. The 

solvent properties, therefore, can significantly alter the nanoparticle formation.17  By 

using supercritical fluids, which have higher diffusities and lower viscosities than typical 

solvents, the authors expected to conveniently alter the size of the particles.  The 

nanoparticle growth rate proved to be faster in supercritical ethane and propane than in 

non-critical solvents, as characterized by monitoring the absorbance spectra at varying 

points throughout the reaction.56  

192



Thiol-capped gold nanoparticles have been known since 1994; Brust et. al. 

outlined the synthesis of gold nanoparticles-capped with dodecylthiol that could be 

isolated as a powder and redissolved.22 Alhough reports of thiol-capped silver 

nanoparticles soon followed, isolable copper nanoparticles were not known until 2001. 57  

These were prepared in water and THF from Cu(NO3)2 with hexylthiol as the capping 

group using superhydride as the reducing agent.  Though phase-transfer of the copper (II) 

ions was not observed to occur, a phase-transfer agent was found to be necessary. It has 

been noted that so called one-phase reactions often require the presence of a phase-

transfer agent, possibly due to energy minimization effects.148  The final isolated particles 

were mostly spherical and prolonged low-temperature thermal annealing resulted in the 

formation of faceted nanocrystals of various shapes.  As this was done in ambient 

environments, the annealing was attributed to oxidation of the cores. Spectroscopic 

characterization reveals a Mie-scattering profile, but no surface plasmon band, possibly 

due to the small particle size (1-2 nm).  Electrochemical studies show quantized charging 

features, typical of metal nanoparticles which can behave as molecular capacitors in 

solution.170  The order of the alkyl chains in the hexylthiol monolayer was monitored by 

FTIR spectroscopy studies. The monolayer was found to have a high degree of gauche 

defects by the position of the symmetric and asymmetric methylene stretches, which were 

at 2856 cm-1 and 2925 cm-1, respectively.      

There have also been a number of reports of various copper nanoparticles 

stabilized by electrostatic interactions or in polymer matrices, and a brief summary 

follows.  Copper (II) sulfate can be reduced in the presence of I- anions, which provided 
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an electric double layer for protection from aggregation.176  The average size of the 

colloidal Cu particles formed is 8-9 nm and a surface plasmon between 560-565 nm is 

seen.  Gelatin-coated copper nanoparticles have also been prepared, in the form of 

spherical particles 10-15 nm in diameter, which were pink in color with an absorbance 

maximum also at 560 nm.58  A number of anions and cations have been used in reverse 

micellar preparations in order to adjust the solubility of the organic compounds and hence 

adjust the size and shape of the final nanocrystals.  The addition of these salts often 

results in the formation of long, rod-like particles.177   Polymer-encapsulated 

nanoparticles, which are highly unstable in air, were also prepared in water and 2-

ethoxyethanol using poly (N-vinylpyrrolidone) (PVP) as the protecting layer.178  

Copper nanoparticles coated with an organic monolayer have also been prepared 

in supercritical water.53  The high temperature of the supercritical reaction promoted 

crystallization which removed any need for high-temperature annealing.  Two different 

copper salts were used as precursors, where each resulted in different morphologies.  

Copper (II) nitrate reduced without the presence of alkylthiol ligands resulted in large 

(10-35 nm) particles of copper (II) oxide.  When hexylthiol was added, the resulting 

particles consisted of pure copper and were of icosahedral geometry and approximately 7 

nm in diameter.  When copper (II) acetate was used as a precursor, octahedral particles 

that consisted of copper and copper (I) oxide were formed with a large distribution of 

sizes (10-97 nm).  In the presence of hexylthiol, similar results were obtained.  The use of 

supercritical fluids was also combined with micelles to create water-in-supercritical fluid 

versus typical water-in-oil micelle conditions described earlier.179 
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Aslam, et. al. have prepared copper nanoparticles using the “Brust method”, 

utilizing a phase-transfer agent, an aqueous phase, and an organic phase.303  Three 

different classes of ligand (thiol, carboxyl, amine) have been used to form the protective 

monolayers, which help to prevent aggregation of particles. The absorption spectra of 

these particles lacked a surface plasmon, although a maximum at 289 nm in each case 

was detected.  The particles were found to be 4-8 nm in diameter, which is theoretically 

large enough to display a surface plasmon.180  Thiolated capping groups were efficient in 

forming zero-valent copper, whereas the other groups resulted in the formation of Cu2O. 

However, after a few days, oxidation of the thiol-protected nanoparticles occurred. 

Poly(amidoamine) (PAMAM) dendrimers have been used for preparation of 

stable metallic copper metal solutions.181  Aqueous and methanolic solutions remained 

stable for several months in the absence of oxygen.  These dendrimers behave as a 

template and container, to allow formation of amorphous and slightly ordered domains 

within the interior. A surface plasmon was seen at 590 nm for these solutions in the 

absence of air, along with absorption at very short wavelengths (200-350 nm), suggesting 

the presence of individual copper particles. 

Thermolysis of [Cu(µ-mesityl)]5 in anhydrous hexadecylamine at 300ºC under 

argon affords copper nanoparticles;55 the product nanoparticles remain stable in the 

absence of air. The absorbance spectrum of these ~9 nm nanoparticles revealed a surface 

plasmon at 568 nm. These particles were roughly spherical and formed hexagonal 2D 

lattices when deposited onto a carbon TEM grid under argon. The lattice planes for metal 
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face-centered cubic (fcc) copper metal were observed by selected-area electron 

diffraction (SAED). 

The size and shape of the nanoparticles affect not only their catalytic properties, 

but also optical and electronic properties.  Studies have been peformed on copper 

nanoparticles to relate their shape to catalytic activity. TEM images have been used to 

image the nanoparticles under catalytic relevant conditions for information as to the 

changes in structure and morphology. Copper nanoparticles with diameters of 3-6 nm 

dispersed on ZnO supports, which represent the industrial methanol synthesis catalyst, 

have been studied. Dynamic, reversible shape changes of the nanoparticles are observed 

upon exposure to water and hydrogen gas with and without carbon monoxide.182    

The first studies of 3D-self-assembled monolayers (SAMs) on copper 

nanoparticles were very recently reported with various alkylthiols as the capping 

monolayer.183  The synthesis of these particles was carried out under nitrogen, as are most 

of the known methods, to avoid the oxidation of copper nanoparticles.  These particles 

were 3-5 nm in diameter and interdigitation of the ligands on neighboring particles (as for 

silver and gold nanoparticles) was suggested.  IR and NMR spectra indicated the alkyl 

chains had a high degree of order; XRD and DSC measurements were also conducted to 

probe the 3D structure.  DSC measurements, which identify temperatures and energetics 

of phase transitions of materials, were presented and identified as an endothermic melting 

of the superlattice, which occurred at 146 ºC for the octylthiol and decylthiol-capped 

nanoparticles and 148 ºC for dodecylthiol-capped nanoparticles. Variable temperature IR 

measurements were used to confirm this melting was due to a disordering of the alkyl 

196



chains and a sharp increase in gauche defects which correlate to the temperature of the 

DSC transitions was seen. There was also an exothermic peak at 105 ºC upon reheating 

the sample and was interpreted as a result of “memory,” wherein the alkyl chains 

remember their original conformation due to the compact nature of the chains.  This has 

not been noted for either silver or gold nanoparticles. Powder XRD studies showed well-

packed 3D arrangements of copper nanoparticles that were indexed to fcc unit cells.  

However, there are two major discrepancies in these data. Firstly, there is no evidence of 

the bulk copper (111) reflection, although this would be expected for an ordered lattice of 

fcc copper.  In addition, the data can be fit to a lamellar material more reasonably, with 

spacing that is approximately 2 ligand lengths apart. 

The data presented in this paper again points to the same issues as was shown for 

silver nanoparticles in Chapter 3: the thermal data, along with XRD results, are not 

consistent with a melting of interdigitated ligands on neighboring nanoparticles. A simple 

melting of alkylthiol ligands at such high temperatures is unlikely, even when 

considering the dense packing.  Also, the very small temperature changes observed in the 

phase transition temperature with an increase in alkyl ligand length suggest that this is not 

simply a melting of interdigitated chains. Gold nanoparticles (for which such 'de-

interdigitation” endothermic transitions are well established) are excellent models for 

comparison; a difference in de-interdigitation temperature of 10-20 ºC is seen with each 

increase in ligand length by 2 methylene groups, as discussed in Chapter 3.35 Finally, 

heating of copper nanoparticles to 220 ºC in an ambient atmosphere will almost 

undoubtedly result in oxidized copper surfaces. The interpretation of a new exothermic 
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transition by DSC after this heating process as alkyl chain memory is not plausible.  A 

more plausible explanation is that copper (I) thiolates are desorbing from the nanoparticle 

surface, resulting in these misleading conclusions about the nanoparticles. To appreciate 

this fully, knowledge of 2D SAMs of alkylthiols on copper (111) surfaces is also 

required, and these will be discussed in the following section. 

  

4.1.2. Copper (I) thiolates and planar self-assembled monolayers  

 
 It was demonstrated in Chapter 3 that the stability and structure of 1D silver (I) 

thiolates directly affects the stability of both the nanoparticles and planar SAMs.  The 

geometry of the alkylthiol ligands on the silver thiolates is also adopted on 2D SAMs and 

silver nanoparticles. Thiol-protected nanoparticles offer the unique advantage of 

‘solubilizing’ a self-assembled monolayer for study via solution-based methods. The 

following paragraphs will summarize what is known about the 1D and 2D systems of 

copper (thiolates and SAMs).   

Self-assembled monolayers of thiols on Cu have received little attention at a time 

when SAMs on other metallic surfaces experienced an almost unprecedented degree of 

investigation and resulted in the expansion of surface science in general.  Again, copper 

is generally much less studied than gold and silver for a number of reasons, though the 

ready oxidation of copper metal in air, and the ease of etching copper with alkylthiols are 

the most notable reasons. Gold is the prototypical system due to its ease of clean 

preparation and a high degree of surface order of thiols in SAMs.184  The properties of 

gold SAMs are covered in more detail in section 3.1.1 and will briefly be summarized 
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here. The addition of alkylthiolates to a gold film will result in a specified arrangement of 

the ligands which are commensurate to the underlying metallic film.  In other words, the 

crystal structure of the gold dictates the packing of the alkylthiols.  A (√3x√3)R30º 

lattice, which is ~20% less densely packed than corresponding silver SAMs, is observed 

for gold SAMs. 37  Relativistic effects, which play a significant role in the chemistry of 

heavy elements, have been attributed to the structural differences in the two metals. This 

causes the gold-sulfur bond to behave more as a covalent bond than an ionic bond. 

 Clearly, the nature of the metal plays a key role in the properties of the SAM.  

Experimental evidence has shown that thermal dissociation of thiolates from copper and 

gold is quite different. When a methanethiol-treated Cu (111) treated surface is exposed 

to heat, CH3 radicals desorb,52 whereas S-CH3 desorbs intact from Au (111).185  

Theoretical and experimental studies have deduced that the strength of the metal-thiolate 

bond decreases in the order Cu>Ag>Au.186  Silver and gold are completely different in 

terms of packing, angle, and structure of the SAM.  However, copper shows some 

similarities to both metals.  The nature of the thiolate bond is covalent for copper and 

gold (although gold is considered to be more covalent40), and essentially ionic on silver.  

However, addition of thiols to Cu (111) induces a structural change, similar to that 

observed on similarly prepared Ag (111) surfaces.187  The adsorbate structure on copper 

is a distorted version of the (√3x√3)R30º structure seen on gold, with approximately 33% 

coverage.  The angle of the alkylthiolates from the surface is approximately 12º from the 

normal, as is seen for silver SAMs.188 
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 Copper (I) thiolates have not received a great amount of attention compared to 

the well-studied silver (I) thiolates, although they exhibit a comparable structure.  The 

reason may be in the variation of materials depending on the method of preparation used.  

For instance, Dance, et.al., who pioneered the study of silver thiolates, first reported that 

a layered structure was not seen in copper thiolates.189  It was the interest in the high 

degree of order in the silver thiolates that led to their extensive studies by others.  See 

Figure 3.2 for a schematic representation of a silver thiolate structure.  These consist of a 

quasi-hexagonal arrangement of silver and sulfur atoms in a plane, where each sulfur 

atom bridges 3 silver atoms (µ3-bridging), with alkyl chains extending above and below 

the plane.  The layers arrange with little interdigitation between the ligands, resulting in 

spacings of approximately two ligand lengths. However, in 1999 Espinet, et. al. reported 

that copper (I) thiolates do indeed form a clear layered structure in the solid state,190 

similar to that found in sliver (I) thiolates.  The starting material influenced the structure 

polymorph significantly in this case, where use of Cu2O as the copper source resulted in 

an air-stable copper thiolate, while use of CuCl resulted in a different layered material 

that oxidized quickly.190  This differs from the case of silver thiolates (vide supra), where 

the starting material used and the formation of materials generally did not show variation 

in the interlayer structure with preparative method.  Only small changes were seen in the 

degree of order in the intralayer structure.   

X-ray diffraction studies of copper (I) thiolates reveal very intense reflections, 

which can be indexed as (0k0) reflections arising from the layered structure. Each layer is 

separated from one another by approximately twice the length of an alkyl chain.43 DSC 
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studies reveal a melting transition for all alkyl chain lengths studied (C=4-18); this 

melting results in the formation of a discotic columnar mesophase.  Again, see Table 3.8 

for a schematic of the mesophases for silver thiolates which are proposed to be similar for 

copper thiolates. These copper (I) thiolate liquid crystalline materials show very little 

change in this transition temperature from C=8 to C=18; the following temperatures are 

seen for the even-numbered carbon chains: 136.5 ºC (C=8), 140.8 ºC (C=10) 143.5 ºC 

(C=12) 143.2 ºC (C=16) 140.6 ºC (C=18). Similarly, silver (I) thiolates undergo melting 

at approximately 128-131 ºC for all even-number (C=6-18) carbon alkylthiolates. A 

melting to an isotropic phase was also detected for copper (I) alkylthiolates in the range 

of approximately 190-210 ºC, which is approximately 10-20 ºC higher, but in the same 

regime where a melting is seen for silver thiolates.  The columnar mesophase of these 

copper thiolates above 140 ºC is quite stable and well-defined, with a disk separation of 

0.34 nm and a hexagonal stacking of the columns (a = 2.15 nm) found for a copper 

decylthiolate sample. The increased order of these high temperature phases in comparison 

to silver was attributed to possible interaction of sulfur atoms between disks, resulting in 

µ3 bridging.190 

Investigations of these silver and copper thiolates reveal a similar geometrical 

structure, but some differences were found. For instance, IR studies show the presence of 

a prominent C-S stretch, which suggests that the alkyl chains are not as ordered as in 

silver thiolates, where this band at 650 cm-1 is absent. Also, though the DSC traces show 

a sharp transition at high temperatures for both materials, which are much higher than 

would be expected for a simple alkyl chain melting, there are differences in the pre-
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transitions. Copper octadecylthiolate undergoes a K-K’ (crystalline-crystalline) transition 

at 62 ºC before the K’-M (crystalline-mesophase) transition, although copper thiolates 

with shorter ligand lengths show no lower-temperature transitions. Conversely, silver 

thiolates show earlier transitions at approximately 60-70 ºC for all lengths except for 

octadecylthiolate. Additionally, these transitions are not completely reversible for the 

copper analogues, whereas silver thiolates show almost 100% reversibility.43  The 

following studies will focus on elucidating the structure of alkylthiol-capped copper 

nanoparticles.  Copper (I) alkylthiolates were studied in addition as models for these 

systems. 

 

4.2. Results 

4.2.1. Synthetic method analysis of alkylthiol-capped copper nanoparticles 

 
 The study of copper nanoparticles is not nearly as developed as with other noble 

metals. Gold is the least electropositive of these metals, and the strength of the gold-

sulfur bond is significantly greater than gold-oxygen; oxidation of gold nanoparticles 

under ambient conditions does not occur, resulting in robust particles that can withstand 

many ambient characterization techniques. Silver and copper are significantly more 

electropositive, and the strength of the metal-sulfur bonds in both cases is competitive 

with oxides. However, unlike for silver nanoparticles, exclusion of oxygen was necessary 

to obtain unoxidized copper nanoparticle samples (<5 mass % O).  See Table 4.1 for gas-

phase first ionization potentials and standard electrode potentials for each d9 metal 

alongside the diatomic bond strengths of their metal-oxide and metal-sulfur bonds. 
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Metal First I.P. (kJ/mol) M+ / M (V) M-S (kJ/mol) M-O (kJ/mol) 

Cu 746 0.52 276 269 

 Ag 731 0.80 217 220 

Au 890 1.69 418 222 

Table 4.1: First ionization potentials, standard electrode potentials and diatomic M-O and M-S bond 
strengths for Cu, Ag and Au. 

 

Two general strategies were adopted in these studies for the production of copper 

nanoparticles. The first used a one-phase, solution synthesis in ethanol to give alkylthiol-

protected particles. The second, which will be discussed later in this Chapter, involves 

electrostatic protection of nanoparticles in a biphasic synthesis. The one-phase method 

required solubility of the copper precursors in ethanol, and two suitable salts were tested 

for reactivity with NaBH4, copper(acetylacetonate)2 and Cu(BF4)2 x H2O.  The latter was 

deemed to produce more stable copper metallic nanoparticles and was used in the 

following syntheses. The first step involves the addition of an alkylthiol to the copper salt 

in ethanol to form a copper (I) thiolate in the presence of excess copper salt; at this step, a 

yellow/white precipitate is formed, characteristic of noble metal thiolates. Because the 

original metal source is a copper (II) salt, the thiols alse serve as reductants for the 

formation of copper (I) in the form of the copper(I) thiolate intermediate. As a result, 

some alkylthiol will be oxidized to alkyldisulfides. The second step is the addition of 

NaBH4 in ethanol to reduce the excess copper salt and/or copper thiolates to form the 

final alkylthiol-capped nanoparticle, as shown in Figure 4.1. 
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Cu(BF4)2 x H2O + RSH EtOH NaBH4  

+ R2SH + R3SH….. 

 

   

 

 

Figure 4.1:  Schematic of copper nanoparticle synthesis.  The intermediate product represents a 
copper (I) thiolate layered structure in the presence of excess copper ions, along with alkylthiols 
oxidized to form alkyldisulfides.  The addition of one or more thiols in the first step is possible to 
obtain a polyfunctionalized particle.                         

 
Several conditions were investigated for these preparations. The synthesis was 

initially conducted with nitrogen purged solvents, but without complete exclusion of 

oxygen from the synthesis. The final black/brown powder was collected and exhibited 

solubility in chlorinated solvents and hexane. Upon repetition of this synthesis using 

Schlenk techinques under argon in rigorously de-oxygenated solvents, the product 

obtained was darker (less brown) in color and displayed greater solubility in these 

solvents. CuO is typically black/brown in color and Cu2O can be yellow, red, or brown, 

so immediate conclusions as to the nature of the particles formed or any contaminants 

could not be drawn from their color. However, elemental analysis showed that for the 

first case (where a 3:1 mixture of octylthiol and dodecylthiol was used in a 3:1 

copper/total organic ratio) Cu, S, C, and H make up a total of 79% by mass, leaving 

oxygen most likely to constitute 21% of the final product. Elemental analysis of the 

product formed under stringently anaerobic conditions showed that Cu, S, C, and H 

totalled 97%  by mass, leaving only 3% oxygen contamination possible (however, this 

product was not sent for analysis under argon and may have oxidized over time). After 

two months, elemental analysis of relatively oxygen-free (mass % total of Cu,S,C,H > 

+ RSSR 
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90%) samples gave a revised total of approximately 70-80% mass pecentage, as a result 

of partial oxidation. It may be concluded that the presence of oxygen is detrimental 

during the synthesis of Cu nanoparticles but it is not clear whether these nanoparticles 

may be handled briefly under air without significant oxidation occurring. 

 
4.2.2. Structure Determination 

4.2.2.1. Linear optical properties 

 
The linear optical properties of metal nanoparticles are of significant interest for a 

variety of applications, as they are unique to this size regime.180  Additionally, metallic 

nanoparticles in general offer the possibility of high polarizability and fast nonlinear 

responses, which are advantageous to nonlinear optical applications.65 Copper 

nanoparticles in particular have been investigated for their both their linear and (perhaps 

more extensively) their nonlinear optical properties.66,178,191 Copper nanoparticles have 

been shown to have a higher third-order nonlinear susceptibility than other noble metal 

nanoparticles because of the greater contribution of the interband (d-sp band) electronic 

transitions.192 

The linear optical properties of copper nanoparticles are a subject of ongoing 

debate. Gold and silver nanoparticles display a surface plasmon for particles larger than 

approximately 1-2 nm in diameter. Copper nanoparticles above 2 nm in diameter are 

theoretically expected to display surface plasmons, by calculations based on their Kubo 

Gap.193 The Kubo gap is the size-dependent average electronic energy level spacing of 

successive quanum levels, δ. This spacing is defined as δ= 4Ef/3n, where n (1 for each 
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Cu(0) atom in a particle) is the total number of valence electrons in the nanocrystal and Ef 

is the Fermi energy of the bulk material (Ef Cu=7.00 eV). For a 2 nm copper nanoparticle 

containing approximately 400 atoms, d ≈ 23meV, which is comparable to 25meV, or kT 

at room temperature. Thus, above this size, copper nanoparticles are expected to be 

metallic. 

However, as detailed in the introduction, the appearance of a surface plasmon for 

copper nanoparticles above 4 nm in diameter is not always noted. In fact, features at 

higher energies (λ~300 nm) are often seen. In a study of the properties of copper clusters, 

a broad feature extending from 200 nm to lower energies was observed and assigned to 

interband transitions.191 Considering the evidence, the transition from discrete energy 

levels to a metallic-like band structure clusters appears to occur approximately between 

3-4 nm for Cu particles. The absorption spectra of alkylthiol-coated copper nanoparticles 

prepared under various conditions will be compared in this section. Though differing 

thermal properties are noted for particles synthesized in the presence and absence of 

oxygen (vide infra), the optical properties are quite similar. See Figure 4.2 for examples 

of typical spectra of copper nanoparticles. Note the absence of a surface plasmon at red 

wavelengths and a scattering profile in the ultraviolet region for a sample measured in air 

(prepared in anaerobic conditions) after filtration through a 20 nm filter. This spectrum is 

similar to those reported by Sommers and co-workers for alkylthiol-coated copper 

nanoparticles.57 The absence of a surface plasmon is likely due to either 1.) a small 

effective size of the nanoparticles (either total size of particles or a small copper metal 

nanoparticle core surrounded by a layer of copper oxide) or 2.) amorphous 
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nanoparticulate material. TEM analysis of these particles reveals unresolved nano-sized 

features in most cases, with infrequent discrete particles (vide infra); in fact, dendrimer-

coated nanoparticles have been found to require an “annealing” period of one day before 

the metal clusters in the core displayed the properties of a crystalline particle and 

therefore the indicative surface plasmon resonance.181  An important consideration is that 

the lattice mismatch between copper and copper (I) oxide is only 17%. At these small 

sizes, 50% or more of the atoms are on the surface, so a layer of copper oxide will reduce 

the overall size significantly and could possibly cause a reorientation of the inner core 

structure. Additionally, a red-shift in absorbance was previously attributed to formation 

of copper oxide in the literature. It has been shown that copper oxide particles retain a 

surface plasmon at approximately 566 nm, and an additional absorption at 800 nm also 

grows in.194  No such transition is observed here.  

Figure 4.2 also shows spectra of unfiltered dispersed solutions of octylthiol-

coated copper nanoparticles after initial preparation and after aging of the powder for 11 

weeks.  There appears to be an inflection point in the spectrum of the filtered particles, 

which is more evident for the unfiltered sample. The feature at 340 nm that does not 

significantly change for initial and aged solutions is evident in both cases. The color of 

these solutions is a light yellow for both original and aged cases. It is likely that oxidation 

of the particles occured in this time frame, ruling out a copper oxide layer as the source of 

this absorbance unless the particles are fully coated with a copper oxide layer initially.  

Similar observations have been noted previously, attributed to the presence of small 

particles.303 
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Figure 4.2: Absorbance spectra of octylthiol-coated copper nanoparticles in dichloromethane 
(ambient conditions).  Filtered solution is shown to the left, unfiltered dispersed solution is shown to 
the right, where the red spectrum is for particles immediately following synthesis and the blue 
spectrum is for particles aged 11 weeks. 

 
Very similar optical results were obtained for samples that were exposed to air 

during synthesis, for particles with all ligand lengths studied (hexylthiol to dodecylthiol), 

mixtures of ligands (hexylthiol-dodecylthiol), regardless of the ratios of copper to thiol 

used in the synthesis. The sizes of these nanoparticles were difficult to determine from 

TEM images, as significant aggregation and non-discrete particles are usually seen.  

From this data alone, the identity of the absorbing species can not conclusively be 

assigned. 

To determine if the presence of oxygen affects the absorption spectrum of these 

copper particles, a solution of dodecylthiol-capped nanoparticles in dichloromethane was 

prepared and purged with argon, followed by immediate study by UV-vis spectroscopy. 

For particles of size similar to those detailed above (1:1/4 mmol copper:dodecylthiol), 

which can be estimated as d = 4 nm from the TEM images (Figure 4.3), a surface 
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plasmon is evident. However, after brief exposure to air, a broadening of the surface 

plasmon occurs. After one day in a non-hemetic environment, a notable portion of the 

particles were observed to fall to the bottom of the vessel and were no longer suspendable 

in CH2Cl2, even with vigorous shaking. Elemental analysis (vide supra) revealed that 

alkylthiol-capped copper nanoparticles are only partially decomposed upon exposure to 

oxygen, but this absorption study reveals the internal structure of the particles changes 

significantly upon exposure, and rapid formation of bulk material results (as they are no 

longer protected from aggregation). The final spectrum is nearly identical to those 

described above, where particles studied were cleaned and isolated in ambient conditions.  

Clearly in the 2+ hours typically required for rigorous cleaning, significant oxidation 

occurs. An isosbestic point is evident in these spectra, wherein the absorption in the 

blue/UV region increases as the surface plasmon dissipates. This indicates that only two 

absorbing species are present, and one species is converting to the other. Also, it can be 

concluded that the high energy peak is due to partial oxidation of copper nanoparticles, 

resulting in the disappearance of the surface plasmon. 
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Figure 4.3:  Top-absorption spectrum of dodecylthiol-coated copper nanoparticles aged in 
dichloromethane (ambient conditions).  The times are as follows: red-initial, light blue-15min, 
purple-30min, dark blue-45min, green-1.5 hours, black-one day.  Bottom-TEM image of copper 
nanoparticles prepared under Ar, alongside a size histogram. 

 
 From this data, it is clear that protection of copper nanoparticles with straight 

chain alkylthiols via the one-phase method is not adequate for full passivation of the 

particles, and significant changes occur over short time periods. To determine whether 

the higher energy absorption is simply due to the presence of copper clusters below the 
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‘nano’ size regime requires further investigation into the structure. Two possible 

explanations are proposed for the observed changes in the absorption spectra. The first is 

that a partial oxidation occurs over time. Elemental analysis results of particles that have 

been exposed to air for periods of a week or more were found to give a total of 95% Cu, 

S, C, and H by mass; hence only ca. 5% oxygen contamination is possible. However, 

even a small percentage of surface Cu2O may disrupt the effective copper nanoparticle 

size and/or crystal packing and result in a loss in the surface plasmon. This is supported 

by the empirical measurements made by Pileni and co-workers whereby a ratio of 

A566/A500 is used to determine size of the Cu nanoparticles, as this value is found ot be 

directly proportional to particle size.195 Another possibility is the loss of copper from the 

surface in the form of stable copper thiolates, resulting in amorphous structures arising 

from particle coagulation. In fact, precipitation of bulk material from solution was indeed 

observed over time. 

 

4.2.2.2.  Conductive properties 
 
 
 The conductive properties of metallic nanoparticles are of significant interest for 

their use in microelectronics. Because the double-layer capacitances of alkylthiol-

protected nanoparticles are so small (on the order of attofarads), resolution of room-

temperature single electron charging events is possible.196 The first observations of this 

phenomenon were for particles probed by an STM tip.197 This was quickly followed by 

the first observation of quantized charging in solutions of monodisperse gold 

nanoparticles.170  Palladium149 and silver198 nanoparticles have also been shown to behave 
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as single electron capacitors in solution. In general, monodispersity of the nanoparticle 

samples (i.e. every cluster in contact with the electrode is representative of the whole) is 

required for direct analogy of these bulk solution measurements to STM studies, which 

probe individual clusters. Remarkably, however, Chen, et. al. have shown that 

polydisperse samples of copper nanoparticles (i.e. as prepared, without any efforts for 

size separation) behave as single electron capacitors.57 

Single electron charging manifests in a “Coulomb staircase” response for organic-

coated metal nanoparticles, which is consistent with double-layer charging of metal-

electrolyte surfaces.199  Smaller cores (14 and 8 kDa) exhibit redox chemical character 

and a metal-to-molecule-like transition was observed for alkylthiol-capped gold 

nanoparticles of sub-nanometer size. Coulomb staircases are typically observed as 

tunneling currents through a nanoparticle from a probe, which increase in bias as 

incremental current increases.  Differential pulse voltammetry (DPV) is a suitable method 

for observing these staircases as it is capable of resolving small current features. Models 

for double tunnel-junction circuit capacitances predict current increments occur at critical 

voltage biases. The formal potentials of these charging peaks are related to the integer 

particle charge state (z): 

Eº’z,z-1 = EPZC+ ((z-(1/2))e/CMPC)57   (4.1) 

Where EPZC is the particle potential at zero charge, CMPC is the molecular particle 

capacitance, and e is electronic charge. 

DPV studies in CH2Cl2/0.1 M nBu4NPF6 were performed for freshly filtered 

copper nanoparticles coated with a 1:1 mixture of octylthiol and dodecylthiol. These 
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particles are less soluble than gold nanoparticles of similar size, resulting in a smaller 

necessary current application. The voltammogram of these freshly filtered, but otherwise 

“as-is” Cu particles can be seen in Figure 4.4; well-resolved, single electron charging 

events are observed. Equation 1 predicts a linear relationship between the charging state 

and the formal potentials of the nanoparticles and this is observed in the I-V curve with 

approximately equal spacing between each successive charging event.  The zero-charge 

potential of the nanoparticle (z = 0) was determined to be -40mV vs. AgCl/Ag; there 

appears to be an inflection in the voltammogram at this point (a double layer capacitance 

is known to have a minimum approximately at the zero charge of a surface).200 By fitting 

this data to a linear regression, the capacitance of the individual particles can be 

determined. The derived value for these copper nanoparticles is 3.0 aF, which is of the 

same order of magnitude, although approximately three times greater than those 

determined previously for copper nanoparticles and analogous gold nanoparticles that are 

8-38 kDa and 1-1.9 nm in diameter.199  However, a value of ~3 aF was reported for 

condensed and single clusters of Au55 on a conductive substrate.11 
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Figure 4.4:  Differential pulse voltammogram of 1:1 octylthiol/dodecylthiol coated copper 
nanoparticles at a platinum disk electrode in CH2Cl2/0.1 M nBu4NPF6.  For preparation, particles 
were filtered through a 20 nm filter from 1 mg/mL solution, but size separation was not attempted.  
Pulse amplitude was 50 mV and the DC ramp was 10 mV/s.  Each peak corresponds to a single-
electron-transfer event and is shown on the right plotted versus z (particle charge state). The 
potential of zero charge (z=0) was taken to be -40mV, where there appears to be a minimum. The R2 
value is 0.9965, b0 = 0.0021, b1 = 0.054. Using the dielectric function of ~3 for n-alkythiols, the size of the 
particles was calculated as 5.0 nm using an accepted structural model for monolayer-protected 
nanoparticles.200 

  
Differential pulse voltammetry (DPV) of 28 kDa hexylthiolate-protected gold 

nanoparticles reveals as many as nine current peaks with much further spacing between   

-1 and 1.2 V.  As seen here, there are ~16 equally spaced charging events that are much 

closer in potential, i.e. smaller ‘steps’. Also, there is no change in spacing at the 

minimum, leading to the conclusion that there is no band gap. Both observations are 

indicative of larger aggregated clusters. TEM analysis shows the Cu particles studied are 

approximately 3 nm in diameter, although most appear to be interacting with neighboring 
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particles (refer to Figure 4.3), much larger than those studied by Chen, et. al.  An 

assumption made in these calculations is that the nanoparticles are not interacting, but are 

concentrated enough to ensure that there is at any instant a number of clusters in close 

proximity to the electrode.  However, aggregation of these clusters when viewed by 

electron microscopy is evident in most cases, which suggests that a portion of the sample 

may not behave as single nanoparticles.  The electrochemical properties of nanoparticles 

are dependent upon diameter and can be calculated from the nanoparticle capacitance.  If 

the nanoparticle is assumed to be spherical, then the following equation can be used to 

relate the size to capacitance: 

CMPC = 4πεε0(r/d)(r + d)    (4.2) 

Where r = radius of nanoparticle, d = monolayer of thickness for n-alkylthiols (d 

= 1.0 for octylthiol), and ε is the permittivity of n-alkylthiols (ε ≈ 3).  A calculation of 

size from these values and the experimentally determined capacitance of copper 

nanoparticles results in nanoparticles with a diameter of approximately 5 nm.  This may 

suggest that the capacitances measured are from aggregates of nanoparticles.  The 

linearity of the potential versus charge state reveals that one size dominates the 

capacitance, which is remarkable considering the dispersity.  Similar results were found 

for unfractionated copper nanoparticles by Chen and Sommers.57 
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4.2.2.3 Thermal properties 

 
 DSC studies were pursued for alkythiol-protected Cu nanoparticles; these were 

instrumental to the understanding of the properties of similar silver nanoparticles as 

described in Chapter 3. A brief recapitulation of the results detailed in Chapter 3 is 

necessary at this point. In the case of alkylthiol-protected gold nanoparticles, 

interdigitation of the alkyl chains between adjacent nanoparticles is well understood; for 

example, TEM studies show the distance between adjacent nanoparticles approaches one 

ligand length. The process of de-interdigitation has been detected thermally by DSC. 

Complementary variable-temperature IR studies support the occurence of a disordering 

phase transition; at temperatures that correlate with the DSC-detected phase transitions, 

the number of gauche defects in the nearly all-trans chains drastically increases. These 

transitions vary in temperature significantly with the length of the ligands, supporting that 

they arise from interactions along the length of the chain. 

 With the behavior of gold nanoparticle assemblies well-documented, 

assumptions regarding similar interdigitative transitions were made in the case of silver 

nanoparticles.  These remain undisputed in the literature, but were shown likely to be 

incorrect in Chapter 3. In short, although interdigitation is also a likely phenomenon for 

silver nanoparticles (e.g. TEM images reveal the distance between nanoparticles to be 

less than two ligand lengths) the thermodynamic process that dominates for these 

particles is a desorption of silver thiolate material. This was shown in detail by both DSC 

and XRD.  Important data came from the DSC studies, where high energy, high 
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temperature (130 ºC) transitions were observed to occur for ligands of length C6 through 

C18, and thus cannot be attributed to simple alkyl chain melting. 

 Very recently, the idea of ligand interdigitation as a cohesive interparticle force, 

whose disruption can be detected thermally, was extended to copper nanoparticles.183 

However, the independent study described here shows that this conclusion must be 

viewed with caution (vide infra). To determine how the thermodynamic properties of 

alkylthiol-protected copper nanoparticles compare to gold and silver, TGA and DSC were 

used to determine temperature of degradative mass loss and to measure the enthalpies and 

temperature of phase transitions of alkylthiol-protected copper nanoparticles. First, 

nanoparticles that had been exposed to air during the synthesis were examined by TGA. 

Decomposition with mass loss began at approximately 135 ºC for these samples and is 

complete by 230 ºC.  The total mass loss is 31%, which accounts for most of the carbon, 

hydrogen, and sulfur mass determined by elemental analysis (see Table 4.2, sample 1). 

DSC studies reveal an exothermic phase transition at 87 ºC and an endothermic transition 

at 142 ºC. This transition does not show a reverse exothermic peak upon cooling.  This 

data indicates that decomposition occurs to some degree in these samples after the 

endothermic transition. However, this peak is seen to recur upon a second heating event, 

as will be shown in later studies. These results differ significantly from those reported for 

gold35 and shown for silver nanoparticles in Chapter 3, where complete reversibility and 

annealing of this endotherm are seen and mass loss does not occur until temperatures 

above 200 ºC.  
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Figure 4.5:  DSC profile of octylthiol-coated copper nanoparticles.  Endothermic transitions point 
downwards.   The first transition (exothermic) occurs at 87 ºC.  The second transition (endothermic) 
is at 142 ºC.  Inset: TGA trace of these nanoparticles.  Note the mass of loss begins at <140 ºC and 
continues to 230 ºC.   Total mass loss is 31 percent. 

 
 Similarly prepared samples were then studied for stability over time after 

exposure of the powder to air. A sample with a 3:1 octylthiol/dodecylthiol mixture of 

ligands was studied. As seen in Figure 4.6, the transition temperature of the endotherm is 

significantly decreased to 127 ºC from 142 ºC observed for the monoligand case, 

consistent with an increase in disorder due to the mismatch of ligand lengths.  As 

discussed in Chapter 3, this is a result of the (four extra) CH2/CH3 groups of the 

dodecylthiol ligand having significantly less steric hindrance to movement. After 

exposure to air for one week, this nanoparticle sample displays the same transitions, 

although at slightly different temperatures. The initial exotherm is nearly identical, but 

has a lower energy transition (-141.5 J/g vs 87.7 J/g) and the first endotherm occurs at 

123 ºC versus 127 ºC with less energy (38.5 J/g vs. 19.1 J/g).  Also, the final endotherm, 
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which is described as a melting/decomposition event for analogous silver nanoparticles 

shifts from to 208 ºC to 170 ºC. The identity of this transition at 87 ºC, which reveals a 

slight reversibility is unknown, as it has no precedence in the literature or in previous 

experiments (there is one exception, wherein it was reported that an exotherm ‘grew in’ 

at 105 ºC after repeated cycles and was attributed to alkyl chain positional memory);183 it 

is likely that this transition is due to impurity resulting from the presence of oxygen in the 

synthesis (e.g. Cu2O) as it is not observed for Cu nanoparticle samples prepared in 

anaerobic conditions (vide infra).   

 
Figure 4.6:  DSC trace of copper nanoparticles prepared with a 3:1 mixture of 
octylthiol/dodecylthiol: the sample as-prepared is shown in red and aged 1 week in blue.  The 
exothermic peak at 87 ºC is sharper in the second case, whereas the endothermic transition at 127 ºC 
changes in position to 123 ºC and decreases by 50% in enthalpy (38.5J/g to 19.1J/g).  Note the 
decrease in melting/decomposition temperatures upon aging (210 ºC to 170 ºC) and the slight 
reversibility of the exotherm.      

 
 For comparison, a copper (I) octylthiolate sample was prepared in an air-free 

procedure by addition of octylthiol to a Cu(BF4)xH2O in ethanol. The resulting material 
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was white/yellow as is typical for these types of lamellar materials; a sample analyzed 

correctly for Cu(SC8H17) and, hence, significant oxygen contamination is ruled out.  

Again, TGA and DSC experiments were performed. TGA reveals a mass loss curve that 

begins at ~160 ºC and continues to 240 ºC, slightly higher than for the octylthiol-

protected Cu nanoparticles. The total mass loss was found to be 53%, where the total 

organic composition from elemental analysis was determined to be 67%, possibly due to 

oxidation. 

The DSC data of copper (I) octylthiolate reveal no exotherm, although the same 

endothermic transitions found for the analogous nanoparticles are observed. The first 

endothermic transition occurs at the same temperature (142 ºC) for the octylthiol-coated 

copper nanoparticle case (Figure 4.5). However, the enthalpy of the transition is over 

three times as large, (103 J/g). Because the structure and ratio of metal to ligand is 

different for nanoparticles versus copper thiolates and the transition presumably involves 

solely the organic material, a more accurate figure of merit would be a comparison of 

energy/moles organic; these enthalpies are 20.4 kJ/mol org and 37.8 kJ/mol org for the 

nanoparticle and thiolates respectively.  

The DSC measurements were cycled about the first endothermic transition; no 

corresponding exotherm is observed upon cooling, but interestingly it was revealed that 

the transition recurs upon a second heating but with smaller enthalpy. This is 

presumbably a result of a partial decomposition, wherein much of the sample that melts 

subsequently decomposes (and thus the transition is not reversible) but a portion of the 

sample remains intact. The transition at 142 ºC has been previously attributed to a 

220



lamellar to micellar phase transition.43 The lamellar material at room temperature has 

µ3-S bonding (each sulfur bridges 3 copper atoms), which forces the alkyl chains to 

reside closely to one another in an all-trans orientation. As a result, the alkyl chains do 

not melt at expected temperatures. The high temperature phase transition is the result of a 

collective alkyl ligand restructuring of the copper backbone in order to melt. It is at this 

temperature that the energy of the ligand melting overcomes that of the copper-sulfur 

backbone. This new micellar phase has a µ2-S orientation and the ligands at this point are 

completely melted. These enthalpies are approximately 15 kJ/mol organic higher than 

their silver thiolate counterparts, with a transition temperature approximately 14 ºC 

higher. This can be accounted for by the stronger copper-sulfur bond strength and the 

increased stabilization of the higher temperature phase. It has been suggested in the 

literature that the micelles may also interact with one another via the thiolates, resulting 

in pseudo- µ3 bonding.190 
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Figure 4.7: DSC profile of copper octylthiolate.  The enthalpy of the endothermic transition is 103 
J/g.  Inset:  TGA of copper octylthiolate, revealing mass loss occurs from 160-240 ºC, similarly to 
nanoparticles.  Total mass loss is 53 weight percent.  The right diagram shows the lack of a reverse 
exothermic transition upon cooling past the first endotherm; this endotherm occurs with smaller 
enthalpy on the second pass. 

 
 Many similarities are obvious between the copper alkylthiolates and the copper 

nanoparticles; however the exothermic transition remains unassigned. In order to gain a 

fuller understanding of the origin of this exotherm, octylthiol-coated copper nanoparticles 

were synthesized in an air-free environment (these were cleaned and stored in ambient 

conditions). The TGA and DSC traces are seen in Figure 4.8. The TGA reveals mass loss 

occurs similarly to the copper (I) octylthiolate case, beginning at 160 ºC and continuing 

until 257 ºC.  The same transitions are present at the same temperatures for both 

nanoparticle and thiolate, and there is no evidence of an exothermic transition. The 

transition enthalpy is of nearly the same energy as for the air-exposed copper 

nanoparticles described earlier (20.3 vs. 20.4 kJ/mol organic), indicating that the presence 

of oxygen does not affect this transition.   
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Figure 4.8:  DSC profile of octylthiol-coated copper nanoparticles prepared in inert conditions.  The 
endothermic transition has an enthalpy of 68.9 J/g (compare to Figure 4.6).  Inset: TGA of these 
nanoparticles.  Mass loss is offset until 160 ºC and continues until 257 ºC.  Total mass loss is 43 %. 

 
 These results thus may be interpreted similarly to those described in Chapter 3 

for silver nanoparticles and silver thiolates. In both cases, the metal thiolate is a very 

stable compound, the formation of which is able to drive reorganization of the surface of 

the bulk metal. This results in incommensurate 2D SAMs, where the surface angle is 

close to perpendicular as the ligands are tightly packed.  Gold (the model metal for 

SAMs) can be functionalized by thiolates to form a commensurate monolayer wherein 

the thiolates pack into the preformed metal structure with little effect on the crystal 

structure. The reorganization noted for silver and copper can result in the desorption of 

metal from the surface.42 

To determine if the similarities observed between copper nanoparticles and 

thiolates are simply due to unreacted starting material, separation of soluble from 

insoluble material was conducted as for silver. A sample of a 3:1 octylthiol/dodecylthiol 
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ligand mixture-coated copper nanoparticles was washed with methylene chloride and the 

soluble portion was collected as a solid. The DSC trace reveals the same endothermic 

transition as for the bulk, albeit with much smaller energy and shifted to 125 ºC from 132 

ºC (see Figure 4.9). Also, there is no longer a clear melting/decomposition peak, as was 

seen for many silver nanoparticle cases. This data indicates that the transitions are indeed 

very similar for copper thiolates and copper nanoparticles; copper thiolates are extremely 

insoluble due to the restricted packing of the alkyl chains, which leads to the conclusion 

that they are not present in the soluble particle portion. Because the endothermic 

transitions are related to a restructuring of the copper-sulfur backbone, the same must be 

occurring on the nanoparticle surface. At this temperature, it is likely that the removal of 

copper alkylthiolates is occurring, but a re-adsorption, as is seen with silver nanoparticles 

which manifests as a sharp reverse exothermic transition, is seen to little or no extent.  

Figure 4.9 shows a DSC profile for the isolated insoluble portion, where a slight reverse 

exothermic transition is seen. This reversibility is not seen in the solubilized portion 

(featureless cooling scan not shown).  Annealing of the copper alkylthiolates is shown 

with a sharpening of the phase transition. 
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Figure 4.9:  DSC trace of copper nanoparticles protected with a 3:1 mixture of octyl and 
dodecylthiol:  first heating cycle (red) and second heating (blue) are shown.   

 
 Additional studies were carried out for copper nanoparticles protected by 

various ligands; Table 4.2 summarizes the data. Various conclusions may be drawn: By 

comparing particles synthesized in ambient and inert conditions, it is found that the 

enthalpies of the first endothermic transition are quite similar in energy and temperature 

(compare sample 1 vs. 2, sample 4 vs. 5). However, the presumed degree of oxygen 

contamination is significantly increased for the particles synthesized in ambient 

conditions.  When the molar ratio of alkylthiol to copper is altered, no clear trend in 

nanoparticle size is observed, as evidenced by the molar ratio. Very similar endotherm 

transition temperatures are observed for C8 and C18-ligand lengths, suggesting that the 

origin of this transition is not de-interdigitative. Nanoparticles protected by mixtures of 

ligand have lower transition enthalpies for the first endotherm, and these occur at lower 

temperatures.  
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 The transition enthalpies for copper alkylthiolates are larger than their 

nanoparticle counterparts (samples 3 and 5).  Samples 8, 9, and 10 are products of the 

same nanoparticle synthesis for which soluble and insoluble portions were separated. It 

can be seen here that the insoluble portion consists of mostly copper alkylthiolate, which 

must constitute a large amount of the sample. This contrasts to what was observed for 

silver nanoparticles, in which such separations typically result in particles of similar 

elemental analysis, regardless of solubility.  This led to the interpretation that a portion of 

the silver nanoparticles was strongly interdigitated and incorporated into a superlattice, 

while the more disordered ligand shells that resulted in free nanoparticles were dissolved.  

This appears not to be the case for copper nanoparticles. 
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Table 4.2:  Elemental analysis and enthalpies of endothermic DSC transitions.  * refer to air-exposed 
syntheses.  Molar amounts are compared to 1 mole of copper salt.   Sample 8 was separated into 
soluble and insoluble portions. 
 
 
4.2.2.4. TEM and electron nanodiffraction 
 
 

Much of the data presented in this Chapter leads to the fact that stable copper 

nanoparticles may be produced under inert conditions, which remain relatively stable to 

gross oxidation for weeks in air. However, immediate structural changes occur upon 

exposure to air, and may be detected by alteration of their optical properties, particularly 

Identity Ligands 

(ratios) 

Total  

% org 

% 

Cu 

n Cu / 

n org 

%Total 

C,H,S,Cu 

Endotherm 

Temp (ºC) 

Enthalpy 

(kJ/mol org) 

1* C8 (1/3) 40.3 28.8 1.65 69.1 142 20.4 

2 C8 (1/3) 46.0 41.9 2.1 87.9 143 20.3 

3 C8 (1) 66.9 31.6 1.0 98.5 142 37.8 

4* 3:1 C8/C12 

(1/3) 

52.1 27.3 1.4 79.4 127 20.6 

5 3:1 (1) 

C8/C12  

66.9 29.7 1.0 96.6 128 28.7 

6 C8 (2/3) 62.3 34.4 1.3 96.7 142 25.1 

7 C8 (1/4) 40.8 37.2 2.1 78 142 16.3 

8 initial 1:1 (1/4) 

C8/C12  

57.4 31.3 1.3 88.7 126 31.1 

8 sol  55.0 30.8 2.1 85.8 123 12.7 

8 ins  61.2 28.5 1.0 89.8 132 39.8 
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the loss of the characteristic surface plasmon resonance. An ideal method for 

investigating these particles is one that probes discrete particles.  Electron nanodiffraction 

studies were perfomed by John Cowley at Arizona State University for a characterization 

of the structure of the individual nanoparticles. A sample of copper nanoparticles 

protected with a 1:1 octylthiol/dodecylthiol ligand mixture (to impart a larger degree of 

solubility) was studied. Although these nanoparticles were prepared in inert conditions, 

they were briefly exposed to air during the cleaning stage and kept in an argon 

atmosphere until study. 

Electron diffraction, using electron beams of a diameter 1 nm or less alongside 

high-resolution imaging techniques, offers a new approach to determine the atomic 

arrangements of nano-scale materials. X-ray diffraction, which has been and still is the 

most utilized technique to determine crystal structures, cannot be applied to structures 

that are less than 1 µm in size. Just as electron beams are focused with the use of strong 

electromagnetic lenses to give beams of sub-nanometer diameters in electron 

microscopes, diffraction patterns can be obtained from regions as small as 0.2 nm in 

diameter.  As an example, the scattering by a single heavy atom can allow for imaging, as 

shown by Crewe.201  Electron wavelengths are very short (2-3pm), leading to very small 

angles of scattering, so electrons are considered to pass through the specimen essentially 

without deviation. In typical TEM instruments, diffraction from small areas can be 

obtained by selected-area electron diffraction (SAED), where a small aperture is placed 

in the image plane of the objective lens.  Such a result was shown in Chapter 3 for silver 

nanoparticles.  However, these are typically areas on the order of 20 nm or more, still far 
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too big to image individual nanoparticles. Electron nanodiffraction, however, can image 

single particles, as will be described later. 

Before analyzing the particles via electron nanodiffraction, they were subjected to 

standard TEM analysis for size determination (Figure 4.10); an issue of importance here 

is the tendency for the as-deposited particles to merge into larger structures of ill-defined 

shape. The images reveal that exposure to an electron beam induces such structural 

changes, as extended exposure times result in the merging of particles into large masses.  

However, in both cases, discrete particles remain for study. A size analysis was carried 

out on the as-deposited particles. The average size of discrete particles was ~ 3 nm and 

the size of aggregates ranged from ~8 – 40 nm. An interesting feature of the large 

particles is that there is no evidence of Moire fringes, which are the result of interference 

between the electron beam and offset crystal planes, and often may be used to indicate 

sample crystallinity. Typical TEM images of other noble metal nanoparticles reveal that 

many particles with such fringes. Although these observations are not absolute indicators, 

they indicate that these large particles are likely to be polycrystalline. 
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Figure 4.10: TEM images of copper nanoparticles protected by a mixture of 1:1 
octylthiol/dodecylthiol before (left) and after (right) extended imaging periods on Si3N4 grids.  Scale 
bars in each case are 83 nm. 

 
Electron nanodiffraction studies were then carried out on individually addressed 

nanoparticles on the same grids shown in Figure 4.10.  Unique to this method is the 

ability to image a sample while concomitantly collecting a diffraction pattern, which 

allows for careful selection of particles. Because scanning is possible while imaging, 

individual sections within the same particle could be imaged.  This allowed for the 

identification of the diffraction from the edge and from the center of the same 

nanoparticle core, although no significant differences were observed. Both small 

(approximately 2 nm in diameter) and large (5-10 nm in diameter) individual 

nanoparticles were studied individually. Figure 4.11 shows a summary of the various 

diffraction patterns observed. Thirty individual particles were studied, and the following 

results were obtained:  9 were found to have a face-centered cubic (fcc) structure typical 

of copper metal, 4 showed diffraction typical of Cu2O, 2 appeared to be hexagonal close-

packed forms of copper (possibly the result of twinning of the fcc structure) and 5 
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apparently had an unknown body-centered cubic (bcc) structure, described in detail 

below. The remaining 10 were unidentifiable. As the electron bean traversed across some 

of these larger particles, diffraction from a cubic structure was seen with spacing between 

spots giving a unit cell too small for fcc copper (a = 0.41 nm); however, the weak (110) 

spots for cuprous oxide (a = 0.42 nm) were not visible. This diffraction would fit that 

from a bcc structure of copper, with a cell size of 0.30 nm; simple geometry shows a bcc 

unit cell equivalent to the fcc cell of copper (a = 0.41 nm) has a = 0.29 nm. Previous 

measurements by J. Cowley have resulted in the identification of a possible bcc phase of 

copper metal in small crystallites, supporting these conclusions.202 

Reports of a bcc phase of copper are extremely rare in the literature; this study 

represents the first identification of discrete metal particles with this structure. Fcc and 

bcc structures are common for metals in their elemental state, and are similar 

crystallographically (here, for equivalent unit cells, c/a = 1 for bcc and c/a = √2 for fcc). 

Copper is known to exist elementally only in the fcc structure; the energy difference 

between fcc and bcc polymorphs is small according to first principle calculations203 

although bcc copper is considered to be mechanically unstable. However, when copper 

films were electrodeposited on Au (100) surfaces (where the lattice mismatch approaches 

12%) a buckling instability occured and the fcc material was observed to transform into a 

bcc structure.204 This suggests that with a particular degree of epitaxial strain from the 

small size (or from a layer of copper oxide), copper nanoparticles may have differing 

crystallographic structures. It was mentioned previously in this Chapter that the lattice 

mismatch between copper and copper oxide is 17%. A simple calculation of the 
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percentage of surface atoms on a 2 nm particle gives 78% surface atoms (assuming a 

spherical particle), and, thus, an internal structural change is highly possible. Different 

structural arrangements for nanoparticles versus the bulk material have been noted before 

for cobalt nanoparticles. The new unknown phase, termed ε-cobalt, is stable for months at 

room temperature, but is quickly converted into the standard fcc phase with heat.  This 

was attributed to the tight coordination of the ligand around the growing crystal, changing 

the energetics of growth in favor of the new, less dense phase.205  
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Figure 4.11:  Electron nanodiffraction images of copper nanoparticles.  Top left: Fcc (110) pattern 
with a = 3.5 Å; streaks are due to (111) faults as shown in the schematic below.  Top right: 
Diffraction from a larger particle; outer spots give hexagonal array of (220) from fcc structure in 
(111) orientation as shown in schematic below. Bottom left: Hexagonal pattern with d = 2.16 Å; could 
be formed by hexagonal (001) structure with a = 2.50 Å (theoretically a = 2.56 Å) or bcc (110) spots 
with a = 3.05 Å (theoretically a=2.95 Å). Bottom right: Rectangular pattern from (110) orientation of 
a bcc structure with a = 3.00 Å. 

 
4.2.2.5.  Powder XRD 
 
 
 Powder XRD was used to study the solid copper nanoparticle samples in the 

bulk; both the structure of individual particles and the superlattice structures were 

233



investigated. The widths of the diffraction peaks in question are indicative of crystallite 

size, as explained in Chapter 3. The width of a diffraction peak is also dependent on 

microstrain; this was corrected for as described for silver nanoparticles, and the resulting 

particle or crystallite size was determined. Studies were performed on both copper (I) 

octylthiolate and octylthiol-coated copper nanoparticles, as shown in Figure 4.12. The 

lamellar material clearly displays very sharp, successive peaks that follow a (0k0) pattern 

(where k = 2-6) arising from interplanar diffraction. The (010) diffraction is expected to 

occur at s = 0.40 nm-1, which is below the resolution of the instrument used. The shape 

and position of these peaks are very similar to those observed for silver octylthiolate; 

additionally, higher order diffraction patterns are seen, indicative of a large degree of in-

plane order. The coherence length is calculated to be 46.2 nm for the sample. 

The octylthiol-protected copper nanoparticle sample displays similar diffraction 

patterns, which is indicative of the presence of copper thiolates in this sample. The 

coherence length for the nanoparticle sample is 21.3 nm, less than half of that for the pure 

thiolate. These data show no evidence of superlattice ordering of the individual copper 

nanoparticles, which would manifest at large spacing. Additionally, a broad diffraction 

peak is observed at 4.1 nm-1 for the nanoparticles. The position of the peak however is 

not at the position expected for copper metal, as the (111) peak is known to be at 

2θ = 43 º, s = 4.8 nm-1.9 There are two possible explanations for the peak observed for the 

nanoparticle sample, either the presence of Cu2O or another phase of copper, potentially a 

similar bcc phase to that observed by electron nanodiffraction. Calculations for Cu with a 

bcc cell give the (111) reflection at s = 4.3 nm-1.206 
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Figure 4.12: XRD pattern for a copper (I) octylthiolate (red) and octylthiol-coated copper 
nanoparticles (black).  The ordinate axis, s, is the inverse of the distance between lattice planes.     

 
 XRD studies were also performed in the absence of air for particles synthesized 

under anaerobic conditions; see Figure 4.13 for diffraction patterns of air-free and air-

exposed samples of copper nanoparticles coated with a 3:1 mixture of octylthiol and 

dodecylthiol. The initial pattern shows evidence of lamellar copper alkylthiolates with a 

spacing of 3.4 nm, the length of two all-trans dodecylthiol chains. Also, there is a very 

broad diffraction from the fcc copper core, (111) at s = 4.8 nm-1. After removing the seal 

and exposing the sample to an ambient environment, quick disappearance (within 30 

minutes) of the fcc copper (111) peak occurred, and a new peak grew in at s = 4.0 nm-1, 

which does not come from fcc copper, but from a larger unit cell, which is most likely 

Cu2O.  Clearly, this is formed quickly and does not significantly change after a full day of 

exposure. The size of the nanoparticles determined from the Scherrer equation changes 

from 0.76 nm in the air-free sample to 1.9 nm for the air-exposed samples; this suggests 
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that either the broadness of diffraction from the initial sample is caused by two species or 

that a ripening of the cores occurs.  Therefore, it is likely that the original material is a 

combination of more than one crystallite type (potentially fcc and bcc copper), for which 

a significant portion very quickly transforms into copper oxide upon exposure to oxygen.   

 

 

Figure 4.13:  XRD pattern for 3:1 octylthiol/dodecylthiol-protected copper nanoparticles in nitrogen 
(top red), after 20 minute exposure to air (middle blue), and after 1 day of air exposure (bottom 
black). 

 

Another notable feature of the diffraction patterns in Figure 4.13 is the relative 

intensity of the lamellar (0k0) plane diffraction; these become significantly more intense 

and narrower after 1 day, indicating that the domain size of these materials grows over 

time. Copper thiolates must, presumbably, be desorbing from the surface in this time 
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frame. This has a precedent in planar copper SAMs, where the etching of copper by thiols 

poses a problem for the creation of high quality monolayers. 

 

4.2.3 Application to metal microfabrication 

 
 The original motivation for the synthesis of copper nanoparticles was for their 

use in the microfabrication of copper metallic wires.  Copper is second only to silver in 

terms of electrical conductivity and is extremely important in industry due to the relative 

low cost.  The laser induced two-photon microfabrication process used was discussed at 

length in Section 3.2.3 and will be briefly described here.  Upon exposure of polymer 

matrix nominally containing a dye (sensitizer), a metal salt, and solubilized nanoparticles, 

defined, continuous 3D metal structures can be written.  The mechanism is reminiscent to 

photography in that after exposure to light, a chromophore is excited and electron transfer 

to a silver ion occurs to form bulk silver islands.  With the use of two-photon absorption 

however, excitation of the chromophore is possible with three-dimensional selectivity.  

Additionally, the introduction of metal nanoparticles into the matrix allows for seeds 

which act as thermodynamic sinks to allow for fast growth of nanoparticles relative to 

nucleation    

As discussed in Section 3.2.3, four materials may be identified as necessary for 

efficient laser writing of three-dimensional copper structures:  1.) A copper (I) salt which 

displays solubility in organic matrices, 2.) A dye with appropriately placed 

HOMO/LUMO levels which acts as the sensitizer for electron transfer, 3.) Organic 

ligand-coated copper nanoparticles, and 4.) A polymer host for incorporation of the 
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constituents.  The dye used as a sensitizer in this case is the same as that used for silver 

microfabrication, due to the necessary efficient one- and two-photon absorption and 

reasonably long excited state lifetime (1.79 ns) to facilitate electron transfer (ET).  Both 

the polymer and copper source are variables that were chosen based on their efficiency. 

A number of copper (I) salts are commercially available and many were tested for 

their ability to quench the fluorescent sensitizer. In such experiments, constant 

concentrations of dye were made with increasing concentration of salt. The following 

salts were successful and are listed in increasing order of quenching efficiency:  copper 

(I) acetate, copper (I) thiocyanate, copper (I) bromide (dimethylsulfide), and copper (I) 

iodo(trimethylphosphite).  In addition to the ability to quench the fluorescence of the 

fluorophore, the iodo(trimethylphosphite) salt displayed solubility in acetonitrile.  This 

salt was ultimately chosen for use in the composite.  See Figure 4.14 for a plot of 

fluorescence intensity versus copper (I) iodo(trimethylphosphite) concentration. 
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Figure 4.14: Fluorescence quenching of sensitizer in the presence of copper (I) 
iodo(trimethylphosphite). Initial dye in dichloromethane (red), 15% salt (blue), 30% salt (black), 
45% salt (purple), 60% salt (green). 

 
Another parameter that required optimization was the polymer matrix.  

(Poly)vinylcarbazole (PVK) was used for silver microfabrication, but when used here,  a 

cloudy, inhomogeneous film resulted. However, (poly)methyl methacrylate (PMMA)-

based films cast from acetonitrile/methylene chloride with 10%, 5%, and 1% salt solution 

were significantly more homogeneous. Utilizing two-photon fluorescence-induced 

microfabrication, successful metal writing of copper wires within these films was 

achieved. Figure 4.15 shows a transmission optical microscopy image of the wires from a 

top view.  The model on the right shows the 3D writing pattern used.  These results show 

that although the actual structure of the individual nanoparticle cores is dynamic, they 

efficiently serve as nucleation sites in the metal writing process. 
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Figure 4.15: Microfabricated copper structures imaged via optical microscopy (left).  These were 
formed according to a 3D stack-of-logs structure as shown to the right.  The composite material 
consisted of 66 mg PMMA, 1.1 mg ligand-coated copper nanoparticles, 5 mg of Cu[P(OCH3)3]I, and 3 
mg of dye, deposited from 3 mL chloroform. 

 
4.2.4. Electrostatically-protected copper nanoparticles 
 
 
 Briefly, another route was taken for synthesis of copper nanoparticles.  This 

study was undertaken to form larger nanoparticles for clear observation of the surface 

plasmon band. The previously discussed ethanol-based method resulted in consistently 

small particles (d< 4 nm). Colloidal, electrostatically-protected nanoparticles can 

typically be grown much larger, especially in the case of silver, due to the weaker degree 

of protection and passivation during the growth process. Therefore, colloids were made 

first in an aqueous environment and subsequently capped with alkylthiols for solubility in 

nonpolar solvents. The method used here relied on potassium iodide to supply stabilizing 

anions for the copper nanoparticles after reduction of the salt solution with NaBH4.58 

Although the authors did not call specifically for inert atmospheres, this was found to be 

necessary for creation of stable alkythiol-capped nanoparticles and was used here. 
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Immediate formation of the nanoparticles upon addition of reducing agent was obvious 

by the red color of the water.      

 

 

 
 
 
 
 
 
Figure 4.16: Schematic of ligand exchange method used for transferring copper colloids into toluene. 
Before full transfer into toluene, a mirror is formed at the liquid-liquid interface. 

 
This method was extended by transferring these preformed particles into toluene 

via addition of a nitrogen-purged alkylthiol solution in toluene.  See Figure 4.16 for a 

schematic of this preparative method.  Interestingly, a robust mirror was consistently 

produced at the solvent interface in most cases before the red color of the copper 

nanoparticles was observed to move up into the toluene. This is a probable intermediate 

for an interfacial exchange, where both ligands are present on the surfaces before 

complete exchange. After collection of the nanoparticles from toluene, they typically 

displayed evidence of the similar surface plasmon, although the solubility of such 

nanoparticles is low and often required refluxing. The absorption spectra, both before and 

after ligand exchange, is shown in Figure 4.17 for particles stabilized using a mixture of 

octylthiol and dodecylthiol ligands (used to impart a higher degree of solubility).   
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Figure 4.17:  Absorption spectrum of copper colloids in water (red) and toluene (blue) after ligand 
exchange and solvent transfer. 

 

The clear observation of a surface plasmon for these nanoparticles is indicative of 

larger, copper nanoparticles. Due to the lack of solubility, acceptable TEM images were 

not obtained. However, elemental analysis results reveal that the molar ratio of copper to 

organic capping ligand is 2.9:1, which is comparatively larger than the ligands prepared 

in ethanol described in the previous section (these typically had a ratio of 1.2:1). Also, the 

optical studies were carried out in ambient environments (although nitrogen-purged 

solvents were used) presumably signifying that these particles are more stable in air than 

those described in the previous sections. The reason for the instability of the smaller 

particles may lie in the tendency of monolayers of alkylthiols to etch and remove copper 

from the surface, therefore making the nanoparticles more susceptible to oxygen. With 

particles formed from copper (I) alkylthiolates, a high degree of order in the organic 

coating shifts the equilibrium in favor of the removal of copper to form ordered domains 

of alkylthiolates, as evidenced by powder XRD. By exchanging alkylthiols with adsorbed 
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anions, an inherently larger degree of disorder in the organic shell results and prevents 

the rapid formation of copper (I) alkylthiolates, which may thus also effectively protect 

the surface from oxidation. 

 

4.3.  Conclusions 
 
 
 The studies in this Chapter addressed two discrepancies in the literature 

reagarding copper nanoparticles: their thermodynamic properties and the observation of 

surface plasmon resonances. Copper nanoparticles were formed via an ethanol-based 

method, the first true one-phase method that does not rely on phase-transfer agents in the 

solution. It was found that oxygen exclusion during the synthesis was necessary to form 

nanoparticles significantly free of oxygen (< 10% mass oxygen). However, once formed, 

the nanoparticles could be exposed to air for cleaning and isolation without detectable 

degrees of oxidation or precipitation. However, a surface plasmon band was not observed 

for particles greater than 2 nm in diameter, although these are expected to display such a 

band at approximately 560 nm.  This is a common theme throughout the literature, where 

surface plasmons are not always seen for this size regime.   

Careful powder XRD and linear absorption studies revealed that exposure to 

oxygen after synthesis results in immediate changes in the structures that are not 

detectable by elemental analysis. Optical spectroscopy showed that the initial surface 

plasmon quickly disappeared when exposed to air.  Powder XRD also revealed the loss of 

the (111) reflection from fcc copper within a 30 minute time period.  More sophisticated 
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electron nanodiffraction studies were used to observe the crystal structures of individual 

nanoparticles.  Evidence of fcc copper, copper (I) oxide, and an unknown bcc phase of 

copper was found. The latter phase is unusual for copper and may be of significance to 

the field of nanoscience. Nanoparticles are the intermediate phase between the assembly 

of molecules and atoms into bulk materials, and hence the evolution of the crystals may 

undergo structural changes at various sizes before forming the preferred bulk phase. 

Another possibility is that a thin shell of copper oxide around a copper nanoparticle may 

induce strain into the lattice to form a new phase.  Further studies would be needed to 

understand the exact nature of these particles. 

The thermodynamics of these nanoparticles bear significant resemblance to silver 

nanoparticles capped with alkylthiols, as discussed in Chapter 3. Studies of copper (I) 

alkylthiolates revealed that these were present in all isolated copper nanoparticle 

products, presumably due to desorption from the surface. Powder XRD studies revealed 

the rapid removal of these stable lamellar structures, to a larger degree than for analogous 

silver nanoparticles. Therefore, high quality copper nanoparticles and superlattices of 

nanoparticles were not obtained here; this has parallels with the difficulties in obtaining 

high-quality planar copper SAMs. These copper nanoparticles displayed sufficient 

solubility to behave as nucleation centers in metal microfabrication. A PMMA matrix, 

which included copper nanoparticles, copper (I) iodo(trimethylphosphite), and a 

sensitizer was made of high optical quality. Utilizing two-photon induced 

microfabrication, copper wires were formed within the matrix.   
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Copper nanoparticles were also formed via electrostatic stabilization. This 

resulted in air-stable, larger particles for which surface plasmon resonances were clearly 

observed. However, oxygen exclusion was again necessary during the synthesis.  

Subsequent exchange of alkylthiols was used to cap the copper nanoparticles and 

solubilize them in nonpolar solvents. These studies demonstrate that ordered alkylthiol 

monolayers are not ideal for the formation of copper nanoparticles, as the highly ordered 

and stable copper (I) thiolates can easily be removed. This results in exposed copper, 

which can easily be oxidized. These results are a significant advancement in the 

understanding of copper nanoparticle structure and stability and suggest that alkylthiol 

ligands may not be the ideal choice for future applications of copper nanoparticles. 
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CHAPTER 5: TWO-PHOTON CHROMOPHORE-COATED SILVER 

NANOPARTICLES AND THEIR BIOFUNCTIONALIZATION 

 
5.1. Introduction 
 
5.1.1.  Introduction to two-photon absorption 
 
 

Two-photon absorption (TPA) is a nonlinear optical process in which an atom or 

molecule simultaneously absorbs two photons to reach an excited state higher in energy 

than the ground state by the sum of the energies of the two photons.  This process was 

first predicted in 1931 by Maria Göppert-Mayer207 and was once considered only as an 

adverse side-effect found in certain optical applications. However, TPA has received 

considerable attention in the last decade, because it has been demonstrated that a variety 

of applications could take advantage of its specific properties.  Examples of these 

applications are two-photon fluorescence imaging,208,209 3-D microfabrication,210-212 3-D 

optical data storage,210,213 photodynamic therapy,214 and optical power limiting.215-217  

The advantages TPA imparts to these applications arise from several factors.  Firstly, the 

two-photon absorption probability depends on the square of the incoming beam intensity, 

as two photons are needed for one absorption event.  As a result, if the light beam is 

focused, the probability of two-photon absorption falls off with the distance from the 

focal plane of a focal plane (z) as z-4.  In contrast, in the case of one-photon absorption, 

the probability varies linearly with intensity and the absorption falls off with z-2.  This 

allows for excitation of chromophores with a high degree of spatial selectivity in three 

dimensions that is not possible in linear optical techniques.  Secondly, using two photons 
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to access an excited state requires that each photon carries only half of the excitation 

energy (in the case of degenerate two-photon absorption).  As a consequence, light with 

longer wavelengths, λ, can be used in the two-photon absorption case than in the one-

photon case.   This is especially useful in imaging biological media, which is typically 

transparent at red and near-infrared wavelengths and absorptive in the visible and 

ultraviolet regime.  An inherent benefit in the use of red-shifted light is that scattering, 

which depends on λ−4, is also decreased. 

Significant efforts have been made to understand the two-photon absorption 

properties of materials, and these have enabled the rational design and synthesis of 

molecules that exhibit very high two-photon cross-sections (δ). Compounds with 

D-π−A-π-D and A-π-D-π-A configurations, where D represents an electron donor, A an 

electron acceptor, and π a conjugated portion were found to exhibit unprecedented two-

photon cross sections (δ). 218,219  These molecules are characterized by a quadrupolar 

charge distribution and various degrees of charge transfer along the backbone, depending 

on the type an strength of the substituents.  The degree of symmetric intramolecular 

charge transfer was found to be correlated to the enhancement of δ.  This work was 

recently extended to octupolar molecules as well, which consist of a central unit with 

three symmetrically arranged “arms”.  In this case, a minimum 3-fold increase of δ was 

calculated as there are three independent pathways for charge transfer in each of the 

arms.  Even further enhancements are expected due to electronic coupling among the 

individual arms. 220   
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The literature is rich with examples of TPA chromophores, with larger and larger 

two-photon cross-sections continuously being reported.  The conceppt of adding 

repeating units of a particular chromophore to form a 'macromolecular' collection of 

chromophores with a cooperatively large cross-section has led to the synthesis of dimeric 

and trimeric species, and their incorporation into dendrimers, oligomers, and 

polymers.221-223  Organic chromophores are not the only materials that been shown to 

display large δ values.  Inorganic 'quantum dots' composed of semiconductor materials, 

specifically CdSe nanoparticles, have been shown to be effective fluorescent labels for 

multiphoton microscopy.224    

Metal nanoparticles (d>2 nm) display limited to no one- or two-photon 

fluorescence. However, the intrinsic nonlinear optical properties of nanoparticle-

supported surface plasmons have been studied in detail 65,66,225-227 and these materials 

have been used as optical limiters.228  Though metal nanoparticles are known to affect the 

nonlinear optical properties of chromophores in the vicinity of the particle surfaces,229 the 

effects of nanoparticles on covalently attached chromophores in solution has not been 

significantly explored.  One example is the study of second harmonic generation (SHG) 

properties of fluorescent polymer-encapsulated gold nanoparticles.  The SHG signal 

experienced a 20 to 100-fold increase in the presence of gold nanoparticles in biological 

media and aqueous solution, respectively.230  Goodson and co-workers have reported on 

the use of dendrimers as templates for the formation of metal nanoparticles.231  These 

dendrimer- metal nanocomposites have been used to investigate the dynamics of the 

metal particle emission and the interaction of metal particles with dipolar chromophores. 
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The nonlinear optical properties of various gold nanoparticle geometries formed with 

dendrimers have been studied.  It was found that the geometry of the particle and the 

template used in the formation affect the nonlinear optical properties of the composite.  

The optical properties of the dansyl-terminated dendrimers were studied as a means of 

determining the nature of the interaction of the core with the ligands. Quenching of the 

dansyl fluorescence was observed in the presence of nanoparticles, along with a strong 

decrease in the fluorescence lifetime, suggesting significant interaction of the 

nanoparticles with the dansyl fluorophores.   

The effect of aggregated nanoparticles on TPA has been theoretically76 and 

experimentally232-234 (see Chapter 6) addressed, but studies on individual nanoparticles 

coated with TPA chromophores has not.  The work presented in this Chapter offers a 

unique approach to nanoparticles. The nanoparticle cores will be utilized as 

“concentrators”, wherein the ever-increasing radius from the surface to the ω-

functionality can result in much higher packing of the chromophores in restricted 

conformations.  As outlined above, concentration is one tool for enhancing two-photon 

cross-sections of chromophores, and this will be used here.  The nanoparticle core acts as 

a template for confining chromophores into a small volume in solution.  Conveniently, 

the dipolar surface plasmon resonance of silver nanoparticles is at higher energy than the 

photon energy needed for the two-photon excitation of most visible fluorophores, and 

thus the plasmon resonance should not interference with the dye absorption.  Such results 

will be presented in this Chapter. Examples of the intrinsic nonlinear optical properties of 

nanoparticle-supported surface plasmons are commonly investigated,65,66,225-227 but 

249



effects of nanoparticles on the nonlinear optical properties of covalently attached dyes 

has not been significantly explored. 

 
5.1.2.  Literature review of dye-coated nanoparticles 
 
  

Nanoparticles have been extensively studied in the last decade with the discovery 

of methods to obtain stable gold nanoparticles coated with alkylthiol monolayers.  Soon 

after, tailoring of these monolayers was undertaken using combinations of place 

exchange31 and coupling reactions.25 The addition of ω-functionalized electroactive 

groups, such as ferrocene and viologen,95 and photoactive groups are important examples.  

The use of photoactive groups, which is the focus of this Chapter, has not yet been 

heavily explored.  A potential reason for this is the belief that metal nanoparticles 

strongly quench the excited states of common chromophores by an energy transfer 

mechanism, and this quenching is expected to strongly limit their usefulness in 

fluorescence applications.98  This prejudice derives from the well-known ability of bulk 

metal films to strongly quench the fluorescence of dyes located near their surface.  In 

fact, surface plasmon resonance experiments are typically conducted by purposely 

placing the fluorescent group far from the surface in order to prevent this.71  Also, metal 

nanoparticles have been used to offer non-radiative energy transfer paths in molecular 

beacons to indicate a DNA binding event, where quenching of a fluorophore occurs upon 

binding.235  Although the metal nanoparticles of the size discussed here (>2nm) have 

electronic properties similar to bulk metals (a continuum of electronic states), there are 

also some fundamental differences, such as the surface-to-bulk volume ratio and the 
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ability of nanoparticles to behave as single molecule capacitors.  Interestingly, recent 

studies of the photophysical properties of chromophore-linked gold nanoparticles suggest 

a dramatic suppression in the quenching of singlet excited states.  Synthesis of 

monolayer-protected clusters bearing pyrene,236 porphyrin,98 quinone,237 fluorescein,95 

stilbene,238 ethidium,96 fullerene,239 and dansyl94 chromophores have been reported. The 

following is a brief summary of the findings in each of these cases. 

Fluorescein-capped gold nanoparticles are one of the earliest examples of 

discrete, fluorophore-capped clusters.95 Although these have not been studied in detail, 

they provided some insight into this type of functionalized clusters.  The absorbance and 

fluorescence spectra, with respective maxima at 490 nm and 515 nm, both overlap the 

surface plasmon absorption for gold nanoparticles of approximately 5 nm size.  The 

shapes of the spectra were found to be identical for the bound and unbound species.  

However, the emission intensity was decreased by approximately 50% for the bound 

case. 

Ethidium is a fluorescent intercalator that has been used as a means of inducing 

binding of gold nanoparticles to DNA.96 Its absorbance maximum at 520 nm in methanol 

overlaps the surface plasmon absorbance of gold. The fluorescence emission (with a 

maximum at 600 nm) was studied for free and attached ethidium for 1<pH<8.  Complete 

quenching occurred when ethidium was attached to the nanoparticles and 80-90% 

quenching occurred when free ethidium was simply mixed in solution with nanoparticles.  

It should be noted that these water-soluble nanoparticles display their own fluorescence 

with a maximum at 760 nm and this was unaffected by addition of ethidium.  The energy 
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transfer quenching of the ethidium occurred very efficiently in this case because of the 

nature of the monolayer surrounding the nanoparticles.  The mixed monolayer is 

disordered, polar, and lacking hydrophobic interaction to restrain the motion of the 

ethidium moiety or its liner chain.  As a result, the ethidium center has access to the gold 

core.  When bound to DNA, the ethidium fluorescence increases as a result of rigidifying 

the chain.      

When a dansyl fluorophore was attached to gold nanoparticles with mixtures of 

alkylthiols and ω-carboxylalkylthiols, quenching of the emission occurred to a substantial 

degree.94  This quenching was found to vary with:  1.) the chain length of the fluorophore 

linker, 2.) the chain length of the surrounding monolayer, and 3.) the percent of 

fluorophore loading.  The degree of quenching with distance from the metallic core is 

unknown.  Forster energy transfer between two dipoles240 varies with 1/d6, and energy 

transfer between a point dipole and a metal surface varies by 1/d3 where d is the distance 

between the two components.241 Murray and co-workers have stated that as the metallic 

core is neither a flat surface nor a point dipole; a behavior between these two extremes 

would be more likely.  In this study, the emission intensity was 100-fold lower than for 

particle-tethered dansyl than for free dansyl co-dissolved with ligand-coated 

nanoparticles, but still detectable.  The spectral shapes were very similar for free and 

attached dansyl, with an absorbance maximum at 342 nm and an emission maximum at 

498 nm.  The results were interpreted as distance-dependent energy transfer from the 

excited state of the dye to the metal core, which were prevented with steric constraints to 

disfavor approach of the core by the fluorescent label.    
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The coverage of gold nanoparticles by pyrene was varied236 by: 1.) co-binding 

with alkylthiols, 2.) changing the linker length, and 3.) altering solvent polarity.  The 

absorption spectrum was found to be almost the sum of the spectra of dodecylthiol-

capped gold nanoparticles and thiolated pyrene, and the structure of the absorption band 

did not change when longer linker chains were used, indicating an absence of ground-

state coupling.  However, when the chain consisted of only one methylene spacer, 

significant coupling occurred between the ligand’s π-electron cloud and the plasmon 

electrons in the metal core and a broadened absorption spectrum was observed. The 

fluorescence maxima at 388 nm and 380 nm did not change in structure, but their relative 

intensities did.  Higher surface coverages resulted in the formation of excimers for the 

longer linker cases only, which was attributed to alterations in the interactions between 

the chromophores on flexible chains.  Time-resolved fluorescence of the attached pyrene 

revealed an additional short-lived process, whose contribution increased with solvent 

polarity, suggesting an electron transfer from the pyrene excited state to the gold 

nanoparticles.  Transient absorption studies were conducted to investigate the triplet-

triplet absorption of pyrene, which is readily quenched in oxygenated solution.  When 

attached to the nanoparticles, the presence of oxygen had no effect.   

Fullerene-thiol functionalized gold nanoclusters revealed quenching of 

fluorescence and decreased yields of the triplet excited state, suggesting singlet energy-

transfer from fullerene to the gold nanocore.239   C60 moieties are known to serve as 

efficient electron acceptors in donor-acceptor dyads and triads.242  When these are 
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attached to nanoparticles, a significant amount of clustering presumably occurs and a 

stable charge-transfer product may result.   

The photophysical properties of stilbene-capped gold nanoparticles were studied 

as a function of core size.238  It was found that stilbene trans-to-cis photoisomerization 

occurred more readily on the curved nanoparticles surface, where the moieties are less 

densely packed, than on planar gold surfaces.  The UV/visible absorption spectrum of 

stilbene consists of a π-π* transition at 307 nm in the free case and at 300 nm for the 

attached molecules, with very similar shape.  The fluorescence was also quite similar, 

with a maximum at 378 nm.  This is slightly red-shifted from that observed for free 

stilbenethiol (373 nm), because of aggregation of the aromatic moieties by π-stacking.  

Upon changing core size, from 1.3 to 5.6 nm, the magnitude of fluorescence quenching 

remained constant.  This was attributed to the balancing factors of differently sized cores 

and differences in local packing environments.     

A final example of discrete, dye-coated nanoparticles are porphyrin-capped gold 

nanoparticles, which were prepared and studied in comparison to 2D planar self-

assembled monolayers (SAMS).98 In the 2D case, significant quenching of the porphyrin 

occurs.  This quenching also occurs on gold nanoparticles as well, but to a lesser degree. 

The previous paragraphs summarized the linear optical properties of individual 

dyes covalently attached to gold nanoparticles.  Generally, the studies described above 

indicated that fluorescence is quenched when dyes are covalently bound to nanoparticle 

and they interact with the surface plasmon resonance.  An interesting phenomenon that 

warrants mention is radiative decay engineering (RDE), which has been identified on 
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metal surfaces and nanoparticles.  This refers to the unique ability of metals to 

manipulate spectral properties, specifically radiative decay rates, on which typical 

quenching and resonance energy transfer mechanisms have no affect.  At short distances 

(<5nm), silver nanoparticles tend to quench dye fluorescence because of electrical dipole-

induced-dipole interactions.  At long distances, fluorescence enhancement occurs due to 

locally enhanced electrical fields, which rapidly change as a function of distance and 

orientation.  It has been stated that nanoparticles reduce emission lifetimes and increase 

emission intensities.243  This effect is expected to result in an enhanced photostability, 

due to shortened time spent by the molecules in the excited state, and this is most 

pronounced for chromophores with small quantum yields.244  The field is still in its 

infancy and this effect has not been investigated for discrete nanoparticles, but only for 

thin films.244,245   Interaction of chromophores/fluorophores with condensed films of 

silver nanoparticles will be discussed in more detail in Chapter 6.   

 

5.1.3.  Bio-functionalized nanoparticles 

 
In addition to photoactive groups, chemically reactive groups have been attached 

to the monolayer shells of nanoparticles and used for subsequent reaction and bio-

recognition (DNA, proteins, etc.).    The extreme accuracy and specificity of biological 

recognition is an area that has not been so far matched in the chemical laboratory.  

Scientists often view such biological events as the key to self-assembly in a “bottom-up” 

approach, where the biochemical pathway represents a model system.  In the past, 

researchers have taken the approach of modeling biology with nanomaterials or, 
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conversely, studying biological events using miniature probes.  More recently, the field 

has started to develop a new direction:  the use of biological materials for the 

construction of nanomaterials, relying on inherent recognition properties of the biological 

components.   

Additionally, the development of molecular systems that enable one to monitor 

single binding events will be crucial for probing biological processes,246 as there is 

potential for less toxicity, smaller perturbations of cellular processes, and the possibility 

of ultrasensitive detection. Nanoparticles offer many advantages in that they can be 

functionalized to be biologically compatible, are small in comparison to cells and 

organelles, and can penetrate the blood-brain barrier.247 This, along with practical 

strategies for assembling nanoparticles into complex architectures, may prove beneficial 

to electronic, imaging, and optical applications.   

The majority of efforts in this area have involved carbon nanotubes, where DNA 

has been used as a “nanosorter” to separate nanotubes by conductivity.248  In addition, 

many other uses of DNA have been published, including the controlled assembly of gold 

nanoparticles into chains,249 DNA-templated field effect transistors,250 assembly of 

nanowires of various metals,251-253 circuit patterning,254 electronic circuit formation,255 

metal nanoparticle assembly,256 magnetic nanoparticle assembly,257 and assembly of 

polymers.258 

Studies have also been carried out in which active proteins have been attached to 

metal nanoparticles.  Electrostatically-stabilized gold nanoparticles in aqueous solution 

were modified with chemisorbed biotin and subsequently aggregated with addition of 
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streptavidin.259,260  Gold nanorods were prepared with a shape-directing surfactant and 

also functionalized with biotin in aqueous solution.  Upon addition of streptavidin, the 

nanorods assembled in an end-to-end fashion.113 Both materials were available in small 

quantities and were predominantly used as dispersions.   

 

5.2. Results and Discussion 

5.2.1. Structure determination of two-photon absorbing dye-coated nanoparticles:  
Case 1 

 
 

All of the literature summarized thus far has been concerned mostly with gold 

nanoparticles.  The linear optical properties of silver and gold nanoparticles have some 

fundamental similarities in that there are three notable transitions: 1.) The collective 

oscillation of the conduction electrons (surface plasmon resonance), 2.) an interband gap 

(filled d shell to conduction sp band) transition, and 3.) intraband d-d transitions.  The last 

two listed transitions are more prominent in smaller clusters, because of the existence of 

molecule-like density of states.68  However, the transitions occur at different energies for 

each metal, which result in differing spectral properties, as shown in Figure 5.1.  For 

gold, the interband transition is to the red, but in the proximity of, the broad surface 

plasmon of gold nanoparticles (730 nm versus 520nm), which causes significant damping 

of the plasmon energy.  In contrast, the interband transition for silver is in the UV and 

does not interfere significantly with the sharper surface plasmon at 420 nm. 
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Figure 5.1:  Absorption spectra of silver nanoparticles (red) and gold nanoparticles (blue). 

 
In addition to these differences, there are also geometric differences as discussed 

in Chapter 3.  The packing of straight chain alkylthiols differs both in density and 

orientation.  On gold surfaces, the chains assume a 49º angle from the surface normal, 

while on silver an almost perpendicular orientation at ~13º from the normal was 

measured.  This results in a packing density that is approximately 20% higher on silver.    

Therefore, interaction of dyes on the same and neighboring particles due to concentration, 

interdigitation, and dipole orientation will differentiate further the optical properties for 

the two metals.   

This work described the only discrete, chromophore/fluorophore- coated silver 

nanoparticles known to date, to the best of my knowledge.   Additionally, they represent 

the first metal nanoparticles coated with dyes that possess significant two-photon cross 

sections. Nanoparticles coated with two-photon absorbing dyes could exhibit several 

advantages with respect to systems that exploit linear absorption.  The first is in the 

position of the two-photon absorption versus the surface plasmon resonance of silver.    
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Metal nanoparticle cores have very large extinction coefficients in the visible wavelength 

regime.  This can be exploited in absorption measurements for detection of biological 

binding events,261 but could also mask the absorption of attached dyes.  As discussed in 

the previous paragraphs, the proximity to the nanoparticle core may also decrease the 

fluorescence quantum yield of the system, making sensing by emission, which is 

inherently more sensitive than absorption, less efficient.  Two-photon absorbing dyes that 

absorb in the near-infrared regime can be effectively excited without significant losses 

due to the nanoparticles.  Typical colored dyes often have two-photon absorption events 

that occur at approximately twice the wavelength of one-photon absorption (i.e. 550-1000 

nm). One can also take advantage of the spatial selectivity in three dimensions intrinsic in 

the two-photon absorption process to image biological systems in a wavelength range 

where they are reasonably optically transparent. 

 

 

Figure 5.2: Schematic and synthesis of silver nanoparticles coated completely with shown 
chromophore 1 (yellow).  

 
 

NaBH4

EtOH, DCM 
+   AgNO3   

259



The synthesis of the chromophore-coated silver nanoparticles using the approach 

shown in Figure 5.2 allowed for a large chromophore density in the ligand shell as 

compared to that achieved by typical place exchange or sequential reactions.262 The 

chromophore (1) was synthesized by T. Meyer-Friedrichsen in the Marder group.  This 

particular chromophore was chosen for three reasons:  1.) The electron-deficient nitro 

groups result in a lowering of the LUMO relative to the reduction potential of silver (I), 

preventing photoreduction of the silver salt to silver metal; 2.) The acceptor-π-acceptor 

(A-π-A) chromophore design results in a high two-photon action cross section (ηδ, where 

d is the two-photon cross-section and η is the fluorescence quantum yield); 218 3.)  The 

chromophore is inert to sodium borohydride and can thus be used during the nanoparticle 

synthesis resulting in a complete chromophore coating (i.e. without place exchange with 

an already formed particle). 
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Figure 5.3:  DSC profile of fully dye 1-coated nanoparticles.  Cycle 1 (red) reveals transition at 
200ºC.  Cycle 2 (blue) shows slight reversibility. 

 
These nanoparticles were collected as a powder, but found to be relatively 

insoluble in common organic solvents, most likely due to the π-stacking of neighboring 

aromatic functionalities.  Differential scanning calorimetry (DSC) was used to obtain the 

temperature at which melting of the ligands and superlattice occurs.  The DSC trace is 

shown in Figure 5.3.  As was discussed in detail in Chapter 3, n-alkylthiol capped silver 

nanoparticles undergo a high energy endothermic phase transition at 128 ºC, wherein 

superlattice melting occurs due to a rearrangement of the sulfur-silver coordination at the 

surface.  The solubility of ligand-coated nanoparticles can be correlated with the free 

energy of this phase transition and mixed-ligand nanoparticles are typically more soluble 

than their mono-ligand counterparts.  For these chromophore-coated nanoparticles, a 

partially reversible endothermic transition was observed at approximately 200 ºC with a 

lower enthalpy change (2.2 kJ/mole ligand) than 1-octylthiol coated particles of similar 
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size (~20 kJ/mole ligand for).  Appreciable solubility (~10-5 M) was observed only in 1,2- 

dichlorobenzene under reflux conditions (180 ºC). This solvent was chosen because its 

boiling point is near the onset of the endothermic peak at 200 ºC. Thus, if the transition 

involves break-up of interparticle interactions (such as π−π stacking of the 

chromophores), it should facilitate dissolution of the particles at a temperature that is 

lower than the complete decomposition temperature, which was determined to be 250 ºC 

with thermogravimetric analysis (TGA).  After dissolution, the particles remained 

dissolved at room temperature for more than 4 months. The particles did not precipitate 

even after dilution with other miscible solvents, such as dichloromethane and toluene. 

Solubility was necessary for many of the characterization tools utilized, especially for 

optical measurements.   

Transmission electron microscopy (TEM) was used to determine a diameter 

distribution of the particles. These particles were found to have an average diameter of 

6.5 ± 2 nm (1σ), as shown in Figure 5.4.  The molar ratio of silver atoms to ligand 

molecules was determined by elemental analysis to be 3.45.  Using the mean diameter 

and this molar ratio, the estimated number of ligands per particle is ~2500. These data 

indicate a surface coverage of ~90%, and thus a very high density of dyes in the outside 

shell of the particles.  This high coverage is possible because of the surface 

curvature/defects.  In extending from the core to the chain termini, a larger ‘radius’ of the 

shell results and allows for this density. 
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Figure 5.4:  TEM and histogram of the radius of dye-coated nanoparticles.  The average diameter of 
the core is 6.5 ± 2 nm. 

 

In addition to these fully-coated silver nanoparticles, mixed-ligand coated silver 

nanoparticles were synthesized using chromophore 1, 1-octylthiol, and 1-dodecylthiol as 

the capping groups. The mixed-ligand nanoparticles were prepared by T. Meyer-

Friedrichsen in the Marder group via a place exchange reaction starting with pure 1:1 

dodecylthiol/octylthiol-coated nanoparticles.  Elemental analysis showed the final 

product to have a 1.53:1 ratio of alkylthiols to chromophore 1.   As expected in mixed-

ligand systems, these particles displayed much higher solubility at room temperature in 

1,2-dichlorobenzene and methylene chloride due to the disorder of the chains and the 

interruption of neighboring π-stacking of the chromophores.  The purpose of these 

particles was to investigate the effect of ligand coverage and their effects on packing and 

optical properties.   

Infrared spectroscopy was utilized to study the nature of the ligand alkyl chain 

ordering on both the fully (NP1) and partially (NP2) chromophore-coated nanoparticles.  

Both the benzene ring stretching modes at ~ 1595 cm-1 and 1520 cm-1, as well as the nitro 
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group stretch at 1345 cm-1, were monitored.  A shift to lower frequency (eg. 1345 to 1330 

cm-1) on going from the free ligand 1 in chloroform solution to crystallites of 1 in KBr 

pellets was seen.  These band frequencies for the mixed-ligand and the 1-coated 

nanoparticles in KBr pellets were intermediate to those for the ligand in the solution and 

solid state, most notably for the nitro stretch, as shown in Figure 5.5. These results 

suggest that the environment of the chromophores on the nanoparticles is intermediate 

between the solution and solid state of the unbound chromophore. Electrochemical 

measurements performed by F. Stellacci in the Perry group indicated that there was no 

change in reduction potential on going from the free dye to the nanoparticle-bound dye 

(both in solution), ruling out a significant electronic coupling of the ligand and the 

nanoparticle core, or between the ligands themselves on the nanoparticle surface.  

 

Figure 5.5:  FTIR spectra of free chromophore (1) in chloroform solution (blue) and in KBr pellet 
form (black), octylthiol/dodecylthiol/1-coated nanoparticles (green), and 1-coated nanoparticles (red).  
The left panel is due to benzene ring stretchings and the right side is due to the nitro group 
stretching.  Dashed lines are intended as guides to the eye. 
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5.2.2. Optical properties of dye-coated nanoparticles: Case 1 

5.2.2.1. One-photon absorption spectroscopy 

The absorption and fluorescence spectra of the nanoparticles in 1,2-

dichlorobenzene were measured  and compared with those of  the free chromophore 1 

(see Figure 5.6).  For the nanoparticles completely coated with chromophore 1, the 

absorbance is nearly identical to the free chromophore 1.  The only differences are a 

slightly larger tail and stronger n-π* transition at 350 nm for the nanoparticle case.  For 

the 1-octylthiol/chromophore 1 mixture, the absorption spectrum is dominated by the 

silver core and can be compared to the absorbance of alkylthiol-coated silver 

nanoparticles in Figure 5.6.    The quantum yield (η), which is defined as the ratio of 

emitted photons to absorbed photons as defined in Chapter 2, was determined for the 

chromophore 1 and 1-coated nanoparticles.   A small difference was observed in the 

fluorescence quantum yield of the free dye (η = 0.47) and the dye-coated mono- or 

mixed-ligand nanoparticles (η = 0.33). For the mixed-ligand nanoparticles, it was 

necessary to introduce a correction in the quantum yield formula in order to exclude the 

contribution of the metal core to the nanoparticles absorption.  This was completed by F. 

Stellacci in the Perry group.  Optical spectroscopy indicated that there is very little 

interaction of the bound chromophores when the nanoparticles are in solution, in contrast 

with the results obtained on nanoparticles dispersed in a solid from IR spectroscopy.  

These results suggest that a large degree of disorder in the arrangement of the 

chromophores could be induced by the high temperature used to solvate the 

nanoparticles. 
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Figure 5.6:  Linear optical properties of silver nanoparticles coated completely with chromophore 1 
(dashed red) and with a chromophore 1/1-octylthiol mixture (dashed blue) in comparison to free 
chromophore 1(black).  Absorption spectra on the left and fluorescence spectra (identical for the 
three samples) are on the right.   The solvent is 1,2 dichlorobenzene.  

 
To understand further how these chromophores behave in a tightly-packed 

environment, fluorescence spectra were also measured for thin films of ground powder 

(formed by wetting the solid on a glass slide) were taken.  An interesting result was seen.  

The 1-coated nanoparticles exhibited a spectral shape very similar to that of the neat 

chromophore 1, with broadening typical of aggregated samples, in which there are 

interactions between chromophores/fluorophores.    However, the fluorescence spectra of 

octylthiol/1-coated nanoparticles in the solid state displayed a very similar shape to the 

neat dye fluorescence in solution.  This is indicative of non-interacting fluorophores and 

displays the effectiveness of the ligand mixture with octylthiol and dodecylthiol as a 

means of “diluting” the chromophores/fluorophores (See Figure 5.7).    
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Figure 5.7: Fluorescence spectra of neat powder films:  free fluorophore 1 (red), partially 1-coated 
nanoparticles (blue), and fully 1-coated nanoparticles (green) are shown.  The excitation wavelength 
is 445 nm. 

 
 The evidence thus far shows that nanoparticles are effective tools for 

concentrating the ligands and inducing little change (neither an enhancement nor 

significant decrease) in the emission properties.  The solubility imparted by attachment to 

a nanoparticle core allowed for solution studies of chromophores with increased 

interaction than typically possible in solution by tethering them to a core.  It was shown 

that the packing did not significantly affect the chromophore’s properties, as similar 

effects in the mixed ligand case were seen. Additionally, the presence of the metal 

nanoparticle did not result in significant quenching.  This may be explained by 

considering that an excited fluorophore can be seen an oscillating dipole which can 

interact with metallic surfaces and lead to a decrease or increase in the radiative and non-

radiative decay rates.244  However, in this size-regime, metal nanoparticles also act 
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essentially as oscillating dipoles.  In order for two oscillating dipoles to interact, there 

needs to be significant spectral overlap between the fluorescence spectrum of the emitter 

and the absorption spectrum of the quencher, which is not the case here.  This small 

spectral overlap may account for the slight quenching. This contrasts the behavior 

observed with bulk metals, where dipolar and multipolar oscillations can occur, and 

which offer additional radiative pathways for fluorophores emitting anywhere in the 

visible and IR. In fact, it is known that islands of silver particles with sub-wavelength 

dimensions may amplify the local electric fields, but do not effect the quantum yield, due 

to alterations in the nonradiative decay rate as well.245  Also, it is possible that the 

nanoparticles may rigidify the ligands into certain orientations, discouraging coupling 

between neighboring chromophores.   

 
5.2.2.2 Fluorescence lifetimes 
 
 

For further insight into the emissive properties of these systems, the fluorescence 

lifetimes (τ) of chromophores 1 and of the fully 1-coated nanoparticles were measured in 

solution.  The decrease in quantum yield that was observed upon attachment of the 

chromophore to the nanoparticle was mirrored by a small decrease in the fluorescence 

lifetime (τ = 2.13 ns and 1.85 ns for the free dye and the nanoparticle bound dye, 

respectively).   Typically, quenching of an excited state manifests in an increase in the 

non-radiative decay rate because of the addition of new non-radiative de-excitation 

pathways.  In light of the unique ability of nanoparticles to alter the radiative decay rates 

as well, this was estimated for the systems under investigation.  If only one emitting 
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species is present, it can be shown that the radiative (kr) and non-radiative (knr) decay rate 

constants can be determined from the quantum yield and fluorescence lifetime, according 

to equations 5.1a and 5.1b.263 

 

     Kr =η/τ                    (5.1a) 
 

 Knr= (1− η)/τ         (5.1b) 
 

  The radiative decay rate decreased by 21% and the non-radiative decay rate 

increased by 49% upon binding of the chromophore to the nanoparticle core.  A change 

in non-radiative decay rate is expected, as there is a small amount of quenching.  The 

radiative decay rate decrease is explainable with RDE, as metal nanoparticles and 

surfaces are known to alter these rates.244  The specific mechanism and the balance with 

typical quenching is a concept that is not well understood and is beyond the focus of this 

study.   As discussed in the introduction, metal surfaces and particles have been shown to 

alter both the radiative and non-radiative decay, depending upon the properties of the 

individual emitters and distance/orientation of the molecule from the surface. 

 

5.2.2.3 Two-photon spectroscopy 

 
The two-photon cross sections (δ) were investigated via the two-photon induced 

fluorescence method.  The excitation wavelengths (λex = 710-850 nm) used were far from 

the surface plasmon of the nanoparticles, eliminating any possible absorptive interference 

from the core.  These spectra were again measured in 1,2-dichlorobenzene.  Notably, the 
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two-photon fluorescence excitation spectra of chromophore 1 and 1-coated nanoparticles 

have the same shape as shown in Figure 5.8 as was the case with the one-photon spectra. 

1 showed a peak δ value of 165 GM (1 GM = 10-50 cm4 s photon-1) at 775 nm.  This value 

compares to stilbene with symmetric substitution of donor groups (i.e. 4,4’-(di-n-butyl 

amino)stilbene, with δ = 210 GM), but is significantly lower than a molecule with an 

extended π-bridge (i.e. 4,4’-(di-n-butyl amino)-distyrylbenzene).218  The nanoparticles 

showed a huge per-particle δ value of 2.7 x 105 GM, and ηδ of 0.9 x 105 GM. This value 

is very large with respect to typical molecular two-photon chromophores.218  However, if 

we take into account the fact that roughly 2500 chromophores are present around each 

nanoparticle, the contribution of each chromophores to the cross-section of the 1-coated 

nanoparticles is comparable to that of chromophores 1, indicating that the chromophores 

contributions are linearly additive and that there is no significant enhancement induced 

by the metal core. The two-photon action cross section (ηδ) of the 1-coated nanoparticle 

is one of the highest reported and demonstrates the utility of using particles as a tool for 

concentrating chromophores.   
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Figure 5.8:  Two-photon excitation spectrum of free chromophore 1 (red, abscissa on left) and 1-
coated silver nanoparticles (black, abscissa on right).    

 
 
5.2.2.4.  Transient absorption spectroscopy 
 
 
 Transient absorption measurements were performed on these chromophore 1-

coated nanoparticles.  A transient species of chromophore 1 with an absorbance 

maximum at 700 nm was detected in both the unbound and nanoparticle-bound 

chromophores 1 (Figure 5.9). Lifetimes were 274 ns and 423 ns for the free chromophore 

1 and the 1-coated nanoparticles, respectively in air-saturated solutions.  After purging 

with argon to remove oxygen, lifetimes of 1.14 µs and 1.90 µs were measured, 

respectively.  In both cases, a 60% increase in lifetime was seen upon attachment of 1 to 

the nanoparticles. Oxygen is an efficient triplet quencher, as it exists in a stable triplet 

ground state itself.263  The removal of oxygen significantly increased the lifetime of the 

transient species, suggesting that a species in the triplet state was formed after excitation.  
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The intersystem crossing is strongly affected for this chromophore, unlike the only other 

known example of pyrene-coated gold nanoparticles.236  These experienced no change 

upon binding of the pyrene to the nanoparticle cores, however purging of oxygen only 

altered the lifetime of free pyrene.    

 To determine the effect of concentration of the chromophore on the nanoparticle 

surface, the triplet lifetime was measured for the fully-1 coated nanoparticles and found 

to be 450 ns.  This lifetime is again >60% in comparison to the free chromophore.  

Triplet-triplet quenching often occurs by a collisional mechanism and it is possible that 

the nanoparticle core behaves as an anchor, resulting in slow diffusion through the 

solvent.  Another possibility is that the chromophore is locked into configurations that are 

unfavorable for spatial overlap with the oxygen orbitals. 

 
 

Figure 5.9:  Transient absorption spectrum of chromophore 1-coated silver nanoparticles. 
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5.2.3.  Structure determination of TPA chromophore-coated nanoparticles – Case 2 
 
The chromophore-coated nanoparticles studied in the previous sections of this 

Chapter represent the first discrete chromophore/fluorophore-coated silver nanoparticles.  

They effectively concentrated the chromophores to result in fluorescent supramolecular 

assemblies, with one of the highest two-photon cross-sections recorded.  Also, they 

showed promise for biological sensing applications with the successful place-exchange of 

a bioactive molecule and subsequent water-solubility (vide infra).  These nanoparticles 

can be viewed as labile, bright templates, to which multiple functionalities can be added 

to impart various solubility changes and sensing abilities.  To continue upon this path, 

similar experiments were repeated with a different chromophore (2), as shown in Figure 

5.10.    This chromophore is similar to chromophore 1 (see Figure 5.2), although here the 

nitro groups have been substituted by diethylamino groups in the attempt to render the 

particles soluble in solvents other than refluxing 1,2-dichlorobenzene. 

 
 

 
Figure 5.10: Schematic of chromophore 2 utilized for functionalizing nanoparticles. 

 

 Although chromophore 2 is similar to 1, the alteration of the end groups results 

in some important changes.  1.) This chromophore displays a higher degree of solubility 
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in a large number of solvents, from hexane to ethanol, making it more processible.  2.) As 

with chromophore 1, this molecule is inert to sodium borohydride, allowing for complete 

coverage of the silver nanoparticle and avoidance of tedious place exchange reactions.  

3.) Also, the end butylamino groups are more electron rich in comparison to nitro groups, 

resulting in a shift of the HOMO/LUMO levels to higher energy.  This opens up the 

possibility of photoreduction of silver salt by 2.  For this reason, the synthesis was carried 

out similarly to that of 1-coated nanoparticles, but precautions were taken to remove all 

room light.  4.) Finally, the alteration of the chromophore to a donor-π-donor (D-π-D) 

design results in a change in both the linear and nonlinear optical properties.  This 

fluorophore is a more efficient emitter, in both one- and two-photon fluorescence terms.  

Quantitation of these improvements will be presented (vide infra). 

After formation and purification of these nanoparticles, characterization was 

undertaken.  As was hoped, the processibility of these particles was quite high, where a 

large degree of solubility was possible in toluene, benzene, and in common chlorinated 

solvents.  The dye itself is soluble in hexane, but once the alkyl linker is shielded by 

attachment to the silver core, solubility is lost in this solvent.  This allowed for easy 

cleaning of excess dye and was an initial indication that the particles were successfully 

formed.   

TEM samples were prepared by evaporation of a methylene chloride solution.  

Because of the ease of solubility in low-boiling solvents, images that contain a large 

number of particles were obtained.  The sizes of 200 particles selected from 3 images 

were measured to have a better idea of their dispersity and average size.  While imaging 
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these nanoparticles with electron microscopy, changes in the sizes of some particles were 

observed, suggesting that they are not completely stable under these conditions.  Such 

changes do not typically occur for simple alkylthiol-coated silver nanoparticles.  For this 

reason, data for a small number of very large species, which are pointed out in the 

representative image in Figure 5.11, was omitted.  With this statistical sampling of 

particles, the average size was determined to be 5.9 ± 1.3 nm.  Interestingly, this analysis 

was repeated a second time on the same set of images to alleviate possible bias in the 

sampling and an identical average value was obtained. 

 

 
 
Figure 5.11: Representative TEM image of dye 2-coated nanoparticles (left) and a histogram of the 
measured particle diameters.  The average diameter was found to be 5.9 ± 1.3 nm nm based on 200 
particles.  Arrows indicate examples of particles that were not included in this size analysis. 

 

 To probe the ordering of the dye ligands on the nanoparticle, FTIR spectroscopy 

was used to monitor the CH2 symmetric and asymmetric stretches of the alkyl spacer, 

which may be utilized as sensitive indicators of order as described in Chapter 3.  

Additionally, the information on the environment surrounding the chromophores can be 
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obtained by this method.  See Figure 5.12 for a comparison of the dye in the solid state 

(KBr pellet) and dye-coated nanoparticles and note the regions between 2800-3000 cm-1.  

The CH2 stretching modes are observed at νs = 2850cm-1 and νa = 2920cm-1. These 

positions are identical for both the free chromophore 2 and nanoparticle-bound 

chromophore within the limitations of the instrumentation and reveal that the alkyl chains 

of the ligands are similar in solid state and on the particle surface. The same can be said 

for the bands of the conjugated dye in terms of ordering.  

 
Figure 5.12:  FTIR spectra of chromophore 2 (red) and 2-coated nanoparticles (blue). 

 

5.2.4. Optical properties of dye-coated nanoparticles - Case 2 
 
5.2.4.1.  One-photon absorption spectroscopy  
 
 

The linear optical properties were studied in toluene, dichloromethane, and 

dichlorobenzene.  The third solvent was chosen for comparison with the 1-coated 

nanoparticles as described above. The combined absorbance/fluorescence spectra of the 
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free dye and the nanoparticle-attached chromophore 2 are shown in Figure 5.13. It can be 

seen that the absorbance reveals a new feature at approximately 400 nm and has a 

broader tail than the dye absorbance spectrum in all solvents.  The fluorescence is 

identical in shape for the dye and nanoparticles in all solvents, but the toluene spectrum 

shows a slight (~5 nm) red shift when the dye is tethered to a nanoparticle.  The feature in 

the absorption spectrum at 400 nm is stronger in toluene.   

 

Figure 5.13: Linear optical properties of chromophore 2 (blue) and 2-coated silver nanoparticles 
(red).  Solvents: toluene (top), 1,2-dichlorobenzene (bottom left), and methylene chloride (bottom 
right).   
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When comparing the linear absorption spectra of the dye-coated nanoparticles to 

typical alkylthiol-coated nanoparticles, it can be seen that the width of the peak is much 

smaller in the former case, and the tail most likely is from the metallic core contribution.  

This is quite different than for chromophore 1, where the absorbance spectrum of fully-

coated nanoparticles was overwhelmed by the dye and there was no evidence of a 

separate surface plasmon resonance. Figure 5.14 shows a spectrum of dodecylthiol-

coated silver nanoparticles in various solvents.  We can see that in both cases the general 

trend of slight shift in maxima position is seen as a result of changes in the dielectric 

constant of the solvent, consistent with what would come from Mie Theory (Chapter 1, 

equation 1.1).  For the dye-coated nanoparticles, the shape of the tail does not exactly 

match that of the nanoparticle core in alkylthiol-coated nanoparticles, but if the spectrum 

is deconvoluted and each portion is fit to a Lorentzian curve, the nanoparticle absorption 

contributes approximately equal oscillator strength, with a tail extending past the 

absorption of the dye absorption.   This is because the additive absorbance of the dyes on 

each particle has a comparable molar absorptivity to the core itself. Figure 5.15 shows an 

overlay of the absorbance of 2-coated nanoparticles in various solvents. For example, the 

dye has a molar absorptivity on the order of 105 (ε452 = 1.9 x 105 M-1 cm-1 in 1,2-

dichlorobenzene) and a typical nanoparticle has a molar absorptivity of 108 M-1 cm-1 

(mole = particle). Taking into account that each particle is surrounded by 2500 dye 

molecules, the overall contribution of the molecules to the absorption is comparable to 

that of the metal core. The difference in shape shows that the dye absorbance is separated 

from the core absorption, making the normalization of dye to particle in two-photon 
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fluorescence measurements (vida infra) possible.  The high density of chromophores 

results in an alteration in the surrounding dielectric constant, which results in a surface 

plasmon resonance at higher energy than for alkylthiol-coated particles.  

 

 
 

Figure 5.14: Solvatochromism of dodecylthiol-coated silver nanoparticles in various solvents.   The 
solvents are dichloromethane (red), toluene (blue), hexane (green), and dichlorobenzene (black). 
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Figure 5.15: Left: Overlay of absorption spectra of dye 2-coated nanoparticles in various solvents: 
Dichloromethane (red), toluene (green), and dichlorobenzene (blue).  Right: Fit of the toluene 
spectrum with two lorentzian bands – red solid line is fit, blue dotted lines are contributions from 
each species, black dotted is original spectrum.  Correlation value is 0.99.  Maxima are at 390 nm and 
437 nm.  The widths in energy are respectively 3500 cm-1, and 2200 cm-1.  

 
Finally, to help determine if there is significant electronic coupling of the dyes to 

one another or to the nanopaticle, cyclic voltammograms were measured for the dye and 

nanoparticle solutions.  The main reversible oxidation for the dye (0.05 V) is also present 

in the nanoparticle, albeit weaker and slightly shifted (0.07 V).  This is shown in Figure 

5.16. 
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Figure 5.16: Cyclic voltammograms of free chromophore 2 (red) and 2-coated silver nanoparticles 
(blue) in methylene chloride / 0.1 M nBu4NPF6. 

 
The quantum yields were determined for each of these solutions and referenced to 

two standards (coumarin 6 and 9,10-bis(phenylethynyl)anthracene).  Also, to determine 

the radiative and non-radiative decay rate constants, the fluorescence lifetime was also 

measured, the time correlated single photon counting technique. Table 5.1 summarizes 

the results.  One can see that there is a significant decrease in the quantum yield for the 

nanoparticle in toluene, much more so than for dichlorobenzene and dichloromethane. In 

reference to Figure 5.15, we can see that the absorbance of the long-wavelength tail is 

slightly larger in toluene than in the other solvents.  Also, the surface plasmon of the 

nanoparticle at 400 nm is strongest in toluene.  Because the relative absorption strength 

of the core versus the dyes is larger in toluene, more drastic effects on the optical 

properties of the dyes are expected in toluene.   The nanoparticle and dye show similar 

lifetimes and the major difference in quantum yield can be attributed to changes in both   

the radiative and non-radiative decay rates, which indeed change to a much larger degree 
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in toluene.  It is interesting to note that the radiative decay rate decreases for the dye 

attached to the nanoparticle.  For some systems studied by Lackowicz and co-workers, 

particularly fluorophores with low quantum yields, an increase in radiative rate was 

reported.244  

 

Sample η τ, 
ns 

Kr, Knr, 
ns-1 

η adjusted 

Nanoparticle toluene 0.33 1.23 0.53 
0.29 

0.65 

Dye toluene 0.80 1.32 0.61 
0.16 

 

Nanoparticle  
dichlorobenzene 

0.45 1.23 0.55 
0.27 

0.67 

Dye dichlorobenzene 0.75 1.37 0.55 
0.18 

 

Nanoparticle 
dichloromethane 

0.48 ----- ----- 0.70 

Dye dichloromethane 0.75 ----- -----  

Table 5.1:  Summary of quantum yields, fluorescence lifetimes, and radiative and non-radiative 
decay rate constants.  Adjusted quantum yields for nanoparticle core absorbance, which were used 
for radiative rate constant calculations, are shown in the right column.  See text for how quantum 
yield was obtained. 

 

The data in Table 5.1 reveal that quenching of fluorescence is apparently 

significant upon binding of the dye to the nanoparticle, but an important consideration is 

that these values are dependent upon the value of the absorption at the excitation 

wavelength (445 nm in this case).  From fits of the spectra, the relative contribution of 

nanoparticle surface plasmon at this wavelength can be calculated in each solvent.  

Approximately 40% of the peak absorbance in toluene solution is due to the metal core; 

this drops to approximately 30% in both of the chlorinated solvents. The rightmost 
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column in Table 5.1 lists the quantum yields obtained using only the contribution for the 

dyes to the absorbance.  It can be seen that once the contribution from the metal core is 

eliminated, the reductions in quantum yields between free dye and dye attached to 

nanoparticles are much less significant, and overall the resulting dye-coated particles 

display large quantum yields.  Because the quenching is more significant in toluene, the 

same solvent in which the oscillator strength of the core’s surface plasmon in strongest, it 

is evident that the tight packing of the chromophores does not significantly affect the 

optical properties.  That is, the dye may still be highly fluorescent, even when packed into 

an ordered state.   

To study the solid-state fluorescence of this dye alone, two types of films were 

made.  First, a solvent-cast film of the dye in PMMA (0.1% weight loading) was made 

and the linear optical properties were studied.  Second, a mechanical film which 

consisted of dye only was made by pressing approximately 2 mg of finely ground dye 

onto a glass slide with acetone wetting and studied.  The resulting ~1 cm2 area remained 

adhered to the glass and fluorescence spectra were recorded.  Note that due to lack of 

material the dye used in the second case was identical to that in Figure 5.10, but with 

methyl substituents on the central ring in the place of the alkoxy groups. Figure 5.17 

shows the fluorescence spectra of the two films and of the solutions in various solvents.  

The dye in the solid state showed visibly bright fluorescence and the fluorescence 

spectrum was not broadened, although a distinct red-shift is seen, possibly due to re-

absorption.  The PMMA film is also very fluorescent and again the spectrum is not 

broadened, and the band position is very similar position to that of the dye.  These spectra 
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reveal that when the dye is packed densely, as is assumed for the nanoparticles, it remains 

highly fluorescent.   

 
Figure 5.17: Fluorescence spectra of chromophore 2 in various environments: PMMA film (red), 
solid film (blue), toluene solution (green), dichloromethane solution (black), and dichlorobenzene 
solution (pink). 

 
 
The excitation spectra of the these films are shown in Figure 5.18 and compared 

with the absorption spectra of the dye-coated nanoparticles and the free dye in 

dichloromethane.  Both films have broadened excitation spectra, but the shape is still 

quite similar to the dye in solution, with a red-shift seen again for the neat solid film, 

along with a splitting of the main band.  The similarity between the spectra of the PMMA 

film and the nanoparticles in solution suggests that the environment of the chromophores 

is comparable in the two cases and that the chromophores are disordered on the 

nanoparticles.  Also, the feature at 400 nm is not clearly visible, supporting the 

conclusion that this is indeed due to the nanoparticle core, a non-emitting portion of the 

composite.   
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Figure 5.18: Excitation spectra of mechanical dye film (red), dye dissolved in PMMA film (blue), and 
absorption spectra of a solution of dye in dichloromethane (black) and dye-coated nanoparticles in 
dichloromethane (green). 

 

To determine if the feature at 400 nm in the absorption spectrum is due to the 

dielectric environment provided by the solvent or the chromophores, a film was made by 

solvent casting the nanoparticles on a glass slide.  This neat film has an absorption 

spectrum that is similar to that of the solution, but with a very broad tail and a slight red 

shift, consistent with films of alkylthiol-coated nanoparticles (Figure 5.19). However, 

here the maximum shifts from ~430 to 442 nm.  Also, the absorbance at 400 nm is not 

shifted significantly in position, suggesting it is not dependent on nanoparticle-

nanoparticle interactions or dye-dye interactions. Often, interaction between condensed 

nanoparticles in a dense medium leads to larger shifts (typically 40-70nm shifts are 

seen).173  Again, this suggests that the alterations in optical properties of the 

chromophores are due to coupling between nanoparticle and dye, which would not 

change significantly in solution or in condensed form.   
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Figure 5.19: Absorption of neat dye-coated nanoparticle film (red) and dichloromethane solution of 
dye-coated nanoparticles (blue). 

 
5.2.4.2. Two-photon spectroscopy 
 
 

The two-photon fluorescence of these nanoparticles and dyes were also studied.  

As seen in Figure 5.20, the same trend that occurs in one-photon fluorescence is 

observed.  For these measurements, the chromophore was prepared in solutions of known 

concentrations (micromolar in all cases) to which solutions of the dye-coated 

nanoparticles were normalized by absorption.    The dye has a large two-photon cross-

section (δ), but this decreases when attached to the nanoparticle in all three solvents.  

Again, this quenching reduction is more significant in toluene than the other dyes.  The 

data shown in the figure was not adjusted for the contribution of the metal core to the 

absorption.  When fits of the nanoparticle composite absorption spectra were used to 

adjust the chromophores concentration, the overall spectra are approximately the same, 

but about 1.5 times the intensity in dichloromethane.  It should also be noted that the two 

photon signals in toluene and dichlorobenzene solutions displayed quadratic behavior 
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with the intensity of the excitation light, but the dichloromethane solutions were slightly 

sub-quadratic (the exponents were 1.74 for the dye and 1.77 for the nanoparticle)  near 

the maxima. 

 
Figure 5.20: Two-photon absorption cross-sections of dye and dye-coated nanoparticles in various 
solvents. 

 
Solvent δ dye  

(GM) 
δ nanop 

(GM)  
DCB 680 1.E+06 

Toluene 610 9.E+05 
DCM 460 1.E+06 

Table 5.2: Two-photon cross-sections (δ) of dye and dye-coated nanoparticles in various solvents.  

 
 Table 5.2 shows the calculated two-photon cross sections for both the individual 

chromophores and the nanocomposites in three solvents.  Again, the values for the 

nanoparticle composites are among the highest reported cross-sections.  Both the linear 

and nonlinear optical properties are evidence that nanoparticles can be used as efficient 

substrates for tethering a large number of chromophores to a core while maintaining their 
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individual properties.  Little to no quenching was seen for these dyes, which are densely 

packed on the surface.  As the FTIR data indicates that the alkyl chains are in a mostly in 

a trans conformation, the total diameter of the composite can be calculated as 

approximately 10 nm.  This ultrabright supramolecular assembly represents the brightest 

composite in this size regime to date.  Immediately, one can envision that many 

applications may benefit from the utilization of these composites, in particular 

applications in biological imaging.  Instead of designing new water soluble two-photon 

chromophores, the possibility of adding hydrophilic co-ligands to the core with these 

hydrophobic chromophores was explored.  This is the focus of the rest of the Chapter.    

 

5.2.5.  Bioactive dye-coated nanoparticles 
 
5.2.5.1 Imparting aqueous solubility 

 
In biological imaging, there is a need for fluorescent labels with a large two-

photon cross-section (δ) and high quantum efficiency (η) to enable detection of low 

concentrations of analytes, down to the single molecule level.  One approach to the 

development of such high sensitivity labels is to concentrate a number of fluorophores 

into a supra-molecular assembly. This has been done for dendrimeric chromophores, for 

instance.221  The results presented thus far illustrate the possibility of using nanoparticles 

as a tool for creating supramolecular assemblies of various species and analytes. The use 

of nanoparticles as a carrier for large numbers of chromophores is promising and may 

have an impact on ultra-sensitive detection. Furthermore, the supramolecular assembly of 

~2500 dyes is expected to be extremely photostable, as the degradation of a few dyes 
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over time will have little effect on the overall quantum yield, and “blinking” effects264 

typical of single-molecule sensing may be avoided.   

These optical properties, coupled with polyfunctionalization to provide water 

solubility, would make these nanoparticles attractive for applications in biological 

imaging.  To demonstrate the feasibility of bio-functionalization for these particles, a 

place exchange reaction was performed with attachment of N-2-mercaptopropionyl-

glycine (tiopronin, Figure 5.21) to these chromophore 1-coated nanoparticles.  Tiopronin 

is a pharmaceutical drug containing a thiol group which has been used for protecting gold 

and silver nanoparticles while introducing water solubility.92   

O

N
H

COOH

SH  

Figure 5.21:  Structure of Tiopronin. 

 
Early reports on place-exchange mechanisms stated that a requirement for place 

exchange is that all three constitutents (the incoming ligand, the displaced ligand, and the 

nanoparticle with both ligands) must be soluble in the reaction solvent.24  However, later 

reports by the same group expanded on these requirements and have shown heterophase 

place-exchange to a small degree.91  In place-exchange of 1 with tiopronin on the 1-

coated silver nanoparticles, the water gained a gray tint and a large degree of this material 

settled between the water and 1,2-dichlorobenzene.  The collected water solution 

revealed that a fluorescent species was present, with a emission maximum at 650 nm.  As 

the dye itself shows no solubility in water, the fluorescence signal is most likely 
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attributable to nanoparticles coated with 1 and tiopronin.   Tiopronin-coated nanoparticles 

have been reported as displaying intrinsic fluorescence at 500 nm and can be ruled out as 

the source of fluorescence.  Therefore, the chromphore must have been partially replaced 

by tiopronin at the interface of the solvents to form a soluble portion of nanoparticles. 

The emission spectrum is shown in Figure 5.22, along with an overlay of the fluorescence 

of 1 in 1,2-dichlorobenzene and water.  The maximum of this fluorescence shifted from 

600 nm in 1,2-dichlorobenzene to 650 nm in water, but the shape is nearly identical.    

 
 

Figure 5.22: Left: Fluorescence spectrum of tiopronin/chromophore 1-coated silver nanoparticles in 
water on left.  Right: Overlay of this fluorescence, shifted by 50 nm, with the fluorescence of 1 in 1,2-
dichlorobenzene for shape comparison. 

 
 
Considering that these particles are approximately 6.5 nm in diameter, the entire 

resulting particle is less than 10 nm in diameter. T This size regime and the extremely 

high two-photon action cross section, accompanied by the fact that low-energy photons 

are used to induce two-photon fluorescence, can be useful in biology and imaging, as 
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discussed in the introduction.  In the previous section, water solubility was imparted on 

the 1-coated nanoparticles via attachment of a biomolecule, tiopronin.  However, place-

exchange between immiscible solvents is not ideal for functionalization of nanoparticles, 

as this can only happen at the interface.  The degree of solubility was small, and the 

product was only detectable by fluorescence spectroscopy.  This design was extended to 

2-coated nanoparticles, which are brighter and more processible than 1-coated 

nanoparticles, in hopes of obtaining functional water-soluble nanoparticles.  Biotin was 

chosen to function as the bioactive molecule, due to its well known ability to bind tightly 

to streptavidin.265  Disulfides are typically easier to synthesize than thiols, are not 

susceptible to oxidation, and also are known to self-assemble on metal surfaces.131    A 

disulfide-functionalized biotin derivative, shown in Figure 5.23, was synthesized as 

described in the experimental section.  

 

O
S

NHHN

O

2
O S

 

Figure 5.23: Schematic of disulfide-functionalized biotin derivative used for functionalizing silver 
nanoparticles. 

 

5.2.5.2. Biotin/hexylthiol-coated nanoparticles 
 
 
  To test the activity and demonstrate the feasibility of the use of this disulfide 

biotin coupled with an organic solvent-soluble ligand, silver nanoparticles coated with a 
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mixture of hexylthiol and biotin (50:50) were first synthesized via a one-phase method in 

ethanol. The final particles displayed significant solubility in a water/ ethanol mixture.  

This result is an example of a common theme throughout this work:  solubility tunability.  

Typically, hexylthiol-coated nanoparticles are soluble only in nonpolar and chlorinated 

solvents.  With addition of a co-ligand containing a water-soluble group at the terminus 

of a longer chain, the particles were solubilized in water/ethanol.   FTIR was used to 

analyze the particles and biotin was indeed present.  See Figure 5.24 for a comparison to 

free biotin disulfide.  A sharp C-O stretch at 1650 cm-1 and the COO stretch at 1550 cm-1 

are the strongest vibrational signatures of biotin.      

 

Figure 5.24:  FTIR spectra of biotin/hexylthiol-coated silver nanoparticles (red) versus biotin 
disulfide (blue) in KBr pellets.    

These isolable, silver nanoparticles can be stored in a jar and redissolved for later 

use and represent the first of their kind.  Other biotinylated gold266 and silver 

nanoparticles have been made and stored in aqueous form.265 To determine the 

bioactivity of these particles, streptavidin was added stepwise to a 50:50 ethanol/water 
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solution of the nanoparticles and the absorption spectrum of the mixture was monitored.  

Streptavidin is a tetrameric protein that binds four biotins per protein.  This biomolecular 

binding is one of the strongest in nature, with a binding constant of k=1013 M-1.267  Upon 

biotin-streptavidin binding, the nanoparticles are brought into closer proximity than in a 

solution with the same nominal concentration and clusters are formed.  The absorption 

spectrum of the clusters differs from that of the isolated nanoparticles.  As shown in 

Figure 5.25, streptavidin-induced clustering occurred, as indicated by the broadening of 

the surface plasmon and the rise of the red tail.  This is a result of the electronic coupling 

of neighboring nanoparticles, as the oscillating electrons of each nanoparticle can affect 

those on another particle, leading to a collective surface plasmon of the aggregate.  This 

larger aggregate experiences a damping of the dipolar free electron oscillation and leads 

to surface plasmon resonances at longer wavelengths.  As a control, the same experiment 

was repeated with water soluble 11-mercaptoundecanoic acid–coated nanoparticles 

(Chapter 3) and no change in the absorption spectrum was observed after addition of 

streptavidin. 

Other very recent studies have shown that the biotin/streptavidin binding can be 

semi-quantitated with a ‘flocculation’ parameter which assesses the change in absorbance 

with addition of streptavidin.  This same study interpreted this reversible binding in terms 

of a reaction-limited controlled aggregation (RLCA) model.266 Advances in elimininating 

non-specific binding have also been shown in the last year by utilizing a mixed 

monolayer on the nanoparticle surface. 110,266 
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Figure 5.25: Absorption spectrum of biotin/hexylthiol coated silver nanoparticles in 50:50 
water/ethanol.  Aggregation resulting in broadening and red-shift is caused by addition of 
streptavidin.  Each descending spectrum represents the addition of 100 µL of a 6 µM streptavidin 
solution to an initial 2.5 mL of the nanoparticles.  TEM images of original and final sample are 
shown below. 

 

To provide further evidence in support of this bio-inspired coupling, TEM images 

of the nanoparticles were taken before and after streptavidin addition. Figure 5.26 clearly 

shows the initial discrete particles and the presence of larger units clusters after addition 

of streptavidin.  Before binding, well-separated individual particles are distributed over 

the whole grid.  This sample was taken directly from the initial solution used for Figure 

5.26.  After completion, the final sample from  Figure 5.26 was also deposited on a TEM 

grid and imaged.  The almost complete lack of color in this solution suggested most of 

the particles participated in the binding.  This can be seen in the TEM image, where 

mostly large clusters are seen, with a few individual particles around them.   
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Figure 5.26: TEM of biotin/hexylthiol-coated nanoparticles before (left) and after (right) addition of 
streptavidin.  Scale bar = 20 nm for both images. 

 

5.2.5.3.  Chromophore/biotin-coated silver nanoparticles 
 
 

Having demonstrated the activity of biotin on silver nanoparticles, the next step 

was to attach a fluorescent dye to the cores.  Due to the higher degree of processibility of 

chromophore 2 and the ability to exhibit strong fluorescence in the aggregated state, the 

first attempts were made with this chromophore using a place exchange reaction.  The 

biotin/hexylthiol-coated silver nanoparticles were mixed in an ethanol solution with 2.  

The place exchange appeared at first glance to be successful, as IR spectra (not shown) 

revealed the presence of biotin and dye after excessive cleaning with more than 500 mL 

of hexane, which was concluded after the wash-off was no longer fluorescent.  However, 

each time fresh hexane was added hexane after this, the fluorescent chromophore was 

detected by the bright fluorescence.  It appears that the chromophore molecule may have 

been adsorbed, not covalently bound, to the nanoparticles.  

It was then decided to synthesize a new set of nanoparticles without the use of 

place exchange, to obtain a ligand shell with a controlled ratio of ligands.  As was shown 

for alkylthiol-coated silver nanoparticles with more than one ligand in Chapter 3, the feed 
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ratio typically is reflected by the ligand ratio on the final nanoparticle.  This was used as a 

first approximation for the functional ligands to be utilized in this case.  Three ligands 

were used for these particles, which were obtained via a two-phase route.  Disulfide 

biotin and chromophore 2 were used along with 11-mercaptoundecanoic acid, which was 

utilized to impart water solubility and to act as a spacer so as to keep biotin sterically 

accessible to streptavidin.  See  Figure 5.27 for a schematic of silver nanoparticles 

functionalized with biotin and linked with the tetramer streptavidin. 

 
 

 
 

Figure 5.27: Schematic of silver nanoparticles with chromophore (yellow), mercaptoundecanoic acid, 
and biotin (blue).  The tetrameric protein streptavidin (red) can bind up to 4 nanoparticles per 
molecule. 

 
As shown in Figure 5.27, the protein streptavidin is a tetramer, with two binding 

sites per side.  The binding to streptavidin is regulated by 1.) the binding constant of the 

two constituents and 2.) the number of collisions.  As the binding constant in the case of 

biotin is known to be very strong, the limiting factor will be the number of times the two 

moieties come into contact (diffusion limited).  The concentration of biotin on these 

particles is low (16% of the monolayer consists of biotin) and the number of inelastic 

collisions once steptavidin is added will also be significantly lower than in the case of the 
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particles coated with 50:50 biotin/hexylthiol. The presence of the dye may also block 

some sites and kinetically delay the binding process.  However, the disordering of the 

ligands as a result of a mixed-ligand surface may result in more bending and twisting of 

the chain to which biotin is attached and allow for a more possibilities of binding.  

The ligand selection, again, led to the control of the solubility of the final 

particles.  These particles display solubility in both water and water/ethanol mixtures.  It 

is interesting to note that it was possible to bring a dye that is not water soluble into an 

aqueous environment by attachment to a nanoparticle functionalized with other water-

soluble ligands.  See Figure 5.28 for FTIR evidence of these particles containing biotin.   

Again, the C=O stretching mode at approximately 1670 cm-1 is the most prominent 

evidence of the biotin   The other sharp absorptions are due to the conjugated rings in the 

chromophore.  The C=C stretching modes occur between 1300 and 1550 cm-1 and the 

bending modes, out-of plane deformations, and rocking modes are evident between 1150 

and 900 cm-1.    
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Figure 5.28:  FTIR spectrum of silver nanoparticles with a 4:1:1 coverage of 11-mercaptoundecanoic 
acid, chromophore 2, and biotin. 

 

Not only is solubility modification possible, but this assembly also shows a 

fluorescence signal in a 50:50 water/ethanol solution.  This is further support that 2 is 

attached to the nanoparticle surface.  The absorption spectrum reveals a typical surface 

plasmon, with a peak at 440 nm that is slightly broadened in comparison to alkylthiol 

nanoparticles in organic solutions.  This is shifted from 430 nm for typical alkylthiol-

coated silver nanoparticles in organic solution as a result in changes in the dielectric 

environment.67  No separate absorption band assignable to the chromophore can be 

observed.  See Figure 5.29 for the absorption and fluorescence spectra of these 

nanoparticles.  The fluorescence maximum at 513 nm displays none of the vibronic 

features present in the spectra of organic solutions of 2 and of 2-coated nanoparticles.  

This is most likely a result of the increased polarity of the solvent in the present case.  
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Figure 5.29: Linear optical properties of 4:1:1 11-mercaptoundecanoic acid, chromophore 2, and 
bioton-coated silver nanoparticles in 50:50 water/ethanol.  Absorption from ligand-coated 
nanoparticle (red) and fluorescence from the surface-bound dye is shown (blue).  

 

 The resulted presented above indicate that these nanoparticles have very 

interesting fluorescence and solubility properties.  However, bio-recognition is necessary 

for their use in bioimaging applications.  The biological activity was tested in a similar 

manner to the biotin/hexylthiol-coated nanoparticles.  Again, streptavidin was added to a 

solution of these nanoparticles in 50:50 water/ethanol.  The absorption spectrum was 

monitored as a function of added streptavidin, in this solvent mixture as well, as shown in 

Figure 5.30.  The absorption band showed a slight red-shift and a broadening, similar to 

that observed in Figure 5.25. It can be concluded that aggregation was induced also in 

this case, but to a smaller degree.  The possible reasons were discussed previously and 

include steric interference of the chromophore and the small number of biotin moieties in 

each nanoparticle shell.      
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Figure 5.30: Absorption spectrum of 4:1:1 chromophore 2/mercaptoundecanoic acid/biotin-coated 
silver nanoparticles after addition of varying amounts of streptavidin to induce binding with biotin 
and clustering of the nanoparticles. 

 

Ultimately, the desired nanoparticle for bioimaging applications would be soluble, 

fluorescent, and bioactive in water or buffered aqueous solutions.  The previous results 

showed that although the particles themselves are soluble in water, the necessary 

properties are only evident in a water/ethanol mixture.  To increase both possibilities, the 

concentration of dye and biotin relative to the spacer were increased.  Chromophore 2 

was again used and the ligand ratio was 2:1:1 for 11-mercaptoundecanoic acid, biotin, 

and dye.  For comparison and demonstration of the solubility control, chromophore 1 was 

also used in the same ratio.  Again, both of these particles were soluble in water and 

water/ethanol mixtures.  Additionally, solubility in a phosphate buffer at neutral pH, with 

salt concentration of 0.01 M was also displayed.  TEM images of these nanoparticles are 

shown in Figure 5.31.  Both samples have a large polydispersity, but the 2-containing 
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particles differ in that a variety of geometries are present, including some rectangular 

shapes. 

 
Figure 5.31: TEM images of 2:1:1 coated with 11-mercaptoundecanoic acid, biotin, and chromophore 
2 (left) or chromophore 1 (right).  Each scale bar is 20 nm. 

 
The fluorescence properties of both samples were studied.  Excitingly, this 

increase in chromophores was successful for the 2-coated nanoparticles and resulted in a 

fluorescent nanoparticle in water and a water/ethanol solution.  The fluorescence spectra 

in both solvents are shown in Figure 5.32 and compared with the free chromophore.  The 

fluorescence maximum is shifted from 500 nm in free form to 470 nm when bound to the 

nanoparticles.  Also, the fluorescence band is significantly broadened in both solutions.  

This is most due to the presence of water because as results demonstrate that the 

nanoparticle core did not result in a shift in the fluorescence spectra of the dye.   The 

spectra of the 2:1:1-nanoparticles in water and in water/ethanol are quite similar, as seen 

in Figure 5.32, and the peak is around 470 nm. For the 4:1:1-nanoparticles, however, the 

peak in water /ethanol was around 515 nm.   
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Figure 5.32: Fluorescence spectra of 2:1:1 mercaptoundecanoic acid/biotin/chromophore 2-coated 
nanoparticle in water  (red), chromophore 2 in ethanol (green-dashed), and nanoparticle in 50:50 
water/ethanol (blue). 

  
The same fluorescence measurements were performed with chromophore 1-

coated nanoparticles with the ratio of 2:1:1 of the substituents.  Unfortunately, no 

fluorescence was detected in pure water.  However, a 50:50 water/ethanol solution was 

fluorescent.  The dye alone is insoluble in methanol and could not be studied for 

comparison, again demonstrating the feasibility of solubility alterations with co-ligands 

on nanoparticles.  The fluorescence was reminiscent of a neat mechanical film of the 

chromophore 1, which is also shown in Figure 5.33.  There are two bands in the 

fluorescence spectrum of the solid, one of which is at the same position of the well-

solvated chromophore in dichlorobenzene, and one of which is indicative of aggregation. 

This latter radiative transition at 500 nm is also displayed by the nanoparticles in 

water/ethanol solutions.  Therefore, these particles appear to have aggregated 

chromophores on the surface in this solution. Aggregation of molecules in either J- or H-

aggregates results in a red or blue-shift, respectively.268 

302



 

 
Figure 5.33: Fluorescence spectrum of 2:1:1 of mercaptoundecanoic acid/biotin/chromophore 1-
coated nanoparticles in 50:50 water/ethanol (dashed green), free chromophore in 1,2-
dichlorobenzene (blue solid), and neat film (red). 

 
5.3.  Conclusions 
 
 In this Chapter, a number of new concepts were developed.  Most importantly, 

the idea of utilizing metal nanoparticles as concentrators was introduced.  This took 

advantage of the well-known higher density of ligands on a 3D versus a planar 2D 

substrate.  Two separate chromophores were studied, both of which were designed to be 

efficient two-photon chromophores and fluorophores.  In the first case, an A-D-A ligand 

was used to prevent photo-reduction of the silver salt prematurely before addition of 

NaBH4.  Although successfully made, these chromophores packed on the surface so as to 

reduce the overall solubility of the composite.  These particles were approximately 6.5 

nm in diameter and required refluxing in a high boiling point aromatic solvent (1,2-

dichlorobenzene) to induce some degree of disorder into the probable π-stacked 

chromophores.  In addition to these fully-chromophore coated nanoparticles, partially-
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coated nanoparticles were made as well.  A mixture of octylthiol/1 in the nanoparticle 

shell showed the effectiveness of the ligand mixture as a means of “dilution” of the 

initially tightly-packed chromophore.    

 In the second case, a more processible and efficient D-π-D fluorophore was 

used.  Photoreduction of the silver salt was possible with this chromophore, so the 

reaction was performed in the dark.  These nanoparticles displayed very high solubility in 

aromatic and chlorinated solvents and allowed for more flexible solution studies.  The 

nanoparticles were approximately 5.9 nm in diameter and the ligands were shown to be 

well ordered, yet still highly fluorescent.  Studies of the chromophore alone revealed that 

this dye is highly fluorescent in an aggregated state.      

 Both the one and two-photon fluorescence showed little quenching of the 

chromophores on the nanoparticles.  Although enhancement of the individual properties 

of the chromophores did not occur, enhancement in concentration resulted in 

nanocomposites with giant two-photon cross-sections.  Conveniently, the surface 

plasmon resonance of silver nanoparticles lies at higher energy than the two-photon 

absorption of typical chromophores, resulting in little interference.  The total diameter of 

the core and the ligands in both cases is less than 10 nm.  Therefore, these composites 

represent small, ultrabright structures with the highest two photon cross-sections reported 

to date, with δ = 2.7 x 105 GM for the ligand 1-coated nanoparticles and 1 x 106 GM in 

1,2-dichlorobenzene, 9 x 105 GM in toluene, and 1 x 106 GM in methylene chloride for 2-

coated nanoparticles. Interestingly, the fluorescence lifetimes of the chromophores 

attached to the nanoparticles was decreased only slightly in both cases, which is possible 
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with a balance of alterations in both the radiative and non-radiative decay rates.  

Transient absorption studies showed increased triplet state lifetimes for 1-coated 

nanoparticles as well.   

 Because the goal of these studies is to create small, bright fluorophores for 

potential single molecule detection, an ideal medium for testing involves biomolecules, 

because of their superior recognition capabilities. Ultimately, imaging of single binding 

events with two-photon microscopy would be the optimal situation.  The studies here 

represent the groundwork for such possibilities. Concomitantly, the concept of utilizing 

nanoparticles as substrates for solubility tuning was also introduced in this Chapter.  

First, a mixture of hexylthiol and biotin disulfide was adsorbed onto silver nanoparticles 

to result in hydrophilic nanoparticle composites.  These particles were shown to assemble 

via addition of streptavidin to result in aggregation.   

 This method was extended to chromophore-coated nanoparticles.  By mixing 

both 1 and 2 with a hydrophilic ligand (mercaptoundecanoic acid) and biotin, 

multifunctional nanoparticles were formed.  These were water-soluble, fluorescent, and 

bioactive.  Although significant fluorescence quenching of the chromophores occurred, 

the potential for mixtures of ligands via tethering to a nanoparticle core was shown.  By 

altering the relative ratios of each ligand, the solubility can be tuned to combine ligands 

in solvents and media that would have otherwise not been possible.  This opens up the 

ability of forming mixtures of functional ligands and may allow for the use of known 

molecules in new ways.   
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CHAPTER 6: DYE-LABELED DNA ON METAL SURFACES AND SILVER 

FRACTAL CLUSTERS 

 
6.1.  Introduction 

 
6.1.1.  Interaction of fluorescent and Raman dyes with metallic particles 
 
 
 The interaction of molecules with metal surfaces has received a great deal of 

attention in the last 30 or more years. Relevant to the work described in this Chapter, 

Surface-Enhanced Raman Spectroscopy (SERS) is an important modern spectroscopic 

technique that relies on close proximity of a molecule of interest to a nanostructured 

metal surface for enhancement of a Raman scattering cross section.269,270 Cross-sectional 

enhancements as high as 1014-fold have been demonstrated for Raman vibrational modes. 

Both roughened surfaces and colloidal (discrete or aggregated) nanoparticles have been 

used to observe such enhancements. The explanation for SERS remain controversial, as 

the role that electromagnetic enhancements of the scattering versus chemical 

enhancements play is debatable. An extremely large literature base for these studies 

exists, particularly where the metal is silver, gold, or copper,271 and it is generally 

accepted that short-range chemical effects and long-range electromagnetic effects are 

operating simultaneously. The strongest enhancements are often found for roughened 

silver surfaces; also, seemingly essential is the participation of a lone-pair of electrons or 

π-complex formation between the adsorbate and the surface metal.62  

A variety of studies have addressed individual issues of SERS and a resonant 

fractal theory has been used to explain the electromagnetic enhancements.73  Chemical 
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enhancements were attributed to the adsorption of molecules to certain sites, such as 

terraces and steps, which are believed to electronically couple with the surface to lead to 

SERS enhancements.272  Brus and co-workers reported that single-molecule SERS is not 

directly correlated with the surface plasmon resonance of metal nanoparticles, but that the 

strongest enhancements are found for molecules that lie in the junction between two or 

more metal nanoparticles.  An elegant study conducted recently allowing for separation 

of chemical and electromagnetic enhancement effects suggested that chemical 

enhancement factors are at least 102-103 on single particles, where the remainder of the 

1014 enhancement is due to electromagnetic coupling.264 

More recently, SERS has been extended to biological applications where the huge 

enhancements afforded high sensitivity in measurement. For example, adsorption to gold 

nanoparticles allows distinction between kinked and straight oligonucleotides.109  Mirkin 

and co-workers designed nanoparticle probes that can be used for DNA or RNA detection 

at very high sensitivity; these consist of gold nanoparticles functionalized with Raman 

dye-labeled oligonucleotides upon which are grown a roughened silver surface.61 Near-

field surface enhanced Raman imaging of dye-labeled DNA with 100 nm resolution has 

also been reported.273 

 Historically, SERS has played a large role in stimulating interest and the study 

of small metallic particles and rough surfaces. The interaction of metal nanoparticles with 

adsorbed dye molecules had also received attention simultaneously.  The same local field 

effects used to describe SERS also predict an enhancement of the absorption and 

luminescence of adsorbed molecules if the optical transitions of the dye occur close to the 
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surface plasmon frequency of the metal surface.  However, there are some differences in 

terms of distance dependence in that Raman enhancement requires molecular contact, but 

fluorescence enhancements can occur up to 10 nm from the surface.244  It was reported 

that the amount of overlap between absorption spectra of the dye and the roughened 

metal surface is directly related to the degree of luminescence enhancement.274 This 

results in strong coupling between the dye and metal surface, and a damped absorption 

spectrum of the dye molecule is observed. In contrast, luminescence from molecules 

close to a smooth metal surface is heavily quenched (in general), due to energy transfer to 

the metal. 

 A complex interplay of metal surface roughness, distance of the dye from the 

surface, surface coverage, and the quantum yield of the dye determines the degree of 

luminescence enhancement. Enhanced excitation, enhanced emission, and radiationless 

processes are in competition. For the case of Rhodamine 6G, enhancement of 

fluorescence intensity is seen first at 60 nm distances from the surface; this is followed by 

a decrease in enhancement as the dye gets closer to the surface at intermediate distances, 

and finally a subsequent increase at 5-10 nm distances. The close proximity 

enhancements are highly dependent upon dye coverage.275  Brus and co-workers have 

determined that molecules with low quantum yields have suppressed luminescence close 

to the surface and reach a maximum at specific distances away from the surface.276  

Increases in the radiative decay rate of a europium complex were reported when 

deposited on silver islands as a result of a 5-fold increase in luminescence intensity with a 

concomitant 100-fold decrease in lifetime.277   
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 Generally, many of the enhancement effects on the optical properties of 

fluorophores can be seen for these molecules in the vicinity of metal colloids, metal 

islands, metal surfaces, or mirrors, although islands and colloids seem to result in the 

most drastic effects. Quenching can occur via Forster transfer to the surface plasmon 

absorption of the metal; this has a d-3 dependence on distance between the metal and 

fluorophore. There are also two other effects on the apparent quantum yield.244  These are 

the local electromagnetic field intensity and the partition of energy into radiative and 

nonradiative decay pathways. The former depends on the local electromagnetic field, 

which is often concentrated around metal nanoparticles and (especially) in random 

nanostructured aggregates of these particles. The latter refers to the unusual ability of 

metal surfaces to increase the radiative decay rate, which in turn increases the apparent 

quantum yield. This is termed radiative decay engineering (RDE). 

 Nanostructured surfaces and nanoparticles of noble metals exhibit a strong UV-

vis absorption band that is not observed for a smooth metal surface. This band is a direct 

result of the surface confinement of the conductive electrons, where 100% of these 

electrons interact coherently with incoming light and result in a collective oscillation.  

Extremely large molar extinction coefficients (up to 1011 M-1cm-1)278 have been reported 

for silver nanoparticles, resulting in enhanced electromagnetic fields near the surface of 

the particle which are responsible for the optical enhancements of fluorophores described 

here.  Silver behaves as a much stronger oscillator than the other noble metals, as the 

surface plasmon is isolated from the other interband (d-sp) transitions which cause 

damping of this band. 
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It has been repeatedly demonstrated that roughened surfaces are important for 

efficient enhancement of fluorophores.  These rough surfaces, formed via aggregation of 

nanometer-sized particles or by roughening a smooth surface, demonstrate fractal-like 

qualities. Fractal clusters and surfaces are objects of non-integer dimensionality and can 

be formed by a variety of methods.279 Fractals are present in abundance in nature and 

generally result from nonequilibrium growth, such as diffusion limited aggregation 

processes.  These surfaces do not possess translational invariance, but rather dilation 

symmetry (scale-invariance).  As a result, plane running waves are not eigenfunctions of 

the operator of dilation symmetry. Therefore, running waves can not propagate, and 

localize at “hot spots,” where the collective surface plasmons result in giant local 

fields.280  This is due to the redistribution of the plasmon amplitude from a large number 

of particles into a much larger amplitude localized on a few particles.  Optical excitation 

in fractal objects tends to be localized, but there are also a large number of different 

resonance frequencies corresponding to various local geometrical structures. As a result, 

the strong dipole-dipole interactions between neighboring particles lead to the formation 

of eigenmodes covering a broad spectral range.  Near-field optical microscopy has been 

used to directly observe the intense, strongly fluctuating localized modes.281 

These properties are notably different from smooth metal films, where excitation 

of surface-plasmon modes is sensitive to angle of incidence.  This is the principle behind 

surface-plasmon resonance (SPR) spectroscopy, where small changes in the refractive 

index due to adsorption of a particular molecule alter the angle of reflection of an 

incident monochromatic light source. This method takes advantage of the homogeneous 
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surface plasmon of the metal surface, versus the heterogeneous surface plasmon coupling 

necessary for roughened-metal surface-enhanced fluorescence.  A surface plasmon is an 

electromagnetic wave that propogates along the interface between a metal and a dielectric 

layer.  When the surface is illuminated under p-polarized light, total internal reflection 

occurs at a particular angle, the surface plasmon angle.  At this angle, the incident light is 

coupled with the surface plasmon modes, and a measurable decrease in the reflectivity is 

detected.  The surface plasmon frequency depends on the refractive index of the dielectric 

medium surrounding the metal.  As a result, materials with different refractive indices 

will give different angles of total internal reflection. This is a very sensitive technique; 

for example detection of a submonolayer coverage of avidin on a biotinylated surface and 

in-situ DNA hybridization282 have been demonstrated.   More recently, the combination 

of SPR imaging and metal-surface enhanced fluorescence have been combined for 

enhancement of sensitivity of this technique.71 

Optical responses scale with the power of the local field, and molecules residing 

in hotspots experience much larger electromagnetic field intensities than is possible from 

the incident light alone.  Colloids, which are rough to some degree as a result of surface 

curvature, have been shown to result in luminescence intensity enhancements of a nearby 

fluorophore. Colloids have localized, homogeneous fields which are concentrated on each 

particle.  Fractals typically have more pronounced effects on enhancements than silver 

colloids, due to their higher degree of roughness (randomness).   The optical properties of 

fractal clusters are unique in that the individuality of the ‘monomers’ is partially 

conserved.  This is due to the fact that the density of particles in fractals is much smaller 
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than in bulk materials and tends to zero with increasing fractal size.  The optical response 

of fractal clusters can be estimated with dipole-dipole approximations, and the strong 

influence of neighboring particles is observed for fractal aggregates.283  In addition to the 

individual surface plasmon resonances of discrete monomers, there is also a shift in 

resonance frequency to lower energy as a result of these dipole-dipole interactions 

between neighboring particles.  The inhomogeneity of the fractals allows for transitions 

spanning across the visible and IR region and thus interaction with a broad range of 

chromophores. 

Interactions of metallic particles and fluorophores have been considered for 

spheroidal particles. 244 As an example, a silver sphere has a single isotropic absorbance 

at approximately 400 nm, whereas a prolate spheroid with an aspect ratio of 2 displays 

this same resonance, along with a second at approximately 500 nm. A spheroid with an 

aspect ratio of 1.75 gave the greatest luminescence enhancements, with a factor of 1000-

fold or greater effect on intensity. The magnitude of the effects depends on location and 

orientation of the dipole moment of the fluorophore relative to the metallic surface. When 

the transition oscillator dipole is perpendicular to the metal’s dipole, an increase in the 

radiative decay rate can be seen. This is achievable in an elongated spheroid because of 

the length of the longitudinal axis and the resulting overlap between the surface plasmon 

resonance and the absorbance of the fluorophore. 

Enhancements of both linear and nonlinear optical properties of metal/organic 

composite systems have been seen.  The potential for strong enhancement of multiphoton 

absorption effects results from the dependence of such processes on intensity.  The 
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simultaneous absorption of n photons scales as In, where I is the light intensity.  As a 

result, the net multiphoton absorption at hotspots can be very large compared to smooth 

surfaces.  Theoretical studies have shown that an average enhancement factor can be as 

large as 107 for linear effects, and up to 1015 for optical nonlinearities, with the optimal 

enhancement in the infrared spectral range.284 

Two-photon absorption (TPA), where two quanta of light are absorbed 

simultaneously, is a process that has been intensely studied in the last decade for a variety 

of applications.  A more detailed explanation was given in Chapter 5.  Briefly, the 

requirement of simultaneous absorption of two photons requires a high flux of photons, 

as the probability of excitation falls off by z-4 (versus z-2 for linear absorption processes) 

from the focal point of a laser beam.  The resultant spatial selectivity provides the ability 

for three-dimensionally resolved excitation of materials. Some applications of TPA that 

are being actively pursued include fluorescence microscopy,208 optical data storage,285 

microfabrication,210 and optical limiting.217  The possibility of coupling chromophores 

with a fractal surface provide an opportunity for significant enhancements of TPA, an 

inherently weak process. 

Local field enhancement of two-photon-excited fluorescence (TPF) has been 

obtained for molecules on smooth surfaces as well,212 and for evaporated silver island 

films,286 resulting in a 90 and 150-fold increase in intensity respectively.  A gold tip was 

shown to provide TPF enhancement in a near-field fluorescence imaging experiment.79 

Additionally, photodecomposition of aromatic molecules on roughened silver surfaces 

have been attributed to enhancement of TPA and other nonlinear optical effects.287  
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Observations of a reduction in lasing thresholds for dyes in colloidal silver suspensions 

and enhanced degenerate four wave mixing (DFWM) have been reported as well.  

Enhancement of multiphoton excitation was recently reported for rhodamine 

derivatives and other fluorophores situated between silver island films.77  A decrease in 

fluorescence lifetime for rhodamine B was measured using two-photon excitation, and 

increased photostability was reported for the chromophores near the metal surface.  Even 

larger enhancements of two-photon induced emission were measured for fluorophores 

with lower quantum yields, where a larger fraction of the total emission arises from the 

molecules near the metal surface.  A number of theoretical studies conducted by Salaev, 

et. al. have predicted much stronger enhancements than had been observed for fractal 

clusters. 

 

6.2. Results and Discussion 

6.2.1. Work in the Perry Group: Enhancement of two-photon fluorescence on silver 
fractal composites 
 

The work of Wenseleers, et. al. in the Perry group provided the first direct 

observation of enhancement of two-photon absorption enhancements in composites 

consisting of two-photon absorbing chromophores and a silver fractal surface.288  Both 

composites containing a chromophoric polymer film adjacent to the fractals and 

chromophores covalently-bound to the fractals gave spatially-averaged enhancements. 

The chromophoric polymer chosen (Figure 6.1 A) exhibits a large TPA cross-section (δ = 

1.02 x 103 GM) and a high fluorescence quantum yield (η = 0.83).  The resulting large 

total two-photon action cross section, ηδ, allows for sensitive detection of two-photon 
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absorption via monitoring of the two-photon fluorescence signal.  Films of varying 

thickness, ranging from 10-200 nm, were investigated with ~100 fs mode-locked 

Ti:sapphire laser pulses with a wavelength of ~800 nm.  The observed emission was 

determined to result predominantly from two-photon induced fluorescence of the 

polymer.  For films that were 10 nm thick, enhancement factors of 1000 were seen.  

Thicker films displayed a much smaller degree of TPF signal enhancement; an 

enhancement factor of 90 was observed for a 100 nm thick film.  This supports the fact 

that enhancements occur only very close to the surface.289    

 

Figure 6.1:  Structures of the polymer (A) and thiolated (B) TPA chromophores used in fractal 
composites.288 

 
Theory predicts that fractals exhibit inhomogeneous localization, wherein the 

dipolar eigenmodes which resonate at very close frequencies can have very different 

localization lengths, from the smallest to the largest roughness scale.76  For direct 

observation, TPF images from the composite films were collected by  laser-scanning 
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fluorescence microscopy.  Indeed, the TPF was found to result from small spots that 

strongly correlate with the positions of the fractal clusters as seen by optical microscopy 

images.  Peak enhancement factors were found to be ≥10 000, with a spatially averaged 

enhancement value of approximately 1000.  Theory also predicts that the hotspots are 

positionally dependent upon the excitation wavelength, a result of structural 

inhomogeneity as well.76  Two-photon laser-scanning fluorescence microscopy images 

were obtained by varying excitation wavelengths.  The pattern is reproducibly different 

for each case, confirming this frequency dependence.  Also, the enhancement factor did 

not change with angle of incidence. 

Investigations were also conducted on metal/organic composites where the 

chromophore was bound to the silver surface via a thiol-silver bond.  In this case, a 

monolayer was formed with all of the molecules directly attached to the surface.  The 

chromophore (Figure 6.1 B) was designed to have a reasonably large two-photon cross-

section as well (δ = 600 GM in toluene, see Chapter 5, Figure 5.20), along with a 

quantum yield, η, of 0.75.  Enhancement factors in this case were found to be on the 

order of 20 000, with hot spots that exceed a local factor of 160 000.  These 

enhancements are most likely larger than for the polymer films because in a monolayer, 

100% of the fluorophores are close to the surface.  In the case of films, a percentage of 

fluorophore is not within the efficient enhancement field.   In this Chapter, work that was 

conducted to further support that these enhancements are dependent upon the localization 

of hotspots in fractal clusters will be presented.   
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To this end, discrete silver nanoparticles coated with TPA dyes as described in 

Chapter 5 were analyzed in comparison to clustered silver films. Such nanocomposites, in 

solution or when cast into neat films, are expected to have a limited degree of 

aggregation, and as a result, few hot spots. These silver nanoparticles were prepared via 

attachment of the thiolated chromophore to pre-formed nanoparticles, where the 

monolayer was initially comoposed of a mixture of octylthiol and dodecylthiol (3:1) to 

impart a high degree of solubility.  This was realized by co-dissolving the nanoparticles 

with the thiolated chromophore prepared by T. Meyer-Friedrichsen, as shown in Figure 

5.20. The resultant particle has an estimated 20 chromophores per nanoparticle.   

Poly(methyl)methacrylate (PMMA) films consisting of these nanoparticles were 

deposited from a chloroform solution and compared to a film with free dye.  The intensity 

of the fluorescence signal of the dye molecules bound to the nanoparticles was reduced 

by a factor of 4.5 versus the free dye using both one and two-photon excitation, with 

respective excitation wavelengths of 450 and 730 nm.  In solution, the quantum yield was 

reduced from 0.75 to 0.17 for the dye attached to the nanoparticle.  However, it is 

important to note that this operates as an effective quantum yield of the overall 

composite.  In measuring a quantum yield, the ratio of absorbance at the excitation 

wavelength to the integrated fluorescence signal is essentially compared to a standard.  

For the composite systems, the strongly absorbing metal core will absorb a significant 

amount of the incoming radiation, which relaxes through non-radiative pathways, 

reducing the overall quantum yield. Additionally, it has been reported that proximity to a 
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metal surface can significantly alter the fluorescent lifetimes of fluorophores, which may 

have an impact on the quantum yield of the dyes.244  

For the PMMA films, the ratio of two-photon-excited fluorescence to the one-

photon excited fluorescence was found to be the same for the films containing dye-coated 

nanoparticles and for PMMA films containing free dye. This further confirms the 

necessity for coupling of particles to the fractal surface to observe significant two photon 

fluorescence enhancement. To further emphasize this result, a neat film composed of the 

dye-attached nanoparticles was studied.  The reference was a PMMA film of the free 

chromophore normalized to the same one-photon absorbance.  It is known that alkylthiol-

coated silver nanoparticles can interdigitate to form a superlattice structure, where the 

distance between the particles approaches one ligand length. In such films, a small degree 

of clustering is expected.  Such films result in a homogeneous broadening of the surface 

plasmon resonances of the coupled nanoparticles, and hence a small local enhancement is 

possible although significant 'hotspots' are unique to fractal-like films.  An enhancement 

factor of 5 was measured for this neat nanoparticle film versus the dye-doped polymer 

film (the average value for the fractal films was ca. 20 000). See Figure 6.2 for the 

absorption spectrum of these films. 
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Figure 6.2:  Absorption spectrum for PMMA films of silver nanoparticles coated with a 3:1 mixture 
of octylthiol to dodecylthiol (blue dotted) and these nanoparticles with ~20 chromophores per 
particle (red). 

 
   

6.2.2.  Attachment of DNA to metal films 
 
 
 The preceding results provide evidence for the significant optical enhancements 

possible using silver fractal composites. A number of opportunities can be envisioned for 

application of these enhancements to the field of fluorescence spectroscopy, especially in 

biology. Intrinsic fluorescence from inefficient emitters can be enhanced and thus the 

need for fluorescent labeling of biological molecules can be avoided. Enhancement of 

DNA fluorescence has been reported on silver island films.245  Also, selective excitation 

of chromophores in the vicinity of the metallic surface may allow for imaging in 

biological media without significant attempts for separation or correction for 

autofluorescence (which can be significant across entire visible range).  Biological media 
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is often transparent to the IR, but strongly absorbing in the ultraviolet and visible regions.  

The use of two-photon fluorescence would provide an additional advantage in that the 

wavelength of excitation used is twice the wavelength necessary in one-photon 

excitation, and is often in the red or near-IR region. 

To combine the advantages of two-photon fluorescence for biological imaging 

with silver fractal enhancements of nearby fluorophores, the following scheme was 

envisioned:  DNA “probes”, labeled with terminal thiol groups, will be covalently bound 

to a silver fractal surface.  To this is added DNA strands labeled with various dyes, in 

which this “target” has a complementary sequence to the probe.  After hybridization takes 

place between complementary strands, only the target-bound dye will be brought within 

proximity of the surface to experience substantial luminescence enhancements; the 

unbound, non-complementary dye-labeled DNA strands will experience no enhancement 

and their fluorescence may thus be treated as background.  See Figure 6.3 for a pictorial 

representation of this experiment design. Successful methods will circumvent the need 

for washing unbound DNA and/or will require small sample volumes – hence this 

method may be envisaged to be both high throughput and high sensitivity. As the 

measurements will be performed on fractal films, only the diameter of the incident laser 

beam is sampled; the fractal films to be discussed required only 500 µL of solution.  A 

DNA-based system was chosen for its unparalleled binding specificity and the need for a 

rapid-screening method for DNA and RNA detection.290  In addition, methods for DNA 

detection that do not require polymerase chain reaction (PCR)-processing for amplication 

are extremely desirable. 
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The proposed experiments bear conceptual similarity to typical microarrays, 

which consist of single-stranded DNA probes of different sequences (probes) attached to 

a surface with the identity and location of each surface bound probe known.  To this is 

added various DNA strands, each labeled with a different fluorophore.  Fluorescence 

imaging of the hybridized, dye-labeled target allows for determination of the target 

sequence by color.  However, in using two-photon imaging, tighter spatial control may be 

possible, along with the opportunity for larger enhancements with dependence on the 

square of the incoming field.   

 

Figure 6.3: Fractal experimental design. These fractal films consist of a thiolated DNA oligomer 
probe, a complementary, dye-labeled target sequence, one or more non-complementary strands with 
distinct labels, and a spacer.  The spacer, 3-mercaptopropionic acid, was chosen to reduce non-
specific binding (see text).   

   

Both the thiolated and dye-labeled oligomers were purchased commercially as 15-

base oligonucleotides.  The sequence of the thiolated probe used was 5’-SH-(CH2)6-TGT-

ACG-TCA-CAA-CTA-3’. The dye chosen for labeling the target, tetramethyl rhodamine 
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(TAMRA), is an effective fluorophore, using both one- and two-photon excitation.  The 

majority of current arrays utilize an oligomer labeled on the distal end from the surface 

(5’ in this case), so this approach was adopted here. However, as proximity to the surface 

is a necessity, the dye was also attached to the 3’ terminus of the DNA with the following 

sequence: 5’ TAG-TTG-TGA-CGT-ACA-3’. Ideally, the thiolated DNA strands will 

bind to the surface of the silver fractals via the thiol groups.  However, as the nucleotides 

contain nitrogen and the phosphate backbone of the DNA strands is negatively charged, 

there are other opportunities for binding of oligonucleotides by laying lengthwise on the 

surface.  It has been shown that non-thiolated DNA can bind strongly to metal surfaces 

and is not removed by extensive washing with buffer or water.  Thus, to prevent non-

specific binding of either the probe or target oligomers, a spacer was used to block 

surface site.291   

 

6.2.2.1.  One and two-photon optical properties of tetramethylrhodamine-labeled DNA 

 
In order to begin the studies, it was necessary to determine the conditions 

necessary for gaining optimal performance with only specific hybridization of 

complementary DNA molecules.  Initial studies utilized a detection scheme based on the 

fluorescence of desorbed dye-labeled DNA.  In these experiments, a thiolated DNA 

strand was adsorbed onto a gold foil and hybridized with the dye-labeled 5’ DNA 

complement.  After extensive washing, this foil was placed in a cuvette, where it 

remained situated on the bottom out of the path of the beam. DNA base-pair interactions 

are electrostatic (H-bonding) and are severely affected by pH.  To desorb the hybridized 
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DNA from the surfaces via dehybridization, a basic aqueous solution (pH 11-12) was 

added.  This will result in the removal of DNA from the foil and dissolution, for which 

the concentration can be determined via fluorescence of the attached dye. The pH-

dependent fluorescence of TAMRA was first probed in the range of pH 1.6 to 12.2, using 

comparable concentrations (50 nM) as are expected to be bound to a 1 cm x 1 cm gold 

foil.  

The emission spectra of these solutions were monitored with an excitation 

wavelength of 510 nm over the range of 580-585 nm and collected as a function of the 

pH of the solutions, as shown in Figure 6.4.  The fluorescence of the dye is quenched at 

lower pH but remains relatively stable at higher pH (which validates the use of alkaline 

solutions for fluorescence measurements of DNA desorption).  A likely source of error in 

these experiments is the so-called alkaline error:  in such instances, a buffer solution that 

is high in Na+ concentration and low in H+ concentration can result in a pH reading much 

lower than actually present in the solution and is probably a factor for the highest pH 

point on the plot.   
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Figure 6.4:  Fluorescence spectra of tetramethyl rhodamine (TAMRA) versus pH (left) and 
fluorescence monitoring of the dehybridization of 5’-TAMRA-labeled target DNA in alkaline 
solutions over time: 1 min (red), 10 min (blue dot-dash), 15 min (green dash), 25 min (black short 
dash), 45 min (purple dot), 90 min (blue dash).  No further increase in signal was detected after 90 
minutes.   

   

Similar experiments were performed for gold foils with a non-thiolated, TAMRA-

labelled DNA probe.   It was expected that non-specific adsorption would occur and the 

amount of detected fluorescence intensity was indeed comparable to experiments where a 

complement probe was on the surface. This reveals that non-specific adsorption is a 

problem on metal surfaces and needed to be addressed.   

Because the interactions between the surface and the DNA, and between dye-

labeled DNA and the complementary thiolated strand are electrostatic in nature, they are 

both affected by the change in pH and the resultant dissociation from the surface.  This 

makes it challenging to differentiate between fluorescence signals of dye-labeled DNA 

that had been specifically or non-specifically adsorbed.  A more precise way to 
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selectively desorb DNA via dehybridization from the thiolated DNA would require 

heating. A simple formula for determination of the “melting temperature” or 

dehybridization temperature of a DNA duplex for short oligomers is as follows:   4 (G + 

C bases) + 2 (A + T bases).  From this equation, an estimate of 42 ºC as the melting 

temperature for this particular DNA duplex was obtained.  The actual temperature of 

dehybridization depends on the buffer used and particularly the salt concentration.261   

A variety of experiments were performed to determine the appropriate surface 

coverages for optimal performance.  The initial studies involved the 5’ TAMRA-labeled 

DNA strand to avoid the possible steric hindrance promoted with 3’ TAMRA labels. A 

heated jacket for a 1 cm cuvette was designed for this particular fluorimeter (S. Kuebler, 

S.J.K. Pond); with this device, heating from room temperature to 60 ºC was accomplished 

in 5 ºC steps; the fluorescence at 582 nm was constantly observed over this time. In the 

first scheme, a 5’ TAMRA DNA oligomer was adsorbed directly to the surface of the 

gold foil and the fluorescence was monitored over time.  A considerable amount of DNA 

was dissociated from the surface over time, and the desorption occurred in a linear 

fashion over time and temperature, with no specific temperature of dissociation notable 

and the fluorescence intensity continued to rise after reaching 60 ºC.  This supports the 

fact that non-specific binding occurs at the gold surface. 

 These results obviated the need for a passivating agent to protect the surface 

from such events.  Also, it has been noted that the use of a spacer group can increase the 

hybridization efficiency by reducing the steric congestion around each hybridizing 

sequence.119 3-Mercaptopropionic acid was chosen for this and tested for passivating 
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ability.  A gold surface was passivated with 3-mercaptopropionic acid by immersing in an 

ethanolic 2mM 3-mercaptopropionic acid solution over a 2 hour period.  The surface was 

cleaned by washing extensively with buffer, and subsequently immersed in 5’ TAMRA 

labeled oligomer solution overnight. Heat treatment was performed as before and a 

significant decrease in non-specific desorption was found, as shown in Figure 6.5 *Note 

– These spectra are shown as fluorescence intensity as a function of time.  With this 

particular heating apparatus, adjustments to the temperature were made manually at 5ºC 

every 5 minutes (300 seconds = 5ºC increase) In each experiment, the starting 

temperature at 0 seconds is 27ºC 300 sec = 32º; 600 sec. = 37º; 900 sec = 42º; 1200 sec. = 

47º; 1500 sec. = 52º;1800 sec. = 57º; and 2100 sec. = 60º ending when the temperature 

scale reaches 60º C.   

 

Figure 6.5:  Fluorescence intensity monitoring of desorbed 5’-TAMRA functionalized oligomers from 
gold foil at 582 nm.  A cuvette containing PBS buffer with a functionalized gold foil placed at the 
bottom of the container was heated and concurrently monitored for fluorescence.  The foil was 
functionalized with a fluorescent-labeled oligomer only (solid) and a mixture of fluorescent-labeled 
oligomer and 3-mercaptopropionic acid (dotted) as a surface passivating agent.  
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With the use of 3-mercaptopropionic acid established as an efficient means of 

passivating the gold against non-specific adsorption, its usefulness as a spacer for more 

specific and efficient hybridization with greater access to the complementary strands was 

also tested.  A clean gold foil was treated with a solution of the thiolated probe molecule 

overnight. Two experiments were subsequently performed: in one case, exposure to the 

5’-TAMRA DNA oligomer followed and in a second other case, a 30 minute treatment 

with MPA occurred before exposure to the dye-labeled oligomer.  The desorption curves 

shown in Figure 6.6 result from kinetic melting processes, whereby an event occurs at a 

specific temperature and levels out after driving the process to completion.  The apparent 

temperature of dehybridization (Tm) was determined to be approximately 42ºC, which 

was chosen from the midpoint of the melting profile and is in excellent agreement with 

the predicted melting temperature. Two important points can be noted from this data.  By 

using both the thiolated probe DNA and a spacer, a profile with a slightly delayed 

desorption that has a more distinct temperature of dehybridization was obtained, 

suggesting a higher percentage of DNA is hybridized (specifically adsorbed) to the 

thiolated probe DNA. Additionally, in the case of the film containing a passivating agent 

in the monolayer, the gold surface was more dilute in probe concentration, but the 

amount of desorbed DNA was actually greater due to a higher efficiency of binding with 

more sterically available sites.   
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Figure 6.6:  Dehybridization profiles of 5’ TAMRA-labeled DNA oligomers on gold foils without 
spacer (red) and with spacer (blue) as monitored by fluorescence at 582 nm.  Tm represents the 
calculated melting temperature of the duplex.   

 

The ultimate goal of these studies is the specific and efficient adsorption of 3’-

TAMRA-labeled oligomers, which will bring the dye into closer proximity with the 

surface for more effective enhancements on fractal films. The placement of the dye on 

the 3’ end of the DNA molecule presents a potentially sterically strained system.  Many 

of the results presented above for 5’-labeled surfaces were effectively reproduced in the 

3’-labeled cases, including passivation and an increased efficiency of hybridization.  

Again, there was found comparable but slightly more signal in the passivated films, along 

with a sharper melting profile.  However, there is a more significant difference between 

the films with and without a spacer, where the former experienced a melting at higher 

temperatures, as shown in Figure 6.7.  This suggests the possibility of interaction between 
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the dye and the MPA; additional hydrogen bonding may occur with the spacer acid 

groups.      

 

Figure 6.7:  Fluorescence monitoring of dehybridization at 582 nm on a gold foil labeled with the 
thiolated probe and 3’-TAMRA labeled DNA (blue), and the same film including a spacer (red). Tm 
represents the calculated melting temperature. 

 
In comparing both the 3’ and 5’ dye-labeled DNA, it is clear that both molecules 

can adsorb specifically to the gold surfaces. These were compared directly in an 

experiement.  In Figure 6.8, it can be seen that the total amount of dehybridized DNA is 

nearly identical at the completion of the experiment on the same foil prepared under the 

same conditions. Again, a notable difference is evident in the melting temperature; 

dehybridization is delayed on the 3’ TAMRA labeled DNA surfaces. An important point 

to be made in all of these spectra is that the fluorescence intensity is temperature 

dependent.  Higher temperatures result in increased pathways for non-radiative emission 

and reduction of the quantum yield.  This does not effect the overall conclusions from the 

data, although a plot of the actual concentration versus fluorescence intensity would 

329



result in a steeper desorption profile.  From these fluorescence spectra, the amount of 

initially hybridized DNA can be determined as nearly identical.  Also shown in Figure 

6.8 is the fluorescence of the final solutions of desorbed dye-labeled DNA with the gold 

foil removed from the solution.  The fluorescence is nearly identical in both cases as well, 

further supporting that comparable amounts of each linker are adsorbed to the surface for 

both 3'- and 5'-labelled DNA. 

 

 

Figure 6.8:  Fluorescence monitoring of dehybridization at 582 nm for 5’(blue) and 3’ (red) TAMRA-
labeled DNA on gold films with spacer/probe.  The left plot shows the desorption profile, the right is 
the final fluorescence spectra of both solutions after cooling from 60 ºC and removal of the gold foil.   

 

6.2.2.1.  One and two-photon optical properties of tetramethylrhodamine-labeled DNA 

The quantum yields of the TAMRA labeled DNA strands were measured, both in 

water and buffer, as shown in Figure 6.9.  The respective quantum yields were found to 

be 0.49 and 0.40 (referenced versus kiton red and rhodamine B).  Two-photon 
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fluorescence measurements were then conducted and the two-photon fluorescence cross-

section (δ) was determined to be 205 GM for 3’-TAMRA and 220 GM for 5 TAMRA, 

with a maximum at an excitation wavelength of 825 nm.    
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Figure 6.9:  Two-photon fluorescence excitation spectrum of 5’ (red triangle) and 3’ (blue diamond) 
TAMRA-labeled DNA oligomers in buffer.   

 
 
6.2.2.2.  Silver fractal films 
 
Once the conditions had been optimized for efficient hybridization with the simpler case 

of monolayers on smooth gold foils, the same conditions were used for functionalization 

of silver fractal films.  Fractal films were prepared by addition of fumaric acid to citrate-

stabilized colloids in water.  The citrate-stabilized colloids were formed by refluxing 

sodium citrate and silver nitrate in water to obtain an olive green solution that was 

observed to scatter light strongly, indicative of colloids stabilized by an electric double 

layer.  Alterations were made to the literature preparation of nanoparticles in terms of 
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time of reflux and concentration of sodium citrate and silver nitrate.  After formation of 

nanoparticles, fractals were prepared by addition of fumaric acid.  Fumaric acid 

effectively interrupts the electrostatic repulsions which serve to keep the nanoparticles as 

discrete entities, resulting in non-equilibrium aggregation and growth of random 

aggregates.  The resulting aggregates precipitate out of solution and sediment onto a glass 

slide when placed at the bottom of the receptacle.  The precipitating solution was 

monitored during fractal film formation for aggregation by absorption spectroscopy.  The 

amount of fumaric acid added was chosen to induce fast precipitation, which repeatedly 

has been found to be the most important factor in producing high quality fractal films.   

To obtain high quality fractals with an optical density less than 1, approximately 

20 mg of silver nitrate and 20 mg sodium citrate dihydrate in 500 mL of water was 

refluxed for approximately 30 minutes.  The amount of fumaric acid varied slightly 

between fractal preparations; aqueous 25mM fumaric acid solutions were prepared and 

anywhere from 25-50 mL was added to induce quick precipitation (within 2 hours) as 

monitored by absorbance.  The formation of fractals is shown schematically and as 

followed by absorption studies in Figure 6.10.  A decrease in the surface plasmon of 

individual nanoparticles and the growth of a new broad band spanning the red to near 

infrared portion of the spectrum results from aggregation.           
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Figure 6.10:  Absorbance spectrum of aqueous colloidal silver solutions prepared by reflux of silver 
nitrate with sodium citrate (solid red line) and addition of fumaric acid.  The absorbance was 
monitored over time to observe the desired quick (< 2 hours) fractal sedimentation.  The reactions 
are shown schematically below, where the blue circles represent silver colloids, and the yellow and 
red circles represent an electric double layer.  Addition of fumaric acid interrupts the electrostatic 
interactions and results in aggregation and sedimentation of metal fractal clusters onto glass slides.         

 

6.2.2.2.1.  Optical properties 

The resultant fractal films are non-uniform, which results in random coupling of 

individual dipole oscillators of neighboring discrete nanoparticles. This coupling results 

in normal surface plasmons modes that localize into hotspots across the clusters.  The 

hotspots are a result of the concentration of individual surface plasmons from 
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neighboring particles into localized areas where extremely large electromagnetic fields 

have been predicted. As described in the introduction to this Chapter, the electromagnetic 

enhancement of various optical properties, including Raman spectroscopy and two-

photon absorption, arises from placement of a particular chromophore near the metal 

surface and into the enhanced electromagnetic fields.  The degree of interparticle 

coupling is observed by the cluster band that forms at NIR wavelengths.  A neat film of 

alkylthiol-coated silver nanoparticles results in a homogeneous broadening of the 

absorbance band, while fractal formation results in this NIR cluster band (see Figure 

6.11). The “quality” of the fractal films was determined on the basis of the relative ratios 

of the fractal cluster absorption (maximum ~900 nm) and the discrete nanoparticle 

absorption (maximum ~420 nm).  Ideal films have close to a 1:1 intensity ratio between 

the individual dipoles and aggregate band.   
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Figure 6.11:  Absorption spectrum of an octylthiol-coated silver nanoparticle solution (blue dotted), a 
film of octylthiol-coated silver nanoparticles (green dash-dot), and an aggregated fractal film (red 
solid).   

 
On these 3 x 1 cm films, approximately 500 uL drops of various solutions containing the 

desired adsorbants were added.  Due to the initial hydrophobicity of the films, a large 

contact angle ensured easy separation of multiple spots across one film for consistency in 

comparisons.  Afterwards, additional entities in various aqueous solutions were easily 

contained in these hydrophilic spots.   The conditions used for preparation of monolayers 

of thiolated DNA and MPA on fractal films were those determined from gold film 

experiments described previously: a micromolar solution of thiolated probe DNA was 

added to the film, followed by exposure to a 2mM solution of MPA spacer for 30 

minutes.  Typically, hybridization was allowed to occur overnight with the TAMRA-

labeled DNA target, using either the 5’- or 3’-terminus labeled oligomer in individual 

experiments.  The films were visibly altered in the areas where they were treated by the 
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target; this is seen easily by eye and was also observed by absorption spectroscopy, as 

shown in Figure 6.12. 

The DNA and/or 3-mercaptopropionic acid monolayers cause similar alterations 

by restructuring the fractal surface.  It appears that the fractals are being disrupted and the 

degree of clustering is decreased as evidenced by the ratio of the cluster band to the 

discrete particle band.  In an attempt to make such films more robust, an adhesion 

promoter was introduced. Aminopropyl trimethoxy silane (APS) was used to 

functionalize the glass slides and present terminal amine groups for stronger interaction 

with silver nanoparticles.  This is a well-known method to promote adhesion of colloidal 

silver to glass. Although these films were physically more robust in that the clusters were 

not easily wiped off the surface, no obvious advantage was found in terms of stability 

towards etching by the thiols added.   

 

Figure 6.12:  Fractal film absorption spectrum with a bare surface (blue) and with a bound DNA 
probe. 
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6.2.2.2.2.  X-ray photoelectron spectroscopy 

To determine the relative binding capabilities of thiolated DNA on fractals, as 

well as the efficiency of hybridization, XPS studies were used (P. Lee, LESSA Facility, 

University of Arizona).  The N 1s peak in the XPS data has been noted by others as a 

reliable indicator of DNA adsorption to a metallic surface.291  The following monolayers 

were made on a fractal film both with and without adhesion promoter: 1.) thiolated probe 

DNA oligomer and MPA, 2.) probe, MPA, and 5’ TAMRA-labeled target, 3.) probe, 

MPA, and 3’ TAMRA-labeled target.  See Table 6.1 for elemental percentages.  One film 

was prepared on a glass surface coated with mercaptopropyl trimethoxysilane, and the 

other fractal film was prepared directly on glass.  The bare fractals had a large degree of 

oxygen-containing and hydrocarbon impurities adsorbed in both cases, with a smaller 

degree of nitrogen-containing impurity.  By coating with the thiolated probe DNA, as is 

shown for the fractal films on glass, the N/S ratio significantly increased.  Addition of the 

spacer MPA results in a large increase in the S percentage, decreasing the S/N ratio.  

Addition of the TAMRA labeled DNA targets to the monolayers results in hybridization 

as evidenced by the increase in nitrogen content. Hence, it may be concluded that the 

TAMRA-labelled DNA does indeed bind to the target adsorbed onto the silver fractal 

surface.  These results are in accord with the gold foil experiments.  Similar degrees of 

binding in both the 5’ and 3’ labeled targets was detected, both with and without the MPS 

spacer.    
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Sample % ratios
Film with MPS C N O S N/S C/N C/S
1 bare fractals 34.18 2.25 63.57 15.19
1(70) 49.67 2.50 47.83 19.87
2 probe + MPA 29.52 0.48 67.71 2.02 0.24 61.50 14.61
2(70) 39.11 2.00 54.38 4.18 0.48 19.56 9.36
3 probe + MPA + 5' T 25.83 2.59 69.61 1.09 2.38 9.97 23.70
3(70) 38.84 4.40 53.89 1.53 2.88 8.83 25.39
4 probe + MPA + 3' T 22.68 1.73 74.86 0.42 4.12 13.11 54.00
Film C N O S N/S C/N C/S
1 bare fractals 34.03 1.24 63.93 0.68 1.82 27.44 50.04
2 probe 26.87 4.20 66.89 0.22 19.09 6.40 122.14
3 probe + MPA 32.78 0.88 61.00 4.66 0.19 37.25 7.03
4 probe + MPA + 5'T 32.14 2.33 64.10 0.78 2.99 13.79 41.21
5 probe + MPA + 3'T 29.14 2.98 66.32 0.93 3.20 9.78 31.33  

Table 6.1:  XPS data of silver fractal films with DNA monolayers.  The first set of samples are fractal 
films on glass with an adhesion promoter, mercaptopropyl trimethoxy silane (MPS).  The data 
marked (70) were measured with a 70 degree  take-off angle relative to normal in order to increases 
the surface sensitivity.  The percentages are based on atomic percentage as measured with the Kratos 
software from the areas and photoemission cross-sections.  The ratios can be calculated by taking the 
ratio of percentage values to another for each sample. 

 

6.2.2.2.3.  Two-photon fluorescence 

 
Following the characterization of the silver fractal surfaces described above, two-

photon fluorescence studies of DNA-modified fractal surfaces were then conducted. A 

series of films were prepared with the same conditions noted above for attachment of 

TAMRA-labeled DNA, utilizing a spacer group.  Three different areas on a single silver 

fractal film were tested.  A coumarin 307 PMMA film and a Rhodamine B PMMA film 

were both used as reference films to align the laser for rejection of reflected light from 

the detector and to obtain a response function of the CCD with the filters in place.  All 

spectra were corrected with this response function. For these fractal studies, the 
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feasibility of skipping a wash step was put to the test. This relies on the complementary 

strand being brought within proximity to the surface, whereas the unbound 

noncomplement remains more distant from the surface.  Because the enhancements were 

shown to decay exponentially from the surface, this distance may be significant enough 

to discriminate between the two dye-labeled strands.  The spectra, as shown in Figure 

6.13 show a measurable (1.3 x), but not a significant increase in the fluorescence 

intensity of the complementary DNA versus the noncomplement on the same films. Both 

fluorescence signals were approximately an order of magnitude greater than for the 

fractal film alone. Upon washing the films with buffer, however, a complete loss of 

signal was observed, indicating the removal of a significant amount of dye. 

 

 

Figure 6.13: Two-photon fluorescence spectra collected from fractal films coated with the thiolated 
probe, a spacer, and either a complementary 3’-TAMRA-labeled oligomer (blue solid) or a 
noncomplementary 3’-TAMRA-labeled oligomer (red dash-dot).  The fractal surface exposed to 
buffer only is also shown (green dotted).  The left spectrum is pre-wash, the right is post-wash with 
buffer. 
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 These results indicate that enhancements were observed in these preliminary 

experiments before washing.  However, the stability of these fractals to buffered DNA 

solutions is a problem that will need to be addressed in the future.  The formation of high 

quality SAMs with straight chain alkylthiols on clean planar silver surfaces is difficult, 

although possible with care. This is due to the known ability of thiols to etch silver 

surfaces as discussed in Chapter 3. Clustered films, with a variety of exposed defect sites 

pose a new degree of complexity, making it even more difficult to form stable 

monolayers.  The removal of fractals after washing is evident visually by the loss of color 

at exposed areas.  This occurred using both buffer and buffered DNA solutions.  One way 

to address this issue in the future would be the deposition of a thin, atomic layer of gold 

on the surface as an intermediate substrate for forming controlled SAMs. 

       

 6.3. Conclusions 
 
 These studies were aimed towards the production of silver fractal films with 

controllable structures for enhancement of two-photon fluorescence properties.  It was 

shown that the enhancement of chromophores is greatest close to the surface and decays 

exponentially with distance from the surface.   Therefore, attempts to bind chromophores 

close to the surface were made.  Dye-labeled DNA was used in such experiments to 

utilize its inherent recognition capabilities.  These studies required optimization prior to 

use for formation of efficient, specific oligomer-labeled surfaces.  This was performed 

using planar gold foils via a unique fluorescence-based method whereby temperature or 

pH changes were used to dehybridize DNA duplexes. Use of temperature proved superior 
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as this could distinguish between specific and nonspecific interaction, whereas use of pH 

adjustments could not.  Employment of a spacer molecule was shown to effectively 

passivate surfaces from non-specific binding of DNA strands and to provide spacing 

between DNA probes for efficient hybridization to target strands.  Labeling of the DNA 

at the end positions (5’ and 3’) both furthest from the surface and closest to the surface 

were shown to occur efficiently.  However, the melting point of the duplex formed with 

the latter case was delayed by approximately 5 ºC; this may reflect additional hydrogen 

bonding with the spacer acid groups. 

High quality fractal films were made by chemical means. A solution of citrate-

capped silver colloids was precipitated by addition of fumaric acid, resulting in the 

aggregation and deposition of clusters onto glass slides.  XPS studies showed the same 

binding conditions to be efficient for labeling on fractal films.  Absorption studies 

showed that the removal and/or alteration of the fractal structure with addition of 

thiolated ligands occurred.  Use of an adhesion promoter, amino(propyltrimethoxy) 

silane, did not alleviate this problem.   

The ultimate goal was to obtain enhanced two-photon fluorescence properties of 

the dye-labeled DNA targets. By utilizing the optimized conditions for binding, these 

films showed an enhancement in fluorescence of the dye by approximately an order of 

magnitude, yet were not stable to washing conditions.  This represents the first attempts 

for application of fractals in specific biological sensing via enhancement of two-photon 

fluorescence.  The stability of these clusters, with intentionally large amounts of defect 

sites, is a challenging task that needs to be addressed for efficient usage.  Also, the 
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variability in the positions of hotspots in fractal films currently limits the usage of fractals 

on a single-molecule level. Formation of reproducible fractal structures is currently under 

investigation and hopefully use of these in the future will avoid problems encountered 

here. 
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CHAPTER 7: CONCLUSIONS 

 
 Metal nanoparticles have unique, size-dependent properties that differ from both 

molecular and bulk materials.  Ligand-coated metal nanoparticles are of particular 

interest because they can be isolated, stored, and subsequently redissolved and dispersed 

in solid matrices, making them useful for many applications.  However, the solubility of 

alkylthiol-coated silver nanoparticles is often limited, leading to reduced applicability.  A 

set of silver nanoparticles has been synthesized and studied for elucidation of their 

individual and collective structure with the ultimate goal of enhanced solubility.  

 Utilizing a variety of techniques, specifically differential scanning calorimetry 

(DSC), powder X-ray diffraction (XRD), and optical microscopy, the presence of silver 

alkylthiolates was consistently found as a by-product, even in recrystallized particles.  

These are stable structures that desorb from the surface, similarly to planar self-

assembled monolayers.  DSC was used to measure the energy of the bilayer to micellar 

transition in these silver alkylthiolates that result from a restructuring of the silver-sulfur 

backbone from a µ3 to µ2 bonding arrangement, which serves to desorb and subsequently 

readsorb these bilayer structures.  Although interdigitation of ligands on neighboring 

silver particles was determined from TEM and XRD studies, a specific de-interdigitation 

phase transition was not detected, as silver alkylthiolate desorption dominates the thermal 

properties.  This is significantly different from gold nanoparticles, where a clear, ligand-

length dependent de-interdigitation transition has been previously detected.  Future 

studies would necessarily include careful size-separation and XRD studies for a clearer 

picture of nanoparticle superassemblies. 
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 Fourier transform infrared spectroscopy (FTIR) was used as an independent 

indicator of order, from which a correlation of alkyl chain order to energy of the phase 

transition was found.  From this, an effective structure-property relationship was found 

that relates the nature of the ligands with the temperature and energy of the order-disorder 

transition for these purified nanoparticles.  It was determined that nanoparticles with a 

lower energy of melting showed an increased solubility. Solubility data for a wide range 

of alkylthiol-coated silver nanoparticles were tabulated, whereby it was found that: 1) In 

shortening the ligand chain length from 18 to 6 carbons, a significant enthalpy decrease 

was seen, with the temperature of the transition remaining nearly constant; 2) Odd-even 

effects in the solubility of the nanoparticles were seen, where both heptylthiol and 

nonylthiol-capped nanoparticles show significant shifts from approximately 128 °C for 

the phase transition to 140 °C and 138 °C, respectively; 3) Upon polysubstitution of the 

nanoparticles, there was a decrease in phase transition enthalpy and a significant increase 

in entropy, with the transition temperatures dropping by approximately 10-20 °C; and 4) 

Larger molar amounts of ligand resulted in smaller particles, and these small 

nanoparticles showed decreased solubility in comparison to their larger counterparts. To 

further substantiate the solubility of the nanoparticles beyond the qualitative observation 

of films, direct solubility studies were carried out utilizing optical density measurements. 

The trend of increasing solubility with decreasing energy of the phase transition was 

confirmed. 

 These studies have shown that previously reported DSC studies were 

misinterpreted as de-interdigitation transitions and signifies the importance of silver 
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alkylthiolates in the structures.  Additionally, this advanced understanding of structure 

and solubility allowed for improved polymer composites for metal microfabrication.   A 

method for the writing of 3-D metallic structures that utilizes a homogeneous dispersion 

of alkylthiol-capped silver nanoparticles in a polymer matrix had been previously 

developed in the Perry group, but was limited by the lack of nanoparticle solubility.  The 

synthesis of highly soluble nanoparticles significantly improved the metal writing 

process, showing a real application of these studies.  These truly 3D structures may be 

used in the future for creation of interconnects in devices, potentially via formation after 

initial creation of the device in materials transparent to red light. 

Further interest in the formation of 3D copper wires led to investigation of the 

synthesis of copper nanoparticles.  Although a great amount of work has been carried out 

for both gold and silver nanoparticles, there are few clear reports of alkylthiol copper 

nanoparticles. In the studies presented here, a one-phase method was used to synthesize 

these nanoparticles, for which oxygen exclusion was necessary during the initial 

synthesis.  Elemental analyses initially reveal that the nanoparticles are air stable once 

formed.  However, careful optical and XRD studies reveal that structural changes are 

induced by exposure to air within minutes.  The quick partial oxidation of the copper 

forms a shell which effectively reduces the size of the copper core, resulting in the loss of 

surface plasmon, even though elemental analysis reveals less than 10% mass of oxygen.  

In collaboration with Dr. J. Cowley at Arizona State University, electron nanodiffraction 

techniques were applied to single alkylthiol-coated copper nanoparticles and the 

existence of face-centered copper, copper (I) oxide, and atypical body-centered cubic 

345



copper was found.  This unexpected result may be of great importance in the 

understanding of the nucleation and growth mechanisms of copper.  Particles produced 

with this method were < 4 nm in diameter.  A two-phase method was also utilized to 

synthesize larger copper nanoparticles by first protecting them with electrostatic capping 

groups in water and subsequently transferring them into an organic phase.  This offers 

less passivation and hence allows for more ripening of core size in the initial formation of 

copper nanoparticles.   

Silver nanoparticles were also coated with more complex ligands in order to increase 

the local concentration of these capping groups.  By tethering chromophores to the 

surface of an essentially “curved” particle, the terminal functionalities experience a larger 

radius and hence can be more densely packed than on planar metal surfaces.  Utilizing a 

one-phase synthetic route similar to simple alkylthiol-coated nanoparticle preparations, 

two examples of fluorophore-coated nanoparticles were made and studied.  These were 

efficiently excited by both one and two-photon excitation.  Despite having a high 

concentration of dyes (> 2000 dyes) on the surface of a metal nanoparticle, these particles 

exhibit a high fluorescence quantum yield, which is nearly identical to that of the free 

dyes in both cases, indicating that quenching effects are minimal.  Moreover, these 

particles exhibit a huge per-particle two-photon absorption cross section (> 105 GM), 

suggesting their potential as a supramolecular tool for concentrating chromophores 

around a particle core.  

Additionally, it was found that the nanoparticles coated with (dinitro)-

distyrylbenzene chromophores exhibit a transient absorption spectrum with a peak at 720 
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nm and a lifetime twice as long as the dye alone.  This absorption has been assigned to a 

triplet-triplet transition, as removal of oxygen results in a significantly longer lifetime.  

This result was found for both partially- and fully-dye coated nanoparticles.  The role of 

the metallic core may be that it simply anchors the dye molecules and discourages triplet-

triplet quenching, although further studies are needed, including alterations in metallic 

core size and identity to investigate this phenomenon.   

Though these results are similar for two separate chromophores, the linear optical 

properties differ.  In one case, the absorption spectrum is identical to the free-dye, which 

dominates the absorbance.  However, in the second case, it was shown that a significant 

blue-shift in the surface plasmon (from 430 to 400 nm) of the core resulted.  The total 

extinction coefficient of 2000+ chromophores is comparable to the surface plasmon 

resonance of a single nanoparticle, both in the order of 108 M-1 cm-1.  It is hoped that this 

supramolecular assembly of dyes will offer an improvement in stability over time 

compared to the free dye, as the degradation of a few dyes over time will have little effect 

on the overall quantum yield.  Future investigations will include photostability studies 

and a variation of ligands to further understand the lack of quenching in these densely 

packed particle shells.     

 These nanoparticles were chemically tailored to impart not only enhanced 

optical properties, but also capabilities for binding bioactive molecules to make new 

agents for sensing and imaging applications. Careful selection of co-ligands on individual 

nanoparticles allowed for the solubilization of hydrophobic fluorophores in aqueous 

solutions. Metal nanoparticle cores have very large extinction coefficients in the visible 
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wavelength regime, which can be exploited in absorption measurements for detection of 

biological binding events, but will also mask the absorption of attached dyes.  This would 

decrease the effective fluorescence quantum yield of the system, making sensing by 

emission less efficient.  Two-photon absorbing dyes (TPA) that absorb in the near-

infrared regime were effectively excited without significant losses from quenching due to 

the nanoparticles.  

 One can also take advantage of the intrinsic ability of TPA to image in three 

dimensions with a high degree of spatial selectivity in a wavelength range where 

biological systems are reasonably optically transparent.  The development of molecular 

systems that enable one to monitor single binding events will be crucial for probing 

biological processes, in which there is potential for less toxicity, smaller perturbations of 

cellular processes, and the possibility of ultrasensitive detection. A clear application 

involves the imaging of single nanoparticles by two-photon fluorescence spectroscopy for 

detection of single binding events. These results showed an enhancement of optical 

properties by nanoparticle-assisted concentration of fluorophores, whereby the optical 

integrity of individual ligands was maintained. 

 In addition to these concentration enhancements of supramolecular structures, 

studies were also conducted for enhancement of the fluorescence intensity of individual 

fluorophores. Recently, work in the Perry group has shown that strong enhancement of 

the two-photon absorption of organic molecules near silver nanoparticle fractal clusters 

yields composite materials with unprecedented two-photon absorption and two-photon 

excited fluorescence. This phenomenon was exploited towards the development of a fast 
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and ultrasensitive method for detection of DNA oligomers with laser-scanning two-

photon fluorescence microscopy. The interaction of light with these new assemblies was 

studied to develop proof of concept of new assays for detection of DNA.  The geometry 

of the experimental design includes a fractal surface coated with thiolated DNA and a 

spacer to allow for sterically favorable hybridization to the dye-labeled complementary 

DNA strand and to passivate the surface from non-specific binding. Preliminary data has 

shown enhanced fluorescence from the dye-labeled DNA, but the surfaces had limited 

stability. Future work will require formation of more robust fractal surfaces, potentially 

with the use of an intermediate gold layer for formation of well-defined self-assembled 

monolayers of thiolated oligomers.  Ideally, such techniques will push the detection limits 

and reduce the time taken by typical DNA microarrays by circumventing stringent 

washing procedures. 
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APPENDIX: FORMATION OF CHARGE-TRANSFER COMPLEXES ON 

SILVER NANOPARTICLES 

A.1.  Introduction 

 
The results described in Chapter 5 detailed how the curvature, or highly faceted 

crystalline surfaces, of silver nanoparticles afforded these particles the ability to pack a 

surface ligand monolayer more densely than would be possible in planar SAMS.  This 

was used to effectively “concentrate” chromophores for formation of ultrabright 

composite particles which displayed linear and nonlinear optical properties that were 

essentially the sum of those of the individual chromophores. These experiments inspired 

further investigations into the application of nanoparticles as “concentrators.” 

Charge-transfer (CT) complexes are formed from the interaction of an electron 

donating molecule (D) with an electron acceptor (A); typically, a small degree of electron 

transfer occurs upon formation of the complex and the resulting species lies somewhere 

in the spectrum between the ground-state "no-bond" components (DA) and the fully 

charge-separated complex (D+-A-). CT complexes are the subject of extensive 

investigation;292,293 examples of contemporary interest include their applications in light 

emitting diodes294 and organic photorefractive materials.295  Additionally, they are of 

great significance in biology, where the formation of CT complexes is inherent to 

processes such as photosynthesis.296 

The degree of CT complex formation in solution is strongly dependent on the 

concentrations of the donor and acceptor molecules; hence, the use of metal nanoparticles 

as tethers for attachment of thiolated donors and acceptors could significantly increase 
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the local concentration of these ligands and, potentially assist the formation of CT 

complexes by binding both donor and acceptor groups to the same nanoparticle.  For 

efficient electron transfer, the donor and acceptor groups should be separated by short 

distances in space, with the acceptor's LUMO orbital energetically and geometrically 

accessible to the donor's HOMO orbital. Typically, a new band is observed in the 

electronic spectrum upon formation of the CT complex; this band is not seen in the 

spectra of the donor and acceptor systems separately, and results from the CT transition 

between the donor and acceptor. The appearance of such a band is, therefore, diagnostic 

for the formation of a CT complex; this CT band is often of low energy, occurring in the 

visible region, and, hence, CT complexes are frequently strongly colored.297 In this 

Chapter, carbazole is employed as the donor in all cases while the identity of the acceptor 

molecule is varied.  Significant interest in carbazole containing polymers began in the 

1960’s with the discovery of photoconductivity in PVK (poly (N-vinylcarbazole).298  

Carbazole groups remain attractive because they can easily be oxidized to form relatively 

stable cations (holes), and the synthesis of substituted derivatives is straightforward.299   

 

 

351



 

Figure A.1:  Molecules used in the work described in this Chapter.  D is the thiolated carbazole 
donor molecule, where R  = C11H22 or C8H16.  The acceptors are represented as A1 and A2.  A1 is the 
same two-photon chromophore used in experiments described in Chapter 5, synthesized by S.-J. 
Chung in the Marder group.  

 
 
A.2.  Results and discussion 
 
A.2.1.  Carbazole-chromophore complexes 

 
In Chapter 5, the formation of nanoparticles fully coated with a bis-

(styryl)benzene two-photon dye bearing nitro groups was described (Figure A.1, A1).  

This dye can be considered a weak acceptor in comparison to more electron-rich groups, 

such as carbazole. These nanoparticles were functionalized with a thiolated carbazole 

molecule utilizing place-exchange. A 1,2-dichlorobenzene (DCB) solution of these dye-

coated nanoparticles was stirred with a large excess of a carbazole functionalized with 

octylthiol (Figure A.1, D, R=C8H16); unreacted carbazolethiol was removed by 

precipitation as the silver thiolate by addition of AgBF4 followed by filtration. The 

resulting nanoparticles exhibited evidence of a CT band in their absorption spectrum. 

This feature can be seen in Figure A2, where the absorbance of the CT complex at 650 

nm is very weak and only seen in a highly concentrated solution. When place-exchange 
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was repeated with less concentrated donor solution, there was no evidence of a CT band. 

Using an extinction coefficient of 3.79 x 103 M-1cm-1 for the carbazolethiol band at 333 

nm in DCB and 5.16 x 104 M-1cm-1 for the chromophore band at 452 nm in DCB, a ratio 

of 228:1 donor/acceptor was found for these particles.  Note that these experiments were 

both performed in dichlorobenzene and a solid product was never isolated due to the 

small amount produced and difficulty in isolating from dichlorobenzene.    

 

Figure A.2:  Absorption spectra revealing CT band in silver nanoparticles prepared from place 
exchange (blue solid) and from an initial mixture of donor/acceptor ligands in a 90:1 ratio (dotted 
red) in 1,2 dichlorobenzene. 

 

As an alternative for using place exchange, which intrinsically has less control 

over the final relative concentrations of ligand mixtures, this material was synthesized via 

a one-phase method in ethanol, where a precise ratio of ligands was used in the starting 

materials.  This was repeated with various ratios of donor to acceptor with different sizes 

of particles.  In the first case, a 90:1 donor/acceptor ratio was used, and in the second, a 

45:1 donor/acceptor ratio was used with a larger ratio of ligand to silver to form smaller 
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nanoparticles. Elemental analysis of both sets of nanoparticles reveals a distinct 

correlation between the feed and final ligand ratios.  The amount of chromophore is 

detected within error to be close the 1% utilized in the 90:1 ratio, and approximately 4% 

was found (versus 2.2% found for the 45:1 ratio synthesis). The CT band is evident only 

in the particles with a higher D/A ratio, as shown in Figure A.2.  Solutions containing 

both free carbazolethiol and dye with no nanoparticles present did not display a CT band 

for all concentrations used, including when the concentrations of each were the same as 

for the nanoparticle samples by absorbance. This suggests that the donor and acceptor 

molecules need to be held in close proximity on the nanoparticle surface for significant 

CT complex formation to enable detection by electronic spectroscopy. 

 
 

 
 

Figure A.3:  Absorption spectra and TEM images of CT complexes on silver nanoparticles formed 
from a 45:1 donor/acceptor ratio (dotted blue, left TEM image) and a 90:1 donor/acceptor ratio (red 
solid, right TEM image).  Both TEM scale bars are 20 nm. 

 

 Upon examining the absorption spectra in Figure A.3, it is evident that the 

absorption of the 45:1 donor/acceptor nanoparticles has the profile of the dye absorption 
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at 445 nm, the carbazole absorption at 333 and 348 nm, superimposed onto a typical 

broadened silver nanoparticle surface plasmon.  The nanoparticles with a 90:1 

donor/acceptor ratio reveal a broadened and weak absorption of the 

nanoparticle/chromophore band.  This band is more intense than that obtained for a 90:1 

carbazole/dye solution in the absence of nanoparticles, revealing that more than one 

species contributes.  In both nanoparticle products, solutions of the particles display 

fluorescence at 600 nm, identical to the fully chromophore-coated nanoparticles, 

revealing that significant quenching by and/or coupling to the co-adsorbed donor does not 

occur.  

Interestingly, the CT band was only observed for the 90:1 D/A1 nanoparticles in 

toluene solutions, and varied in strength for each solution made, regardless of absolute 

concentration; with either CH2Cl2 or 1,2-dichlorobenzene as solvent no CT band was 

seen. The spectra with the most obvious bands were observed following passing solutions 

through a 20 nm filter immediately after dissolution.  The solution color is immediately a 

tell-tale sign as to whether the CT band will be observed.  Yellow solutions were 

consistent with the observation of a CT band, while pink solutions were not.  See Figure 

A.4 for a sampling of various spectra and note the variation in the CT band strength.  The 

reason for this was assumed to lie in the size separation of the nanoparticles dissolved in 

each case. There are clearly two populations of nanoparticle sizes, as seen by the TEM 

images in Figure A.3. To investigate this, separation of large from small nanoparticles 

was performed by size-selective precipitation.  To concentrated methylene chloride 

solutions of the nanoparticles was added methanol, resulting in the precipitation of 
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nanoparticles. The suspension was then briefly centrifuged and the solid was separated 

from the supernatant at this step.  The process was repeated for the supernatant three 

more times, the precipitated solids combined and the supernatant of the final process was 

isolated.  Both precipitated solid and supernatant were analyzed separately; see Figure 

A.5 for the absorption spectra and TEM images of the fractions. The smaller fraction 

consists of 2 ± 1 nm nanoparticles, where the larger fraction consists of 7 ± 2 nm 

particles. The nanoparticles that precipitated (larger fraction) were found to form pink 

solutions in toluene, with no visible CT band. The smallest particles, present in the final 

supernatant, were yellow and revealed a CT band.  A CT band may be present for the 

larger particles, but this is overwhelmed by the core particle absorption in these cases.       

 

 
Figure A.4:  Absorption spectra of various toluene solutions of the 90:1 donor/acceptor CT silver 
nanoparticles, revealing the variability of the CT band strength.  
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Figure A.5:  Absorption spectra and TEM images of 90:1 donor/acceptor coated silver nanoparticles. 
after size separation  The red spectrum is for the larger particles (bottom TEM image, average d = 
7±2 nm), the blue dotted spectrum is for the smaller particles (top TEM image, average d= 2±1 nm).  

 
 
A.2.2. Carbazole-viologen complexes 

 
These data show that a ground-state CT complex is formed between a weakly 

coupled donor-acceptor pair by tethering the molecules to a nanoparticle core.  The exact 

role of the metallic nanoparticle is not clear at this moment.  Nanoparticles fully-coated 

with monolayers of either D or A1 separately do not reveal these new features in the 

absorbance spectra when present with either A1 or D in solution, and mixtures of fully D-

coated with fully A1-coated nanoparticles in solution do not reveal such features either.  

Clearly, binding of both D and A1 to the same nanoparticle is a crucial aspect in these 

composites and the description of the CT complex as undergoing an “enhancement” by 

binding to the nanoparticle is a loose term, as there is no direct, quantitative comparison; 
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any CT complex between D and A1 is too weak to detect in solution in the absence of the 

nanoparticle. Another example of CT complex was neccessary for further investigation of 

this phenomenon.  In this case, a strong CT complex that forms readily in solution 

without the donor and acceptor bound directly to a nanoparticle was desirable.  For this 

reason, a viologen-carbazole complex was chosen.   

 Viologen (4,4-bipyridyl dication) is the most common example of a compound 

that undergoes a Weitz-type redox reaction, whereby the vinylene groups are 

incorporated into the ring.  The oxidized form is aromatic and the reduced form is 

considered a more quinoidal structure, which shows very high stability in most cases.300 

Viologen and carbazole are known to form a strong CT complex; the complex of ethyl 

carbazole and methylviologen dichloride formed in methanol is shown in Figure A.6, 

with a maximum CT absorbance at 450 nm.   

 
 

 
 

Figure A.6:  Absorption spectra of CT complexes formed from the ethyl carbazole donor (blue dash-
dot, D) and methyl viologen dichloride acceptor (red solid, A).  The resultant CT complex reveals an 
absorption maximum at 450 nm (green dotted).   
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Viologen (functionalized with either a thiol or a disulfide and associated with 

counterions such as bromide and iodide) has been demonstrated to form stable self-

assembled monolayers (SAMS) on gold and silver.301,302   Few examples exist of discrete, 

solubilized nanoparticles coated with redox-active groups.  Murray and co-workers 

employed amine-terminated viologen moieties to couple with carboxylic-acid terminated 

layers on small gold nanoparticles (d <2 nm).  The voltammetry in water shows that 

cluster-bound viologens exhibit smaller currents due to the smaller diffusion coefficient 

and the [viologen]2+/1+ couple was seen, but the [viologen]1+/0 couple was not.95  In order 

to prepare silver nanoparticles with viologen moieties, a one-phase synthesis could not be 

employed because it necessitates exposure of the viologen to NaBH4, which will reduce 

the viologen dication (although it may be possible to re-oxidize this once attached to the 

particle).  As an alternative, place-exchange reactions were used.  Two nanoparticle 

precursors were employed; standard alkythiol-capped particles could not be used in these 

syntheses as the particles needed to be soluble in polar solvents such as water in which 

the viologen thiol would dissolve. The first synthesis utilized place-exchange of 

viologenthiol onto citrate-capped silver colloids prepared in water, as discussed in 

Chapter 6.  Place-exchange of viologenthiol onto 11-mercaptoundecanoic acid-capped 

silver nanoparticles was also employed.   

The products of both preparations show evidence of viologen by NMR, IR 

(Figure A.7), and electrochemistry. No unbound viologen is found by NMR; the peaks 

observed being broadened compared to the free species in solution. The IR bands at 1639 

cm-1 and 1328 cm-1 are strong signatures of the viologen moeity.  Figure A.7 also shows 
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the absorption spectrum of the viologenthiol-coated nanoparticles.  The acid-coated 

nanoparticles showed evidence of a nanoparticle plasmon absorption at 360 nm, which is 

blue-shifted by 60 nm from the original nanoparticle solution in water. These particles 

were also more soluble in water than the original particles, allowing for a larger sampling 

of particle size by TEM, as shown in Figure A.9. Although the size of the particles 

initially coated with citrate (ca. 20 nm) were not significantly altered (as can be seen 

from this small sampling), the acid-capped nanoparticles were significantly ripened to a 

size of 9±1 nm from 4 nm as shown in Chapter 3, Figure 3.15.    

 

 
 
Figure A.7:  FTIR (left) and absorption spectra (right) of viologenthiol-coated silver nanoparticles 
formed from citrate-stabilized colloids (red) and viologenthiol-coated nanoparticles formed by place 
exchange onto 11-mercaptoundecanoic acid-coated silver nanoparticles. 
 
 The electrochemical behavior of the nanoparticles made by each synthesis was 

investigated in methanol.  Both the free and nanoparticle bound viologen moieties show 

both reversible reductions of the viologen dication in a CV experiment (Figure A.8).  The 

particles formed from citrate-capped colloids show very similar electrochemistry, 

whereas the 11-mercaptoundecanoic acid-capped nanoparticles show redox waves that 
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are significantly broadened, and the [viologen]+1/0 couple occurs at more negative 

potential than for the free ligand. The electrochemical response of the nanoparticles is 

expected to show smaller current flow for both nanoparticles samples due to slower 

diffusion compared to the free ligand, but this is unaltered for the citrate nanoparticles; 

some alteration of the redox potentials may also be expected. By evaluating the evidence, 

it appears that the viologen place-exchange onto citrate-capped colloids may be 

inefficiently adsorbed, resulting in potential for surface desorption and hence what is 

observed here is the free ligand.        

 
Figure A.8:  Cyclic voltammetry of viologenthiol (red), viologenthiol-coated silver nanoparticles 
formed from citrate-stabilized colloids (blue dash-dot), and viologenthiol-coated nanoparticles 
formed by place exchange onto 11-mercaptoundecanoic acid-coated silver nanoparticles (green dot). 
All solutions are in MeOH / 0.1 M nBu4NPF6 and values are referenced to ferrocene at 0 V. 
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Figure A.9:  TEM images of viologenthiol-capped nanoparticles. Viologenthiol-coated silver 
nanoparticles formed from citrate-stabilized colloids (left); viologenthiol-coated nanoparticles 
formed by place exchange onto 11-mercaptoundecanoic acid-coated silver nanoparticles (right). 
(scale bar = 20 nm). 

 
With evidence that stable viologenthiol particles could be prepared, the synthesis 

of particles containing both donor and acceptor moieties was then attempted.  In the first 

synthesis, a one-phase method was used for by reduction of silver in the presence of 

viologenthiol and carbazolethiol in a 3:1 ratio in water.  The product shows evidence of 

both species by IR and possibly by NMR (among with other unidentifiable peaks) but not 

by electrochemistry.  These particles are unstable and large aggregates were visible by 

TEM, as shown in Figure A.10, top.  Attempts to oxidize the possibly reduced viologen 

moieties by adding 0.5 mL of 1M HCl did not alter the product. For this reason, place 

exchange was used in future experiments to avoid exposure of viologen to NaBH4. 
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Figure A.10:  Viologenthiol and carbazolethiol-coated silver nanoparticles prepared via reduction of 
silver salt in the presence of both ligands (top) or by place-exchange of pre-formed CT complex 
ligands onto dodecylthiol-coated silver nanoparticles suspended in methanol (bottom).  Bottom left is 
the dichloromethane portion that was tested after 4 hours, bottom right is the final product in 
methanol after 1 day.  All scale bars are 20 nm and the bottom right scale bar is valid for both 
images.   

 
A 1:1 mixture of carbazolethiol and viologenthiol in methanol was found to form 

a CT complex, as indicated by the development of yellow color in solution and an 

absorption spectrum similar to that shown in Figure A.6. This pre-formed CT complex 

was added to dodecylthiol-coated nanoparticles that were suspended in ethanol by 

sonication.  This solution was stirred for 1 day.  To monitor the progress, a portion was 

removed and tested for solubility approximately 4 hours after the reaction began.  All 

solubility of the nanoparticles was lost in hexane and only limited solubility was seen in 
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dichloromethane, suggesting a significant replacement of alkyl ligands.  After 1 day, 

solubility was displayed only in methanol. Figure A.10 shows the TEM images of the 

product nanoparticles. The picture on the left was from a solution deposited from 

dichloromethane, the picture on the right from methanol.  Size-ripening is evident after 

extended reaction times. 

Evidence of both carbazole and viologen are seen by IR spectroscopy; the IR 

spectra are shown in Figure A.11.  The signature bands for the viologen moeity are seen 

at 1639 cm-1 and 1328 cm-1; the band at 1600 cm-1 is a characteristic aromatic stretch of 

carbazole. Electrochemical studies were conducted for both products.  The nanoparticles 

in which the ligands were exposed to NaBH4 display no electrochemical response by CV 

(not shown), but those formed by place-exchange showed the redox events expected for 

both viologen and carbazole, as shown in Figure A.11. These results also display the 

ability to tune ligand solubility.  Free carbazole is only soluble in polar and apolar 

solvents.  However, by tethering this functionality to a silver nanoparticle also 

functionalized by viologen, carbazole was solubilized in aqueous solutions.   
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Figure A.11:  FTIR spectra and cyclic voltammetry of CT complexes on nanoparticles prepared by 
place exchange (red solid line) and reduction of silver salt in the presence of ligands (blue dotted 
line). Evidence for both ligands is seen.  Viologen- (aromatic) 1639 cm-1 and (amine) 1328 cm-1, 
Carbazole- (aromatic) 1600 cm-1. Electrochemistry of CT complex on silver nanoparticles (left).  
Viologen reductions [V]2+/1+ -0.85 V, [V]1+/0 -1.31 V and carbazole oxidation at -0.08 V. 

 
 The preceding characterization has shown that the nanoparticles coated with a 

mixture of both donor and acceptor molecules have been made by two separate methods.  

Although both syntheses gave isolable nanoparticles, as evidenced by TEM, the place-

exchanged method produced superior particles whilst retaining ligand integrity, as shown 

by TEM and electrochemistry.  Clear redox events are evident for the nanoparticles 

formed by place-exchange, and the formation of a CT complex might thus be expected to 

occur.  Absorption spectroscopy studies for these particles were expected to reveal a very 

strong band centered around ca. 450 nm and a surface plasmon resonance for the 

nanoparticle cores below 400 nm, as was seen for viologen-coated silver nanoparticles.   

Unfortunately, as seen in Figure A.12, the expected CT band was not observed.  

The nanoparticles reveal carbazole absorption at 333 nm and 348 nm which is 

significantly more intense than the other transitions. This may be a result of torsion 

induced by the tight packing on the nanoparticle surfaces resulting in an unfavorable 
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geometry for the formation of at CT complex between carbazole and viologen, although 

it was hoped that tethering the molecules to dodecylthiol chains would allow for 

significant freedom.  Also shown in Figure A.12 is the absorption spectrum of the 

nanoparticles formed by reduction.  Only the 348 nm absorption of the carbazole moiety 

is seen, along with absorption from the nanoparticle core; comparison of the intensity of 

the carbazole absorption to that of the plasmon reveals that although enhancement of the 

CT complex can not be ruled out, although the combination of overlapping surface 

plasmon and CT complex is expected to be significantly higher than the carbazole 

absorption if significant enhancement had occurred.   

 
Figure A.12:  Absorption spectra of silver nanoparticles with carbazolethiol and viologenthiol ligands 
in  water, formed by both place exchange (blue dotted) and reduction (red solid) methods.  

 
 
A.3. Conclusions 

 
In the first example of CT complexes on silver nanoparticles, a fluorophore with 

dinitro substitution onto bis(styryl)benzene behaved as an acceptor.  Carbazole was 

366



introduced as a donor in these nanoparticle shells.  The resulting particles revealed a red-

shifted absorption band, typical of CT complexes.  These were evident in particles 

formed by both the place-exchange and one-pot syntheses.  The weak complex was only 

seen when a significant excess of the acceptor was present in the nanoparticle shells.  

This is not an artifact of differential reactivity, as elemental analysis reveals that the 

monolayers do have the same stoichiometric ratio as was used in the initial syntheses.  

The complex does not exist without tethering it to a metallic core.  Because it is not 

present otherwise, this can be correctly referred to as an enhancement, although the 

precise degree of enhancement can not be determined. 

The size of the nanoparticle cores was significant in detection of the CT 

complexes.  Upon separation of the two size populations, only the smaller particles 

showed evidence of a CT band, and there are two potential reasons for this.  First, it may 

be a simple case of the width of the plasmon absorption.  The larger particles have a more 

pronounced absorbance spectrum that has a tail extending well out to 600 nm that will 

likely mask the weak CT band.  Another possibility is that the degree of curvature in the 

smaller particles allows for a larger radius as one extends outward to the terminal groups 

of the ligand.  Thus, smaller particles allow for further flexibility of the terminal 

functional groups for sampling of various geometries to form a stable complex.  Larger 

particles have more planar surfaces, which can accommodate fewer ligands into a tighter 

packing due to the lack of curvature for more freedom of ligands.   An important note is 

that at no time was such a complex observed, regardless of concentration, without the 

nanoparticle core.  Additionally, when solutions were made of monofunctionalized D-
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coated nanoparticles and A1-coated particles in various ratios, no evidence of a CT 

complex was seen.  This supports that the enhanced coupling was induced by binding of 

both ligands to the same nanoparticle core.   

To address these questions further, silver nanoparticles coated with a ground-state 

CT complex that is evident in solution was utilized.  These consisted of a carbazole donor 

again and a viologen acceptor.  The formation of viologenthiol-coated nanoparticles was 

first demonstrated and stable, water-soluble particles were prepared with clear redox 

events for both the [V]+2/+1 and [V]+1/0 reductions.  Place-exchange reactions were used in 

both of the nanoparticle preparations.  Unsuccessful attempts for formation of 

viologenthiol-coated nanoparticles via a one-pot reduction were made and no evidence of 

viologen was obtained. It is likely that the viologen molecules underwent reduction as 

well, and addition of acid did not result in improvements in the integrity of the structures.  

Carbazole-capped silver nanoparticles were previously demonstrated in Chapter 3.   

The CT complex-coated nanoparticles were then prepared by two methods. The 

first was a one-pot synthesis, where simultaneous reduction of a metal salt and 

passivation with thiol groups was conducted.  The second involved initial formation of 

dodecylthiol-coated silver nanoparticles, followed by addition of an excess of a 1:1 

viologen/carbazole complex, both functionalized with 12-atom alkylthiol linkers.  The 

complex effectively replaced the dodecylthiol ligands, as evidenced by alterations in 

solubility. Utilizing FTIR, evidence of both donor and acceptor groups were identified in 

the ligand shells for both preparations.  However, electrochemistry measurements 

revealed clear redox events only for those that did not expose the ligands to reducing 
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agent, NaBH4.  Although such particles were successfully made, no complexation was 

evidenced by optical spectroscopy.  Potentially, with a decrease in the degree of freedom 

available in solution, preferred orientations are not possible in these complexes.  The role 

of the metallic core is not fully clear in these composite structures, however it appears to 

be crucial in the case of D-A1 complexes.  Future work with various core sizes and 

donor/acceptor concentrations will be needed for elucidation of the CT complexes and 

the role of the metal nanoparticle.  CT complexes are important for a variety of 

applications and enhancement of weak complexes may allow for more flexibility in 

choices of donor and acceptor molecules in the future.  
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