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SUMMARY 
 
 

This thesis focuses on creating water-soluble fluorescent metallic clusters at 

sizes comparable to the Fermi wavelength of an electron (~0.5 nm for gold and silver) 

and investigating their photophysical properties at the bulk and single molecule levels.  

We employed biocompatible dendrimer and peptide to prepare a series of 

strong fluorescent gold and silver clusters with chemical or photo reduction methods. 

Facilitated by the well-defined dendrimer size, electrospray ionization mass 

spectrometry indicates that the fluorescent silver nanocluster size ranges from 2 to 8 

Ag atoms. This method also enabled the direct assignment of the 385nm (Au5), 

455nm (Au8), 510 nm (Au13), 760 nm(Au23), and 870 nm(Au31) emitting gold species 

encapsulated within the PAMAM dendrimer scaffold (“Au nanodots”).  

The correlation of emission energy with the number of atoms, N, in each gold 

nanocluster is quantitatively fit for the smallest nanoclusters with no adjustable 

parameters by the simple scaling relation of EFermi/N1/3, in which EFermi is the Fermi 

energy of bulk gold. Identical to that for gas phase alkali metal nanocluster electronic 

absorptions, the transition energy scaling inversely with cluster radius indicates that 

electronic structure can be well described with the spherical jellium model and further 

demonstrates that  these nanomaterials are “multi-electron artificial atoms”. 

Fluorescence from these small metal clusters can be considered protoplasmonic, 

molecular transitions of the free conduction electrons before the onset of collective 

dipole oscillations occurring when a continuous density of states is reached.  In 

   xiii



addition, very strong single molecular Stokes and Antistokes Raman enhancement by 

fluorescent silver clusters was observed.  

Pushing to larger sizes, we also created ~ 2nm diameter glutathione 

encapsulated luminescent gold nanoparticles. Distinct from similarly sized but 

nonluminescent gold nanoparticles, these 2 nm gold nanoparticles show bright, long 

lifetime emission but no plasmon absorption. The emission might arise from charge 

transfer between gold atoms and the thiol ligand.   

Providing the “missing link” between atomic and nanoparticle behavior in 

noble metals, these highly fluorescent, water-soluble gold and silver nanoclusters 

offer complementary transition energy size scalings at smaller dimensions than do 

semiconductor quantum dots. The unique discrete excitation and emission and strong 

Stokes and antistokes Raman enhancement coupled with facile creation in aqueous 

solution open new opportunities for noble metal nanoclusters as biological labels, 

energy transfer pairs, and other light emitters in nanoscale electronics.  
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CHAPTER 1 
 

 
Introduction 

 
1.1 Motivation

Noble metals exhibit a particularly wide range of material behavior along the 

atomic to bulk transition.1,2 While high conductivity and beautiful surface luster are 

generally accepted as the characteristics of bulk noble metals, the beauty of metals  

on the nano scale is far more than imagined1-4. Motivated by the complete 

understanding and manipulation of size-dependent properties, researchers have 

intensively investigated noble metals in different size domains for many decades. 1  

Among these investigations, the study of few-atom metal clusters has attracted great 

interest because they bridge the evolution of properties from isolated atoms to 

nanoparticles and even to the bulk. 5-10 

According to the number of metal atoms, nanoscale metals are roughly 

classified into three size domains: large nanoparticles, small nanoparticles and 

clusters, corresponding to three different characteristic length scales respectively. 1,11 

The first characteristic length scale encountered in shrinking from bulk to 

nanoparticles is the wavelength of light. Optical responses of large metal 

nanoparticles (R≈λ) to external electromagnetic fields are simply dependent on their 

sizes, free electron density and therefore their dielectric function relative to that of the 

surrounding medium. This size-dependent effect is  extrinsic because optical 
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properties such as dielectric functions ( i.e. refractive indexes) of the nanoparticles are 

similar to those of bulk metals1. These optical properties can be quantitatively 

described with Mie theory proposed in 1908 for small metallic spheres1. Applying 

Maxwell’s equations with appropriate boundary conditions in spherical coordinates, 

Mie found that optical absorption, light scattering and extinction of a metal sphere 

depend on its volume and bulk dielectric functions.1,2 When particle size approaches 

the second characteristic length, electron mean free path (the average distance an 

electron travels between two adjacent collisions, and ~50 nm for gold and silver),11 

the dielectric function and refractive indices become size dependent. As a result, the 

optical responses such as plasmon absorptions of small metal nanoparticles (R<<λ) 

have different size-dependences compared with large nanoparticles. This is an 

intrinsic or quantum size effect,1,11 but Mie theory still can be extended into this 

quasi-static regime. Eventually, when particle size becomes comparable to the third 

characteristic length- Fermi wavelength of an electron (i.e. de Broglie’s wavelength 

of an electron at the Fermi energy, or ~0.5 nm for gold and silver),2,12,13 optical, 

electronic and chemical properties of metal clusters are dramatically different from 

the other two size regimes. In this smallest size regime, metal clusters become 

“molecular species”,14-16 and discrete states with strong florescence can be 

observed.6,9,10,17-22  It is these molecule-like properties of such few atom metal 

clusters that is the primary topic of this thesis.  

In this thesis, I attempted to to answer fundamental questions regarding these 

molecular clusters by creating a series of fluorescent gold and silver clusters and 

   2



investigating their photophysical properties at the bulk and the single molecule level.  

Providing the “missing link” between atomic and nanoparticle behavior in noble 

metals, these highly fluorescent noble metal nanoclusters smoothly link the optical 

and electronic structure transitions from atoms to nanoparticles with observable free 

electron behavior and also offer new opportunities for creating new biological labels, 

energy transfer pairs, and other light emitting sources in nanoscale electronics.  

1.2 Free electron model  

In 1900, Drude successfully applied the kinetic theory of gases to explain the 

electrical and thermal conduction of metals with three assumptions to account for 

electron densities and interactions of metals being much greater than those of 

classical gases.1,11  These assumptions are: (1) The interactions of a given electron 

with others and with ions are neglected between collisions.  (2) Electron-electron 

scattering is neglected. (3) Electrons experience a collision probability per unit time 

of 1/τ, where τ is the interval between two adjacent collisions. In the Drude model, 

the valence electrons of metals were considered free electrons due to strong electron 

screening effects. These free electrons are delocalized in the bulk metals and do not 

belong to any specific metal atoms.  As a result, free electrons move in the constant 

potential field provided by the positively charged cores. The total Hamiltonian of a 

metal can be written as the sum of “non-interacting” Hamiltonians of free electrons, 

which is also called the “one particle” approximation. Although the free electron 

model was originally proposed based on the kinetic theory of molecular gases, the 
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dramatic difference between these two systems is that the energy levels are not 

quantized in a molecular gas while they are quantized in metals due to the Pauli 

exclusion principle.11,23 As a result, the energy of an electron system is enormously 

larger than that of a molecular gas system. 

Based on the one-particle approximation, the effective Hamiltonian for an 

electron can be considered as a free electron moving in a constant potential field.11,23 

Consequently, a simple particle in a box model is used to describe the behaviors of 

the free electrons in metals. The energy levels of metals can be simply written as                            

   based on the one particle in a box model, where n is the principle 

quantum number, E is the energy of a quantized level, L is the size of a metal, m is 

electron mass, h is Planck’s constant. The boundary conditions for this box are the 

lengths of metals. However, since the metals have periodic crystal structures in the 

bulk states, boundary conditions in the bulk metals can be of any length as long as 

properties of metals are size-independent. Only on the nano scale, is the box size 

dependent on the particle size. This simple model sheds light on how the free 

electrons pile up in the metals. In a given metal, since each energy state could have 

different degeneracy,  the number of the free electrons will be piled up at the rate of  

as many electrons per level as permitted by its degeneracy until all the electrons are 

exhausted.11,23 For example, while only 2 electrons are allowed in the lowest energy 

state, 6 electrons are allowed in the second lowest energy level because of  

degeneracy increasing. The topmost filled level corresponds to the highest electron 

2

22

2mL
hnE =
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energy of a given metal, called the Fermi energy Ef, which is independent of the 

metal size. Quantized energy states and large Fermi energies are characteristic of an 

electron gas, thereby making them distinct from the more familiar molecular gas.  

1.3 Metallic optical responses at different size scales

The optical response of free-electron metals in the bulk state is well described 

by Drude-Lorentz-Sommerfeld / free electron model.1,11  Based on this model, the 

macroscopic optical response of metals follows by summing the single electron 

response over the total number of the free electrons. Thus, according to this model, all 

the free electrons in a metal react in phase with the electrical field.1,11 In reality, due 

to the large electron density and delocalization, all the free electrons indeed 

coherently oscillate under a time dependent electrical field, which gives the well-

known bulk plasmon absorption. The frequency of bulk plasmon can be written as1,11  

                                                                                         [1] 2/1

0

2

)(ω =
4

e
p m

ne
ε
π

where ε0 is the dielectric constant of vacuum, me is the effective electron mass, and n 

is the electron density of the bulk metal. The dielectric “constant” of a metal is a 

function of the frequency of the external electrical field.  Its real  and imaginary parts, 

respectively, can be written as1,11  

                                                           [2]                                                                    [3] Γ−≈1ε p
3

2

ω

ω
i2

2

1ε p−≈
ω
ω

R
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in which ωp is the Drude plasma frequency and the relaxation time constant Γ (Γ = 

1/τ, τ is relaxation time) is related to the electron mean free path l by  Γ=νf /l, where 

νf is the average speed of an electron at the Fermi energy.  When  ω  is larger than ωp, 

the metal becomes transparent and radiation can propagate without absorption.  

When metal nanoparticle size is comparable to the light wavelength, plasmon 

absorption becomes size-dependent although the metallic dielectric functions remain 

nearly equal to those of the bulk. The free electrons in the large nanoparticles have 

different oscillation modes toward the time-dependent electrical field of the light.  

The optical response of the metal nanoparticles is the summation of all the different 

plasmon frequencies resulting from dipole and higher order oscillation modes,1   

)
11

(1

m

p

L
L ε

ω
ω

+
+

= [4]                                         

 

in which ωp is the volume plasmon frequency of a bulk metal. L is the oscillation 

mode, L is equal to one for dipole oscillation, and two for quadrapole oscillation.  εm 

is  the dielectric constant of an embedding material. When the diameters of metal 

nanoparticles are larger than their mean free paths, not only dipole oscillation but also 

the higher-order multipole oscillations are allowed. The plasmon positions of metal 

nanoparticles can be calculated with Mie theory. Assuming that εm is 1 in vacuum, for 

a spherical metal nanoparticle, its surface plasmon frequency is 3/pω  because L is 
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equal to 1. Qualitatively, the larger the metal nanoparticle is, the lower its surface 

plasmon absorption frequency. Conduction electrons in a spherical nanoparticle act 

like an oscillator system, whereas in bulk metals they behave like a relaxator system 

to dissipate energy.1  The displacement of negative charges due to an electric field 

gives rise to polarization charges at the nanoparticle surface and hence to  a linear 

restoring force between electrons and positive charges. 1   

When metal nanoparticle sizes become much smaller than the electron mean 

free path, a monotonic absorption transition with size is observed because  absorption 

is  mainly due to dipole oscillation mode while higher order oscillations contribute 

much less to the overall oscillation strength.24  Both the absorption frequency and the 

absorption linewidth have simple size-dependences. For silver nanoparticles (with 

diameter 2 nm <D<10 nm) embedded in an argon matrix,  absorption linewidths Γ 

and frequency hωs are quantitatively related to silver particle diameter D.24 With 

decreasing silver particle size, the bandwidth increases and the plasmon position is 

blue shifted, as described by the empirical relations : 

[5]                                                                [6] 

1.4 Electronic structure of noble metals

Although optical responses of metals and metal nanoparticles are strongly 

size-dependent, metallic band structure is only weakly size-dependent. Bulk metals 

have continuous band structures and the conduction bands are occupied with free 

nmD
eV

/
59.004.0/ +≈Γ

nmD
eVh s 3/ =ω

/
58.021. +
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electrons. Such band structure is also observed from metal nanoparticles larger than 2 

nm, in which the density of states  is large enough and energy level spacings between 

adjacent quantum states are much smaller than thermal energy.24 Thus, these 

delocalized free electrons coherently oscillate and give the well-known surface 

plasmon absorption. Differences in size-dependent optical response mainly arise from 

the change in the number of free electrons.   

When metal nanoparticle size approaches the Fermi wavelength, the 

continuous band structures of metals break up into discrete energy levels.  In 1964, 

Kubo produced quantitative predications on the electronic structure of very small 

metal clusters based on the recognition that quasi-continuous electron energy states of 

bulk metals become discrete on the few- atom scale.25  The energy level spacing 

between adjacent levels for an N-atom particle is on the order of Ef/N, where Ef is the 

Fermi energy of the bulk metal. The relative difference between the energy level 

spacing and thermal energy has become a criterion to distinguish metallic conduction 

from insulation.26 If the energy level spacings are smaller than thermal energy, 

thermal energy can create mobile electron-hole pairs in the metals. As a result, 

current can flow through the metal.26 However, if the energy level spacings are much 

larger than the available thermal energy, the free electrons in the metal clusters are 

confined to discrete energy levels. Thus, the metal clusters are often considered to be 

nonmetallic. Although Kubo et al. predicted some properties of metal cluster 

electronic structure; the quantitative correlation of electronic structures with the 

number of atoms in metal clusters was not discovered until 1984.27 
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1.5 Optical response of alkali metal clusters and Jellium model 

Knight and co-workers observed a periodic pattern of intense peaks in the 

mass spectra of alkali metal clusters NaN, indicating that Na clusters with 

N=2,8,18,20,40,58 have greater stability than do others.27  This magic pattern in 

stability can be rationalized with a simple quantum mechanical model called the 

jellium model, which originates from nuclear physics.24,27-29 Due to a strong electron 

screening effect, valence electrons of noble metal atoms are considered free electrons 

after neglecting electron-electron and electron-ion interactions. In this model, a metal 

cluster is modeled by uniform, positively charged spheres with electronic shells filled 

with free electrons. These free electrons are provided by the valence electrons of 

alkali atoms, and they delocalize and form spherical electron shells surrounding the 

positively charged core. Distinct from electronic structure of single atoms, cluster 

electron density is independent of the number of free electrons in the metal clusters. 

However, analogous to single atoms, free electrons in metal clusters are also 

delocalized for electronic shells surrounding the atoms and subject to the Pauli 

Exclusion Principle. The quantized shells can be described by a simple 3D harmonic 

oscillator.24,27-29 Due to the nature of the cluster spherical potential, the solutions of 

the Schrödinger equation are very similar to those of single atoms. Similarly, these 

free electrons form quantal shells surrounding the positively charged cores. Although 

jellium orbitals are labeled in the similar way as are with atomic orbitals, the principle 

quantum number n of Jellium orbitals is different to that natom of atomic orbitials and 

has such relation, n= natom-l , where l is the angular momentum quantum number. 24 In 
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addition, it should be noted that angular momentum is not restricted by the principal 

quantum number n. As a result,  1s, 1p, 1d, 2s, 1f, 2p, … are observed in the 

electronic structure of  alkali clusters because of potential surface differences between 

clusters and atoms. For example, an electron in hydrogen atom is in a ⎯ r-1 potential, 

while an electron in a metal cluster is in the spherical harmonic oscillator r2 potential.  

As a result, for a given shell n, 24 the magic numbers for the r-1 potential are following 

the equation 7 

 

                             )1)(
2
1(

3
2

0 ++= nnnN                                        [7] 

and 4,10, 18…, corresponding to 1s, 2s, 2p, 3s, 3p, 3d…. electronic shells. while the 

magic numbers for the harmonic oscillator are following the equation 8 and are 

2,8,18,20…, corresponding to 1s, 1p, 1d, 2s,…. electronic shells.: 

 
 

                                          )3)(2)(1(
3
1

0 +++= nnnN                               [8] 

 

The harmonic energy level spacing ω0 in a spherical harmonic oscillator potential is 

dependent on the Wigner-Seitz radius rs and the number N of free electrons in the 

clusters as shown in equation 9 2 
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Fundamentally, the jellium model is the Drude free electron model and 

contains the same assumptions. The magic sizes observed in the alkali clusters are 

due to the complete filling of the different energy shells. For example, in Na8 cluster, 

each Na atom donates one valence electron, and these free electrons are delocalized to 

form electronic shells surrounding the positively charged core composed of Na atoms. 

Eight free electrons completely fill the 1s and 1p energy states forming a complete 

valence shell, thereby making Na8 very stable. The next stable size is Na18, resulting 

from filled 1d energy state. Due to the similarity in electronic structure between metal 

clusters and single atoms, these metal clusters can also be called “multielectron” 

artificial atoms.24,27-29 

  Since the number of the free electrons are piled up in the metal clusters with 

constant electron density, Fermi energies of “free electron” metals only depend on the 

electron density ρ0  or the Wigner-Seitz radius (rs) of the metals as shown in equation 

10  

                                                                                                                                                                                                  [10] 
2

2
3
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By combining equations 9 and 10, a very simple relation of frequency and 

Fermi energy can be derived (Equation 11).24,27-29 

 

RrENE sff /)( 3
1

0 =≅
−

ωh [11]                      

   11



This simple equation gives a quantitative explanation of how the electronic 

structures of alkali clusters changes with the number of free electrons. Energies of 

ground states as well as those of different excited states can be predicated with this 

equation.  

 Electronic shell structure was observed not only in the alkali metal clusters, 

but also in other metals. For example, Rademann and coworkers found that the 

ionization energies of Hgn clusters increase with decreasing size, and roughly follow 

1/R law.30 The Knight group also discovered that the ionization potential of 

potassium  clusters KN ( N <100)  has 1/R size-dependence.31  Skala et al. also 

observed this 1/R dependence in the binding energies of Li clusters.32  Many gas 

phase optical studies of alkali metal clusters have yielded the further important 

insights into alkali metal nanocluster structure. For example, Haberland et al. studied 

optical spectra for Na+
n clusters with 3≤ n ≤64 at 105 K. For small cluster size (n=3-9), 

single and well separated electronic transitions were clearly observed.33 When the 

cluster size increases (n=10-15), the number of electronic transition lines increase and 

electronic transitions start to overlap.  An additional and broad absorption started to 

show on the high energy side of the absorption spectra in the larger Na clusters.33 

This high energy absorption is the volume plasmon absorption of Na clusters rather 

than the often invoked interband transition (see below). This important set of studies 

clearly indicated strong size-dependent transitions from single electron resonance to 

collective plasmon oscillation in few atom Na clusters.  
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1.6 Optical response from noble metal clusters                                                                 

1.6.1 Absorption and emission of silver clusters 

The transition in optical absorption of the atomic to cluster to bulk silver was 

investigated by Kreibig in 1974.34 Similar to alkali clusters, discrete electronic 

transitions instead of a collective plasmon were observed from these very small silver 

metal clusters at low temperature. In 1978, Ozin and Huber used  cryophotoclustering 

technique to prepare a series of  small silver clusters Agn (where n<6) within Ar 

matrices at 20 K and attempted to bridge the molecular metal cluster-bulk metal 

microcrystalline interface by investigating the correlation of absorption with cluster 

size.5  Single silver atoms show strong optical absorption at 3.8 eV, and with 

increasing size, more discrete absorption bands between 3.1 and 4.1 eV were 

observed from few atom silver clusters at low temperature.5 When the silver cluster 

size, N, is larger than 40, these discrete absorption bands vanish and plasmon 

absorption becomes the dominant optical transition.34 As a result, Ag40 is the lower 

limit for optical behavior corresponding to silver nanoparticles.34 Later, with 

assistance of “soft landing” mass spectrometry, Harbich and coworkers were able to 

prepare size selected silver dimers and trimers in solid Kr matrices, and investigated 

their absorptions and fluorescence.22,35-37 A silver dimer gives rise to excitation bands 

centered at 271, 281, 390 and 407 nm and strong emissions at 288 and 479 nm. Ag3 

clearly shows absorptions at 331, 364, 402, 421, 458, and 514 nm and had discrete 

emissions at 374, 616 and 705 nm. Distinct from the plasmon of large silver 

nanoparticles, discrete electron transitions clearly indicates that these few atoms 
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exhibit molecular behaviors.22,35-37 Further studies on silver clusters showed that 

silver tetramer gave the emission at 458 nm38, while Ag8 gave emission at 394 nm as 

reported by Rabin et al.19  In 1998, Chen and coworkers used zeolites to prepare 

fluorescent silver clusters at room temperature.6  Complementary to the studies on 

isolated silver clusters, our group discovered that these same fluorescent silver 

clusters can be produced by photoreducing silver oxide films. The multicolored 

emission from silver clusters are  easily observed at the single molecule level even 

under very weak mercury lamp excitation, thus offering a unique opportunity to apply 

these fluorescent silver clusters as biological labels or active materials in  

optoelectronics.7,39,40 Emission observed from these few atom silver clusters is due to 

discrete electronic transitions likely confined by cage effect. Solid Kr matrices,22,35-37 

zeolites,6 or silver oxides7,39,40 increase cross section of irradiative decay and prevent 

dissociation of silver clusters, even though the excitation energies are comparable to 

the photodissociation energies of naked silver clusters. Atom and dimer loss are a 

general phenomenon for photodissociation of s-electron naked metal clusters.28  For 

example,  Ag9
+ under 308 nm irradiation fragments into equal proportions of Ag7

+ 

and Ag8
+.42  Hild and coworkers 43found that after excitation by photons with energies 

1.5~4 eV,  silver clusters decay by emission of neutral atoms or dimers with lifetimes 

in the range 100 µs to 15 ms. Photodissociation energies are also size-dependent. For 

example, Kruckeberg and coworkers discovered that dissociation energies of AgN 

( N=2-25) are in the range of 1 to 3 eV, and are strongly influenced by the electronic 

close shell and odd-even effects.44-46 While either solid gas or inorganic matrices can 
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protect silver clusters from photodissociation, the large excited state charge 

separation is also a possible process in the photophysics of few atom silver clusters.  

1.6.2 Absorption and emission of gold clusters

Marcus and Schwentner first observed that gold dimers yield 450, 545 and 

580 nm emission in 1987.47  Harbich et al.  also  used a similar method to prepare Au2, 

and Au3 embedded in argon matrices and studied their optical response at low 

temperature.21,35,48 Gold dimer shows absorptions at 209, 246, 305 and 357 nm and 

emissions at 285, 325, 742 and 757 nm. Absorptions centered at 231,258,285,302 457 

and 511 nm and emission centered at 529, 579 and 809 nm were observed from Au3. 

Collings et al  also investigated the gas phase optical absorption spectra of gold 

clusters AuN ( N=7,9,11,13) using photodepletion spectroscopy.49-51 Sharp lines 

between 1.9 and 5.6 eV in absorption bands were observed.49-51 In addition, a 

pronounced odd-even alternation in the mass spectra of gold clusters indicated that 

Au cluster stability may follow a simple electron pairing scheme, which is in contrast 

to the jellium model.50  

Gold clusters are also highly stable at ambient conditions. Schmid and 

coworkers created Au11 Au13, Au55 in solution phase with the assistance of organic 

ligands.52-57 Electronic transitions between 1.6 eV and 4.0 eV were observed from 

their absorptions. Au55 is especially interesting because of its remarkable chemical 

stability. The extraordinary stability of Au55 is due to its  almost perfect close packing 

cuboctahedral structure.52  High stability of other gold clusters such as Au13 and Au147 

are also because they have closed atomic shells. This “Chemical selection” in the 
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solution phase avoids having an arbitrary number of atoms in a particle, which is also 

a very important factor in determining the magic sizes of gold clusters under ambient 

conditions.52,58 The optical spectra of  Au55 appear to be rather structureless, neither 

showing a collective excitation resonance nor exhibiting distinct absorption bands 

known from few-atom clusters, possibly bridging transition from discrete energy 

levels to collective oscillations.52,56,57,59,60 

Fluorescence was also observed from Au clusters in the solution phase. In 

1998, Wilcoxon et al observed blue emission at 440 nm from small gold nanoparticles 

( Diameter< 2.5 nm ),61 however, due to the heterogeneity of the solution, the exact 

size of emissive species was not able to be identified. The Whetten and El-Sayed 

groups observed near IR emission from glutathione encapsulated Au28 clusters in 

aqueous solution.9 Compared to well-studied alkali clusters,27,31 the size-dependent 

electronic structure of these noble metals remains poorly understood.  

As discussed above, optical properties such as the plasmon absorption of 

noble metal nanoparticles can be well explained with the free electron model on 

different length scales. A fundamental question is whether this model which nicely 

explains the properties of large noble metal nanoparticles and small alkali clusters can 

be used in interpretation of optical properties of few atom noble metal clusters.  

Although the electronic structure of noble metal clusters remains  unclear at ambient 

conditions, free electron behavior has recently observed from gold nanowires at low 

temperature.62 Ho and coworkers recently studied the energy levels of few atom gold 

nanowires on a NiAl substrate at cryogenic temperatures with scanning tunneling 
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microscopy.62 Results indicated that the electronic properties such as conductance of 

one-dimension gold cluster chains were determined by the number of free electrons in 

the chains. Each gold atom in the chains only donate its 6s electron, and these valence 

electrons are delocalized in the whole chain because strong electron screening effect 

due to core electrons and d electrons.  On the Fermi wavelength scale, 5d electrons of 

gold clusters are more tightly bound by the nucleus than are 6s electrons. As a result, 

there is also a large energy gap between the s band and the d band, and d electrons 

have little perturbation on the conduction band structure of few-atom gold clusters.62 

Currently two possible mechanisms could be used to explain the observed emission 

from these small metal clusters. One is due to intraband (sp/conduction band) 

transition. The other is interband (d-sp) transition. In this thesis, fluorescence is 

utilized as a signature of electronic structure to explore the fundamental physics of 

these few -atom noble-metal clusters and their lowest lying electronic levels.  

1.7 Antibunching of photon streams out of single quantum systems

When conduction electrons become sufficiently dense, noble metals  behave 

as free electron gases which can collectively oscillate under time dependent electrical 

fields.1,2  Base on the one-particle approximation, a macroscopic response of metals is 

the sum of single electron responses over the total number of free electrons. When 

incident light passes through the bulk metal or metal nanoparticles, time-dependent 

electrical fields induce oscillation of free electrons in the metal, and scattered photons 

result from this oscillation. When metal nanoparticle size approaches the Fermi 
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wavelength of the electron, free electrons are confined in discrete energy levels. 

Because these energy level spacings are large relative to thermal energy, these metal 

nanoclusters should behave as single quantum systems, not the sum of many quantum 

systems. Because any  individual quantum system can only emit one photon at a time, 

time correlation of photon pair arrival times or photon antibunching experiments can 

demonstrate quantum nature of the emitter. Only a single quantum system can 

provide a true nonclassical single-photon source with zero probability of two photons 

being simultaneously detected (i.e. “Antibunched” photons). 

Photon antibunching in the fluorescence was first observed in dilute atomic 

beams at low temperature in 1977,63 and later in single molecules in cryogenic 

molecular crystals.  Michler et al and Santory et al demonstrated single photon 

devices using pulsed laser excitation of a single AlGaAs quantum dot.64,65 Single dye 

molecules embedded at low concentration within organic single-crystal platelets or 

covered by a polymer layer were also used as single photon sources at room 

temperature.66-68 However, for most organic dyes, photostablity strongly limits their 

practical applications in quantum communications and quantum computing.  

Currently, inorganic materials such as semiconductor quantum dots69-73and 

color centers in diamond74 are promising candidates for single photon sources 

because they are highly robust photoemission. Michler and coworkers performed the 

photon correlation measurements on single CdSe quantum dots at room temperature, 

which not only provided direct evidence that single quantum dots behave as solid-
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state non classical light source but also prove that single quantum dots act like 

artificial atoms.64,65,75 Gruber et al. and Brouri et al. also studied the photon 

correlation of fluorescence of individual nitrogen-vacancy defect centers in diamond 

at room-temperature and found that these individual defects centers with the excited 

state lifetime around 11.5 ns behave as single quantum systems.76  However, very 

long lifetimes of these quantum systems limit producing efficient photon 

antibunching characteristics. As a result, developing novel nanomaterials with strong 

photostablity and short lifetimes can overcome current disadvantages in single photon 

source applications.  

Photon correlation measurements are usually carried out by combining a 

Hanbury- Brown-Twiss photon-coincidence set up with a optical microscope.63-66,68-

70,73,74,76-85 Such experiments measure a likelihood that second photon will be detected 

at time t+τ, given an initial photon detection event at time t. Fluorescence from a 

single emitter is divided into two parts by a beam splitter, which is then detected by 

two single photon counting avalanche photodiodes (APDs). Each detector will 

generate a voltage pulse upon detection of a single photon. The pulses from the APDs 

are used to start and stop a time-to-amplitude converter, which translates the time 

delay between two photons into voltage differences. As a result, the number of 

photon pairs n(τ) with different interval time τ will be recorded.  n(τ) is proportional 

to the normalized intensity correlation function g(2)(τ) 

                                                                                                                   [12] 
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  If  g(2)(0) at zero delay is equal to 1, the photons are completely uncorrelated. 

If g(2)(0) is smaller than 1, this indicated that two photons are unlikely to appear 

simultaneously at the detectors with zero time delay. Intensity correlation of emitted 

light from a single two level quantum system should be exactly zero, indicating a 

strong quantum correlation between the photons.84 Assuming that at t=0 one photon is 

detected, and the system can not emit a second photon until the system is re-excited 

into the excited state. As a result, g(2)(0) ≈ 0. if the detector time resolution is much 

faster than the excited state lifetime, the lifetime  of the emitter can be determined 

under CW laser excitation based on the equation g(2)(τ)=1-(1/N)e-τ/td,64 where td is 

decay time and N is the number of independent emitters under ideal background-free 

conditions. Photon antibunching g(2)(τ) <0.1 is considered as the direct evidence that 

the source of the radiation field is a single emitter quantum system. However,  

because contrast quantum correlation is quickly lost due to the detector time 

resolution, background scattering, long fluorescence lifetime, and biexciton 

emission,64 g(2)(τ)s for most of known quantum systems such as single  quantum 

dots,64 color centers,76 and dyes,77  are nonzero.  Thus for efficient and practical use 

of single quantum systems, thus it is very necessary to create new fluorophores with 

short lifetime, high photostablity and strong emission.  

1.8 Raman scattering and enhancement 

When light interacts with molecules, the predominant mode of scattering is 

Rayleigh scattering due to elastic collisions between photons and molecules.86,87 The 
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intensity of Rayleigh scattering increases with the fourth power of the light frequency. 

Scattered photon can alternatively increase or decrease their energies due to inelastic 

scattering from the molecules. If frequencies of this Raman scattered light are lower 

than the incident frequency, “Stokes-shift” lines are observed, corresponding to the 

vibration energy shifts from the incident light frequency.  Consequently, photons 

scattered to higher energy are called anti-Stokes lines.86,87 Like Rayleigh scattering, 

Raman scattering strongly depends upon the molecular polarizability. For polarizable 

molecules, the incident photon energy can excite vibrational modes of the molecules, 

yielding scattered photons that are modulated by the molecular vibrational transition 

energies.  

1.8.1 Selection Rule of Raman Scattering 

Since Raman scattering is dependent on the linear polarizability of a molecule, 

the transition moment integrals are of the form 

                                                                                                  [13]                         ταψψ df
v

i
v∫

Where α represents the linear polarizability of the molecule, and within a Harmonic 

Oscillator picture,  nonzero transition moments only occur when initial and final 

vibrational states must have the same symmetry, because the symmetry of the 

polarizability is the same as that of quadratic terms of  the Cartesian coordinates.   

The intensity of Raman scattering is linearly dependent on the square of induced 

dipole moment P, which has a linear relationship with polarizability by P= α E where 
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E is a external electric field.  If a vibration does not greatly change the polarizability 

under the electric field of the excitation light, the polarizability derivative will be near 

zero, and the intensity of the Raman lines is very weak. Generally, a highly polar 

bond such O-H has weak Raman scattering intensity, because the external electric 

field can not induce a large change in the dipole moment. Only when more nonpolar 

but electron rich bonds, such as aromatic groups, have larger induced dipole moment 

and stronger Raman scattering can be observed.  

1.8.2 Enhanced Raman scattering 86,87 

Since typical Raman scattering cross section is very small ~10-30 

cm2/molecule, high concentrations and high excitation intensity power laser are 

required to observe Raman scattering from materials. To overcome this intrinsic 

disadvantage of Raman scattering, different enhanced methods have been discovered 

and extensively investigated. 

1.8.3 Resonance Raman Enhancement86,87 

If the laser wavelengths match the electronic transitions of the molecules, the 

Raman scattering cross sections can be increased by a factor of 102-104. This effect is 

called Resonance Raman enhancement. Quantitatively, within the Born-Oppenheimer 

approximation, the resonance Raman cross section can be written as  

                                                                                                                               [14] 
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in which ES and EL are scattered and incident photon energies,  and εi and εv are 

energies of vibrational levels v, i of the excited and ground electronic states 

respectively. M is transition length. E0 is the zero-zero energy separation between the 

lowest vibrational levels of the ground state and excited electronic states, Γ is the 

homogenous linewidth. ES, EL, E0, εi, εv and Γ are in cm-1 . M is in angstroms. σ is in 

Å2/molecule. Raman scattering has become a versatile spectroscopic technique for 

studying various systems, because only the vibrations of the absorbing species can be 

selectively enhanced.86,87 

1.8.4 Surface-Enhanced Raman Scattering. 

Raman scattering also can be enhanced in the proximity of metallic surfaces. 

Early observation of surface enhanced Raman scattering was done by Fleischmann 

and co workers in  1973.88,89 Six orders of magnitude enhanced Raman signals were 

observed when pyridine molecules were adsorbed on silver electrodes with rough 

surfaces. Later, more detailed experiments were carried out to understand this surface 

enhancement effect. Enhancements as large as 109  were observed from molecules 

absorbed on 100-50 nm metal nanoparticles in the bulk solutions.86,87,90,91 This 

surface-enhanced Raman scattering is strongest on silver, but is observable on gold 

and copper as well. Surface-enhanced Raman scattering (SERS) generally are 

contributed from two mechanisms. The first one is due to the enhanced 

electromagnetic field produced by metal nanoparticles.92-96 When the wavelength of 

the incident light is close to the plasma wavelength of the metal nanoparticle, free 
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electrons in the conduction band of metal nanoparticles coherently oscillate, thus the 

local electric field is about 103 larger than the strength of incident electrical field, 

leading to overall 106 enhancement in Raman scattering cross sections of molecules 

adsorbed or in close proximity to the surface. During this surface plasmon excitation, 

vibrational modes normal to the surface are most strongly enhanced.  

The second factor of enhancement mechanism is due to charge transfer 

between analyte molecule and metal surface.92,96-101 In 1980, McIntosh and coworkers 

found a pronounced optical absorption peak centered around 550 nm after dispersing 

silver in solid ethylene-Ar matrix at low temperature, but C2H4 itself has no internal 

electronic transitions in the visible range. In addition, only an ultraviolet absorption 

band instead of this charge transfer band in the visible range was observed from Ag+-

C2H4 under the same conditions and the CT band is not observed from Ag- C2H6. 
100 

These observations suggested that this 550 nm absorption arises from charge transfer 

excitation of an electron from silver 5s to an unoccupied orbital of a C2H4 molecule. 

Strong  Resonance Raman scattering of C-C stretching vibrational mode was 

observed after excitation of this charge transfer band and its intensity approximately 

given by (hωL-ECT)2 , where ωL is the frequency of incident light and Ect is charge 

transfer energy. Since charge transfer happens only within a few Angstroms, this 

charge transfer mechanism is called short range enhancement mechanism. 

Fundamentally, this charge transfer mechanism is similar to Resonance Raman 

scattering enhancement as it creates new electronic levels close to the laser excitation 

frequency.  
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1.8.5 Single molecule Surface Enhanced Raman Scattering spectroscopy 

Although surface enhanced Raman scattering can be well explained with 

electromagnetic field and charge transfer mechanisms in the majority of bulk studies, 

these two mechanisms seem insufficient to yield the extreme enhancements necessary 

to observe at the single molecular level. Kneipp and coworkers studied Raman 

scattering from a crystal violet molecule absorbed on 100 nm silver nanoparticles and 

directly observed single molecule Raman scattering cross section as large as 10-16 

cm2/molecule.102 Nie and Emory used cw 514 nm laser to excite single R6G 

molecules on silver nanoparticles and also observed enormous SERS enhancement 

with the same cross section as Kneipp et al. reported.103 Both studies show the Raman 

scattering intensity fluctuates with time.  In addition, a surprising discovery in Nie’s 

studies is that not all the silver nanoparticles can give such large enhancement effect 

although they are in the same size. These magic SERS active silver nanoparticles are 

called “hot” nanoparticles.103 By exploiting the properties of SERS and resonance 

effects, these incredible enhancements were attributed to rare surface interactions 

present on a very small subset of “hot” nanoparticles on the surface, or “hot spots”.  

To generate such hot spots, a common method is introducing NaCl into silver 

nanoparticle solution;102,103 however, detailed information about these hot spots is still 

missing.    

Compared to the overall 109 enhancement in Raman scattering observed from 

bulk studies, 1014 to 1015 enhancement observed at the single molecular level 

indicated that there are still unknown effects in the enhancement studies.  Brus et al. 
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carried out detailed studies on these hot nanoparticles, and found that the giant 

enhancement 1012  may arises from the junction between two nanoparticles by 

combining other size characterization methods.104 However, this pure physical model 

can not explain the quenching effect observed by Nie group.103,105 Thiolsulfate ions 

can completely destroy the SERS activity without physically changing 

junctions.103,105 These studies suggest that the chemical effect must be taken into 

consideration and charge transfer may also play a key role in the SERS enhancement 

at the single molecule level. Henglein and coworkers investigated the chemical 

reactivity of silver aggregates over a wide size range and found that small silver 

clusters have much higher chemical reactivity than the large nanoparticles.106  As a 

result, charge/electron transfer between organic molecules and silver becomes more 

efficient in the small clusters than the large nanoparticles. 

In addition to fluorescence and charge transfer as well as SERS enhancement, 

photoelectron emission process was also observed from silver nanoparticles and 

clusters.106 Photoelectron emission from compact silver electrodes occurs with 

extremely small quantum yield (<0.0001), however, this yield greatly increases with 

decreasing size. Photoemission electron quantum yield of few-atom silver clusters 

can reach as high as 10%.106 This dramatic change in the quantum yield is because the 

small clusters have lower density states in the conduction band, and photoinduced 

electron can more easily tunnel into the energy levels of scaffolds. Such photoinduced 

electron transfer might also contribute to chemical enhancement effect. While all 

these processes might involve in this unique large Raman enhancement, the detailed 
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enhancement mechanisms are still not fully understood and more work need to be 

done to clarify the role of small silver clusters in the SERS effect. In this thesis, 

Raman enhancement by fluorescent silver clusters will be investigated for better 

understanding and exploring the SERS effect.   
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CHAPTER 2 
 

 
Experimental section 

 
 
 

2.1 Overall Experimental Strategy
 
 The ultimate goal of my research has been the creation of novel fluorescent 

metal nanoclusters and understanding their size-dependent emission.  Wet chemistry 

was used to prepare these metal clusters. General synthetic procedures and 

experimental methods used throughout this thesis are presented in this chapter. 

Experimental procedures specific to the work are more fully described in the relative 

chapters.   

2.2 Synthesis

2.2.1 Fluorescent gold clusters 

I. Octadecanethiol encapsulated fluorescent gold clusters. HAuCl4·5H2O 

(0.5 µmol) (Aldrich) and octadecanethiol (0.25 µmol) (Aldrich) were co-dissolved in 

2mL chloroform (90%) and ethanol (10%) solution. The solution was subsequently 

reduced with equivalent NaBH4 aqueous solution. After being stirred for two days, 

the solutions produce strong blue emission with a maximum emission wavelength at 

455 nm. The emission colors of the solutions were observed from blue to the IR 

region by changing the gold to octadecanethiol molar ratio from 0.5 to 8. Separation 

of different emissive species is being carried on. Although octadecanethiol can 

   37



stabilize the gold clusters very well, its hydrophobicity precludes the use of 

electrospray mass spectroscopy from determining cluster size. In addition, the 

molecular weight of a single gold cluster is not only dependent on the number of gold 

atoms in the cluster, but also on the number of octadecanethiol molecules surrounding 

the cluster. This causes inherent difficulty in cluster size assignment through 

correlation of fluorescence intensity with mass spectral abundance.   

II. Dendrimer encapsulated fluorescent gold clusters. Widely used to 

prepare larger metallic and semiconductor nanoparticles,1-4 second and fourth 

generation OH-terminated poly (amidoamine) PAMAM (G2-OH and G4-OH, 

respectively, Aldrich) were utilized to stabilize and solubilize gold nanoclusters in 

both aqueous and methanol solutions.  By dissolving 0.5 µmol G4-OH or G2-OH and 

1.5 µmol HAuCl4·5H2O (Aldrich) into 2 mL of deionized water (18 MΩ), gold ions 

were sequestered into dendrimers and then reduced by slowly adding an equivalent of 

NaBH4 (0.005 M) into the solution within 30 min. Reduced gold atoms aggregate 

within the dendrimers to form small nanodots (dendrimer-encapsulated nanoclusters) 

and large nanoparticles. The solution was stirred for two days until reaction and 

aggregation processes were completed. Solutions were subsequently purified through 

centrifugation (16,000 g, Eppendorf) to remove the large gold nanoparticles.3 A clear 

Au clusters solution was obtained after 1 hr centrifugation.  

            Simple adjustment of Au to PAMAM molar ratios with subsequently 

reduction enables facile tuning of nanocluster excitation and fluorescence. By 

adjusting the molar ratio between gold ions and dendrimer, spectrally pure UV-
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emitting gold clusters were created in 0.5µmol G2-OH and 0.5µmol HAuCl4 in 2 mL 

distilled water. Green-emitting gold clusters were synthesized with 0.5µmol G2-OH 

and 3 µmol HAuCl4 in 2 mL distilled water. Red and IR emitting gold clusters were 

preferentially synthesized with 6.0 µmol and 7.5 µmol HAuCl4, respectively, co-

dissolved into 2 mL with 0.5µmol G4-OH or G4-NH2. All nanoclusters can be 

created with AuBr3 as well. Created through this general procedure, and differently 

sized fluorescent gold nanoclusters exhibit discrete excitation and emission spectra 

from the ultraviolet to the near infrared.  

2.2.2 Large luminescent gold nanoparticles 

Glutathione, a three amino acid peptide, was used as a scaffold to synthesize 

water-soluble and biocompatible large luminescent gold nanoparticles. 5 µmol 

glutathione (Aldrich) and 2.5 µmol HAuCl4 (Aldrich) respectively were dissolved 

into 1 mL distilled water (18 MΩ), and then the solutions were mixed together. The 

bright yellow luminescence was observed after the solution was stirred for 3 days 

under room-light irradiation. Pale yellowish products were then centrifuged out of the 

solution. To purify this product, the precipitates were washed repeatedly with water at 

least three times to ensure removal of all other reactants such as HAuCl4 and 

glutathione. The products were then redissolved in water and precipitated out of the 

solution through centrifugation again to ensure only large molecular weight products 

in the precipitates. This step was repeated at least three times to make sure that there 

are no small molecular weight gold clusters in the products. The product shows strong 

bright yellow luminescence. Amazingly, the luminescence color can be tuned to red 
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unaffected by degree of oxygenation. In addition, since short amine-rich peptides 

(peptide sequence: Ala-His-His-Ala-His-His-Ala-Ala-Asp5) are known to strongly 

interact with metal ions,  peptide encapsulated fluorescent silver clusters were also 

prepared with the same procedure . As a control experiment, pure silver nitrate 

solution was also photoactivated with the same procedure, however, no any emission 

was observed.  

2.2.4  Nonfluorescent silver nanoparticles  

To compare differences between fluorescent silver clusters and nonfluroescent 

large silver nanoparticles, dendrimer encapsulated large silver nanoparticles were also 

prepared.4 G4-OH (1 µmol) and silver nitrate (20 µmol) were dissolved in 10 mL 

organic free, deionized water. The pH was adjusted to 5.0 with dilute nitric acid. The 

resulting solution was stirred for 15 min, followed by the slow addition of up to 100 

µmol sodium borohydride dissolved in 2 mL deionized water. Reduction of G4-

OH/Ag+ at pH 5 with 1.25 equivalents of borohydride resulted in the formation of a 

clear, yellow-brown solution of G4-OH/Ag(0) nanoparticles. Silver nanoparticles 

with size ranging from 2 nm to 100 nm were observed. 

2.3 Electrospray ionization mass spectrometry 

Since the majority of metal nanoclusters studied in this thesis are too small to 

be observed with electron microscopy, we mainly employed mass, absorption and 

fluorescence spectrometry to characterize the nanoclusters properties. Metal cluster 

sizes were determined based on their molecular masses.  Mass spectrometers can be 

divided into three fundamental parts, namely the ionization source, the analyzer and 
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the detector.  Electrospray ionization (ESI) is the most gentle ionization method and 

was employed to analyze the high molecular weight metal nanoclusters. ESI is well-

suited to the analysis of polar molecules ranging from 100 Da to more than 1,000,000 

Da in molecular mass within 0.01% error. A Quattro LC ESI mass spectrometer 

(Micromass, Georgia Tech Mass spec facilities) was used to measure the cluster 

masses from aqueous solutions. A general procedure for characterizing metal cluster 

mass is as follow: a very small amount (10 µL) of the aqueous cluster solution is 

diiluted into 200 µL of DI water and then the solution was mixed with 0.2 µL formic 

acid for better ionization. A small volume (5 µL) of the sample is then pumped 

through a narrow, stainless steel capillary at a flow rate of 5µL/min. A 3.5 kV voltage 

is applied to the tip of the capillary, which is inserted within the ionization source of 

the mass spectrometer. The charged droplets diminish in size by solvent evaporation, 

assisted by a warm flow of nitrogen. Eventually, the charged sample ions pass 

through a small aperture in a sampling cone into the mass analyzer of the mass 

spectrometer.  For dendrimer encapsulated silver or gold clusters, the corn voltage is 

around 10V.  In ESI, samples with molecular weights up to ca. 1200 Da give rise to 

singly charged ions such as protonated molecular ion of the formula (M+H) + in 

positive ionization mode. However, some samples such as glutathione encapsulated 

gold nanoparticles were also studied in negative ionization mode. The samples with 

molecular weights greater than 1200 Da give rise to multiply charged ions such as 

(M+nH) n+ in positive ionization mode and (M-nH) n- in negative ionization mode. 

Software (MassLynx 3.4) then converts the multiply charged ion data into a spectrum 
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corresponding to the true molecular weight. Since the molecular mass of dendrimer 

polyamidoamine PAMAM G2OH is 3271 (Figure 2.3.1), all the mass spectra 

obtained have been deconvoluted into the one-charge state spectrum. ESI mass 

spectra data is highly reproducible under identical conditions. As a control 

experiment, pure G2OH mass intensity observed from mass spectra was found to 

linearly depend on the dendrimer concentration in the solutions (Figure 2.3.2). 

However, only very messy mass spectra were obtained from dendrimer G4-OH 

solution 

2.4 Transmission electron spectroscopy 6 

A modern TEM basically consists of an electron illumination system, a 

specimen stage, an electro-magnetic objective len system, a data recording system 

and a chemical analysis system. The samples were prepared on Formvar/Carbon 

coated Copper or Nickel grid (200 Mesh) (Ted Pella, INC). A drop of a sample 

solution was placed and dried on a copper grid. Attempts to observe small dendrimer 

or octadecanethiol encapsulated silver/gold nanoclusters were made, but no particles 

were observed under TEM. In this thesis, only large glutathione encapsulated 

luminescent gold nanoparticles (~ 2nm) were characterized using a Hitachi HF-2000 

TEM at 200 kV in detail.  Lattice images of luminescent gold nanoparticles were 

obtained using a HR TEM JEOL 4000EX operated at 400KV.  
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Figure 2-3-1. ESI mass spectrum of dendrimer PAMAM G2-OH. A small amount (5 
µL ) of dendrimer G2OH  aqueous solution  (1.5 mM) is pumped through a narrow, 
stainless steel capillary at a flow rate of 5µL/min. A 3.5 kV voltage is applied to the 
tip of the capillary and the corn voltage is around 10V. The molecular weight of 
Dendrimer PAMAM G2-OH is 3271, which is consistent with the experimental result. 

 

 

 

 

 

 

 

   44



 

0.0 0.5 1.0 1.5 2.0 2.5

0.00E+000

2.00E+007

4.00E+007

6.00E+007

8.00E+007

M
as

s A
bu

nd
an

ce
 o

f G
2-

O
H

Concentration of G2OH( 10-3M)

 

Figure 2-3-2. Correlation of G2-OH mass abundance with its concentration in 
aqueous solutions. The detailed procedure for the mass abundance measurement with 
ESI mass spectrometer has been described in Figure 2-3-1. The linear correlation 
indicates mass abundance of dendrimer G2-OH is proportional to its concentration in 
the solution under the same experimental conditions.  
 

 

 

 

 

 

 

   45



2.5 Photon correlation spectroscopy 

Photon correlation spectroscopy (PCS) called dynamic light scattering or 

quasi-elastic light scattering spectroscopy can provide accurate hydrodynamic radii of 

the particles by analyzing intensity fluctuations of light scattered from the particles 

due to their Brownian motion in solutions. One advantage of PCS over other size 

characterization methods such as TEM and SEM is this technique can study particle 

in solution. Consequently, in combination with TEM results, more complete 

information on the particle sizes can be provided.  In this thesis, hydrodynamic radii 

of some large luminescent gold nanoparticles were measured with photon correlation 

spectroscopy (Protein Solution Inc.). A small amount (~0.5 mL) of a luminescent 

gold nanoparticle solution was placed into a three-window cell and illuminated with a 

near IR laser diode. The scattering angle was fixed at 90 degree. The intensity of 

scattering light from the particles was recorded, and an average hydrodynamic radii 

of the different luminescent particles in aqueous solution is readily obtained with this 

technique.  

2.6 X-ray photoelectron spectroscopy 7 

Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive 

analysis of the emitted photoelectrons to study the composition and electronic state of 

the surface region of a sample. As for metal nanoparticles, X-ray photoelectron 

spectroscopy is also an excellent technique to investigate the overall charge states of 

nanoparticles. Atoms in a higher positive oxidation state exhibit a higher binding 

energy due to the extra columbic interactions between the photo-emitted electron and 
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the ion core. This ability to discriminate different oxidation states and chemical 

environments is one of the major strengths of XPS. Since the number of the free 

electrons in the metal nanoparticles is strongly dependent on the charge states of its 

constituent metal atoms, XPS technique was employed to measure the binding 

energies of core electrons and interpreted as being indicative of the  overall charge 

states of gold atoms in these luminescent glutathione encapsulated gold nanoparticles. 

In this thesis, the average oxidation states of gold atoms in luminescent gold 

nanoparticle powders on Si wafers were measured using a PHI 1600/3057 X-ray 

Photoelectron Spectrometer (XPS) with a standard aluminum x-ray source. Au 4f7/2 

and 4f5/2 binding energies in the luminescent gold nanoparticles and nonluminescent 

gold nanoparticles were investigated.  

2.7 Fluorescence Lifetime measurement 

Fluorescence lifetimes of luminescent metal nanomaterials in bulk were 

studied with a Timemaster Fluorescence lifetime spectrometer (Photon Technologies 

International), coupled to a TCSPC-1000 time correlated single photon counting 

electronics. TiO2 aqueous suspensions were used as light scattering source to obtain 

instrument response IRF. Effective excitation wavelengths are in the range from 300 

nm to 680 nm.  Fluorescence lifetimes ranging from ns to µs of fluorescent gold 

clusters and luminescent gold nanoparticles were accurately measured at room 

temperatures.  
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Figure 2-8-1. Schematic of the dark field setup on an inverted microscope. The 
particles on the interface of two coverslips are illuminated with high-angle annular 
illumination light, which is created by placing the opaque stop inside the condenser. 
Scattered light builds up the particle images on a dark background. 
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2.8 Dark Field microscope 

Dark field light microscopy is also a very powerful technique to image 

nanoparticles with high contrast. Typically a drop of a nanoparticle solution was 

placed on a coverslip, and then was covered by the second coverslip, forming a 

sandwich structure. (Figure 2.8.1). The sample was then illuminated with a hollow 

cone of white light coming out from a high-numerical aperture condenser (1.4-1.2NA 

Olympus) with an opaque stop in the center of the light path.  The high angle light 

was then focused at the plane of the sample. Imaging is performed with lower NA 

than used for illumination such that only light scattered by nanoparticles is observed. 

The scattered light from individual nanoparticles is then collected by the objective 

lens (0.5~1.35 NA 100× Olympus objective with an iris). The image was built up by 

those rays scattered by the sample and appears as bright spots against a dark 

background. In this thesis, we used darkfield microscope to image the 

nonluminescent silver and luminescent gold nanoparticles. Metal nanoparticle with 

sizes larger than 1.8 nm can be readily observed with dark field microscopy. 

2.9 Total Internal Reflection Fluorescence Microscope 

Total internal reflection (TIR) is the phenomenon that all light is reflected off 

the boundary above a critical angle (Figure 2.9.1). TIR only takes place when the 

light propagates from higher refractive index (n1) to lower refractive index (n2) and 

the incidence angle must be greater than the critical angle. Given by Snell’s law, the  
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Figure 2-9-1. Total internal reflection geometry through a microscope objective. The 
excitation laser is brought into the microscope through its side port and illuminates 
the sample at a high incident angle. Only a range of 100-200 nm above the coverslip 
can be illuminated due to the penetration of the evanescent wave.  
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critical angle is equal to Sin-1(n2/n1). Although all the incident light is reflected from 

the interface once the angle of incidence is greater than the critical angle, an 

evanescent wave still can penetrate about 100-200 nm into the lower refractive index 

medium. The total internal reflection microscope takes advantage of the evanescent 

wave to specifically illuminate only a range of 100-200 nm above the substrate, and 

fluorophores beyond this range can not be excited. As a result, this technique 

becomes a powerful tool to study single molecule emission with high signal to noise 

ratio.  Single molecule behaviors such as blinking, photoactivation, emission patterns 

of fluorescent silver and gold clusters were observed and characterized in a wide field 

imaging configuration. 

2.10 Single molecule excitation spectroscopy 

Singe molecule excitation spectroscopy is also a powerful technique to 

investigate optical transitions of fluorescent metal clusters. Single molecule excitation 

spectra of silver clusters were collected with a Zeiss Axiovert 200 microscope in an 

epi-fluorescent geometry. The setup is shown in Figure 2.10.1. A compact Ar lamp 

(Photon Technologies International) coupled to a monochromator (DeltaRam V) was 

used as an excitation light source.  Silver clusters were excited at different excitation 

frequencies and emission was collected using a highly sensitive CCD camera 

(Coolsnap, HQ).  The excitation spectra were obtained after correlating excitation 

frequency with emission intensity. To collect the excitation spectra of silver clusters, 

a shortpass excitation filter (SP525nm) was placed in the excitation path and a long 

pass emission filter (LP 530 nm) was placed in the emission path.  Both single  
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Figure 2-10-1. Schematic of the setup for measuring singe molecule excitation spectra 
of fluorescent silver clusters.  Excitation spectra of silver clusters were collected with 
a Zeiss Axiovert 200 microscope in epi-fluorescent geometry. Emission intensities of 
silver clusters at different excitation frequencies were collected with a CCD camera 
and then converted into the excitation spectra with PTI image master software. 
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Figure 2-11-1. Schematic of the setup for measuring singe molecule fluorescence 
/Raman spectra of the silver clusters. Emission spectra of silver clusters were 
collected with an Olympus IX 70 inverted microscope in an epi-fluorescent geometry.  
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molecule and bulk excitation spectra of fluorescent silver clusters on the coverslip 

surfaces were obtained with this technique.  

2.11 Single molecule fluorescence/Raman spectroscopy 

 Single molecule fluorescence/Raman spectra were collected with an Olympus 

IX-70 inverted microscope, which is coupled to an Acton Spectra-Pro 300i imaging 

monochromator equipped with a Roper Scientific TE-cooled spectroscopy CCD 

camera. (Figure 2.11.1) The CCD camera was used to collect either the zeroth order 

light simply reflected from a mirror or the light dispersed with a grating. Generally, 

fluorescence spectra were collected with 150l/mm grating and Raman spectra were 

collected with a 600l/mm grating.  The resolution increases with the number of lines 

on a grating. Generally, a CW Ar-Ion laser (458, 477, 488, 514 nm) or pulsed 

Ti:Sapphire (720-900 nm, 200fs, 82 MHz) laser is directed into the microscope 

through the back port and reflected to the substrate by a dichroic mirror. The laser 

beam was tightly focused on the samples by a 1.4NA 100x objective. Images and 

emission spectra of fluorescent silver clusters at the single molecule level were 

obtained with this technique. 

2.12 Single molecule photon antibunching8 

To demonstrate the non-classical properties of the fluorescence from single 

metal clusters, the second order intensity correlation function g(2)(τ) was measured 

with two APDs behind a beam splitter. Similar to lifetime measurement, the setup is 

shown in Figure 2.12.1. Emission from a single molecule is split into two beams by 

50/50 beam splitter, and each is directed onto an APD, which generates TTL pulse for 
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the SYNC and CFD channels of a PC based integrated time-to amplitude-converter 

(TAC) and a pulse-height analysis systems. (Time-Harp 100, Picoquant GMbH).  By 

using a delay module (Ortec 425A), proper zero delay between Start and Stop 

detection events is achieved within the observation window. Depending on the 

lifetimes of the single molecules, both CW and pulsed lasers can be used as excitation 

light sources.  Lifetime information can be achieved from CW excitation as long as 

lifetimes of single molecules are longer than the APD time resolution. We used CW 

He-Ne laser as the excitation light source to achieve antibunching from single gold 

clusters. Since silver clusters have ultrafast lifetime, pulsed laser excitation must be 

used. 
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Figure 2-12-1. Hanbury-Brown and Twiss experimental setup for antibunching of 
gold clusters (Au23) fluorescence. Gold cluster is excited with HeNe (632.8 nm) laser 
at room temperature. 
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CHAPTER 3 

 

Highly Fluorescent, Water-Soluble, Size-Tunable 
Gold Nanoclusters 

 

3.1 Introduction 

Gold exhibits a particularly wide range of material behavior along the atom to 

bulk transition.1-11 Optical and electronic properties of gold are not only strongly size-

dependent, but also dramatically change on different characteristic length scales.12 

Small gold clusters of sizes comparable to the Fermi wavelength play a unique role in 

the studies of material property transitions from atoms over nanoparticles to the bulk 

and have been attracting intensive interest for many decades.4-6,11,13-17 Such gold 

nanoclusters, composed of only several tens of atoms, exhibit molecule-like 

transitions as the density of states is insufficient to merge the valence and conduction 

bands.5,7-9Analogous to the alkali metals, the high electron density, strong electron-

electron coupling and efficient screening18,19 should make the electronic structure of 

gold clusters change dramatically with size and geometry, but, the influence of the d-

electrons is thought to significantly complicate the free electron behavior.12,20 

 Optical spectroscopy is a powerful technique to investigate the electronic 

structures of small metal clusters. Gold exhibits size-tunable plasmon absorption 
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widths by confining conduction electrons in both ground and excited states to 

dimensions smaller than the electron mean free path (~50 nm).19 Further confinement 

of the free electrons, however, reaches the Fermi wavelength of an electron (~0.5 nm) 

which should result in discrete, quantized electronic transitions.20 While such sub-nm 

nanoclusters are too small to have the continuous density of states necessary to 

support a “plasmon” characteristic of larger free electron metal nanoparticles,12,21 the 

jellium model predicts that nanoparticle plasmon widths and nanocluster transition 

energies of true free electron metals should both scale with inverse cluster radius.22 

As gas phase photodissociation experiments are unable to probe the lowest energy 

transitions,12 the size-dependent behavior of gold metal and the development of the 

plasmon remain poorly understood.4,8,12,18,23,24  

Limited by broad size distributions and low concentrations of synthetically 

produced small clusters, direct optical absorption measurements of small gold clusters 

are more difficult than those on their larger nanoparticle counterparts. As early as the 

1980s, fluorescence instead of plasmon scattering was also observed from few-atom 

gold dimer with emissions at 450, 545 and 580 nm.25  Subsequently, Harbich et al. 

employed a “soft landing” technique to prepare Au dimer in Kr and Ar matrices at 

low temperature and observed emissions at 285, 325, 742 and 757 nm.26,27 Similarly 

prepared Au3 in solid Ar matrices produced 529, 579 and 809 nm emission.26,27 

Although the optical transitions of gold clusters varied from report to report, these 

works demonstrated that fluorescence can be used to characterize their size-dependent 

electronic transitions. 
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  Observation of small gold cluster fluorescence at low temperature encouraged 

many authors to synthesize gold clusters in ambient solution. In 1998, Wilcoxon et al. 

observed blue emission at 440 nm from gold nanoparticles smaller than 5 nm 

(diameter) and also found the fluorescence intensity  increased 4 fold with decreasing 

size to 2.5nm.11 The emission was attributed to the radiative recombination of sp band 

and d band electrons and holes in based on the assumption that these luminescent 

gold “nanoparticles” have the same electronic structure as the bulk gold metal. 

However, this assumption is under debate because these luminescent gold 

“nanoparticles” have no plasmon while bulk gold metal does. Consequently, there 

must be dramatic differences in electronic structure between bulk gold metal and 

these luminescent gold “nanoparticles”. Although the exact size of the emissive 

species was not able to be identified due to heterogonousity of the solution, no 

plamon observed from these emissive species suggests that emission might originate 

from even smaller gold clusters than the authors expected. 

 In 2000, Whetten and coworkers synthesized dodecanethiol encapsulated 1.1 

and 1.7 nm gold clusters, of about 38 and 145 atoms, respectively, which produced 

emission in the range from 1.15 eV to 0.75 eV under the excitation of 1064 nm 

Nd:YLF laser.28 The fluorescence quantum yield of 1.7 nm gold clusters was about 

(4.4 ± 1.5) × 10-5.  Emission was attributed to sp to sp-like (intraband) transitions28 

instead of sp to d (interband) transitions suggested by Wilcoxon et al.,11 because  the 

onset for such interband transitions in bulk gold occurring at ~1.7 eV is much larger 

than the observed emission energies.13
 These authors also suggested that jellium 
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electronic shell model could be used to explain this intraband transition, but the exact 

mechanism for the emission was unclear. 28
 

In 2001, Whetten and El-Sayed observed near-IR emissions at 1.55 and 1.15 

eV from aqueous glutathione encapsulated Au28 cluster solutions at room 

temperature.4 The fluorescence quantum yield of Au28 clusters increased to (3.5 ± 1.0) 

× 10-3. However, the photoluminescence mechanism seems even more complicated 

than expected. Both ns and µs lifetime components were observed from these 

emissions. Two possible models were proposed to explain the emission from Au28 

clusters.  The first model is the solid-state model.4  The high energy emission at 1.55 

eV is attributed to radiative interband recombination between the sp and d-bands 

while the low energy emission at 1.15 eV is assigned to radiative intraband transitions 

within the sp-band across the HOMO-LUMO gap. In this case,  low energy intraband 

recombination still involved a prior nonradiative recombination of the hole in the d-

band created after excitation with an (unexcited) electron in the sp-band,4 which is 

different from the mechanism proposed by Whetten et al in their early work for 1.1 

and 1.7 nm gold clusters.28 The second model is called the molecular model. Both 

1.55 and 1.15 eV emissions are due to the intraband transitions. The high energy 

emission at 1.55 eV is attributed to radiative recombination of the ground state (S0) 

and the higher excited state (S1) in the sp band of Au28 clusters, while the low energy 

emission at 1.15 eV is due to radiative relaxation of the ground state and the lowest 

excited triplet state in the sp band. Although both mechanisms could partially explain 
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the observations from the small gold clusters, further studies are required to 

completely understand this amazing size-dependent emission.  

 Since optical and electronic properties of metal clusters are determined by 

their electronic structure, it is very important to understand how the electronic 

structure changes with size in this smallest size regime. Ho and coworkers recently 

studied the energy levels of few atom gold nanowires on a NiAl substrate at 

cryogenic temperatures with scanning tunneling microscopy.29 Results indicated that 

the electronic properties such as conductance of one-dimensional gold cluster chains 

were determined by the number of free electrons in the chains. Each gold atom in a 

chain only donate its lone 6s electron, and these valence electrons are delocalized in 

the whole chain because of a strong electron screening effect due to core electrons 

and d electrons.  On the Fermi wavelength scale, 5d electrons of gold clusters are 

more tightly bound by the nucleus than 6s electrons are.19 As a result, there is also a 

large energy gap between the s band and d bands, consequently, conductance of few-

atom gold clusters is solely determined by the conduction band structure built up by 

6s valence electrons.29  

To investigate the origin of emission from small gold clusters, fluorescence 

can be utilized as a signature to explore the evolution of gold cluster electronic 

structure with size. In addition, although the Au28 nanoclusters with million-fold 

enhanced fluorescence quantum yields φF, relative to that of bulk gold films have been 

created,30  the 10-3 to 10-4 quantum yields and often polydisperse nanoparticle size 

distributions have precluded them from being good fluorophores.4,10 Thus, the 

   62



creation of new types of fluorescent gold clusters with high quantum yields and 

tunable emission will not only shed light on the fundamental question of how the 

electronic structures of gold clusters change with size, but also offers the opportunity 

to develop a new generation of small and biocompatible fluorophores as biological 

labels or as optoelectronic emitters.  

 
Here, we report the creation of quantum-confined, water-soluble, high 

quantum yield Au nanodots with discrete absorption and fluorescence that is size-

tunable from the UV to the near IR. The discrete absorptions and emissions scale with 

the number of atoms, N, as N-1/3, precisely as predicted by the spherical jellium model, 

but in contrast to the N-2/3 scaling for semiconductor quantum dots that do not exhibit 

the free electron shell filling degeneracies characteristic of metals.19 These two cases 

correspond to multi- and single electron artificial atoms, respectively. Bridging the 

gap between discrete gas phase absorptions of analogous alkali metal nanoclusters 

and the characteristic plasmon absorptions of large noble metal nanoparticles in 

solution, these few-atom water-soluble Au species offer the “missing link” between 

atomic and nanoparticle optical properties with clear protoplasmonic fluorescence 

arising from intraband transitions of the nanocluster free electrons.  

3.2 Results and Discussion 

3.2.1 Excitation and emission spectra of fluorescent gold clusters 

Currently both water-soluble and organic-solvent soluble gold nanoclusters 

have been successfully prepared within dendrimer and alkyl thiol scaffolds 
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respectively.  The detailed synthesis procedures have been described in Chapter 2. 

Figure 3.2.1 shows a fluorescence image and discrete excitation and emission spectra 

of different dendrimer encapsulated gold clusters in aqueous solutions. By adjusting 

the molar ratio between gold ions from 1:1 to 1 : 15, both excitation and emission 

energies can be easily tuned from UV to near IR emission. Analogous to producing 

large nanoparticles within PAMAM hosts,31 both the relative Au:PAMAM 

concentration and the dendrimer generation enable optimization of the desired 

nanocluster emission color in solution. Interestingly, the PAMAM scaffold stabilizes 

different nanocluster sizes and yields orders of magnitude higher fluorescence 

quantum yields than does glutathione.4 This great improvement in quantum yield 

might arise from better protection by 3-D branched structure of the dendrimers and 

also the chemically softer amines of the dendrimers.  

Although there are no chromophores in dendrimer PAMAM-OH, blue 

emission at 450 nm recently has also been observed from these OH-terminated 

PAMAM dendrimers after oxidation of the OH groups.32 The similarity in the 

emission energy to that of Au8 recently initiated some debates in whether the blue 

emission we observed from dendrimer encapsulated Au8clusters is caused by the 

dendrimers oxidation. To address this controversy, we also synthesized 

octadecanethiol encapsulated fluorescent gold clusters with a similar preparation 

procedure (see Chapter 2). No emission was observed from pure octadecanethiol or 

the oxidized or reduced octadecanethiol. After slowly reducing the 

octadecanethiol/Au complex in chloroform/ethanol solution with NaBH4, strong blue 
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emission at 455 nm was observed from octadecanethiol encapsulated gold clusters 

(shown in Figure 3.2.2). In addition, similar to the observations from dendrimer 

encapsulated gold clusters, the emission from octadecanethiol encapsulated gold 

clusters can also be tuned from blue to near IR region by simply adjusting the ratio 

between the thiol molecules and gold ions. (Figure 3.2.2). In addition, these 

octadecanethiol encapsulated gold clusters also have ns lifetime. Detailed 

spectroscopic studies of these thiol encapsulated gold clusters are being carried on by 

other group members. Combination of all these observations from different scaffold- 

encapsulated gold clusters provides strong evidence that small gold clusters are 

responsible for the observed emission. Although octadecanethiol can stabilize the 

gold clusters very well, its hydrophobicity precludes cluster size determination with 

electrospray mass spectrometry. In addition, the molecular weight of a single gold 

cluster is not only dependent on the number of gold atoms of a cluster, but also the 

number of octadecanethiol molecules surrounding the cluster, which also causes 

inherent difficulties in cluster size assignment. All aqueous and organic solvent 

nanoclusters solutions are very stable, lasting for months either in solution or as dried 

powders. Solutions from re-dissolved Au-nanoclusters powders have identical 

properties to those initially created. 

3.2.2 Size determination of fluorescent gold clusters  

The well-defined dendrimer structure enables analysis of encapsulated 

nanocluster sizes with electrospray ionization (ESI) mass spectrometry. As shown in  
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Figure 3-2-1. (A). Excitation (dashed) and emission (solid) spectra of different gold 
nanoclusters. Emission from the longest wavelength sample was limited by the 
detector response. Excitation and emission maxima shift to longer wavelength with 
increasing initial Au concentrations, suggesting that increasing nanocluster size leads 
to lower energy emission. (B) Emission from the three shortest wavelength emitting 
gold nanocluster solutions (from left to right) under long-wavelength UV lamp 
irradiation (366nm). The leftmost solution appears slightly bluer, but similar in color 
to Au8 (center) [11] due to the color sensitivity of the human eye. Green emission 
appears weaker due to inefficient excitation at 366 nm. 
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Figure 3.2.2 Emission spectra of octadecanethiol encapsulated gold nanoclusters in 
chloroform. Blue emitting gold clusters with maximum excitation at 365 nm. Green 
emitting gold clusters with maximum excitation at 430 nm. Red emitting gold clusters 
with maximum excitation at 586 nm. IR emitting gold clusters with maximum 
excitation at 650 nm. 
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Figure 3.2.3A, Au8 is the dominant Au-containing species in the blue emitting 

solutions and its abundance linearly correlates with fluorescence intensity. In accord 

with stable nanoclusters having 8 valence electrons (one from each Au atom),33 this 

dominant nanocluster is confirmed to be in the overall neutral oxidation state as even 

100-fold excess of highly reducing BH4
- does not alter the nanodot fluorescence. 

Confirmed through expected shifts relative to the dendrimer parent peak upon 

dissolution in D2O instead of H2O, five molecules of water were also found to be 

associated with the hydrophilic PAMAM dendrimer-Au complex. While five waters 

appears to be the favored number, smaller peaks corresponding to Au8 with other 

numbers of water molecules ranging from one to six were also observed in the mass 

spectra of other similarly prepared samples. The peaks containing Au8 were only 

observed in the fluorescent Au nanocluster solutions and fluorescence intensities of 

differently prepared solutions are directly proportional to relative abundances of the 

Au8 nanocluster peaks alone. Additionally, Au nanocluster preparations using both 

HAuCl4 and AuBr3 yield indistinguishable fluorescent solutions with identical mass 

spectra. This indicates that the highly efficient blue emission results from Au8 

nanodots. In the mass spectroscopic studies of other different-color fluorescent gold 

nanocluster solutions, many peaks appear in the mass spectra from a combination of 

fragmentation and non-fluorescent products (Figure 3.2.3B). Consequently, to 

determine each fluorescent nanocluster size, each fluorescent solution was assayed 

through correlation of electrospray mass spectrometry abundances and fluorescence 

intensity 
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Figure 3-2-3. Fluorescent nanocluster size determinations. (A) ESI mass spectrum of 
G2-OH PAMAM encapsulated blue emitting (455-nm) gold nanodots. (Theoretical 
m/z of dendrimer G2-OH (3272) encapsulated Au8 and 5H2O is 4939) (B) A typical 
mass spectrum of a sample containing different fluorescent gold clusters. (C) In 
addition to separately identified Au8, nanocluster sizes (emission maxima) were 
determined to be Au5 (385 nm), Au13 (510 nm), Au23 (760 nm), and Au31 (866 nm) 
through linear correlation of mass abundance and fluorescence intensity at each 
emission maximum. The mass abundances of all gold nanocluster solutions were 
measured by electrospray ionization (ESI) mass spectrometry with identical 
ionization conditions. The reproducible and gentle ionization procedure yielded only 
one mass species linear in emission intensity for each emission maximum. This one to 
one correspondence between mass abundance and fluorescence enabled unambiguous 
assignments of fluorescent gold nanocluster sizes.  
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Figure 3-2-2 cont. 
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at each wavelength. In each case, there was a one-to-one correspondence between 

only one specific peak in the mass spectrum and a specific fluorescent transition. In 

other words, only one mass peak exhibited a linear correlation with each fluorescence 

peak, thereby enabling direct determination of each fluorescent nanocluster size 

(Figure 3.2.3C). This enables direct assignment of the UV (Au5), green (Au13), red  

(Au23), and near IR (Au31) emitting species each encapsulated within the PAMAM 

scaffold (“Au nanodots”). Final Au nanodot fluorescence is very stable in NaCl 

solution, but can be quenched with addition of Na2S to result in the appearance of the 

520nm plasmon absorption and black gold aggregates characteristic of larger Au 

nanoparticles.34 

3.2.3 Correlation of gold cluster size and its emission 
 

The dependence of emission energy on the number of atoms, N, in each gold 

nanocluster (Figure 3.2.4) is quantitatively fit for the smallest nanoclusters with no 

adjustable parameters by the simple scaling relation of EFermi/N1/3, in which EFermi is 

the Fermi energy of bulk gold.20,35,36 For a spherical cluster, the radius, R, is equal to 

rs•N, in which rs is the Wigner-Seitz radius and N is the number of atoms per cluster. 

Identical to that for gas phase alkali metal nanocluster electronic absorption, 21,37 the 

transition energy scaling with inverse cluster radius indicates that electronic structure 

is solely determined by the Au nanocluster free electron density and nanocluster size. 

This spherical jellium model has not only explained the magic sizes observed from 

alkali metal clusters in the gas phase, but also rationalized the gas phase plasmon 

absorption spectra of alkali metals. Knight and coworkers observed strong collective 
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electronic excitations from very small Na6 clusters.38 Haberland and coworkers also 

observed a strong linear decrease of the plasmon frequency as a function of R-1, 

where R is the cluster radius.21 All of these results suggest that the free-electron shell-

filling model corresponds exactly to the spherical jellium approximation – the 

simplest model for explaining delocalized, free conduction electron behavior relative 

to the atomic cluster core, and an excellent basic model explaining plasmon 

absorption in large nanoparticles.20,35,36  

Observation of this simple energy scaling EFermi/N1/3 from fluorescent gold 

clusters offers clear and direct experimental evidence of the discrete nature of the 

excited state in noble metal clusters, which has long been a mystery in this field.  Two 

different energy scaling laws for such small clusters have been proposed. Baltes and 

Hilf suggested the energy level spacing might be (6/5)EFermi/N2/3 by considering the 

small clusters as cubic potential boxes.  Kubo 39 produced Ef/N predictions of the 

electronic structure of small metal clusters based on the recognition that quasi-

continuous electron energy states of bulk metals  become discrete on the few- atom 

scale. Although both of the predications suggest the discrete energies of the metal 

clusters, the jellium EFermi/N1/3 energy scaling law accurately describes the size- 

dependent electronic structure and relative electronic transitions of the small clusters. 

These quantum-confined protoplasmonic transitions of the free conduction electrons 

suggest nearly spherical electronic nanocluster structures with electrons bound by an 

approximately harmonic potential in three dimensions. While a harmonic potential 

would give a R-2 electronic transition energy dependence, as it is discussed in the  
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Figure 3-2-4A. Correlation of the number of atoms, N, per cluster with emission 
energy.  Emission energy decreases with increasing number of atoms. The correlation 
of emission energy with N is quantitatively fit with Efermi/N1/3, as predicted by the 
jellium model.12,19 When N is equal to 1, the energy of valence electron is equal to 
Fermi energy because the valence electron is at the HOMO level. Emission energies 
of Au23 and Au31 exhibit slight deviations from the Efermi/N1/3 scaling. Consistent with 
the narrow excitation and emission spectra, the potential confining the free electrons 
flattens slightly for Au23 and Au31, with an anharmonicity of U=0.033. The 
experimental values for the emission energies of Au3,40 Au28 

4and Au38 41are 3.66, 
1.55 and 1.44 eV respectively ( represented by  in the figure), which are all 
consistent with the observed scaling relations. Kubo model  Ef/N and Cubic potential 
box model (6/5  proposed by Baltes and Hilf are also shown in the figure. 
Obviously these models can not accurately fit the emission energy scalings of the 
gold clusters. The Kubo model only works for gold nanowires because R is 
proportional to N for linear few-atom gold chains.  

)/ 3/2NE f
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Figure 3-2-4 B Schematic of size-dependent surface potentials of gold clusters on the 
different size scales. For the smallest gold clusters ( Au3 to Au13), cluster emission 
energies can be well fit with the energy scaling law Efermi/N1/3, where N is the number 
of  atoms in each cluster, indicating that electronic structure transition of these small 
gold clusters are well-described by a spherical harmonic oscillator potential. With 
increasing size, a small anharmonic distortion term is required due to the deformation 
of potential well and this spherical potential surface gradually distorts into a Woods-
Saxon potential surface,35 and eventually becomes a cubic box potential characteristic 
of electrons in large metal nanoparticles.12 These small gold clusters not only 
smoothly link the optical transitions from the single atom to large gold nanoparticles 
with observable free electron behavior but also demonstrate a smooth transition in 
potential confining the free electrons from that of a spherical harmonic oscillator to a 
cubic potential surface.   
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introduction chapter that the degeneracy in filling the delocalized nanocluster energy 

level shells (1s, 1p, 1d, 2s, 1f, 2p, …) and the size-independent electron density for 

the given material yield an effective R-1 dependence on cluster size, 19,20 further 

demonstrating the metallic origin of these Au nanocluster fluorescent transitions. 

Alkane thiol encapsulated Au3 clusters recently reported by Scherer’s group40 

demonstrate UV emission at 3.66eV, which is only a 4% deviation from the 

calculated energy for Au3 (3.81 eV) based on this model. This suggests that emission 

of small gold trimer also results from the oscillation of free electrons in a spherical 

electronic nanocluster structure bound by an approximately harmonic potential in 

three dimensions.  

Consideration of the effective single particle potential as a three-dimensional 

harmonic oscillator turns out to be very good approximation for small metal clusters 

(i.e. N<20). However, for larger clusters, Clemenger found that a small anharmonic 

distortion term is required due to the deformation of the potential well.35As a result, 

the effective single particle Hamiltonian for electrons with mass m is  

                                                                                                              

                                                                                                                [15] )]6/3[ 2 +−−+− nω )(
22 0

22
0

2

= nlUhqm
m

PH ω

 

, in which P and q are single electron momentum and coordinate operators. l is the 

angular momentum and n is the shell number. U is the distortion parameter. The third, 
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anharmonic term takes care of the shape change of the potential surface. An energy 

eigenvalue  is35  

                                                                                                                        [16] 
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, in which hω0 is equal to Ef/N1/3.  Energy level spacing for large metal clusters 
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in which le and lg are the angular momentum of the excited and ground state 

respectively. Indeed, the distortion of surface potential well is observed from the 

larger fluorescence gold clusters (N=23 and 31). Electron screening increases and the 

potential bounding each electron flattens, thereby slightly increasing the 

anharmonicity. Figure 3-2-4B shows that the potential confining free electrons in 

larger gold clusters Au23 and Au31 flattens only slightly, indicated by an 

anharmonicity distortion parameter 20,35 of U~0.033 based on equation 17.  Even the 

HOMO-LUMO gaps from gas phase Au20
6 and water soluble Au11

42 and Au28
4 lie 

close to the same curves and are consistent with our results (Figure 3-2-4A). More 

recently, Au38 reported by Murray’s group gives IR emission with maximum energy 

at 1.41 eV,41 which is about a 3% deviation from our calculated value (1.48 eV), 

further suggesting the distortion parameter (U=0.033) remains constant even at 

particle sizes as large as 38 atoms. While only magic cluster sizes correspond to shell 
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closings,35 the approximately spherical electronic structure indicated by the scaling 

with inverse cluster radius shows that these nanomaterials are “multi-electron 

artificial atoms”.19,43,44 This similarity results from the conduction electrons making 

intraband transitions between nanocluster electronic states of well-defined angular 

momentum, thereby leading to discrete excitation and emission spectra. The primary 

difference between these and true atoms is that the electron density does not change 

in the clusters, while it does as atomic number increases.19,20 Consequently, for atoms, 

electrons can be considered in a r-1 potential well due to Columbic interaction and the 

magic numbers N0 for the r-1 potential are 4,10, 18…, corresponding to 1s, 2s, 2p, 3s, 

3p, 3d…. electronic shells. However an electron in a metal cluster is in the spherical 

harmonic oscillator r2 potential and the magic numbers N0 for the r2 potential are 

2,8,18,20…, corresponding to 1s, 1p, 1d, 2s,…. electronic shells.22 In contrast to 

predictions of planarity for gas phase AuN≤ 7 nanoclusters in gas phase ( Energy level 

spacing should be equal to )2/( NrE sf ),16 the PAMAM-encapsulated nanocluster 

geometries must be approximately spherical to yield the observed scaling. 

3.2.4 Photophysical properties of fluorescent gold clusters  

The detailed photophysical properties of different water-soluble gold 

nanoclusters (Table I) indicate that these Au nanodots behave as not only quantum-

confined, but also molecular-like and size-tunable fluorophores. The high quantum 

yields are comparable to the best water-soluble emitters currently available, ranging 

from 70% for UV-emitting Au5 to ~10% for Au31 in the near IR. In contrast to larger 

semiconductor nanocrystals, dendrimer encapsulated gold clusters have well-defined 
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excitation and emission spectra while requiring neither complicated high temperature 

syntehses with toxic precursors nor difficult overcoating with surface passivation and 

solubilization chemistry for applicablity as biolabels. Since semiconductor 

nanocrystals have band structures, any energy above the nanocrystal band gap can 

excite the semiconductor nanocrystals, which leads to broad excitation spectra and 

limit their applications as energy transfer pairs. However, molecule-like gold clusters 

have discrete energy states and both their excitation and emission spectra are strongly 

influenced by their sizes,thereby offering new opportunities to apply them as energy 

transfer pairs in the biological labeling studies. Such well-defined, tunable discrete 

excitation and emission suggest that these nanomaterials may find utility as energy 

transfer pairs – a task that semiconductor quantum dots are ill-suited for because of 

their extremely broad excitation spectra and larger fluorophores size. Gold clusters 

are also exhibit low toxicity, in contrast to II-VI or III-II semiconductors. Size-

dependent emission of gold begins at several atoms and strongly depends on the 

number of atoms in the clusters.  Emission can be tuned from the UV to the near IR 

by simply adjusting the number of 20 atoms in the clusters, while remaining below 

1nm in diameter. Characteristic lengths of semiconductor range from 2-10 nm with 

surface passivation and solubilization chemistry for the increasing size up to ~20nm. 

As gold nanoclusters are too small to have the continuous density of states and 

plasmon absorptions characteristic of larger nanoparticles (>2 nm),45,46 the transition 

energy instead of the plasmon absorption width should scale with inverse cluster 

radius. While there is great debate regarding size-induced metal to insulator 
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transitions and the nature/lack of plasmon absorption in few-atom metal 

nanoclusters,18-20,47 the size-dependent scaling of excitation and emission energies 

with EFermi/N1/3 directly indicates that free electron behavior begins in AuN as small as 

N=3. The relative difference between the energy level spacing and thermal energy has 

become a criterion to distinguish metallic conduction from insulation.48 If the energy 

level spacings are smaller than the thermal energy, thermal energy can create mobile 

electron-hole pairs in the metals, as a result, current can flow through the metals.48 

However, if the energy level spacings are much larger than the available thermal 

energy, the free electrons in the metal clusters are confined to discrete energy levels. 

Thus, very small metal clusters are often considered to be nonmetallic. Free electron 

behavior can be clearly observed from metal nanoparticles and molecule-scale metal 

clusters.  

 Such free electron protoplasmonic intraband absorption and fluorescence give 

rise to discrete size-dependent Au transitions throughout the visible beginning at the 

few-atom size scale. As nanocluster size increases further, transition energies 

decrease with the increasing density of states, thereby forcing energy level spacings 

to eventually become comparable to available thermal energy. This relaxes the 

angular momentum selection rules as single electron states become less well defined 

in favor of the effectively continuous density of states characteristic of plasmon 

absorption within nanoparticles and bulk metals. As a result, the nanoparticle 

absorption is mainly due to collective oscillations of free electrons, and its plasmon  
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Table 3-1. Photophysical properties of PAMAM-encapsulated gold nanoclusters in 
water 

Gold 

Cluster 

Excitation 

(FWHM) 

eV 

Emission 

(FWHM) 

eV 

Quantum 

Yield % 

Lifetime 

ns 

Intrinsic 

decay 

rate(×109

GHz) 

Au5 3.76 (0.42) 3.22 (0.45) 70 3.5 0.2 

Au8 3.22 (0.54) 2.72 (0.55) 42 7.5 0.056 

Au13 2.86 (0.38) 2.43 (0.41) 25 5.2 0.048 

Au23 1.85 (0.21) 1.65 (0.26) 15 3.6 0.042 

Au31 1.62 (0.20) 1.41 (0.10) 10 - - 
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absorption width is solely dependent on its relaxation constant that is proportional to 

(1/R).12  Absorption is governed by k(N), the size-dependent imaginary part of the 

refractive index, n’(N)=n(N)+ik(N), while plasmon width results from the imaginary 

portion of the dielectric constant, ε(N)= ε1(N)+ iε2(N). Because ε(N)=n’(N)2 for non-

magnetic materials, ( ) ( )[ ] ( )[ ] ( ) ( )NkNniNkNnN ⋅⋅+−= 222ε  and the portion governing the 

plasmon width is simply  ( ) ( ) ( )NkNnN ⋅⋅= 22ε , and is linearly dependent on k(N). 

Therefore, any size dependence in absorption is directly related to the imaginary 

portion of the dielectric constant which governs plasmon width, thereby connecting 

the atomic and nanoparticle limits. Consequently, by directly probing the lowest 

energy absorptions and emissions, these studies connect nanocluster transition 

energies and both of which scale with inverse particle radius (R-1 or, equivalently, N-

1/3). With increasing size and decreasing transition energy, confinement switches from 

being relative to the Fermi wavelength (yielding discrete size-dependent optical 

transitions) to being relative to the electron mean free path (yielding plasmon widths 

that scale with the free electron DOS and the imaginary dielectric constant). Both 

regimes scale with inverse cluster radius as the delocalized free electron states giving 

rise to nanocluster fluorescence become sufficiently dense at larger sizes that they 

enable the Au nanoparticle plasmon absorptions and generate the characteristic N-1/3 

scaling of the plasmon width. Consequently, the size dependent transition frequencies 

of our water soluble Au nanoclusters are the small size limit of the plasmon 

absorption within bulk metals and provide a smooth connection between atomic and 
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metallic behavior with true protoplasmonic fluorescence that is well-described at all 

sizes by the spherical jellium model. 38 

3.2.5 Photon antibunching experiments for single Au23 clusters   

Although a single metal atom is a well-defined quantum system, metal 

nanoparticles and bulk metals are not typically expected to behave as single quantum 

systems due to the characteristic collective oscillations of free electrons under optical 

excitation.  When incident light passes through the bulk metal or metal nanoparticles, 

scattered photons resulting from this oscillation are uncorrelated, thereby preventing 

observation of non-classical photon correlations. Fortunately, since electronic 

structures of metals dramatically change at the electron Fermi wavelength, splitting of 

continuous band structures into discrete energy levels may provide a unique 

opportunity to observe the photon antibunching behavior from few atom metal 

clusters. On the electron Fermi wavelength scale, free electrons can be described as 

being confined in discrete energy levels of metal clusters. Because these energy level 

spacings are large relative to thermal energy, these metal nanoclusters should behave 

as single quantum systems, not the sum of many quantum systems. To prove the 

quantum nature of these fluorescent gold clusters, photon antibunching measurements 

were performed on these gold clusters.   

  Here, we demonstrate the observation of photon antibunching from 

fluorescent Au23 clusters. Au23 clusters were dispersed on a coverslip, which formed 

the bottom window of a microscope-mounted vacuum chamber (<10-5 torr). 

Adjusting the concentration of Au23 enables a single molecule to be excited with a 
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CW 633 nm HeNe laser. Although well-defined dipole emission patterns49 and 

blinking dynamics are readily observed, only antibunching in the photon stream 

definitively proves single molecule behavior. Measurement of photon correlations on 

individual gold Au23 nanoclusters was performed in a Hanbury Brown and Twiss 

configuration.50 In such an arrangement, the probability of detecting two individual 

photons was measured as a function of arrival time difference. Since simultaneous 

two photon emission at low excitation intensity is forbidden for a single quantum 

system, the intensity autocorrelation function g(2)(τ) ideally should be close to zero at 

zero delay. Strong antibunching was observed from photons emitted from a single 

Au23 cluster. Minimum coincidence counts at zero delay and an exponential increase 

of g(2)(τ) before and after zero delay are clear evidence for non-classical photon 

antibunching (shown in Figure 3.2.5). In contrast, the ensemble g(2)(τ) yields no 

minimum at zero delay. Overall these observations suggest that electronic structure 

and optical transitions dramatically change at the few-atom scale and that the 

conduction electrons are in well-defined electronic states and give rise to this novel 

“Multielectron artificial atom” behavior in Au nanoclusters. To simulate this 

autocorrelation of photons, we used a simple two level model to fit g(2)(τ)=1-(1/N)e-

τ/td,51 in which td is the decay time. The fit gives an estimate of g(2)(0) = 0.6, which is a 

clear signature of non-classical photon antibunching from a single quantum system. 

Theoretically, intensity correlation g(2)(τ) of emitted light from a single two level 

quantum system at zero delay should be exactly zero, however, the background 

observed in our experiments arise from impurity fluorescence under laser excitation. 
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A weak but broad emission at 680 nm was observed even without presence of Au23 

clusters. This background is responsible for at least 20% contrast decrease. A possible 

method to improve the contrast is using 720 nm long pass filter to cut off the 

background, and experiments are being carried out. Single molecule lifetime of 

individual gold clusters obtained from fitting results is 3.6 ns, identical to the bulk 

lifetime. Such single quantum system behavior has not been previously reported for 

metals at any size regime. This direct photon antibunching result provides the optical 

evidence for these “multielectron” artificial atoms behaving as single quantum 

systems. Although Au23 is composed of a group of individual atoms, the free electron 

delocalized in the clusters and their behaviors are governed by angular momentum.  

Clearly acting as true multielectron artificial atoms, only emission arising from single 

electron decay instead of collective excitations is observed. These studies shed light 

on the electronic structure change from a many body quantum system to a single 

quantum system with size decreasing to the molecular metal scale corresponding to 

Fermi wavelength of an electron. Different to their counterpart large gold 

nanoparticles, single rather than collective electron transitions are observed in these 

small gold clusters. Large energy spacings and well-defined angular momentum 

states are responsible for this change at the nanocluster level. Observation of 

antibunching from gold clusters at room temperature also provides an opportunity to 

utilize these sub-nm gold clusters as new non classical light sources.  
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e 3-2-5  Measurement of photon correlations on individual gold Au23 
lusters (bottom) and the ensemble of gold clusters (top) performed in a Hanbury 
n and Twiss configuration  At zero delay, photons emitted by the ensemble of 
clusters are uncorrelated and g(2)(τ) is equal to 1.  However, for a single 
ule, the probability of observing two photon at zero delay is the lowest and 
ses with delay time between photons. The red curve is a simulation based on 
uation g(2)(τ)=1-(1/N)e-τ/td 51with td as the decay time . Based on this equation, 

(2)(0) is 0.6 and lifetime of single Au23 is 3.6 ns, which is consistent with 
imental results from bulk solution studies.  
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3.3 Conclusion 

We have created novel, highly fluorescent gold quantum dots that behave as 

multi-electron artificial atoms with size-tunable, discrete electronic transitions 

between states of well-defined angular momenta. Correlation of Au nanocluster sizes 

with transition energies are well-fit with the simple relation, Efermi/N1/3, indicating 

protoplasmonic fluorescence corresponding to the jellium model because both 

fluorescence and plasmon scattering are due to free electron behavior but under 

different boundary conditions. Both plasmon width and cluster emission are 

proportional to 1/R. Thus, the intraband transitions are the low number limit of the 

plasmon before the onset of collective dipole oscillations occurring when a 

continuous density of states is reached. Combination of this photon antibunching 

behavior at the single molecule level with their discrete size-dependent optical 

transitions demonstrate that these small gold clusters are true multielectron artificial 

atoms. Providing the “missing link” between atomic and nanoparticle behavior in 

noble metals, these highly fluorescent, water-soluble Au nanoclusters offer 

complementary transition energy size scalings at smaller dimensions than do 

semiconductor quantum dots. The unique discrete excitation and emission coupled 

with facile creation in aqueous solution open new opportunities for noble metal 

nanoclusters as biological labels, energy transfer pairs, and other light emitting 

sources in nanoscale electronics.  
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CHAPTER 4 

 

Luminescent Gold Nanoparticles 

 

4.1 Introduction 

 
 Electronic structures of metals are not only dependent on their sizes but also 

strongly correlated with the oxidation states of metal atoms. As a result, research into 

the chemistry and physics of small metal clusters has been driven by different 

objectives in the last decades. 1,2 One objective is the understanding of size-dependent 

properties of metals along the atom to bulk transition by creating different size, fully 

reduced metal clusters and nanoparticles. The other is the understanding of 

interactions between metal ions and organic ligands by creating metal(I/II/III) 

complexes.  

We and others have demonstrated that the optical and electronic properties of 

nanoscale gold clusters are determined by nanocluster size, with the scaffold 

providing a seemingly smaller perturbation.3,4 As a result, small gold clusters or 

nanoparticles can be roughly visualized as fragments of bulk gold with minor 

perturbation in electronic structures by organic matrices and the properties of metal 

clusters or nanoparticles are dominated by various size effects.2-4 In fluorescent gold 

nanoclusters, gold atoms are fully reduced and strong covalent bonds were observed 
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among these gold atoms. Emission is simply dependent on the number of free 

electrons in the clusters and can be well fit with the simple free electron, or jellium, 

model. 4 

In addition to these fluorescent and fully reduced gold clusters, small gold(I) 

complexes are also found to give bright luminescence.5-14 In these luminescent gold(I) 

clusters, gold ions provide available states and hybridize with organic ligands by 

forming charge transfer bands.5-14 Luminescence is roughly attributed to metal to 

metal electronic transitions, coupling with strong ligand to metal/metal-metal unit 

charge transfer transitions. Large Stokes-shifted luminescence with µs lifetimes are 

generally characteristics of these gold(I) complexes. Charge transfer between ligand 

and gold or gold-gold unit is responsible for the observed large Stokes shift and long-

lifetime emission. The emission center is usually assigned to metal-metal electronic 

transitions and emission energy is inversely proportional to gold-gold distance at low 

temperature.14,15    In addition, lowering the temperature can result in the decrease of 

Au(I)-Au(I)bond length, corresponding to a blue shift of the emission energy.16 

A general strategy for synthesizing luminescent small gold(I) clusters is using 

multidentate ligands17 with “soft” electron donor groups to coordinate with Au3+ ions. 

With assistance of closed-shell interactions among Au(I) ions(5d10) and bridging 

structures of the ligand groups,9 small luminescent  gold(I) clusters can be prepared. 

In these luminescent gold(I) clusters, closed-shell interactions  drive aggregation of 

Au(I) atoms to form dimers and oligomers. The multidentate  ligands are necessary to 

stabilize gold(I) complexes/clusters because bond energies of gold(I)-gold(I) ranging 
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from 20-50 kJ are much smaller than those of  gold(0)-gold(0) in fully reduced gold 

nanoparticles or clusters.18 The average gold(I)-gold(I) distance (2.69-3.35 A) in such 

gold(I) clusters is also shorter than the sum (3.7 A) of the two van der Waals radii of 

gold(I) ions but is longer than Au(0)-Au(0) distance (2.2-2.5 A). 18  

 Studies on  luminescent polynuclear gold(I) complexes/clusters suggest that if 

surface atoms in gold nanoparticles are in high oxidation states, they might exhibit 

luminescence by forming ligand-metal charge-transfer band and metal(I)-metal(I) 

interactions. In thesis, we found that luminescent gold nanoparticles can be created by 

using a very gentle photoreduction method. These nanoparticles might have 

applications as a new type of nanoscale emitters in biological labeling and 

optoelectronic devices. 

4.2 Results and discussion 

4.2.1 Synthesis  

Glutathione19-23, a three amino acid peptide, was used as an encapsulant to 

synthesize water-soluble and biocompatible luminescent gold nanoparticles. The 

detailed synthetic procedure has been described in Chapter 2.  Distinct from synthesis 

of nonluminescent but plasmonic gold nanoparticles, no strong reducing regents or 

strong photoirradition was used in the synthesis of these luminescent gold 

nanoparticles. The glutathione/gold solution was stirred for 3 days at room 

temperature under room-light irradiation. This gentle reduction method may leave 

some Au atoms in higher oxidation states, giving a slight effective partial positive 

change to all Au atoms in the nanoparticles. Both yellow and red emitting gold  
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Figure 4-2-1 Luminescence  images of glutathione encapsulated gold nanoparticles  
(a). Luminescence image of glutathione-encapsulated yellow and red emitting gold 
nanoparticles in aqueous solution under 366 nm excitation. (b) Luminescence image 
of yellow and red emitting gold nanoparticles in poly(acryl amide) gel after 
electrophoretic separation.  
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nanoparticles were readily created with the methods in Chap2.. Figure 4.2.1A shows 

yellow and red emitting gold nanoparticles have been prepared within glutathione 

scaffolds, and they strongly emit under irradiation at 360 nm. Figure 4.2.1B shows 

that red and yellow emitting species are separable with poly (acryl amide) gel 

electrophoresis. Yellow emitting species usually run more slowly than red emitting 

species toward the positive electrode in electrical field, indicating a combination of 

large size and/or less negative overall charge. 

4.2.2  Size characterization with Transmission Electron Microscopy  

Luminescent gold nanoparticle solutions were deposited on copper TEM grids. 

After solvent evaporation, the TEM grids with samples were characterized by field 

emission transmission electron microscopy (TEM) (Hitachi HF-2000 FEG at 200 kV) 

and high-resolution transmission electron microscope (HRTEM) (JEOL 4000EX at 

400 kV). All TEM images were collected immediately without long irradiation by 

electron beams to ensure that observed particles are not due to the reduction by the 

electron beam. TEM images and size-distributions for the compounds are shown in 

Figure 4.2.2 respectively, indicating nanoparticle sizes around 2 nm. As a control 

experiment, “polymeric” Au(I)SR was also synthesized based on the Brust method24 

and investigated with TEM, however, no gold nanoparticles were observed under the 

same experimental conditions. Size distributions for yellow emitting gold 

nanoparticles and red emitting gold nanoparticles are 2.2±0.3 and 1.9±0.3 nm, 

respectively. HRTEM (high resolution TEM) measurements further indicated that 

these gold nanoparticles have well-defined crystal structures (Figure 4.2.3). Since no  
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Figure 4-2-2 TEM measurements on the luminescent gold nanoparticles. TEM images 
of red (A)  and yellow (B) emitting gold nanoparticles collected using  field emission 
transmission electron microscope (TEM) (Hitachi HF-2000 FEG at 200 kV). Size 
distribution of glutathione encapsulated red emitting (C) and yellow emitting gold 
nanoparticles (D) are 1.9±0.3 nm and 2.2±0.3, respectively (Total the number of gold 
nanoparticles counted is 100 for yellow and red emitting gold nanoparticles, 
respectively). 

 

 

 
 
 
 
 
 
 
 
 
 
 

   98



 
Figure 4-2-2 continues 
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Figure 4-2-2 cont. 
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Figure 4-2-3 A lattice image of a single red emitting gold nanoparticle collected with 
high-resolution transmission electron microscopy (HRTEM) (JEOL 4000EX at 400 
kV). 
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chemical reducing agents were used in the preparation of these luminescent gold 

nanoparticles, the driving force in the formation of these luminescent gold 

nanoparticles is probably attributed to photoreduction  and disproportionation of some 

gold salts within glutathione scaffolds. 25  El-Sayed et al. recently reported that Au3+ 

was first reduced to Au(1+) and then Au(1+) was decomposed to Au(3+) and Au(0). 

25 Au(0) atoms aggregated into the nanoparticles. In our case, since only room light 

was used as the photoreduction source, the Au nanoparticles might be in a slightly 

positive overall the high oxidation states, or the disproportionation mechanism of El-

Sayed may yield true Au(0) nanoparticles. 

4.2.3 Size characterization with photon correlation spectroscopy 

To further determine the sizes of luminescent particles in the solutions, the 

hydrodynamic radii of glutathione encapsulated luminescent gold nanoparticles were 

also characterized via photon correlation spectroscopy (Protein solutions Inc.). A 

small volume (0.5) of luminescent gold nanoparticle solution was placed in a three-

sided quartz cuvette for determination of the hydrodynamic radii of the particles. The 

average hydrodynamic radii of glutathione encapsulated gold nanoparticles were 

observed1.18 nm and 1.33 nm for red emitting and yellow emitting gold nanoparticles, 

respectively. The hydrodynamic radii of these gold nanoparticles are larger than sizes 

measured with TEM due to water layers forming around these nanoparticles. Photon 

correlation spectroscopic results further indicate that gold nanoparticles observed in 

TEM studies are not due to reduction by the electron beam of TEM and the relative 

sizes are consistent with TEM results. Combination of TEM and PCS measurement 
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results indicates that these gold nanoparticles are responsible for the observed 

emission, and that the yellow emitting nanoparticles are slightly large in size. 

4.2.4 Photophysical properties of luminescent gold nanoparticles 

               Absorption spectra of the luminescent gold nanoparticles are distinct from 

those of fully reduced ~ 2nm Au(0) gold nanoparticles which have weak but 

distinguishable plasmon absorption around 520 nm.2,26 As shown in Figure 4.2.4, the 

luminescent gold nanoparticles have no plasmon absorption but strong and broad 

absorption in the UV range. The UV absorptions likely arise from strong sulfur-gold 

charge transfer transitions.18 In these luminescent gold nanoparticles, “soft” sulfur 

atoms can be considered weak reducing agents, and donate electrons to Au ions by 

forming S-Au(I) bonds.8,27 Since the same size fully reduced gold nanoparticles can 

give surface plasmon absorption, the absence of a plasmon absorption in these 

luminescent gold nanoparticles suggests that some gold atoms in the luminescent gold 

nanoparticles might not be fully reduced, as a result, the free electron density in the 

gold nanoparticles may not be high enough to give rise to plasmon absorption.  

Excitation and emission spectra of luminescent gold nanoparticles are shown 

in Figure 4.2.5. Strong emission was observed around 568 nm and 600 nm with both 

excitation maxima around 398 nm and 265 nm were observed from glutathione-

encapsulated luminescent gold nanoparticles, respectively. The strong UV excitation 

profiles and long lifetime (~5 µs) (Figure 4.2.6) are reminiscent of the photophysical 

properties of small luminescent gold(I) complexes/clusters at low temperature,14-16,27 

suggesting that  emission might result from the analogous electronic transitions such  
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Figure 4-2-4 Absorption spectra of yellow and red emitting gold nanoparticles in 
aqueous solutions. Broad absorptions in the UV region may arise from ligand-metal 
charge transfer bands. No plasmon absorption are observed from these luminescent 
gold nanoparticles.  
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Figure 4-2-5 Excitation spectra (dash line) and emission spectra (solid line) of yellow 
(dark yellow color) and red (red color) luminescent gold nanoparticles. Strong 
emission was observed around 568 nm and 600 nm with both excitation maxima 
around 398 nm and 265 nm were observed from glutathione-encapsulated 
luminescent gold nanoparticles, respectively. 
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Figure 4-2-6. Lifetime measurement of red emitting gold nanoparticles. Lifetime of 
luminescent gold nanoparticles is around 5.04 µs. 
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as  interband transitions (dp-sp) mixed with ligand to metal charger transfer.14,28-30 To 

investigate the overall oxidation states of gold in the luminescent gold nanoparticles,  

4f7/2 and 4f5/2 binding energies of luminescent gold nanoparticles were investigated 

with XPS. 

4.2.5 Average oxidation states of gold atoms in luminescent gold nanoparticles 
investigated by XPS studies  
 

To further probe the detailed electronic structure of luminescent gold 

nanoparticles, oxidation states of the gold atoms in the particles were investigated 

using x-ray photoelectron spectroscopy (XPS). Luminescent films were prepared 

through drop casting the gold nanoparticle solutions on a silicon wafer. Binding 

energies (BE) of Au 4f7/2 electrons were used as a signature of Au oxidation states 

and were examined with alkyl chain C 1s BE (284.5 eV) as an internal reference.  

Figure 4.2.7 indicates that the gold Au 4f7/2 BE are 84.28 eV and 84.43 eV for yellow 

and red emitting gold nanoparticles respectively, which fall in the middle of Au(0) 

BE (84.0 eV) (~2 nm fully reduced Au(0) nanoparticles)26,31 and Au(1+) BE 

(84.9~85.3eV) (AuS complexes).32,33 These values suggest that both Au(1+) and 

Au(0) are constituents of the luminescent gold nanoparticles. Differences in the 

binding energies between yellow emitting and red emitting gold nanoparticles might 

arise from the size effect and also the relative ratio between Au(1+) and Au(0) in each 

luminescent nanoparticles. Ignoring any possible size effects and assuming a linear 

relation of binding energy with oxidation state, deconvolution of Au  4f7/2 binding 

energies indicates that 43% Au atoms in yellow emitting nanoparticles are Au(1+) 

while 52% Au(1+) in red emitting gold nanoparticles. Although XPS measurements 
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indeed suggests the existence of higher average oxidation state gold atoms in the 

luminescent nanoparticles,  it is unclear whether emission energy is dependent on the 

abundance of Au(1+) in the nanoparticles.  

4.2.6  Reducing luminescent gold nanoparticles 

By slowly adding NaBH4 into yellow/red luminescent solutions, absorption in 

the visible range slowly shows up and monotonically increases to higher energies and 

eventually weak but broad absorption around 520 nm was observed. (Figure 4.2.8). 

This broad visible absorption is the gold plasmon absorption and their sizes (Figure 

4.2.9) and absorption are  indistinguishable to the absorption spectra of fully reduced 

2 nm gold nanoparticles reported by other groups.2,26 No luminescence was observed 

from these reduced glutathione encapsulated gold nanoparticles, suggesting that the 

Au(I) coordinated with ligands might be the emission centers for the observed 

luminescence. However, the detailed mechanism for the emission is still not clear, 

and specifically the particle size effecting the emission energy of the luminescent 

gold nanoparticles requires more study before giving any conclusive answers.  

4.3  Conclusion 

Luminescent gold nanoparticles encapsulated by glutathione molecules were 

synthesized and characterized with different techniques. Distinct from the similar size 

but nonluminescent gold nanoparticles, these 2 nm gold nanoparticles show bright 

and long lifetime emission but no plasmon. XPS measurements suggest the presence 

of higher average oxidation states gold atoms in the nanoparticles. The emission 

might arise from electronic transitions of gold(I) coupling to the ligand-metal charge 
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transfer transition. Although the detailed mechanism for emission has not been fully 

understood, these ~2 nm peptide encapsulated gold nanoparticles integrated with 

luminescence properties could be used as a new type of biological label with dual 

function for both optical and electron microscopy studies.   
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Figure 4-2-7.   XPS spectra of Au 4f Binding energies of glutathione-encapsulated 
yellow (yellow curve )  and red emitting ( red curve)  gold nanoparticles and that of 
fully reduced gold nanoparticles ( black curve). 
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Figure 4-2-8 Absorption spectra of yellow emitting gold nanoparticles before and 
after adding NaBH4 into the solution.  Reducing yellow emitting gold nanoparticles 
leads to a weak and broad plasmon absorption at 520 nm.  
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Figure 4-2-9 A TEM image  of reduced yellow emitting gold nanoparticles, which 
shows the same size distribution of yellow emitting gold nanoparticles. 
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CHAPTER 5 
 

 
Fluorescent silver clusters and their Raman 

enhancement 
 

 
5.1 Introduction 

Single molecule fluorescence microscopies1,2 are very powerful tools to 

unravel many mysteries underlying the heterogeneous dynamics characteristic of 

nanoscale materials and biosystems.3,4  Although many fluorophores can be utilized 

in single molecule microscopy, only semiconductor nanocrystals5,6 have sufficiently 

strong absorptions to be easily observed at the single molecule level with weak 

mercury lamp excitation. Such materials can potentially enable facile, inexpensive 

single molecule studies, but syntheses require toxic compounds and high temperature 

methods.  

Similar to gold metal, silver metal also has very wide size-dependent optical 

properties and displays discrete electronic transitions on the few-atom size scale. In 

1978, Ozin and Huber used cryophotoclustering techniques to prepare a series of 

small naked silver clusters Agn (where n<6) at low temperature and attempted to 

bridge  the molecular cluster-bulk microcrystalline metal interface by investigating 

the correlation of absorption with  cluster size.7 A remarkable monomeric relationship 

between the lowest absorption energy and the number of atoms N of AgN ( where N 
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<6) was discovered.  Although this correlation was not fully understood at that time, 

it actually can be easily rationalized with the electronic shell/jellium model proposed 

by Knight et al in 1984.8 Since the small silver clusters AgN ( where 2≤N≤5) were 

predicted to have linear chain structure in the gas phase as calculated by Baetzold,9-12 

the energy level spacing  could be linearly dependent on 1/R ( where R=rsN for  linear 

silver chain structures)  based on the free electron gas model. As a result, similar to 

fluorescent gold clusters, small silver clusters could also be considered as free 

electron “artificial atoms”.     

Not only discrete absorptions but also fluorescence was observed from small 

silver clusters.  One of the early works performed by Harbich and coworkers was the 

observation of fluorescence from Ag2 and Ag3 at low temperature in rare gas 

matrices.13,14 Silver dimer in an Ar matrix not only showed discrete absorption 

transitions at 243, 262, 382, and 441 nm similar to those reported by Ozin et al.,7 but 

also gave emission at 288 and 479 nm. Silver trimer in an Ar matrix also had discrete 

emission at 374, 616 and 705 nm.13,14 In addition, silver tetramer gave emission at 

458 nm, 15 while Ag8 gave emission at 394 nm reported by Rabin et al..16  

In 1998, Chen et al found that zeolite-Y can encapsulate and stabilize 

fluorescent silver clusters in the condensed phase.17,18 Silver ions were first adsorbed 

into the small cavities of zeolites and then photoreduced with UV light to form silver 

clusters. Strong emission from 460-600 nm was observed. In 2001, a simpler method 

to generate fluorescent silver clusters at room temperature was discovered by our 

group.19 Small fluorescent silver nanoclusters (Ag2-Ag8) are readily created by 
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photoreducing silver oxides films at room temperature. In addition, these silver 

clusters yield such strong multicolored fluorescence that the emission can be easily 

observed at the single molecule level even under the very weak mercury lamp 

excitation.19,20 While potentially useful as optical data storage elements, very little 

control could be effected over individual surface-bound clusters as continued 

irradiation of silver oxides further modifies nanocluster size and therefore emission 

color.19-21 Consequently, studying individual species proved very difficult. 

Additionally, the surface-bound nature of these highly fluorescent species precluded 

the applications as fluorescent labels or as volumetric optical data storage elements.21 

Thus, synthesis of stable, water-soluble individual silver clusters will greatly facilitate 

the characterization and use of these photoactivated nanomaterials at the single 

molecule level.  

Interaction of light with silver metal on the nanoscale is strongly size-

dependent. Different from small fluorescent silver clusters, large 40-100 nm silver 

nanoparticles are nonfluorescent, but show strong surface plasmon scattering and 

surface enhanced Raman scattering (SERS).22-27 Although typical Raman scattering 

cross sections are very small (~10-30 cm2/molecule), Raman signal can be greatly 

enhanced by coupling with large metal nanoparticles. In 1974, Fleischmann and 

coworkers first observed six orders of magnitude enhanced Raman signals from 

pyridine adsorbed on a rough surface of a silver electrode.28 Later, as large as 109  

Raman enhancements were observed from molecules absorbed on 50-100 nm silver 

nanoparticles.29-32 This large Raman enhancement is called surface-enhanced Raman 
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scattering (SERS), mainly arising from the strong surface plasmon enhancement 

effect and chemical effects.23,33-36  Coherent oscillation of free electrons in metal 

nanoparticles under light excitation can greatly increase the strength of local electrical 

field close to the particles, leading to ~ 106 fold enhancement in Raman scattering 

cross sections of molecules adsorbed or in close proximity to the surface. The 

chemical effect is mainly thought to arise from charge transfer between analytes and 

the metal surface, resulting in ~103 -fold enhancement in Raman scattering cross 

section 33,36-41 Fundamentally, this charge transfer mechanism is similar to resonance 

Raman scattering enhancement as it is thought to create new electronic levels close to 

the laser excitation frequency, strongly coupling the molecular orbitals of analytes 

with the conduction bands of the nanoparticles. 

Although considerable progress has been made in understanding the 

enhancement mechanisms, the SERS effect was found to be much more complicated 

at the single molecule level. To unravel the details in single molecule Raman 

enhancement, Kneipp et al. in 1997 used a cw 830 nm laser to excite a crystal violet 

molecule adsorbed on 100 nm silver nanoparticles and directly observed the single 

molecule crystal violet Raman spectra with  extremely large cross sections (10-16~10-

15 cm2/molecule).42 In addition, Raman scattering intensity was also found to fluctuate 

with time. 42 Nie and Emory 43used cw 514 nm  laser to excite  single R6G molecules 

on silver nanoparticles and also observed enormous SERS enhancements on the order 

of 1014~1015, which is consistent with the enhancement factor reported by Kneipp et 

al.42 These studies reveal that the enhancement factor achieved from the single 
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molecule studies is much larger (106 –fold) than that  obtained from the bulk studies. 

Through imaging, they also discovered that only a very small subset of silver 

nanoparticles can give such large enhancement even though all particles are of similar 

size. These magic SERS active silver nanoparticles are called “hot” nanoparticles.43 

By exploiting the plasmon-enhanced electromagnetic fields and resonance effects, 

these incredible enhancements were attributed to rare surface interactions present on 

the “hot” nanoparticles or “hot spots”.  To increase hot spot concentrations, NaCl can 

be added into silver nanoparticle solution to induce aggregration,42,43 however, 

detailed information about these hot spots is still missing.    

A mystery arising from single molecule SERS studies is the discrepancy in the 

enhancement factor between calculations and those obtained in the single molecule 

studies.44 Based on these two classical enhancement mechanisms, the overall 

calculated SERS enhancement at the single molecule level should range from 109 to 

1011, which is about 104 to 106 fold smaller than the necessary to explain the 

experimental results obtained at the single molecule.44 The great disparity between 

observed and calculated enhancements indicates that either the plasmon enhancement 

or the chemical effect is underestimated. Recently Brus et al. found that such large 

enhancements might arise from the greatly enhanced local electric fields in junctions 

between nanoparticle,44 where the field strength is more than 103 larger than that in 

other locations due to the couplings of two plasmon enhanced electric fields. This 

large electric field may comprise the missing 106 enhancement in SM-SERS. 

However, since strong SERS signals were also observed from single large silver 
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nanoparticles without junctions,43 detailed SERS mechanisms require more research. 

More interestingly, although all of these well-known SERS-active nanoparticles with 

sizes 40-100 nm are nonfluorescent, a strong broad emission background always 

comes along with SERS signals even from nonfluorescent organic scaffolds or 

analytes.43. This emission potentially can be used as an alternative optical signature to 

shed light on the local electronic structures of “hot” spots. We and other groups have 

demonstrated that small few atom Ag nanoclusters are strongly fluorescent with large 

oscillator strengths.13,17,19,21 In this chapter, water-soluble fluorescent silver clusters 

were synthesized and their fluorescence, Stokes and antistokes Raman scattering were 

investigated at the single molecule level.  

5.2 Results and Discussion 

5.2.1  Growth of fluorescent silver clusters with  photoactivation  

Initially, no visible fluorescence is observed from dendrimer encapsulated 

silver ion solutions under blue light excitation, but, more and more multicolored 

emissive species were observed with increased photoactivation. Within ~6 s, the field 

of view is filled with individual blinking fluorescent species, with little subsequent 

photoactivation (Fig. 5.2.1A). These very bright, stable fluorescent features are all 

highly polarized and exhibit well-defined dipole emission patterns45 (Fig. 5.2.1B) 

Since transition dipoles have different angles relative to the field of view, both out of 

plane ( “donut” shape) and in plane ( “butterfly” shape)  emission dipoles are easily 

observed even with very weak mercury lamp excitation (30 W/cm2). Correlated with 

the absorption changes, fluorescence quickly grows in with increasing irradiation 
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time as silver ions are photoreduced inside the dendrimer host and blinking dynamics 

characteristic of individual emitters are observed. After completion of 

photoactivation, the fluorescent silver – dendrimer nanodots remain very stable both 

in average emission intensity and in spectral characteristics. The dendrimer thereby 

stabilizes the nanoclusters and enhances their optical properties relative to those on 

AgO films.19,20 Necessary because the binding energy of small Ag nanoclusters is less 

than the excitation energy, the cage effect of the dendrimer likely acts similarly to 

that of rare gas matrices46 to stabilize and enhance the nanocluster fluorescence by 

preventing photodissociation. While water has been shown to quench Ag nanocluster 

fluorescence on AgO films,47 silver nanoclusters encapsulated in dendrimers are 

highly fluorescent and quite stable in water solution. Thus, the photochemically 

produced Ag nanoclusters are also protected inside the dendrimer, thereby preventing 

interaction with quenchers in solution. 

5.2.2 Comparison of fluorescent silver nanoclusters and nonfluorescent silver 
nanoparticles 
 

Although difficult to measure the exact size of the fluorescent nanodots, 

similarly prepared solutions of larger silver nanoparticles (1.5-7 nm) utilizing NaBH4 

reduction48-51 yield a characteristic, strong surface plasmon absorption at 398 nm, but 

with essentially no fluorescence (Fig. 5.2.2). The absorption spectrum of the 

nanoparticle solution is shown in Figure 5.2.2C (Curve 1). The position of the 

plasmon absorption peak around 400 nm suggests that the nanoparticles are 
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Figure 5-2-1 Time-dependent photoactivation of aqueous dendrimer-encapsulated 
silver nanoclusters and single silver nanocluster emission patterns on the surface. A 
Mercury lamp excited (450 to 480 nm, 30W/cm2, scale bar = 15 µm) epifluorescence 
microscopy images demonstrating time-dependent photoactivation of aqueous 
dendrimer-encapsulated silver nanodots. Each 300 ms CCD frame shows increasing 
fluorescence with illumination time. (B) Surface-bound silver nanodot emission 
patterns in aqueous solutions. Indicative of single molecules, the anisotropic emission 
patterns and fluorescence blinking are easily observable under weak Hg lamp 
excitation. 
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widely dispersed; TEM characterization of silver nanoparticles from the solution 

indicates that the particles are isolated and monodisperse with size around 2 to 6 nm. 

The mean particle radius was determined to be 3.6 nm.  Since the radius of an 

individual G4 PAMAM dendrimer has been estimated on the basis of molecular 

modeling calculations to be approximately 2.3 nm and has been measured in 

methanol solution by small-angle X-ray scattering to be approximately 1.7-1.9 nm, 

these large nanoparticles actually were encapsulated by several dendrimer 

molecules.50 

A drop of the nanoparticle solution was also studied with optical microscopy 

under the same conditions as for small fluorescent silver clusters. No  emission was 

observed from these large nanoparticles, indicating that the emissive silver clusters 

must be smaller than 2 nm. Additionally, photoactivation is clearly demonstrated by 

the solution absorption spectra (Figure 5.2.2C) before and after exposure to white 

light. Initially only the dendrimer contributes to the spectrum with a single absorption 

at 284 nm. After photoactivation, instead of  a surface plasmon,  the solution exhibits 

two new peaks (345 nm and 440 nm) due to the absorption of small, photoreduced 

silver nanodots.46,52 The size and geometry differences of the small silver nanodots 

simultaneously created during photoactivation yield multicolored fluorescence 

throughout the visible region (Fig. 5.2.2D).  

5.2.3 Size characterization of fluorescent silver clusters with ESI Mass 
spectrometry 
 

The well-defined dendrimer structure enables analysis of encapsulated silver 

nanocluster sizes with electrospray ionization (ESI) mass spectrometry. As shown in 
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Figure 5.2.3, silver dimer, trimer, and tetramer were all observed in the solution 

although the concentrations of these species were very low. Limited by the low 

concentration of fluorescent silver clusters, correlation of emission with size is still 

unsolved. Creating fluorescent silver clusters at high concentration is key to 

unraveling this correlation.  

5.2.4 Fluorescence spectra of dendrimer encapsulated silver nanoclusters 

While the bulk spectra of Agn of our aqueous nanodot solutions (Fig. 5.2.4A, 

top) are indistinguishable, five stable and easily distinguished fluorescence spectra 

are obtained from these highly dispersed dendrimer-encapsulated silver nanodots (Fig. 

5.2.4A bottom), suggesting that the bulk spectrum is dominated by as few as five 

nanocluster sizes. Considerably narrower than those of bulk nanodot films or 

solutions, room temperature single nanodot fluorescence spectra exhibit no obvious 

spectral diffusion. Because no additional silver can be incorporated into the nanodot 

and the dendrimer stabilizes the nanodot fluorescence, single nanodot emission is 

quite stable and robust with maxima at 533 nm, 553nm, 589nm, 611nm and 648nm, 

although fluorescence intermittency is readily observed. Comparable to II-IV 

nanoparticles, these nanodots are very photostable with ~80% of individual features 

remaining fluorescent for >30 minutes of continuous 514.5-nm or 476 nm excitation 

at 300W/cm2 (Figure 5.2.4B). The nanodot photoactivation, blinking, dipole emission 

patterns, spectral stability, and fluorescence only at small size, further indicate that 

individual dendrimer-encapsulated Agn nanoclusters less than 8 atoms in 
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Figure 5-2-2 Comparison of fluorescence images and absorption spectra of dendrimer 
encapsulated fluorescent silver clusters and nonfluorescent silver nanoparticles. 
Emission images of silver nanoparticles (A) and silver clusters (B) under blue light ( 
460~490 nm) excitation. (C) UV-Vis spectra of aqueous Ag/dendrimer solutions. (1) 
Strong plasmon absorption (398 nm) characteristic of large, nonfluorescent 
dendrimer-encapsulated silver nanoparticles prepared through NaBH4 reduction of 
silver ions in the dendrimer host (1:12 dendrimer:Ag). (2) Absorption spectrum of 
nonfluorescent 1:3 (dendrimer:Ag) solution before photoactivation, and (3) the same 
solution after photoactivation to yield highly fluorescent silver nanodots.  
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Figure 5-2-2 (D) A 476 nm laser excited epifluorescence microscope image 
demonstrates multicolor emission from dendrimer encapsulated silver clusters 
solution. (250X, 1-s exposure on Kodak DCS620X color digital camera, 476-nm 
excitation with 300 W/cm2 ). 
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Figure 5-2-3 Electrospray ionization mass spectrum of photoactivated G2-OH 
PAMAM (MW: 3272 amu) – AgNO3 solution. Agn nanodot peaks are spaced by the 
Ag atomic mass (107.8 amu) and only appear in the fluorescent, photoactivated 
nanodot solutions 
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size give rise to the observed emission. Crucial to solubility and stabilization, the 

dendrimer enhouses and protects the nanoclusters, yielding strong emission and 

providing a silver-limited environment that prevents further photoreduction/ 

nanocluster growth, especially after the sample has dried. 

5.2.5 Excitation spectra of fluorescent silver clusters 

Since emission of silver clusters is very strong at the single molecule level 

even under very weak excitation, excitation spectra of dendrimer encapsulated 

fluorescent silver clusters can be easily collected. Detailed measurement procedures 

have been described in chapter 2. Excitation spectra of dendrimer/peptide 

encapsulated silver clusters are in the range from 400 nm to 520 nm with maximum 

emission when at 475 nm (shown in Figure 5.2.5A). Detailed studies indicate that the 

maximum excitation wavelength for green emitting (533 nm) silver clusters  is around 

444 nm ( Figure 5.2.5B), which is suggestive of the excitation wavelength of silver 

dimer in the gas phase.13 This similarity may suggest that green emitting silver cluster 

may be silver dimer, but no conclusive assignments of silver cluster size can currently 

be made. Red emitting silver clusters show maximum excitation at 460 nm (Figure 

5.2.5C). However, due to equipment limitation, it is difficult to accurately correlate 

the excitation spectra with the emission colors.   
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Figure 5-2-5. Excitation spectra of fluorescent silver clusters. (A) Room temperature 
bulk excitation spectra from different individual silver nanodots. Taken in a 
epifluorescence geometry (scanning excitation light from 360~520 nm, 520 nm short-
pass excitation filter in the excitation path and  540 nm LP emission in the emission 
path)  Integration time for each step is 1 s. Bulk excitation maxima for both 
dendrimer and peptide is around 475 nm. (B) Single molecule excitation spectrum for 
green emitting silver cluster with maximum at 440 nm. (C) Single molecule 
excitation spectrum for red emitting silver cluster with the excitation maximum at 460 
nm.  
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Figure 5-2-5 cont. 
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5.2.6 Creating red emitting silver clusters with HeNe laser photoactivation 

              Fluorescence spectra of silver clusters are strongly dependent on their size 

and geometry, as a result, silver clusters created through blue and green excitation of 

bulk solutions have very broad emission spectra. These broad bulk spectra, however, 

limit their practical applications as biological labels or as active media in 

optoelectronics. Toward accurately controlling the cluster size  at the atomic level and 

its emission, we recently discovered a very simple method to generate greater 

spectrally pure red emitting silver clusters, which have much narrower bulk emission 

spectra than the clusters prepared through photoactivation with  blue and green light.  

Instead of using blue or green photoactivation, we used the 633nm line of a HeNe 

laser with intensity around 500 W/cm2 to photoactivate the solution containing  

dendrimer or peptide/silver ions, and within tens of seconds,  red emitting silver 

clusters were formed in the solutions.( Figure 5.2.6A)  These red emitting silver 

clusters have 50-60nm FHWM in the bulk state, which is much narrower than 150 nm 

FHWM of silver clusters obtained with green or blue light photoactivation. (Figure 

5.2.6B) Although the mechanism for forming red emitting silver clusters is still not 

clear, a possible scheme might be similar to the one proposed by Ozin in his 

cryophotoclustering techniques.53 Light can induce aggregation of excited silver 

atoms and different frequency light might induce or limit the different aggregation 

pathways.  

 

   133



 

A

 
 1600
 
1400 

 1200 
 1000
 

600 700 800
0

200

400

600

800 
 
 
 
 
 
 
 
 
 

B

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Wavelength nm

 
Figure 2-5-6 Fluorescence image (A) and a bulk fluorescence spectrum (B)  of the 
peptide encapsulated red emitting silver nanoclusters.  The image was collected with 
250X, 1-s exposure on Kodak DCS620X color digital camera, under 633-nm 
excitation The room temperature bulk fluorescence spectrum was taken in a confocal 
geometry (633-nm HeNe laser excitation, 633 NB laser excitation filter 650-nm long-
pass emission filter and dispersed by a 300-mm path length monochromator).  
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5.2.7 Raman enhancement by fluorescent silver clusters 

Although these silver clusters are too small to have surface plasmon 

absorptions, strong Raman enhancement was discovered while studying emission 

spectra of dendrimer encapsulated fluorescent silver clusters.  Surprisingly, in 

addition to fluorescence, Raman scattering was observed from both dendrimer and 

peptide encapsulated silver clusters under CW laser excitation at the single molecule 

level. Figure 5.2.7 shows Raman and fluorescence of three individual silver clusters 

obtained with 476 nm excitation. Often considered evidence of single molecule 

behavior, emission intermittency in both the fluorescence and Raman is readily 

observed.42,43 Although these clusters are encapsulated by the same dendrimer 

scaffolds, different emitting silver clusters enhanced the different vibrations of 

dendrimers. Adding these Raman spectra of individual silver clusters together are 

consistent with the bulk spectra, further indicating that fluorescent silver clusters are 

involved in such large Raman enhancements.54 The Raman spectra are strongly 

dependent on scaffolds used to encapsulate these fluorescent silver clusters. Obvious 

differences in Raman spectra of dendrimer and peptides encapsulated silver clusters 

were observed after integrating more than one hundred of silver cluster enhanced 

Raman spectra. 54 

5.2.8 Stokes Raman spectra of single dendrimer encapsulated fluorescent silver 
clusters 

By controlling the concentration of fluorescent silver clusters in the field of 

the view, Raman scattering from both dendrimer and peptide encapsulated red  

 

   135



400 500 600 700 800
0

100

200

300

400
In

te
ns

ity

Wavelength nm

 Figure 5-2-7. Room temperature fluorescence and Raman spectra from different 
individual dendrimer encapsulated fluorescent silver nanoclusters. Taken in a 
confocal geometry (476-nm Ar+ laser excitation, 496-nm long-pass emission filter and 
dispersed by a 300-mm path length monochromator), Fluorescence maxima for the 
three typical nanodots shown are 553 nm, 570 nm, 611 nm. Raman peaks 
corresponding vibration energies are shifted by 642, 928, 1552 and 1888 cm-1. 
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emitting silver clusters can be readily observed (Figure 5.2.8). Strong coupling with 

electronic absorption of silver clusters during laser excitation might lead to a type of 

resonance or pre-resonance enhancement.54 However, the fundamental physics behind 

this unusually large enhancement is still not clear. Several possible processes might 

contribute to this large enhancement due to some unique interactions of silver clusters 

with light. The first plausible process is highly efficient charge/electron transfer 

between small silver clusters and organic scaffolds. Henglein and coworkers 55  

investigated the chemical reactivity of silver aggregates over a wide size range and 

found that small silver clusters have much higher chemical reactivity than the large 

nanoparticles. As a result, charge/electron transfer becomes more efficient between 

organic molecules and small silver clusters than with their large nanoparticle 

counterparts.55 The second process is photoemission electron55. Photoelectron 

emission from compact silver electrodes occurs with extremely small quantum yield 

(<0.0001), however this yield greatly increases with decreasing size and the 

photoemitted electron quantum yield of few atom silver clusters is more than 10% . 55 

This dramatic change in the quantum yield is because the small clusters have lower 

density of states in the conduction band, and photoejected electron can more easily 

tunnel to the acceptor levels of scaffolds. Such photoinduced electron transfer might 

also contribute to the Raman enhancement effect that we observed from these small 

fluorescent silver clusters. The third process is pre photodissociation of small silver 

clusters within organic scaffolds. Naked silver clusters are easily dissociated under  
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Figure 5-2-8 Room temperature bulk Raman spectra from dendrimer/peptide 
encapsulated red emitting silver clusters. Taken in a confocal geometry (633-nm 
HeNe laser excitation, a 633 NB laser excitation filter in the excitation path,  a 650-
nm long-pass emission filter in the emission path) 
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the light excitation, however the scaffold stabilizes the Ag clusters and prevents 

photodissociation characteristic of Agn observed in the gas phase.56-59 A large excited 

state charge separation most likely produces the large oscillator strength, fast 

radiative lifetime, and Raman-enhancing ability of these few-atom NC’s. While all 

these processes might contribute to  this unique large Raman enhancement, more 

work needs to be done to clarify the role of fluorescent silver clusters in the SERS 

effect.   

5.2.9 Anti-Stokes Raman spectra of red emitting silver clusters 

Not only Stokes Raman scattering but also strong antistokes Raman scattering 

was observed in the presence of fluorescent silver clusters. Antistokes spectra of 

dendrimer/peptide encapsulated red emitting silver nanoclusters were collected 

through a short pass dichroic mirror and emission filter (SP620 nm) under HeNe laser 

excitation with 20~500 W/cm2 . Strong single molecule antistokes Raman emission 

spectra with intensity intermittency was clearly observed from both dendrimer and  

peptide encapsulated red emitting silver clusters (shown in Figure 5.2.9). The cross 

section of antistokes Raman scattering is around 10-17 cm2/s based on the rough 

estimation of relative intensity ratio between fluorescence and antistokes scattering 

from the same silver cluster. Such AS-Raman transitions exhibit intensities 

comparable to standard single molecule fluorescence from the best organic dyes.  
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Figure 5-2-9 Room temperature bulk antistokes Raman spectra from 
dendrimer/peptide encapsulated red emitting silver clusters. Taken in a confocal 
geometry (633-nm HeNe laser excitation, 633 NB laser excitation filter and 545 LP 
filter on the excitation path. 620-nm short -pass emission filter on the emission path 
and dispersed by a 300-mm path length monochromator),  
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Figure 5-2-10 Power dependence and a possible mechanism of enhanced antistokes 
Raman scattering observed by red emitting silver clusters. (A) Correlation of the 
excitation power and antistokes Raman Scattering Intensity. Nearly quadratic power 
dependence suggests that a possible scheme (B) for the observed large antistokes 
Raman scattering cross section, may be the population pumping of excitation 
vibrational states by spontaneous Raman. The first excited state is first populated 
through the large Stokes Raman scattering process instead of direct thermal 
population and then excited to higher vibrational states of the excited electronic state, 
which then relaxes to the ground vibrational states through antistokes Raman 
scattering. 
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According to simple Raman theory, the relative intensity ratio between Stokes and 

antistokes scattering is governed by a Boltzmann distribution. However, the unusually 

large antistokes/stokes intensity ratio ( 1/10~30th) suggested the first excited vibration 

state is greatly populated beyond thermal population.60 To understand this unusual 

large antistokes, the correlation of excitation power with intensity of antistokes 

Raman scattering was investigated. Strong quadratic power dependence was observed 

(Figure 5.2.10A). Such correlation was also observed early by Kneipp et al.60 but with 

100-fold higher excitation power.  This large antistokes enhancement effect may be 

attributed to the population pumping of excitation vibrational states by spontaneous 

Raman (Figure 5.2.10B), however, the detailed mechanism involving the silver 

clusters is still not fully understood.  Such surprisingly high antistokes Raman 

scattering cross section offers a unique opportunity to use these red emitting silver 

clusters in true background-free windows for biological imaging by measuring 

emission at higher energy than the excitation. 

5.3 Conclusion 

Incredibly photostable, water-soluble silver nanoclusters (Ag2~Ag8) have been 

successfully created in dendrimers or peptide through direct photoreduction in 

ambient conditions. Such silver nanodots are quite stable in both solution and films 

and are readily observed on the single molecule level with weak mercury lamp 

excitation. Strong coupling between the ground and excited state is responsible for 

their ultra brightness. Red emitting silver clusters can be selectively created by using 

HeNe laser photoactivation. Large Stokes and antistokes Raman scattering were also 
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observed from these few atom fluorescent silver clusters. With synthetic control of 

dendrimer and peptide attachment, such simple nanomaterials are likely to find 

applications as biological labels, thereby making single molecule studies much more 

widely accessible without expensive laser sources. Unique Raman scattering 

enhancement by fluorescent silver clusters offers new insights into the nature of SM- 

Stokes and antistokes Raman. The extremely high oscillator strength and the intense 

photoactivated emission of these sub-nm silver clusters present new possibilities for 

use as biological labels with various scaffolds giving single molecule sensitivity, 

possible correlated with true chemical information.  
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CHAPTER 6 
 

 
Future work and outlook 

 
 
 

Research on fluorescent noble metal nanoclusters has attracted more and more 

interest recently. Great progress has made in this field toward the fundamental 

understanding of size-dependence of these noble metals as well as developing the 

applications in bioscience and information technologies. However, as demonstrated in 

this thesis, a lot of work involving in better understanding and manipulating their 

properties needs to be done. A  part of future work is listed as following: 

I. Separation of fluorescent metal clusters.  Since fluorescence of small noble 

metal nanoclusters is strongly size-dependent, separation of different fluorescent 

noble metal clusters will be very important to their applications. Due to well-defined 

molecular weights of dendrimers, dendrimer encapsulated noble metal clusters are not 

only easily characterized with ESI mass spectrometry but also allow relatively  easy 

separation  with different techniques such as HPLC, electrophoresis. This work 

should be carried on. 

II. Controlling emission from fluorescent silver clusters and its mechanism. 

This thesis has demonstrated a simple method to create red emitting silver clusters 

and only red emitting silver nanoclusters were created within dendrimer/peptide 
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scaffolds. The mechanism for the growth of fluorescent silver clusters within organic 

scaffolds is still not clear and needs more investigation.   
III. Correlation of emission energy of silver cluster with its size.  Multicolored 

fluorescent silver clusters have been created within dendrimer /peptides matrices, 

however, quantitative correlation of emission energy with cluster size is still unclear 

and needs more effort to study.  The studies will not only be very important to 

understand the photophysical properties such as ultrafast lifetimes and photostability 

of silver clusters but also offer opportunities to resolve the long time mystery that 

whether d-sp interband transitions involve into emission from silver clusters. 
IV. Mechanisms for the large Raman enhancement by the fluorescent silver 

clusters. Strong Stokes and anti-stokes Raman scattering were observed from 

dendrimer/peptide encapsulated fluorescent silver clusters. However, the mechanisms 

for such enhancement need to be intensively investigated. Several possible processes 

related with small silver clusters have been mentioned in this thesis, which might 

have some connections with the observed large Raman enhancement. More detailed 

studies along this line might be helpful to eventually understand origin of Raman 

enhancement. 
V. Emission mechanism of luminescent gold nanoparticles. Luminescent gold 

nanoparticles have photophysical properties different to those of small fluorescent 

gold nanoclusters and nonluminescent plasmonic gold nanoparticles. The quantitative 

explanation for the observed emission is missing and needs to be further investigated.  
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