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Abstract

Control over the electronic properties of metallic and semiconducting nanoparticles is
critical for the development of new technologies in photocatalysis, solar energy conversion, quantum computing, and nanosensing. Size, shape, crystal structure, and
dielectric environment are common parameters that are used to tune the electronic
structure of nanomaterials. However, a less explored but equally promising parameter is modification of surface chemistry. The chemisorption of small molecules onto
the surface of nanoparticles introduces a wide array of chemical functionality that
allows for discrete modification of electronic structure at the metal/molecule interface. Specifically in monolayer-protected gold nanoparticles (AuNPs), previous work
suggests that a stark change in surface chemistry (i.e., alkylthiol vs. alkylamine)
is required to observe a modification of the electrical, optical, thermal, and magnetic properties of the metal core – each of which is dependent upon the interfacial
electronic structure.
Conduction electron spin resonance (CESR) spectroscopy is a valuable technique
which has gone unexplored for observing how surface chemistry influences electronic
structure. The utility of CESR lies in its selectivity and sensitivity to electronic structure at the Fermi level of the metal. Herein, I show how para-substituted aromatic
thiolate and alkanethiolate ligands are capable of modifying the electronic structure
through analysis of the measured g-factor – a parametrization of spin-orbit coupling
that comes from the electron spin resonance energy. In conjunction with quantum
chemical calculations, we demonstrate that the σ-bonding strength of the ligand is capable of controlling the degree of interfacial mixing between the metal and adsorbent,
and correlate this with changes in the AuNPs’ surface potential.
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Chapter

1

Conduction Electron Spin Resonance as a Probe of
Valence Electronic Structure for Gold Nanoparticles

Introduction
Gold nanoparticles (AuNPs) are ubiquitous throughout science and engineering, as
their unique physical properties (i.e. optical, thermal, magnetic, and electrical)
and robust stability make them desirable for applications in molecular electronics,[1]
photocatalysis,[2] photothermal catalysis,[3] optomagnetic data storage,[4] chemical
and biological sensing,[5] etc. The diversity of uses for AuNPs stems from the fact
that their physical properties are tunable via changes in size, geometry, dielectric environment, and surface chemistry, each of which directly effects the electronic structure
of the metal core.[6, 7, 8, 9, 10] Therefore, this introduction will begin with a brief
description of the electronic structure of metals, followed by a survey of how the
aforementioned parameters can be rationally changed to achieve a predicted physical behaviour. The surface chemistry will be emphasized, as this has been the least
explored adjustable parameter and it will serve as the basis for this work. Following
the survey, I will introduce conduction electron spin resonance (CESR), a technique
which I have repurposed to report on the interplay between surface chemistry and
the electronic properties of metallic nanoparticles. Theory relevant for understanding
surface chemical perturbations as measured by CESR will be described in detail. The
introduction will end with a description of the motivation behind this work and an
outine of this dissertation.

1

Electronic Structure of Metals
A chemist’s approach to constructing the electronic structure of metals will be used
to develop a qualitative framework for understanding the electronic structure of
nanometals. For all practical purposes, a perfect crystalline solid may be considered to be nothing more than a large molecule, consisting of an infinite number of
atoms arranged in a periodic lattice. Thus, the principles of chemical bonding in
molecular compounds should apply equally well to solids. For simplicity, only onedimensional solids will be discussed, however, extension to three-dimensions follows
similar approaches.[11]

Molecular Orbital Approach to Band Structure
Molecular orbital (MO) theory is an electronic structure method utilized to describe
covalent bonding in molecules which, unlike the competing valence bond theory, provides a fully delocalized description of chemical bonding. Developed by Robert Mulliken and Friedrich Hund in the late 1920’s, it is assumed that the wave functions of
a molecule can be described by a linear combinations of atomic orbitals, where each
orbital is weighted by a coefficient related to its contribution to the total MO.[12]
In forming a single bond between two atoms, at least two atomic orbitals (one from
each atom) are required to make such a bond (φ1 and φ2 in Figure 1.1A). This results
in the formation of one symmetric (lower energy) and one anti-symmetric (higher
energy) linear combination of atomic orbitals which are referred to as the bonding
(Ψb ; no nodes between atoms) and anti-bonding (Ψa ; a single node between atoms)
arrangements, respectively. Figure 1.1A depicts the result of the MO approach to
bonding for the most simple molecule, H2 .
Increasing the number of atoms that contribute to bonding further increases the
number of MOs that may be produced. When more than two atoms interact to form
a bond, MOs which are intermediate in energy between the fully bonding and fully
anti-bonding combinations emerge. Continuing to use the 1s-orbitals of hydrogen
as an exemplar, cyclical arrangements of hydrogen atoms reveal that MOs begin to
exhibit an increasing number of nodes as the energy of an MO increases within a given
set. In addition, degenerate pairs of orbitals emerge. The example furthest right in
Figure 1.1B is a qualitative representation of an infinitely large cyclical arrangement
of hydrogen atoms. Figure 1.1B reveals a pattern for the wave functions obtained
2

Figure 1.1. (A) MO diagram for the formation of the hydrogen molecule. Red and
blue indicate positive and negative phase, respectively, and c1 and c2 refer to arbitrary
coefficients. (B) The MOs and their resulting relative energy levels for cyclical arrangements
of 3, 4, 5, 6, and an arbitrarily large number of hydrogen atoms.

as the number of atoms within a cycle increases; as the energy of the orbital sets
increases, the anti-bonding character also increases. This pattern observed for cyclical
arrangements of hydrogen atoms is conceptually relevant for describing solids, as this
leads to cyclical boundary conditions which mathematically describe the translational
symmetry exhibited by crystalline materials.

Band Structure: Hydrogen
The major difference between a molecular species and a solid-state species is that
the number of atoms that contribute to the total set of wave functions in a solid is
much greater. Therefore, rather than exhibiting discrete energy levels in the form of
MOs, the solid exhibits a collection of MOs whose energy separation approaches zero.
The delocalized description of chemical bonding by MO theory is ideal for describing
metals since they are known to exhibit electronic delocalization. Therefore, the focus
of this section will be to provide an MO-based description of bonding in solids.[11, 13]
Consider the arrangement of hydrogen atoms that forms a segment of the imperceptibly bent ring of an infinite number of atoms (Figure 1.2A). Because for an
infinitely large ring the bend in a local area is imperceptible, this lattice would exhibit translational symmetry as shown by the enclosed unit cell of lattice spacing a in
Figure 1.2A. To describe the total set of unique wave functions associated with this
one-dimensional solid, the Bloch wave functions are invoked (Equation 1.1).

3

Ψk =

NA
X

eikan χn

(1.1)

n=0

This equation describes a linear combination of hydrogenic atomic orbitals (χn )
from atom 0 to (arbitrarily) Avogadro’s number (NA ), multiplied by a plane wave.
The factor k is termed the k-vector (or wave-vector); this quantity simultaneously
identifies a unique MO and provides the nodal structure along the lattice for a MO
(i.e., the bonding or anti-bonding character of an orbital within a band is given by the
value k). The set of unique functions within a band fall within the range of k = 0 to
π/a (completely bonding and anti-bonding combination of 1s-orbitals, respectively),
as shown in Figure 1.2B.
Upon solving for the energy for each unique wave function, one may plot the
energy of each state as a function of k (Figure 1.2C). The resulting function is the
solid-state analogue of a MO diagram – as given in Figure 1.1 for the H2 molecule –
and is referred to as an energy band. The continuous nature of a band is not to say
that the solid is no longer quantized, but rather, separation between orbital states
is not as well defined. Modifying the lattice spacing between hydrogen atoms has
the effect of increasing the energy of interaction between neighboring orbitals, thus
spreading out the range of energies (Figure 1.2D), or in other words, an increase in
orbital overlap spreads out the width of the band. Additionally, Figure 1.2D shows
that the band’s width grows asymmetrically about its center of gravity; this is because
orbital overlap leads to increased destabilization of anti-bonding orbitals relative to
the stabilization of bonding orbitals upon bond formation.
Finally, the last set of terms that must be defined for band structure are the
Fermi Energy (EF ) and density of states (DOS). In the band structure for the hydrogen polymer, the number of states formed will be equal to the number of orbitals
contributed. However, each state may hold up to two electrons, and each hydrogen
atom will contribute one electron. The EF is defined at 0 K as the highest energy
state of the system which contain a non-zero electron density, where the state at this
energy is the Fermi level – in terms of molecular electronic structure, this is the analogue of the highest occupied MO. For any temperature greater than 0 K, the Fermi
level is the state that have has a 50% probability of being occupied at all temperatures (as defined by the Maxwell-Boltzmann statistical distribution in the electron gas
approximation).[13] In order to visualize the number of states which are occupied in
4

Figure 1.2. Band structure of the hydrogen polymer. (A) The structure of the hydrogen
polymer, with lattice spacing a. (B) The orbital structure of the Bloch wave functions when
k = 0 and k = π/a. (C) The total set of Bloch functions between those shown in (B) gives
rise to the resulting band structure. (D) The width of the band depends upon a, as shown
here for lattice spacings of 3, 2, and 1 Å. (E) The density of states for this model system
for the band diagram in (C). Figures (C) and (D) were taken from Reference [11].

a solid, band diagrams are typically converted from k-space to DOS-space. The DOS
refers to the number of electronic states that are present between two infinitesimally
spaced energy levels (i.e, E and E + dE). The conversion from k-space to DOS-space
is given in Figure 1.2E, along with the location of EF . As can immediately be seen,
similar to what is shown in the far-right of Figure 1.1B, the DOS is greatest near the
most bonding and anti-bonding states, with a depletion of states in the center.

5

Band Structure: PtH2−
4
The example of the hydrogen polymer serves as a simple example for introducing solidstate electronic structure. However, solids are more complex since, at the very least,
their electronic structure is composed of more than one type of orbital. Therefore it
is useful to examine a second classical exemplar which incorporates the effect of σ-,
π-, δ- bonds: the PtH2−
4 polymer.[11] Though linear chains of platinate anions are
typically observed in Krogmann’s salt where the ligands are cyanide anions, hydride
will only be considered here for simplicity.[14] Additionally, we will assume a linear
chain of eclipsed PtH2−
4 complexes and neglect the cations as they are known to be
a minor perturbation to the platinate-based band structure.[11, 14] Figure 1.3 gives
the qualitative MO diagram for the isolated PtH2−
4 complex.

Figure 1.3. Molecular orbital diagram for PtH2−
4

In this complex, the valence states consist of three non-bonding d-orbitals on
Pt (dxy , dxz , dyz ), two anti-bonding d-orbitals (dz2 , dx2 −y2 ), and the non-bonding pz orbital. The Pt-H σ-bonding and anti-bonding orbitals will be ignored since they
do not contribute significantly to the overall band structure near EF , and thus the
6

physical properties, of these polymers.[11, 14] Also, the pz -orbital is to be considered
as it has been shown that this is the origin for the stability of this system.[14]

Figure 1.4. Orbital analysis (at k = 0 and k = π/a) for the construction of the band
diagram for the staggered PtH2−
4 polymer

The structure of the one-dimensional platinate-polymer is given in Figure 1.4A.
Using the Cartesian coordinate system defined in Figure 1.4A, we will define the direction of the polymer as the z direction. Taking into account the form of the Bloch
function from Equation 1.1, Figure 1.4 shows the result for a linear arrangement of
the PtH2−
4 pz - and d-orbitals from k = 0 to π/a. The σ-bonding dz 2 (pz ) linear combinations reveal a progression from bonding (anti-bonding) to anti-bonding (bonding).
The δ-bonding dx2 −y2 and dxy orbitals progress from bonding to anti-bonding character, while the π-bonding dyz and dxz sets exhibit anti-bonding to bonding band
structures. Greater orbital overlap will lead to increased band widening, and thus,
the σ-bonding combinations exhibit the widest bands, followed by the π-bonds, and
then δ bonds. The bands which emerge from such a qualitative assessment are given
as blocks in Figure 1.5A, while the actual calculation of the band structure and DOS
are given in 1.5B and C.[11] It must be noted that in 1.5B, we encounter bands which
7

start off at higher energy when at k = 0 and progress to lower energy when k = π/a.
Such a band structure indicates the progression from anti-bonding to bonding orbitals.

Figure 1.5. The conceptual development of the (PtH2−
4 )n band structure (A), the calculated band structure for the platinate polymer (B), and its corresponding DOS (C). Figures
were taken from Reference [11].

The overall band structure is very similar to the MO diagram for the isolated
platinate complex. This particular exemplar reveals the power of the MO approach:
by considering the MO structure of the simplest building block for a one-dimensional
polymer, it is possible to predict the electronic structure for the “infinitely” large
system. This method is scalable to two- and three-dimensional crystalline material,
and provides qualitative insight into the physics of extended structures.[11]
For the remainder of this dissertation, the focus will be on understanding the electronic structure of gold on the nanoscale. Though the discussion thus far has been on
infinitely large systems, the key difference to applying this analysis to nanomaterials
is that (as eluded to in Figure 1.1) rather than exhibiting near-continuous bands,
they begin to transition to exhibit quantized states. Referred to as the quantum
confinement effect, this leads to the unique physical properties of AuNPs.

Physical Properties of Gold Nanoparticles
The physical properties of AuNPs are enabled through their unique electronic structure. Within the set of transition metals, gold metal exhibits an electronic configura8

tion that consists of five narrow, fully-filled bands composed of the atomic 5d-orbitals,
and a wide, partially-filled 6sp-hybridized band. It is this latter band that makes gold
naturally conductive, but many chemical and physical properties are influenced by the
5d-band.[15, 16] Unlike period 4 or 5 transition metals, the post-lanthanide period 6
transition metals contain a core set of electrons within bands composed of the atomic
4f -orbitals. This set of wave-functions provides poor shielding of the core nuclear
charge, and as one progresses along period 6, the effective nuclear charge increases
more rapidly than the electron screening of the nucleus. Overall, the poor screening
of the 4f -electrons leads to an effect known as the lanthanide contraction, where
electrons in the 5d-band and beyond experience an increase in nuclear attraction that
allows them to approach relativistic speeds.[16] The large nuclear charge of gold (Z
= 79) and the non-zero probability of electron density at the nucleus for electrons
in s-orbitals leads to a more pronounced nuclear-electron attraction of gold’s valence
electron shell. Thus, a contraction of the 6sp-band occurs, which lowers the energy
of this band. The 6sp-based electrons more effectively screens the nuclear charge
than either f - or d-based electrons, which raises the energy of the 5d-band and thus
increases its involvement in the chemical and physical properties of gold. The congeners of gold (silver and copper) experience a far more mild effect of the valence
electron contraction, as they do not contain f -orbital-based core electrons.[16] Figure
1.6 shows the band structure for bulk metallic gold.[17, 18] Note that the band structure is qualitatively similar to the valence electronic configuration of the gold atom,
[Xe] 4f 14 5d10 6s1 .
The optical properties of AuNPs have received a great deal of attention by researchers. [19] In particular, the visible light transition observed for gold is the most
appealing optical feature, as this transition can exhibit an extinction cross-section on
the order of 109 M −1 cm−1 [7], and post-excitation are capable of either thermalizing
the excess energy within 500 ps[20] or directly injecting electrons into catalytic nanomaterials within 10’s of fs.[21] Referred to as the surface plasmon resonance (SPR,
Figure 1.7), it is a combination band composed of two interband (sp ← d) transitions
within the UV-region (approximately at the X and L symmetries in Figure 1.6), and
a 6sp-intraband transition within the near-infrared region, the latter of which is the
oscillation of surface electrons. The SPR transition is responsible for the rich color
exhibited by AuNPs, and only since the development of Mie theory has the physical
origin of the SPR been characterized.[19] Mie theory takes a classical electrodynamic
9

Figure 1.6. Band structure of gold metal. The 5d-bands are given in red and the 6sp-band
in blue. The abscissa denotes points of symmetry in reciprocal space for the gold unit cell.
Figure was taken from Reference [18].

approach to describing how the extinction cross-section of particles smaller than the
wavelength of incident radiation interact with electromagnetic radiation. Though exact solutions to the Mie equations are limited to spherical geometries of particles,[19]
its predictive power for how changes in size and dielectric environment influence the
SPR has brought upon many successes in understanding how to control the optical
properties of AuNPs. The quantitative nature of Mie theory is beyond the scope of
this thesis, however, qualitative highlights of its success in modern nanoscience will
be presented.

Figure 1.7. Illustration of the dipolar transition for the SPR of nanogold. Image taken
from [22].
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Size
The electronic properties of AuNPs are driven by the quantum confinement effect –
a phenomenon whereby the spatial dimensions of a particle leads to the introduction
of discrete rather than continuous states. Taking into account a simple quantum mechanical model system, the separation between energy levels of a particle in a spherical
potential well are inversely related to R2 , where R is the radius of the sphere.[23] Solutions to the Mie equations for a spherical particle where the dipolar approximation
(with a size-dependent dielectric function for the metal) predicts an inverse dependence of the energy of the SPR with R.[19] Within the Drude model for metals, this
is attributed to the direct relationship between the charge density of the metal core
and the surface plasmon frequency. It must be noted here that for AuNPs that fall
outside of the dipolar approximation (R ≤ 20 nm), higher order electric multipole
modes shift the SPR to lower energy.[19, 7] In both the approximate quantum mechanical and classical electrodynamic approaches, it is expected that as the size of the
system decreases, the energy of the transition will increase. Additionally, decreasing
the size of the system below the mean free path of the electron (50 nm for gold at
298 K)[6] constrains the electron dynamics, forcing the valence electrons to interact
with and scatter off the surface atoms of the particle more frequently. In relation to
the SPR, the peak width is sensitive to the electron dynamics.
Experimentally, this has been observed by El-Sayed and co-worker where spherical, water-soluble AuNPs with average diameters of 9, 15, 22, 48, and 99 nm were
studied. The measured SPRs for these particles are shown in Figure 1.8.[6] As the
size of the AuNP core increases, the energy of the surface plasmon resonance decreases, consistent with the response of energy levels to the quantum confinement
effect. Since spectroscopic peak widths are indicative of molecular dynamics associated with an energetic transition, it would be anticipated that the peak width would
be inversely proportional to size since electron-surface scattering would also decrease
– assuming that this is the dominant relaxation mechanism. [24] A decrease in bandwidth was observed from 9 to 22 nm, followed by an increase from 22 to 99 nm. This
unanticipated behavior arises because the Mie approximation assumes that only the
imaginary part of the metal dielectric – which is responsible for energy loss – controls
the width.[6] This classical mechanism neglects the diversity of multiple relaxation
mechanisms, such as electron-electron (el-el), electron-phonon (el-ph), and electronsurface (el-surf) scattering, as well as the possibility of heterogeneous broadening from
11

the sample size distributions. Each scattering mechanism would act independently of
one another, but the relaxation rate for all three mechanisms would be expected to
increase with decreasing size.

Figure 1.8. Size dependence of the SPR for spherical AuNPs. As the size of AuNP
increases, a shift to a lower energy SPR is observed for AuNPs with diameters ranging from
9 to 99 nm. Figure was taken from Reference [6].

Turning to the work of Hartland and co-worker, transient absorption spectroscopy
was utilized to explore the size dependency of electronic relaxation for water soluble AuNPs with average diameters of 4, 15, 26, 40, and 50 nm.[20] The benefit of
time-resolved measurements over steady-state analysis is that the evolution of the
intensity of the SPR may be probed directly in real time using ultrafast pump-probe
laser pulses. This eliminates analysis of peak widths which inevitably contain contributions from the aforementioned heterogeneous-broadening. Transient absorption
measurements on bulk metals have demonstrated that upon excitation of the SPR,
excited “hot” electrons scatter off one another, and give rise to energy dissipation to
the metal lattice via el-ph coupling (sub ps timescale). Following this event, el-ph
energy transfer is complete within 2 – 3 ps,[25] and the remaining excess energy decays via phonon – phonon (ph-ph) relaxation between the AuNP and the surrounding
medium. It is within this final step that a strong size dependence for AuNPs was
observed by Hartland and co-worker.[20] The transient decay functions are given in
Figure 1.9A - B, but the decay curves for the 4 nm AuNP sample is not shown in
1.9B, since it was reported to exhibit complete energy transfer within 3 ps with no
discernable ph-ph coupling pathway.[20]
On the picosecond timescale, there are two exponential decays (Figure 1.9A):
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Figure 1.9. Transient decay curves for AuNPs excited at the SPR. (A) The transient
decay plot shows two distinct decays, where the faster decay is representative of el-ph
energy transfer (2 – 3 ps), while the longer decay is indicative of ph-ph energy transfer
between the metal and the surroundings (≈ 500 ps). (B) The transient decay curves in the
ph-ph coupling region for 15, 26, 40, and 50 nm AuNPs. The decay rate increases with
decreasing size. Figures were taken from Reference [20].

the faster decay is the el-ph relaxation event, while the slow decay follows ph-ph
relaxation.[20] Without going into detail, the transient decay curves were fit to the
two-temperature model in order to demonstrate that post-excitation of the SPR, the
absorbed energy is thermally dissipated more quickly from smaller AuNPs. This is
attributed by Hartland and co-worker to the larger surface area-to-volume ratio of
smaller AuNPs, giving rise to enhanced ph-ph coupling with the solvent.[20]
A separate study by Treguer and co-workers directly probed the 2 – 3 ps el-ph
relaxation period, using pump-probe laser spectroscopy on AuNPs between 2.2 and 30
nm in diameter.[26] They found that the relaxation rate was accelerated by increased
el-ph coupling strength as the size of the particle decreased. Using classical solid-state
models that correct for quantum size effects, they rationalized that the accelerated
el-ph scattering rate is due to localization of the d-band electrons in the core of
the particle. Effectively, this leads to poor screening of nuclear charge for surface
atoms of the metal particle, which conversely leads to enhanced conduction electron
– lattice coupling at the surface. Furthermore, a separate study by Broyer and coworkers showed that on the femtosecond timescale for AuNPs 2 – 26 nm in diameters,
a full kinetic model – taking into account both el-ph and el-el scattering – for the
photothermalization process in gold requires taking into account a size effect for the
latter mechanism to fit kinetic traces.[27, 28] Both demonstrated that el-el scattering
rates increase with decreasing size, and the driving force is largely dependent upon
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d-electron localization, where the previously mentioned screening of the metal lattice
also leads to a reduction in the el-el Coulombic interaction.[27, 28] In total, these
studies show that the energy of the SPR and the associated electron dynamics – as
evidenced by the size dependence of el-el and el-ph relaxation – are sensitive to the
size of the gold core.

Dielectric Environment
Aside from size, Mie theory states that the dielectric constant of the surrounding
medium, as well as the spherical core, affects the energy of the SPR. Specifically,
within the dipolar approximation predicted by Mie theory, the center of the SPR
transition occurs when the real part of the dielectric of the metal is twice the dielectric
of the medium.[19] The dielectric of the medium (m ) can be controlled by both the
solvent and the surface chemistry, whereas the core dielectric constant corresponds to
the identity of the spherical nanoparticle (e.g., gold, silver, copper). The focus of this
section will be on a discussion of the influence of solvent over the SPR. The effects of
surface chemistry will be addressed in the following section.
Though a number of studies in the literature have measured the effect of solvent
on the SPR, Pal and co-workers carried out a very comprehensive study on cetylpyridinium chloride (CPC) protected AuNPs with 6.0 nm diameters in a wide array of
solvents.[8] They found that there exists a general trend for the SPR peak position
to shift to lower energy as the dielectric constant of the solvent increased. Figure
1.10A shows that for a series of non-coordinating solvents (cyclohexane, chloroform,
carbon tetrachloride, toluene, and p-xylene), there exists a linear trend between the
square of the absorption wavelength (λ2 ) and the dielectric constant of the medium
– a trend predicted by considering Drude-like electron dynamics.[8] Within the interpretation of Mie theory, such a trend is indicative of modifying the charge density
of the gold core where a red-shift is indicative of a decrease in charge density on the
metal core.[8, 19]
Upon introducing functional groups to the solvent which contain lone-pairs of
electrons, such as acetonitrile, tetrahydrofuran, 1,4-dioxane, dimethylformamide, and
dimethylsulfoxide, no clear trend was observed. This was attributed to the fact that
Mie theory does not take into account interactions that take place on the molecular
scale between the metal surface and individual solvent molecules, and thus was likely
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Figure 1.10. Solvent dependence of the SPR for 6 nm AuNPs. In (A), a linear dependence on the square of the wavelength with dielectric constant is observed for noncoordinating solvents, as predicted by the Drude model. (B) For the electron-donating
alcohols, a bathochromic shift in the SPR is observed as the alkyl side chain decreases in
length. (C) A monotonic trend was observed for the SPR with increasing carbon count in
the alcohol’s side chain. Figures (B) and (C) were taken from Reference [8].

to be the result of electron donation through solvent – metal coordination.[8] In
order to establish whether or not coordinating solvents follow a similar trend to those
in Figure 1.10A, a linear series of alcohols from methanol to decanol was studied.
Figure 1.10B shows that the SPR of the AuNPs transitions to higher energy as the
chain length of the alkyl tail increases, and plotting the position of the SPR as a
function of the tail group’s carbon count (1.10C) reveals a linear correlation where
the energy of the SPR increases as the chain length increases.[8] Indeed, as the chain
length of the n-alkanol increases, the dielectric constant of the solvent decreases, thus
still correlating with the trend in Figure 1.10A.[29] However, the shift to lower energy
with decreasing tail group was attributed to enhancement of charge donation from the
solvent molecule to the metal surface, suggesting that chemical interactions between
physisorbed species and the metal are significant.[8] As for the dependence of the
SPR bandwidth on the solvent identity, no discernible trend was found.[8]

Surface Chemistry
The surface chemistry of AuNPs directly refers to the chemical adsorbates on the
metal surface, which may interact covalently or electrostatically to kinetically stabilize
the particle. Ligands may be described as consisting of a head and tail group, where
the head is the portion of the ligand that directly bonds with the surface atoms of
the metallic nanocrystal, while the tail refers to the remainder. It is because of ligand
binding affinity, tunable electronic structure of the tail group, and diverse molecular
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dynamics of ligands, parameters which are at the heart of the chemistry of transition
metal complexes, that the electronic properties of AuNPs have the potential to exhibit
a wide range of tunability.[30, 31] However, there currently remains a knowledge gap
in exploiting the chemical tunability of ligands for nano-based technology. Much work
remains to be pursued in correlating the SPR with ligand effects, and therefore, this
section will seek to specifically present work that has addressed the effect of covalently
bound ligands over the electronic properties of AuNPs.
Alkanethiolate-protected AuNPs constitute a majority of the literature for measuring the electronic influence of the ligand sphere over the SPR. In a study by
Whetten and co-workers, the evolution of the SPR was studied as a function of size
(1.7 – 2.5 nm) for decanethiolate-protected AuNPs.[32] It is important to note here
that, just as in the case of electron-donating solvents mentioned in the previous section, Mie theory does not take into account the effect of the ligand sphere over the
electronic properties of metal nanoparticles. Therefore, it is common to modify the
theory by modeling the particle’s ligand sphere as a coating of finite thickness with a
dielectric constant distinct from that of the metal or the surrounding medium.[33] In
addition, incorporation of Drude electron dynamics dictates that the SPR is sensitive
to the charge density of the metallic core, and therefore, the covalent interaction of
the ligand is capable of either accepting or donating charge density to the metallic
substrate. Taking into account the ligand-sphere modification and the Drude-based
electron dynamics, satisfactory fits to the data were obtained when the charge density
on the metal was increased relative to bulk gold, regardless of size.[32] This suggests
that the thiolate ligand is an electron donor.[32] X-ray photoelectron spectroscopy
(XPS) has corroborated this interpretation, and further verified that the sulfur binds
as a thiolate to the metal.[34] Likewise, the gold core appears more electrophilic upon
adsorption of the thiolate ligand.[35]
Additional studies on the dependence of the SPR on head group have implicated
that the strength of interaction via gold and the heteroatom are very well correlated
with its intensity. Tong and co-workers have compared the effect of binding alkanethiolates and alkaneselenolates on 2.0 nm AuNPs with n-alkyl chains containing six,
eight, and twelve carbons.[36] Figure 1.11A shows that the thiolate series exhibit a
transition centered at approximately 518 nm, regardless of tail group, while in Figure
1.11B, the alkaneselenolates exhibit no transition. This occurrence is attributed to
the hard-soft acid base (HSAB) effect.[8] According to HSAB theory, as the polariz16

Figure 1.11. The response of the SPR to changes in head group. (A) 2.0 nm AuNPs
protected with (a) hexanethiolate, (b) octanethiolate, and (c) dodecanethiolate and (B) 2.0
nm AuNPs protected with (d) hexaneselenolate, (e) octaneselenolate, and (f) dodecaneselenolate. In (C), the SPR of 3.6 nm AuNPs protected with dodecylamine (black) and 3.2
nm AuNPs protected with dodecanethiolate (red) are shown. Figures (A) – (B) and (C)
were taken from References [36] and [9], respectively.

ability of the two bonding elements become more similar to one another, the bond
strength between the two atoms is expected to increase. The atomic structure of gold
would allow for treatment of it as a “soft” (polarizable) atom within HSAB theory,
and therefore, it would be expected that the larger selenide head group has a more
favorable soft-soft interaction, thus promoting the observed intensity change [36].
Work by Weiss and co-workers corroborates this idea, where 3.6 nm dodecylamineprotected AuNPs and 3.2 nm dodecanethiolate-protected AuNPs were studied using
UV-Vis and transient absorption spectroscopy.[9] HSAB theory would predict that
the amine functional group would interact with the surface less strongly than the
thiolate, and indeed, Figure 1.11C shows that the thiolate-protected particles exhibit
a more damped and lower energy SPR relative to the amine-containing AuNPs.[9]
Overall, it has been suggested that the damping effect is due to the localization
of electron density at the surface. In Weiss’s study, transient absorption measurements allow for the electron-phonon coupling constant to be derived; they find that
the electrons are more strongly coupled to the lattice when the thiolate ligand protects the surface.[9] Thermodynamic measurements on alkaneamine-, alkanethiolate-,
and alkaneselenolate-protected AuNPs show support for the HSAB interpretation
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of metal-ligand interactions. Differential scanning calorimetry shows an exothermic
decomposition of amine-protected AuNPs, while an endothermic decomposition is observed for the thiolate-protected AuNPs.[37] This was supported by thermogravimetric analysis (TGA), where the decomposition temperature for the thiolate-containing
system is greater than the amine-protected AuNPS.[37] In a separate study, TGA of
thiolate- and selenolate-protected AuNPs show a greater decomposition temperature
for the latter system.[38] Taken together, these observations were interpreted based
on the anticipated binding strength of the ligand, which increases from alkaneamines
to alkanethiolates to alkaneselenolates within the HSAB paradigm.
Turning away from the head group, measurements on the SPR’s response to the
tail group has received less attention, with results varying across the literature. According to multiple reports by Murray and co-workers, the SPR of thiolate-protected
AuNPs between 2 and 6 nm in diameter, where the tail group is either an n-alkane
or aromatic ring, shows no dependence on its identity.[39, 40] Though no tail group
dependence is apparent, it is clear nonetheless that the SPR is responsive, as their
spectra do show a mild response in the range of 515 – 525 nm. Even solution-phase
electrochemical work by the same group on alkanethiolate-protected AuNPs has not
revealed a strong dependence on the electronic properties of the alkane side-chains.[41]
Surprisingly, these results are in contrast with surface potential measurements performed on self-assembled monolayers (SAMs) on both alkanethiolates and aromaticthiolates on gold.[42, 43] The results of the SAMs studies will be elaborated on further
in Chapter 5.
To date, there has been one clear study that shows a marked dependence of the
SPR on the identity of the tail group. Portehault and co-workers have shown that for
5 nm AuNPs protected with dodecanethiolate, the SPR undergoes a bathochromic
shift upon ligand substition with thiophenol (Ph), p-biphenylthiol (BiPh), or pterphenylthiol (TerPh) (Figure 1.12A – B).[10] They found that as the number of
aromatic ligands within the mixed monolayer increased, and also with an increasing
number of aromatic rings in the tail group, an increasingly lower energy SPR was
observed. To gain insight into the dependence of this electronic transition on the
identity of the ligand, ellipsometry on pure SAMs of the ligands of interest was used
to approximate (1) the ligand shell thickness, (2) the dielectric constant of the ligand
shell, and (3) the dielectric constant of the gold. The ellipsometric data recorded
pointed toward a model which required the incorporation of a fourth dielectric layer.
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Figure 1.12. Response of the SPR for 5 nm dodecanethiolate-protected AuNPs to partial
ligand substitution with (A) Ph, BiPh, and TerPh. (B) The SPR decreases in energy as (1)
the number of aromatic rings in the tail group increases (2) the number of aromatic ligands
increases. In (C) the fit to raw data (black) before (magenta) and after (orange) taking into
account ligand modification of the gold’s dielectric constant. (D) The expected change in
electron count (assuming Drude-based physics) for the 6sp- and 5d-band of the AuNP with
the identified ligand. Figures (B) – (D) were taken from Reference [10].

It was assumed that the dielectric of the metal at the ligand-metal interface was distinct from that in the bulk, and satisfactory fits to the ellipsometric data indicated
that there was a 16 nm layer of gold which exhibits an increase in the electron density,
but a decrease in the charge mobility, relative to its bulk counterpart. In order to
incorporate this intermediate layer into their model, the fact that the particles are
smaller than this interfacial layer necessitated that the dielectric constant of the gold
core must be modified beyond taking into account the size dependency via consideration of the Drude model; it must also incorporate the response of the gold core to the
ligand shell. This was accomplished by using the critical point transition approach
for dipolar transitions for the two interband (6sp ← 5d) transitions of the SPR. Incorporation of these transitions into the dielectric function for gold, and allowing them
to be adjustable on a ligand-by-ligand basis, provided improved simulations of the
electronic absorption data (Figure 1.12C). This simple analysis provided insight into
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changes of the metal core’s electron density upon introduction of each ligand (Figure
1.12D). Their analysis showed that as the number of aromatic groups in the ligand
increased, the number of electrons donated in both the 6sp- and 5d-bands is expected
to increase, with an increasing electron density in the 5d-band.

Beyond the SPR
Aside from analysis of the SPR, other techniques (e.g. Kelvin force microscopy
(KFM), XPS, electrochemistry, magnetic circular dichroism (MCD) etc.) are capable of providing information on the electronic structure or properties of AuNPs.
However, they are either limited in providing insight into the electronic properties of
AuNPs, have proven insufficiently sensitive to subtle changes in the ligand-sphere, or
require complex analysis.[41, 44, 45, 46] The information gained from these techniques
either convolute the electronic ground and excited state (UV-Vis, MCD), require applying a potential which will inevitably change the EF and the electronic states near
it (electrochemistry, KFM), or require ionization which also convolves the so-called
“initial” and “final” states (XPS, KFM). Furthermore, XPS and KFM are limited
in the types of chemical environments experienced by the particles as they require
ultra-high vacuum to make measurements.
In order to provide insight into the electronic structure of AuNPs, it would be
desirable to take advantage of a technique that is sensitive to one electronic state,
namely the ground state electronic structure would be invaluable. The reason to focus on characterization of the electronic ground state is that it provides fundamental
insight into how the metal responds to chemical stimuli (i.e., interfacial covalent bonding, intermolecular interactions with the environment, electron delocalization, etc.),
as well as a starting point for practical applications of the AuNP with a posteriori
physical properties. Pairing this fundamental characterization with methods that
report on electronic excited states would then prove useful for applications that are
reliant upon the SPR (i.e., photocatalysis, sensing, plasmonic heating, etc). The next
section will focus on providing a description of a technique which has the potential
to provide chemical insight on the ground state electronic structure of AuNPs.
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Chapter

2

Conduction Electron Spin Resonance

Introduction
Chapter 1 showed that analysis of the surface plasmon resonance (SPR) for gold
nanoparticles (AuNPs) provided insight into the electronic properties of the metal
as a function of size, dielectric environment, and surface chemistry. The draw-back
to the SPR is that it is subtly complex, convolving the ground and excited states
of the metallic core via two interband (6sp ← 5d) transitions with the oscillation of
the surface electrons. Invaluable insight would be gained through a technique that
is sensitive to the ground state electronic structure, where multiple transitions that
are affected to different extents by external stimuli are negated. Conduction electron
spin resonance (CESR), the application of electron spin resonance spectroscopy to
metallic systems, is one such technique. This chapter will describe the principles of
the technique that are relevant to the data analysis used throughout this thesis.

Principles of CESR
CESR spectroscopy is used to measure electron spin transitions in metallic materials, using a field-induced form of paramagnetism commonly referred to as Pauli
paramagnetism.[47] Even for diamagnetic metals, application of an external magnetic field lifts the degeneracy between spin-states (Zeeman splitting). The spins
with spin angular momentum vectors parallel (α) with respect to the direction of the
applied magnetic field are destabilized, while spins anti-parallel (β)) are stabilized.
Because the system is metallic, a constant EF across the two spin manifolds must be
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maintained, resulting in the transfer of electrons from one spin manifold to the other.
This mechanism provides an excess of spin in the stabilized state that can be probed
using CESR spectroscopy (Figure 2.1).

Figure 2.1. Principle of Pauli paramagnetism. (A) In the absence of an external magnetic
field, the spin-bands of a metal are degenerate and the metal is diamagnetic (left). Upon
application of an external magnetic field, the degeneracy of the spin-bands is lifted and
a CESR transition is observable (right) upon excitation with microwave radiation. (B) A
diagramatic representation of the linear separation in energy level between the α and β
electron spins as a function of applied magnetic field strength. The energy difference (given
by Equation 2.2 and shown in the diagram) is proportional to the electronic g-factor.

The CESR selection rules require that the orbital momentum remains constant
while the spin momentum is inverted. Paired with the need to transition from a
filled to an empty state, the CESR transition is only possible for electrons within the
Fermi-Dirac distribution near the EF , and therefore, CESR is naturally selective for
those states near the EF . This makes CESR an exquisitely sensitive technique for
changes in the electronic structure experienced by the electrons as determined by the
energy of the CESR transition (Equation 2.1):
∆E = gβBo

(2.1)

where ∆E is the energy separation between two spin states, g is the g-factor, βe
is the Bohr magneton of the electron, and Bo is the magnetic field at which the
resonance takes place. The g-factor reflects deviations from the free-electron value
(ge ≈ 2.0023) due to spin-orbit coupling. This latter parameter will be discussed in
more detail later.
CESR spectra are recorded using continuous-wave (CW) radiation at a fixed frequency and sweeping the magnetic field across a given range. For example, X-band
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CW CESR refers to the use of radiation with a frequency of 9.45 GHz. Resonance
occurs when the Zeeman splitting between the β and α is equal to the energy of the
fixed microwave field, and the value of the g-factor controls the rate at which the
spin-states split from each other as a function of external magnetic field strength.
Higher g-factors lead to transitions at lower external field strengths, and vice-versa.

The CESR Signal
The CESR phenomenon was first observed in sodium metal in 1955, and a theoretical
treatment of the spectrum was provided by Freeman Dyson shortly after.[48] In the
Dyson formalism, the Drude model for metals is assumed to hold. Drude’s model
treats the metal lattice as a periodic arrangement of cations suspended within an
electron gas. The electron dynamics are Brownian, meaning that the electrons act
independently of one another, but interact with the surrounding metal lattice. The
energetic distribution of an electron gas follows the Fermi-Dirac distribution function:
f (E) =

1
F
exp[ E−E
]+1
kb T

(2.2)

where f (E) describes the average number of particles in a given state, E is the energy
level of interest, EF is the Fermi energy, k is the Boltzmann constant, and T is the
temperature. Equation 2 shows that, for T > 0 K, electrons near EF would occupy
states greater in energy than EF , thus leaving behind unoccupied states (“holes”)
below EF (Figure 2.2). The selectivity for states near EF arises due to the presence of
occupied and unoccupied states, and the depth of penetration of the microwave field is
determined by the “skin depth,” a quantity which is directly related to the resistivity
of the metal and inversely related to the radiation frequency. Within the classical
skin effect, the skin depth is expected to decrease with decreasing temperature as
these conditions would decrease the resistivity of the metal.
The lineshape observed is a consequence of the dynamics of the nearly free electrons. Both the skin depth and the mean free path of the electron are critical parameters in the shape of the signal observed. When the skin depth of the metal is
greater than the mean free path of the electron, more electrons are exposed to the
microwave field and thus absorb the radiation to undergo a spin flip. This breaks
down when metals enter the anomalous skin effect regime, defined by a decrease in
the penetration depth of the incident microwave radiation due to an increase in the
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Figure 2.2. The Fermi-Dirac distribution function plotted at various temperatures for a
free-electron gas. Increasing the temperature above 0 K leads to a decrease in the probability
function of finding an electron directly below EF , while an increase occurs above EF .

mean free path of the electron. This occurs at very low temperature (∼40 K or below
for bulk potassium metal), and causes an increase in the signal asymmetry.[47] The
asymmetric contribution stems from dispersion of the radiation, and the convolution
between absorption and dispersion gives rise to the traditional Dysonian lineshape
exhibited by metals. Furthermore, the mobile nature of the electrons allows for sampling of a multitude of nuclei within the metal. This leads to motional narrowing,
and yields an overall Lorentzian lineshape. The width, which is typically on the order of 0.100 mT, is related to the dephasing lifetime of the electron and is a result
of effective spin-orbit coupling (which mixes the two spin states), as well as collisions
with the lattice, phonon modes, and surface. Typically, metals exhibit lifetimes as
short as 10−10 s [49, 47]. In the limit of small, spherical metal particles, the combination of both absorptive and dispersive Lorentzian components yields an asymmetric
lineshape that can be quantitatively reproduced by Equation 2.3:
dP
1 − (γ(B − Bo )T2 )2
2γ(B − Bo )T2
=D
−A
2
2
dB
(1 + (γ(B − Bo )T2 ) )
(1 + (γ(B − Bo )T2 )2 )2
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(2.3)

where P is the power absorbed, D and A are the dispersion and absorption coefficients,
respectively, Bo is the resonance position, and T2 is the lifetime (in metals, T1 ≈ T2 ).
A simulation of a CESR signal using Equation 2.3, but plotted in g-space by using
Equation2.1, is given in Figure 2.3.

Figure 2.3. The CESR signal (purple trace) for small, metal nanoparticles can be approximated as a sum of a Lorentzian absorption (dotted red) and dispersive (dotted blue)
signal.

On an atomic level, the dispersive signal arises due to the electron dynamics. As
electrons diffuse into and out of the skin depth, and as the electrons vibrate against the
cationic lattice, they are capable of forming an electric field gradient which effectively
serves to damp out the penetrating radiation. This dampening leads to amplitude,
phase, and frequency modulation of the microwave field. On the other hand, the
absorptive component arises due to the electronic spin-flip. The two signals occur
simultaneously because the spin-flip resonance provides an oscillation which allows
for energy dissipation, and thus dampening, of the microwave-field.[50]

Spin-orbit Coupling
Of the parameters mentioned, the resonance position (Bo ) is the most informative of
the physical environment of the electron. For molecular systems, it is possible to use
the g-factor to determine orbital structure, molecular geometry, oxidation state of
metal centers, spin state, etc.[51, 30] In this thesis, it will be shown that the g-factor
is responsive to the surface chemical influence over the surface potential and band
structure of AuNPs. Therefore, this section will develop its meaning.
Magnetism arises due to the motion of charged particles.[51] If we consider a
charged particle moving in a circular orbit with current I and area A, we can define
the magnetic moment (m) as
25

m=I ·A

(2.4)

Using the definition of current for a particle with charge q and the area of a circle,
the magnetic moment can be written as
qv
qv
· πr2 =
·r
(2.5)
2πr
2
where v is the velocity of the moving charge and r is the radius of the circular orbit.
Multiplying the final expression in Equation 2.5 by a factor of M/M , where M is the
mass of a particle moving in a circular orbit, one then obtains
m=

q
L
(2.6)
2M
where L is the angular momentum and the scalar in Equation 2.6 is the magnetogyric
ratio. It has been shown experimentally and theoretically that the magnetic moment
of the spin angular momentum for the isolated electron requires a proportionality
constant of approximately 2.002319, which is the free electron g-factor.[51]
Consider now a simple model system where an electron revolves around a positively
charged nucleus in a circular orbit.[52] Within the electron rest frame, the nucleus
would be a moving charge revolving around the electron. Using the Biot-Savert law
for the magnetic field produced by a moving charge in a closed loop, it can be shown
that the magnetic field produced by this orbital motion is
m=

1 1 ∂V
L
(2.7)
emc2 r ∂r
where e is the elementary charge, c is the speed of light in a vacuum, m is the mass
of the electron, and V is a function of potential energy of interaction between the two
particles. Taking into consideration that the potential energy of interaction between
an external magnetic field and a magnetic moment is the negative of the dot-product
between the two, it can be shown that the spin-orbit coupling energy (ESO ) is
B=

1 1 ∂V
L·S
(2.8)
2m2 c2 r ∂r
The terms in Equation 2.8 up to L collapse into a single constant, which is collectively referred to as the spin-orbit coupling strength (ξ), if a fixed radius is assumed.
The degree of spin-orbit coupling can be related to the g-factor using a quantum meESO =
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chanical perturbative approach. Assuming that the perturbative Hamiltonian operator is a linear combination of the Zeeman splitting and spin-orbit coupling operators,
then it can be shown up to second order that deviation in the g-factor from the free
electron value is the result of mixing between the spin and orbital angular momenta
of the electron.[51] The final result is given by
g = ge − 2ξ

X hΨg |L̂|Ψe i2
e6=g

∆Ee,g

(2.9)

where L̂ is the angular momentum operator, Ψg refers to the ground-state wave
function, Ψe refers to any wave function other than Ψg , and ∆Ee,g is the energy
difference between the wave functions. Equation 2.9 shows that the orbital wave
functions near Ψg are mixed with one another via the angular momentum operator,
and the denominator indicates that the closer two wave functions are to one another
in energy, then the more prominent is the contribution of that orbital to inducing a
deviation in the g-factor via spin-orbit coupling. Equation 2.9 may be substituted into
Equation 2.1 to incorporate the effect of spin-orbit coupling over the CESR transition.
Thus, changes in the degree of spin-orbit coupling may be realized in the resonance
position of the electronic spin-flip, where transitions at low magnetic fields (g > ge )
are due to stronger coupling of the ground state wave function to lower energy, doubly
occupied orbitals, while g-factors less than ge are observed for stronger coupling to
higher energy, unoccupied orbitals.
Physically, the degree of spin-orbit coupling for metals is dependent upon the
chemical environment of the electron, and is known to be influenced by the orbital
contribution to the band structure, surface potential energy gradient, work function,
metal resistivity, and size of the metal if the quantum confinement effect applies.[53,
54, 47, 55, 56, 57] In analogy to the macroscopic Hall effect, the Hamiltonian operator
for spin-orbit coupling in metals takes into account the delocalized nature of the
electronic states.[53, 54] The angular momentum operator of the spin-orbit coupling
Hamiltonian may be approximated as the cross-product between orbital momentum
and the surface potential energy gradient, thus giving Equation 2.10.
~ × ~k) · ~σ
ĤSOC = α(5V

(2.10)

~ is the surface potential gradient, ~k
Here, α is the spin-orbit coupling strength, 5V
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is the wave-vector momentum (i.e., orbital momentum), and ~σ is the spin angular
momentum.[53, 54] Though not explicitly taken into account, the work function,
metal resistivity, and particle size are not neglected as the former is directly related
to the surface potential gradient, and the latter two would influence orbital structure
and energy spacing.[58, 47]
Over the next three chapters, the above Hamiltonian will be used to interpret
the influence of surface chemistry over the electronic structure of AuNPs. It will be
shown that with the aid of DFT calculations, within a set of ligands exhibiting a
systematic variation in tail group, changes in the surface chemistry strongly correlate
with changes in the surface potential gradient of the metal. While changes in the
orbital structure are anticipated, we have not observed a clear trend between the
DFT calculated band structure and the ligand identity.

CESR of Gold
The CESR phenomenon has been well-established for the alkali metals (Na, K, Rb)
since their partially-filled valence band is largely s-character. This results in a weak
spin-orbit interaction, and leads to nearly free electron gas behavior. Previous CESR
work has examined the effects of geometry, size, temperature, crystallinity, and chemical identity of metals on the CESR signal. The periodic effect down the Group I
column and the effects of temperature, particle size, and geometry on the spin-orbit
coupling, signal symmetry, and line-width have been examined.[49, 47] Of particular
interest to the discussion of nanoparticles is that there is a known size dependence for
the g-factor of metals. Specifically, the g-factor for a pure metallic system will vary
between the bulk metal’s value and that of an isolated atom as the size of the particle
varies between these two limits.[56, 59] Within these limits, the functional form of
the g-factor is the fractional composition of surface atoms within the particle (surface
area-to-volume ratio). Thus, from work on pure alkali metals, the importance of the
surface in determining the electronic properties of the entire system is apparent.
Gold has been studied to a lesser extent, since it has proven to be more difficult
to probe, and has produced some inconsistent results. Studies on gold plates 100
µm in thickness show that g-factors of 2.11 ± 0.01 (with an observed range of 2.08 –
2.14) were recorded at 10 K, which theoretically should provide an upper-limit on the
g-factor observed for pure metals.[60] However, in probing the effect of size of gold
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on the CESR, Smith and co-workers prepared samples of 3.0 nm AuNPs via vapor
deposition of the metal onto NaCl substrates. They determined a g-factor of 2.26 ±
0.02 (a range of 2.22 to 2.27 was observed over 20 samples) for temperatures between
180 K and 290 K.[61] The increase in g-factor with decreasing size is incommensurate
with the anticipated size dependence of the g-factor for metals.
In contrast to the latter work, a study by Borel and co-workers on AuNPs, with a
size distribution ranging from 2.0 – 8.0 nm and deposited on quartz, showed g-factors
of 2.0024 ± 0.0004 at room temperature, regardless of size.[62] Interestingly, the gfactor for these particles, which are within the same size regime as those studied by
Smith, show the anticipated decrease in g-factor with respect to the bulk albeit no size
dependence within the series. However, the atomic g-factor for gold – the expected
lower limit for any metal – is 2.0041. Additionally, this minor deviation in g-factor
from the free electron value suggests that the spin-orbit coupling perturbation on
the spin momentum is minor, being on the order of what is commonly observed for
molecular organic radicals.[51]
In a study by Maye and co-workers, the CESR response for alkanethiolate- protected AuNPs has been investigated, and spectra collected for 2 nm dodecanethiolate
protected AuNPs in n-hexane revealed a g-factor of approximately 2.008.[63] It must
be mentioned that this particular study contains a major flaw; namely, the linewidths
reported are on the order of 1 Gauss.[63] This would give a relaxation time consistent
with molecular organic radicals (T2 ≈ 1µs), which is highly unlikely for a metallic
system.[47] The relaxation times reported in the works of Smith and Borel provide
linewidths on particles, which are approximately the same size as those in Maye’s
work, that are consistent with metals (T2 ≈ 10ns).
Lastly, CESR signals have been observed for AuNPs in Au/ZrO2 Janus particles.
Hofmeister and co-workers have shown that 1.1 nm AuNPs exhibits a signal with a
g-factor 2.0636 and a linewidth consistent with a metal (T2 ≈ 1ns).[64] The signal was
unobservable for AuNPs of comparable size attached to TiO2 . The g-factor expected
for metallic particles of this diameter is 2.054, which is in reasonable agreement
with the reported value.[56] However, it is known that particles of this diameter
are molecular in nature,[65, 66] and the isotropic g-factor is known for particles 1.27
nm in diameter (which are well-defined Au25 clusters) to be 2.25.[67]
Clearly, the results presented above are inconsistent between one another. Additionally, the above studies did not provide an in-depth analysis of the physics of
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the signal, nor were a series of systematically varied changes explored (such as size,
substrate, ligand environment, solvent, etc.). In order for CESR to provide valuable
information on the chemical environment of metals in the electronic ground state,
these inconsistencies must be addressed – a task that is the goal of this thesis.

Conclusion
The CESR transition has not been as experimentally well-developed as the SPR,
however, its power lies in the fact that it would provide complementary information
for the electronic structure of the ground-state of metal systems. The remainder of
this thesis will present work which has sought to rectify the aforementioned inconsistencies. In particular, heavy emphasis has been placed on the surface chemistry,
as this parameter provides the greatest leverage for chemically tuning the electronic
properties of AuNPs. Chapter 3 will specifically highlight the response of the g-factor
to the partial substitution in the ligand sphere of hexanethiolate-protected AuNPs
with 4-bromothiophenol. Chapter 4 will present a CESR study on hexanethiolateprotected AuNPs partially ligand substituted with para-substituted thiophenols, and
it will be shown that simple inorganic chemical reasoning can be used to rationalize
the correlaiton between g-factor and surface chemistry. Following, Chapter 5 will be
dedicated to how the chain length of the most ubiquitous ligand in thiolate-protected
AuNP chemistry, the n-alkanethiolates, can drastically influence the electronic properties of the gold surface. In addition, the influence of solvent will be highlighted.
Chapter 6 will conclude with studies that are underway, as well as future directions
for making CESR competitive with other common techniques used today.
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Chapter

3

Ligand Control over the Electronic Properties within
the Metallic Core of Gold Nanoparticles

Introduction
Chapter 2 presented previous work which showed that conduction electron spin resonance (CESR) characterization for gold has remained elusive, and a systematic study
on simple perturbations to the electronic structure are required to understand its
physical meaning. Häkkinen has shown that density-functional theory (DFT) calculations on thiolate-protected gold clusters predict that the band structure of metal
nanomaterials is sensitive to the identity of the thiolate ligand’s tail group.[68] In a
comparison between hexanethiolate and thiophenolate, Häkkinen’s calculations indicate that hexanethiolate-protected gold clusters exhibit a narrow, and thus localized,
electronic band structure near the Fermi energy (EF ), while that of the aromatic
thiolate-protected cluster shows a wider, more delocalized band near EF .[68]
It follows that a simple hypothesis may be formulated from the results of these
calculations: if the electronic structure of a metallic nanoparticle is responsive to
the identity of the ligand’s tail group, then the orbital structure near the EF will
change. Changes in the electronic structure of the metal will be observable by CESR,
as the resonance position is sensitive to changes in spin-orbit coupling. To test
this hypothesis, sub 2 nm hexanethiolate gold nanoparticles (AuNPs) and mixedmonolayer hexanethiolate-/4-bromothiophenolate AuNPs were synthesized and studied by CESR. In order to compare and contrast the two ligand types, this chapter will
begin with a description of metal – ligand bonding that is relevant for differentiating
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between π acidic (e.g., aromatic ligands) and non-π acidic (e.g., aliphatic ligands) in
coordination complexes.

Metal – Ligand Bonding
Ligand field theory (LFT) is an application of molecular orbital (MO) theory that
utilizes the principles of crystal field theory to predict the physical properties of
transition metal complexes.[30] The success of LFT lies in its ability to rationalize
how the electronic structure of inorganic complexes responds to the coordination
geometry, oxidation state of the metal center, and metal – ligand orbital interactions.
Though the coordination geometry and oxidation state play an important roll in the
overall energetics of molecular inorganic compounds, the focus of this introduction
will be on providing a brief background on metal – ligand orbital interactions.
Within LFT, the metal center is formally considered to act as a Lewis acid, while
the ligands act as Lewis bases. The lowest energy atomic orbitals on the metal center
that are available for bonding are the five d-orbitals, and it is these orbitals that
are expected to exhibit the greatest contribution to metal – ligand bonding. The
d-orbitals may interact with the lone pair of a ligand to form a metal – ligand σbond. The strength of the σ-bond is heavily influenced by the energetic alignment
and overlap between the metal and ligand orbitals (Figure 3.1).

Figure 3.1. Qualitative MO diagrams for the metal (M) d- and ligand (L) s-orbital bonding
interaction. The left shows the MO diagram for an energy mismatched pair of overlapping
orbitals, while the right shows the combining of two energy matched orbitals.

In general, greater energetic alignment leads to the formation of lower-energy
metal – ligand σ-bonds with greater metal-ligand mixing, while poor energy matching
leads to higher energy σ-bonds with a greater contribution from the energetically
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lower-lying initial orbital – the ligand, in the case of the left bonding diagram in
Figure 3.1. Trends among primarily σ-bonding ligands demonstrate that stronger
Lewis bases lead to more efficient metal – ligand orbital mixing. In terms of physical
properties, greater orbital mixing leads to enhancement of the bond strength, higher
energy optical transitions, and may influence the ground-state magnetic properties,
pending the molecular geometry and the electron count on the metal center.[30]
In addition to σ-bonding, ligands whose binding atom is an element from the
main group may also contain orbitals orthogonal to the σ-bonding axis that are available for π-bonding. Primarily, these may be atomic p-orbitals, bonding π-orbitals,
or anti-bonding π-orbitals of the native ligand, and are amenable to either donating or accepting electron density from the metal. The electron-accepting orbitals,
commonly referred to as π-acids, exhibit the potential to delocalize electron density
from the metal onto the ligands. An applied example of this comes from the work
of Kubiak and co-workers, where the redox chemistry of dimers of µ-oxo-centered
triruthenium clusters, bridged by pyrazine or 1,4-diazabicyclo[2.2.2]octane (DABCO)
were examined (Figure 3.2).[69, 70]

Figure 3.2. The structure of µ-oxo-centered triruthenium clusters bridged by either
pyrazine (left) or DABCO (right).

In their work, the pyrazine-bridged dimer exhibits two single-electron reductions,
where the first redox wave is attributed to the formation of a thermodynamically
stable, mixed-valence complex. Vibrational spectroscopy shows that the electron from
this wave is delocalized over the dimer based on the coalescence of the infrared signals
from the carbonyl-ligands.[69] This is attributed to efficient orbital mixing between
the metal d- and pyrazine π∗-orbitals, which allows for the delocaliztion, or electronic
communication, between the ruthenium-based redox centers.[70] Upon replacing the
pyrazine bridge with DABCO, a single two-electron reduction-wave is observed.[69]
Though similar in length to pyrazine (N – N distance of 2.7 Å in pyrazine; 2.6 Å in
DABCO), the DABCO bridge does not contain electron-accepting π*-orbitals that are
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able to mix with the metal-based d-orbitals and promote electron delocalization. The
two-electron reduction is observed because the two halves of the dimer are identical,
and thus there is no thermodynamic driving force for reducing one cluster over the
other, nor is there electronic communication between the redox centers that would
favor a mixed-valence dimer.[69]

Hypothesis
The orbital structure of the ligand is paramount to controlling the overall electronic
properties of the transition metal center in inorganic complexes. Within materials science, the principles of LFT have begun to be extended to understanding
how the inorganic center of semiconducting and metallic nanoparticles are capable of undergoing interfacial mixing between its band structure and the quantized
orbital structure of chemisorbed ligands, as well as work on how the ligand field
of inorganic dopants may control the overall physical properties of semiconducting
materials.[10, 71, 72, 73, 74, 68, 75] Due to the prevalence of exerting ligand-based
control over the electronic properties of nanomaterials, and the fact that classical
chemical reasoning is applicable to rationalizing the physical properties of nanomaterials, it is anticipated that the electronic and orbital structure of a metallic nanoparticle is responsive to the identity of the ligand’s tail group. Thus, the value of the
g-factor should respond to the type of ligand on the metal surface.
In order to test the hypothesis posed in the introduction, CESR spectroscopy was
used to measure the g-factor of sub-2 nm gold nanoparticles (AuNPs) protected with
a monolayer of hexanethiolate (C6) or a mixed-monolayer of hexanethiolate and 4bromothiophenolate (C6/Br). The g-factor is sensitive to the orbital structure that
the paramagnetic electron resides in, and would therefore directly report on changes
to the valence band structure of the AuNPs. AuNPs of this size were chosen as they
are the smallest particle size for which gold still retains metallic character, and the
thiolate was the binding group of choice as it chemisorbs to the surface, narrow size
distributions are easy to obtain, and ligand-exchange is facile with a wide variety
of aromatic tail groups.[66, 68, 76, 77] Lastly, thin films of alkanethiolate-protected
AuNPs have been shown to exhibit an anomalously large paramagnetic moment for
a metal, which makes them highly suitable for study by CESR spectroscopy.[78]
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Results
Synthesis
Full details for the AuNP synthesis and ligand exchange may be found in Appendix
A. Briefly, hexanethiolate-protected AuNPs were prepared using the standard Brust
synthesis.[79] Following purification and isolation of these particles, 50% by mass of
the product was used for ligand exchange with 4-bromothiophenol by stirring the two
reactants in tetrahydrofuran (THF) for three hours at room temperature. Following
isolation of the product, IR and Raman vibrational spectroscopies were used to verify
the success of ligand exchange (Figure 3.3A).

Figure 3.3. (A) Vibrational spectra of C6 (IR, top) and C6/Br (IR, middle; Raman,
bottom) AuNPs. A Raman spectrum for C6 was not obtained due to the weak Ramanscattering cross-section of the hexyl chain, as well as the instability of the sample in presence
of the laser probe. (B) Histograms for the size distributions, obtained via TEM, for C6 (top)
and C6/Br (bottom). The shaded black curves are fits of lognormal functions to the centers
of the bars.

Characterization
The IR spectra for C6 and C6/Br revealed the presence of hexanethiolate via alkylbased vibrational modes between 1100 and 1450 cm−1 . Minor changes in this region pre- and post-ligand exchange suggest that the product still contains the alkanethiolate. Two new peaks arise in the IR spectrum centered at 1077 and 1066
cm−1 , which are vibrational signatures of 4-bromothiophenolate.[80] Further analysis by Raman spectroscopy allowed for isolation of spectroscopic signatures of 435

bromothiophenolate, with prominent peaks at 1066, 1077, 1176, and 1557 cm−1 .[80]
Comparison of this spectrum with the vibrational Raman spectrum of the pure ligand
(see Chapter 3) clearly shows changes in the peak widths and energies.
TEM was used to size the parent C6 and nascent C6/Br AuNPs. The resulting
histograms from the TEM analysis are given in Figure 3.3B, with fits of lognormal
functions to the centers of each bar. The lognormal functions gave a mean diameter
(and associated standard deviation) of 1.8 (0.2) nm and 1.9 (0.4) nm for the C6 and
C6/Br AuNPs, respectively. Lastly, NMR spectroscopy was used to quantify the relative ratio of aromatic-to-aliphatic ligands on the ligand exchanged AuNPs. Using the
so-called iodine death reaction developed by Murray and co-workers, the ligands were
cleaved from the C6/Br AuNPs with elemental iodine.[81] The resulting product was
purified of residual gold, and an NMR spectrum of the mix was obtained. Integration
of all aromatic protons, as well as the methyl protons of the alkyl chain, in the 1-D
1
H spectrum revealed a relative ratio of 1:6.4 4-bromothiophenolate:hexanethiolate
ligands. This corresponds to an average surface composition of 16% aromatic thiolate
(see Appendix A for a sample calculation).

CESR
CESR spectra of a saturated solution of C6 or C6/Br in THF were acquired at 25 K,
using X-band microwave radiation (9.623 GHz). The measured spectra are plotted
in Figure 3.4A – C as function of g-factor. Qualitatively, the spectra are broad and
asymmetric, consistent with that expected for metallic electrons. Though similar in
shape, close inspection of the spectra reveals a slight shift in resonance position to
higher g-factor for the C6/Br AuNPs, as shown in the inset of Figure 3.4A. Fitting
the spectra for C6 and C6/Br using Equation 2.3 provided satisfactory fits to the
measured data (solid black lines in Figure 3.4 B and C, respectively). The dashed
lines in B and C are the residuals of these fits, and are likely the result of background
artifacts, as well as assuming a Lorentzian lineshape. Overall, the fits allowed for
quantitative examination of the effect that changes in the ligand sphere have over
the electronic structure of the gold core. Table 4.1 gives the extracted relaxation
time (T2 ) and g-factor, as well as the energy of maximum absorption for the surface
plasmon resonance (SPR). The latter will be discussed in more detail later.
The identical relaxation times between the two samples (1.02 ± 0.01 ns) seem to
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Figure 3.4. (A) X-band CESR spectra of C6 (blue) and C6/Br (red) recorded in THF
at 25 K. The inset more clearly depicts the relative shift in the spectra at the resonance
position. (B) and (C) are the CESR spectra for C6 and C6/Br, respectively, with their fits
(black, solid) to Equation 1-4 and the resulting residuals (black, dashed).

indicate that the excited-spin lifetime is independent of the surface chemistry at this
size. In bulk metals, the spin lifetime is known to be dependent on the phonon modes
of the core and lattice defects.[47] The Debye temperature for bulk gold is 170 K, and,
since the CESR spectra are recorded well below this temperature (25 K), this would
eliminate dephasing via phonon modes of the metallic core as a relaxation pathway.
The dominant lattice defect in particles of this size is expected to be the surface, and
therefore, we interpret the identical times as arising due to surface scattering of the
electrons.[47] Given the similar average diameters and associated standard deviations,
we conclude that T2 is insensitive to the ligand sphere and strongly dependent on the
physical diameter within this size regime.
Table 3.1. Diameter, CESR data, and SPR energy for C6 and C6/Br AuNPs

Ligand
C6
C6/Br

Average Diameter
/nm
1.8 (0.2)
1.9 (0.4)

T2
/ns
1.02 ± 0.01
1.02 ± 0.01

g-factor
1.978 ± 0.001
2.004 ± 0.001

SPR Energy
/eV
2.376 ± 0.001
2.342 ± 0.001

Though T2 is uninformative with respect to the changes in surface chemistry, the
g-factor exhibits an increase from 1.978 ± 0.001 to 2.004 ± 0.001 upon introduction of
4-bromothiohenolate. The errors reported for the g-factor are estimated from the error
in the fit of each individual spectrum. In a control experiment, a homoligand exchange
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of the C6 particles with hexanethiol was conducted to examine the possibility of
surface restructuring as a means to modulate the g-factor. The CESR spectra before
and after homoligand exchange revealed a g-factor of 1.979 ± 0.001, which is within
experimental error of the original g-factor (see Appendix B for spectrum). Therefore,
it is likely that the change in g-factor observed upon heteroligand exchange is reflective
of the chemical nature of the tail group.

Figure 3.5. The g-factors for select systems that are most closely related to the C6 and
C6/Br AuNPs (Left to right: bulk gold, Au25 (SEtPh)18 , gold (III) bis(3,5-di-tert-butyl-1,2benzenedithiolate), benzene cation, benzene anion, nitrobenzene anion, and phenol radical ).
The subscripts 1, 2, and 3 refer to the three separate principal axes of the g-tensor. The
image of the Au25 cluster was taken from Reference [67].

Comparison of the g-factors for C6 and C6/Br to that of bulk gold, gold (III)
o-aromatic dithiolates, aromatic organic radicals (Figure 3.5), and atomic gold (g =
2.0041) reveals that the values measured here are unique to thiolate-protected AuNPs,
especially since none of these analogous systems exhibit isotropic g-factors as low as
1.978 ± 0.001.[60, 82, 83, 56] Given the distinct metallic character of the signal and the
unique g-factors, the CESR spectra suggest that the Au-S interface is responsible for
the values measured, and this interfacial interaction gives rise to a new material that is
reflective of the surface chemistry. It is important to note that previous work in CESR
has shown that the g-factor has a known size dependence, where the absolute g-factor
is predicted to shift between the g-factor of atomic gold and bulk gold as a function
of surface-area-to-volume ratio.[56] Though this will be discussed more thoroughly in
Chapter 4, it must be pointed out that the difference in g-factor that is anticipated
between AuNPs with diameters of 1.8 nm and 1.9 nm would exhibit g-factors of
2.067 and 2.068, respectively. The difference between the size-dependent predictions
is much smaller than the difference observed, ∆gC6,C6/Br = 0.026. Moreover, the
observed difference in g-factor constitutes 25% of the total anticipated range based
on size considerations alone, thus showcasing how the surface chemistry may exert
great control over the electronic properties of the metallic core.
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Discussion
The increase in g-factor from 1.978 ± 0.001 to 2.004 ± 0.001 upon introduction of
4-bromothiophenolate shows that the spin-orbit coupling of the metallic electrons is
sensitive to the surface chemistry. Given the selectivity of CESR for probing the
physical properties of electrons near EF , as well as the quantum mechanical relationship between the g-factor and orbital structure, the data suggests that surface-based
states contribute to the metal’s valence band wave function. Additionally, comparing the measured g-factors to that of ligand-free AuNPs of 1.8 – 1.9 nm diameter
(≈ 2.068) indicates that the introduction of the aromatic ligand may increase the
metallic character of surface states as the g-factor approaches this value.
LFT would suggest that the aromatic ligand provides a set of π-type orbitals that
would be capable of delocalizing electron density beyond the metal; as the g-factor
of the system approaches that of an organic radical (low spin-orbit interaction), the
interfacial Au-S interaction – which is expected to dominate the orbital structure
of C6 – must contribute less to the valence band structure. Therefore, this would
provide a mechanism whereby the delocalization of the electron density onto the
ligand increases. The fact that the g-factor for C6/Br is close to that expected for
aromatic organic radicals (see Figure 3.5) would suggest that the electronic wave
function may be ligand-based. However, the breadth and asymmetry of the signal do
not support this, and therefore, the larger g-factor is attributed to enhanced metallic
character of the valence band. If one considers the σ-bonding interaction, a weaker
σ-donor would perturb the metal-based orbitals less effectively. The measured value
of 2.004 ± 0.001 for C6/Br nears that for a bare AuNP (g1.9nm = 2.068), indicating
the Au-S interfacial mixing of the surface likely decreases. The g-factor measured for
C6 AuNPs, which would not delocalize electron density beyond the metal surface,
would suggest that Au-S orbital hybridization dominates the valence band structure.
This interpretation suggests that the aliphatic thiolate is a stronger σ-donor than the
aromatic ligand.
In order to characterize the effect of the interfacial interaction over the electronic
structure, DFT calculations were performed in collaboration with Professor Lasse
Jensen. Chapter 2 presented a Hamiltonian operator for spin-orbit coupling in metals
(Equation 2.10) that showed the angular momentum of metallic electrons depends
on two parameters – the orbital momentum and the surface potential gradient. In
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order to analyze each of these parameters, the density of states (DOS) and ionization
potential (IP) of model Au25 L−
18 clusters, where L is either methanethiolate or 4bromothiophenolate, were calculated (Figure 3.6). Solvent effects from THF were
taken into account by imposing a dielectric continuum;[29, 84, 85] full details of
the calculations may be found in Appendix A. It must be noted that the AuNPs
analyzed in this study indeed contain between 200 and 300 gold atoms, on average.[86]
The reason such small clusters were analyzed is that AuNPs representative of our
system are too large and computationally impractical. The Au25 L−
18 is a reasonable
alternative to the real system since crystal structures for thiolate-protected Au25
clusters are known, and it is sufficiently large to have a set of core atoms protected
by a covalently-bound ligand shell containing gold surface atoms.[87, 65, 88]

Figure 3.6. DFT calculated DOS plots for model Au25 L−
18 clusters protected with
methanethiolate (blue) and 4-bromothiophenolate (red) for the states closest above and
below in energy to EF . The inset shows the fully calculated DOS.

The DOS plots in Figure 3.6A clearly show that the total orbital structure (inset)
is sensitive to the identity of the ligand tail group. Close inspection of the highest
occupied (below 0 eV) and lowest unoccupied (above 0 eV) DOS reveal that the valence states that are probed by CESR, and expected to contribute most to changes
in g-factor, exhibit changes in both relative structural and energy features. First,
it is apparent that the valence DOS undergo broadening for clusters protected with
4-bromothiophenolate (i.e., two distinct and overlapping DOS peaks relative to the
single narrow peak observed for methylthiolate), which suggests delocalization of electron density relative to the methylthiolate-protected clusters. Deconvolution of the
atomic contributions to the DOS proved to be uninformative with respect to connecting orbital structure to the g-factor. Figure 3.6B – C show the deconvoluted DOS for
Au (black), S (green), and C (magenta) contributions to the total density of states.
Both Au and S contribution largely to the valence DOS, with greater contributions
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from C to the 4-bromothiophenolate-protected Au25 cluster’s total DOS – presumably
through π-orbital based states as expected from simple LFT considerations. Second,
the relative energies of the DOS near EF respond to the identity of the ligand. As
Equation 2.9 shows, the g-factor is influenced by the energetic spacing of orbitals near
that of the ground state wave function.
IP calculations on the Au25 L−
18 model systems provide quantitative insight into the
energetic perturbation of the metal. The reason to consider the IP as an analogue to
the surface potential gradient is that they are each directly influenced by the charge
density of the metal.[89] As the charge density increases, a metal will exhibit a more
negative (higher energy) surface potential that leads to a lower energy IP (or work
function). The DFT calculated IP for the methylthiolate- and 4-bromothiophenolateprotected Au25 L−
18 clusters was found to be 4.15 eV and 4.55 eV, respectively. Thus,
the calculated IPs would suggest that decreases in the g-factor would correspond to
increasing the IP, and thus, the surface potential of the system becomes more positive
(lower energy). Though only two systems are reported here, the next two chapters
will reveal that the IP does correlate well with the g-factor.
In total, the data presented thus far does not provide a clear molecular-level
mechanism for changes in g-factor. This dilemma will be revisited in Chapter 4, where
a systematic study of varying para-substituents will be analyzed. However, the DFT
calculations do provide support for the hypothesis in question: the band structure is
responsive to the ligand tail group, and experimentally this is corroborated by the
observed change in g-factor.
Lastly, since the above demonstrates that the electronic structure of AuNPs is
sensitive to the identity of the ligand sphere, it would be plausible to expect that
other electronic properties associated with the gold core should be responsive to the
surface chemistry. As shown in Chapter 1, UV-Vis measurements allow for measurement of the SPR, a highly exploited physical property of AuNPs. AuNPs of this
size are often not sought out for their plasmonic properties, as the SPR for 1.8 nm
particles is strongly damped due to the gold-thiolate interaction and the quantum
confinement effect.[90] Nonetheless, the UV-Vis spectrum does reveal a mild feature
centered about the expected resonance position (≈ 2.3 eV) for nanogold. This electronic transition, tentatively classified as the SPR, was measured using THF as a
solvent, mathematically isolated (see Appendix B), and the result plotted in Figure 3.7. Gaussian lineshapes were fitted to the peaks to extract the energy of the
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transition.

Figure 3.7. Isolated SPR transitions for C6 (blue) and C6/Br (red). The inset shows a
close-up of the tops of the transitions and the fits of Gaussian curves (black lines) to each
peak.

Figure 3.7 shows that the SPR does reveal a mild shift in resonance position to
lower energy upon introduction of the aromatic ligand (2.376 ± 0.001 eV to 2.342 ±
0.001 eV). As discussed in Chapter 1, a classical interpretation – within the framework
of the Drude model – for the SPR would suggest a decrease in charge density of
the metal core, consistent with a more delocalized electronic structure. This also
agrees with the broadened band structure observed in the DOS near EF in Figure
3.6. The combination of the work presented here begins to shed light on the synergy
between interfacial bonding and the electronic structure of AuNPs, however, a clear
connection between the orbital structure, the electronic g-factor, and the SPR of the
metal nanoparticles remains elusive.

Conclusion
The physics of metallic electrons near the EF in AuNPs is indeed sensitive to changes
in surface chemistry. The g-factor measured in the CESR experiments presented
here clearly provides experimental evidence that the electronic structure of the metal
changes upon ligation of 4-bromothiophenolate, which is further support by the extracted SPR. The concomitant increase in g-factor with introducing a π-acidic ligand
suggests that the metallic character of the AuNP increases. DFT calculations corroborate that the band structure of the system does indeed respond to changes in
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surface chemistry, and the bands near EF are more characteristic of a delocalized
band structure for the aromatic-protected model system.
This chapter demonstrates that the posed hypothesis was verified. This work now
sets the stage for developing and testing more specific hypotheses for gaining insight
into new information that CESR can provide on metallic nanoparticles. The next
chapter will present work still motivated by classical inorganic studies, namely, how
the para-substituent of aromatic thiolates will perturb the electronic properties of
AuNPs. Introducing such a simple, systematic change to the aromatic ligand will
allow for a more intuitive approach to developing a chemical sense on how to exert
chemical control over the the physical, and thus chemical, properties of AuNPs.
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Chapter

4

Probing the Modulation of Metallic States in Gold
Nanoparticles by the Para-substituent of Aromatic
Thiolates

Introduction
In Chapter 3, the effect of ligands containing π-type orbitals capable of delocalizing
electron density from metal centers was discussed, where it was this simple concept
that prompted us to introduce the π-acidic 4-bromothiophenolate into the ligand
sphere of hexanethiolate-protected gold nanoparticles (AuNPs). Though compelling
to attribute the change in g-factor measured for AuNPs with and without this ligand
to such an effect, it is necessary to examine a series of AuNPs that have a systematic perturbation introduced to the ligand sphere. Therefore, in order to understand
the underlying cause of the g-factor, the effect of varying the electronic properties of
aromatic thiolates via the identity of the para-substituent will be the focus of this
chapter. Such manipulations have been successfully applied to transition metal complexes to provide a framework for predicting how their magnetic properties, electronic
transitions, electrochemistry, orbital structure, and thermodynamic stability respond
to such changes in ligand sphere.[69, 91, 92, 93, 94, 95, 96] Trends revealed from such
studies have provided chemists with the ability to utilize chemical intuition in order
to predict the overall physical properties of substances a posteriori.
I begin this chapter with an overview of the Hammett parameter, an empirically derived quantitative descriptor for electron-donating and electron-withdrawing
strength of aromatic substituents, followed by an application of substituent effects to
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inorganic molecular complexes and nanomaterials. This introduction will provide a
basis for how simple chemical reasoning can be used to rationalize and predict the
properties of molecules from simple trends. Lastly, this chapter will close with an
overview of the experimental and theoretical studies conducted to understand how
changing the para-substituent influences the electronic properties of AuNPs.

The Hammett Parameter
The Hammett parameter is an empirically derived set of scalars that come from
the linear free-energy relationship between the equilibrium and/or rate constants for
reactions of para-substituted derivatives of aromatic acids, alcohols, esters, amines,
etc.[97, 98] Examples of reactions that are used for deriving Hammett’s substitutent
constant include ionization of benzoic acid or phenol derivatives, ester hydrolysis of
ethyl benzoates, bromination of acetophenones, etc.[97, 98] Thermodynamics does
not require such a linear free energy relationship to exist, so one must assume the
following mathematical expression:
m · log(

k
K
) = log( )
Ko
ko

(4.1)

where m is the slope of the linear function, K (k) and Ko (ko ) are, the equilibrium
constants (rate constants) for a chemical reaction involving a para-substituted aromatic derivative and the unsubstituted aromatic derivative, respectively. From the
above expression, it can be shown that upon substitution of K or k with the appropriate expression for free energy (assuming Eyring kinetics for the latter), one may
obtain:
m · ∆∆G = ∆∆G‡

(4.2)

where ∆∆G and ∆∆G‡ are the difference in free energy change associated with the
reactions of interest. Note that it is not necessary for the above equality to be defined
between the equilibrium and the rate constants; Equation 4.2 may be phrased with
respect to either constant on both sides. The Hammett equation was originally defined
in 1937 by Louis Hammett, using the acid dissociation constant of benzoic acid and
its derivatives as the reference reaction for quantifying the electronic perturbation
of substituent effects.[97] For the acid dissociation reaction, Hammett found that he
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could define the following relation:
log(

K
)=σ·ρ
Ko

(4.3)

where σ is the substituent constant and ρ is the reaction constant, defined as 1 for the
acid dissociation of benzoic acid and its derivatives. For the former constant, hydrogen
is used as the reference para-substituent, in which σ is set to 0. Experimentally, it
has been shown substituents that are traditionally considered as electron-donating
(i.e., have lone pairs that may conjugate into the aromatic ring) exhibit negative σ
values, while substituents that are electron-withdrawing (i.e., have orbitals capable
of accepting electron density from the ring) exhibit positive σ values. The following
table provides examples of substituent constants that are relevant for this chapter.[99]
Table 4.1. Hammett Substituent Constants for Para-substituted Aromatic Compounds

Substituent
σ
-N(CH3 )2
-0.83
-OCH3
-0.268
-H
0
-Br
+0.232
-CN
+0.66
-NO2
+0.778
Though beyond the scope of this chapter, it must be mentioned that trends between physical properties such as acidity/basicity, metal – ligand binding strength,
redox potentials, electronic transitions, non-covalent intermolecular interactions, and
the electronic conductivity of molecules and nanomaterials, etc., may be drawn with
the value of the Hammett parameter.[99, 100, 101, 72, 73, 69] In general, this arises
because the value of σ does indeed carry physical relevence to the electronic properties of the aromatic system. As σ becomes more negative, the electron density of
the aromatic ring increases, which leads to raising of orbital energies and increased
screening of the nuclear framework by the valence electrons, with each contributing to a decrease in the ionization potential (IP) of the molecule – an observable
which was shown to have relevance to the g-factor. The next section will present two
well-characterized examples for which it will be shown how the Hammett parameter
plays an important role in predicting physical properties for charge delocalization and
allowing for intuitive chemical reasoning to support materials design.
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The Effect of the Para-Substituents over the Physical Properties of Inorganic Molecules and Materials
Molecular Inorganic Complex: µ-oxo-centered Triruthenium Clusters
In the last chapter, the importance of conjugation within the bridge of the µ-oxocentered triruthenium dimers was discussed, where the available π ∗ -orbitals of the
bridging pyrazine were necessary to facilitate electron delocalization over the complex. In addition to the bridge, the ancillary pyridine ligands may be functionalized in
order to control the extent of delocalization over the dimer. Kubiak and co-workers
have demonstrated this by introducing ligands with dimethylamino, hydrogen, or
cyano para-substituents to homodimers of these clusters (Figure 4.1).[69] The electrochemistry, intervalence charge transfer bands, and carbonyl stretching frequencies
of the singly reduced clusters shown in Figure 4.1 are all sensitive to changes in the
para-substituent.

Figure 4.1. The µ-oxo-centered triruthenium cluster homodimers studied by Kubiak and
co-workers. (A) The X on the ancillary pyridyl ligands are dimethylamino (-N(CH3 )2 ),
hydrogen (-H), or cyano (-CN) groups. (B) A simplified molecular orbital (MO) that shows
how the para-substituent effects the energy of the singly-occupied dπ-lowest unoccupied MO
orbitals of the Ru3 O clusters relative to the pyrazine (py) bridge. Better energy matching
between the π* orbital of py and dπ when X = -N(CH3 )2 , which leads to the observed
increase in electron delocalization.

Electrochemical studies showed that all three clusters exhibit two single electron
reductions that correspond to sequentially producing the singly and doubly reduced
homodimers.[69] They found that the ancillary ligand was able to control the potential
spacing between the two redox waves. Taking into consideration the comproportionality constant which can be derived from the potential separation of these redox
peaks, it was shown that the stability of singly reduced, mixed-valence state of the
homodimer increased as the electron-donating strength of the ancillary ligand also
increased. Examination of the intervalence charge transfer band, an electronic transition indicative of the strength of electronic coupling between redox centers, shifted
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to higher energy and intensity with increasing electron-donating strength.[69] Within
the framework of Marcus-Hush theory, the electronic coupling constant was derived
from this transition, and it was found that the degree of electronic communication
did indeed increase, consistent with the electrochemistry.[69] Lastly, and unique to
their study, dynamic IR spectroscopy was used to show that the kinetics of electron transfer fell on the vibrational timescale as evidenced by peak coalescence of
the carbonyl stretches from each individual cluster of the dimer. Simulations of the
coalescence revealed first order rate constants that showed that the rate of electron
transfer increased with the electron-donating strength of the para-substituent.
In terms of a simplistic molecular orbital (MO) diagram, the para-substituent of
the pyridyl ligand modulates the overall orbital structure of each individual triruthenium cluster such that the energy of the singly-reduced orbital increases with electrondonating strength (Figure 4.1B). Consequently, since the electron must cross over the
pyrazine bridge to interact with the second cluster, this modulation of the redox center’s orbital energy would lead to enhanced energy matching, and thus orbital overlap,
with the π-acidic lowest-unoccupied MO of the bridge. NMR and resonance Raman
experiments provide support for substituent-based modulation of electron density
within the cluster, while density functional theory (DFT) calculations show support
for the importance of orbital overlap between the cluster and bridge to achieve electronic communication.[102, 103, 104] Though it may be unsurprising that a molecular
ligand could alter the electronic structure of a molecular redox center, the question
becomes, does the MO-based chemical intuition that is powerful for molecules apply
to the larger nanosystems?
Nanomaterials: Phenyldithiocarbamate-protected CdSe Quantum Dots
Semiconducting CdSe nanoparticles have received much attention due to the sensitivity of their photophysical properties to changes in diameter, which in turn makes
them viable candidates for solar cells, photodiodes, and biofluorescent tags.[105, 106]
It has been shown by Bawendi and co-workers that the absorption and fluorescence
spectra exhibit well-defined excitonic transitions and precise tunability over the entire visible light spectrum for particle diameters between 1.2 and 11.5 nm.[107] The
reason for this lies in the fact that increasing the number of atoms in the core leads
to lower energy spacing in the band gap between the valence and conduction bands
due to relaxing the quantum confinement effect on the excitonic wave-function.
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Ligands capable of electronically coupling to the core of nanomaterials are desirable as they have the potential to provide a wide array of chemical tunability of the
electron properties of the inorganic core, thus enhancing the utility of nanomaterials
in the aforementioned applications. Studies by Weiss and co-workers have identified that para-substituted phenyldithiocarbamates, shown in Figure 4.2, are among
the most efficient ligands that electronically couple to the valence and conduction
bands of the CdSe core, thus allowing for optimal surface chemical modification of
the system’s photophysics.[108, 109, 72]

Figure 4.2. (A) Phenyldithiocarbamates used by Weiss and co-workers to (B) modulate
the excitonic delocalization radius in ≈ 3 nm CdSe nanoparticles. (C) Plot of the change
in apparent radius of the CdSe core with the HOMO energy of the phenyldithiocarbamates
examined. Figures (B) and (C) were taken from Reference [72].

Using UV-Vis spectroscopy, phenyldithiocarbamate has been shown to induce a
hypsochromic shift of the lowest energy excitonic transition in ≈ 3 nm CdSe nanoparticles, thus decreasing the observed band gap. Effectively, this leads to an increase in
the particle’s excitonic radius through delocalization of the optically formed electronhole pair. Using the band gap energy as a proxy to the radius of the electronic
wave-function, they observe that the aromatic ligand increases the excitonic radius
by 0.26 nm with respect to the physical radius of the particle.[72] Previous work has
shown that the valence band of CdSe is primarily composed of Se 4p-states, while
the conduction band is composed of Cd 5s-orbitals. DFT calculations suggest that
the ligand’s highest occupied molecular orbital (HOMO) undergoes efficient interfacial orbital mixing with the valence band of the CdSe core, which in turn allows for
delocalization of the optically produced hole into the ligand sphere.[108] The lowest
unoccupied MO of the ligand is energetically greater than the conduction band edge,
thus preventing electron delocalization.[108]
In a subsequent study, Weiss and co-workers went on to show that the parasubstituent of the ligand is capable of inducing great changes to the excitonic radius
of the CdSe nanoparticle.[72] Using para-substituted phenyldithiocarbamtes, functionalized with -CF3 , -OCF3 , -F, -Br, -H, -CH3 , -OCH3 , or -N(CH3 )2 , chemisorbed
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to the surface of ≈2.8 nm CdSe nanoparticles, they found that the excitonic radius
increased from 0.17 nm to 0.4 nm as the energy of the ligand’s HOMO decreased
(Figure 4.2B and C).[72] Recall that the Hammett parameter correlates well with the
energy of the HOMO, where electron-withdrawing substituents exhibit a decrease in
this orbital while electron-donating groups have the opposite effect. The change in
excitonic radius is attributed to increased energetic alignment between a lower energy, high density of states (DOS) region of the Se 4p valence band and the ligand
MO, thus increasing the number of CdSe-ligand electronic states that can delocalize
the photophysically produced hole. Effectively, as the electron-withdrawing strength
of the ligand increases, the potential energy barrier to hole delocalization is lowered
upon interfacial orbital mixing. To support this, DFT calculations of the interfacial interaction between a model CdSe cluster and two phenyldithiocarbamte ligands
were used to show that the electron density on the Se 4p-states is expected to increase
along with the electron-withdrawring strength of the ligand, and was thus indicative
of increased interfacial orbital mixing.[72]

Hypothesis
These studies on molecular and nanoscale systems show that the para-substituent of
an aromatic ligand is capable of modulating intrasystem charge delocalization. In
the previous chapter, our CESR studies provide validity for the hypothesis that the
ligand sphere was capable of modulating the electronic structure of AuNPs. Thus,
it would be reasonable to expect that the CESR should respond to changes in the
para-substitutent. It is important to note that such changes have not been observed
for metallic systems prior to this study.
This chapter will be concerned with modifying the ligand sphere with an analogous series of ligands. Specifically, the effect of -NO2 , -Br, -H, and -OCH3 in the
para-position of aromatic thiolates will be examined. To provide molecular-level
insight, the effect of the ligand sphere on the g-factor will be correlated with DFTcalculated electronic parameters of model Au25 L−
18 clusters, where L is an aromatic
thiolate. In accord with the increase in g-factor upon substitution of AuNPs with
4-bromothiophenolate, we hypothesize that the g-factor will respond to the electronic
properties of the ligand by increasing as the electron-withdrawing strength of the ligand increases. This is expected upon consideration of the ligand IP; the last chapter
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demonstrated that the g-factor increased as the IP of the model Au25 L−
18 clusters (L
= methanethiolate or 4-bromothiophenolate) increased. Additionally, this hypothesis
follows from the correlation between the Hammett parameter and HOMO energy, as
well as consideration of Koopmans’ theorem which states that the IP is equal to the
HOMO energy; in the case of substituted aromatic rings, the IP has been shown to
increase with the electron-withdrawing strength of the substitutent.[110, 111] Furthermore, trends in the response of the g-factor to changes in the electronic properties
of the ligand sphere with classical parameters used in inorganic chemistry will be
made in order to establish traditional chemical reasoning as a basis for predicting the
electron properties of AuNPs.

Results
Synthesis
Hexanethiolate-protected AuNPs were prepared using the Brust synthesis in order to
obtain particles with sub-2 nm average diameters.[79] Once purified, the nanoparticles
were divided into four subsets, and ligand exchange reactions were conducted, as
described in Appendix A to introduce 4-methoxythiophenolate, thionphenolate, 4bromothiophenolate, or 4-nitrothiophenolate (-OCH3 (1), -H (2), -Br (3), or -NO2 (4),
respectively). This resulted in the formation of AuNPs protected by mixed monolayers
of ligands (Figure 4.3A), as verified by NMR spectroscopy. Two sets of particles
containing ligands 1, 2, and 3 were prepared; we were unable to obtain a second set
of particles containing 4 due to synthetic difficulty. The two sets of 1, 2, and 3 will be
distinguished by a prime or double prime for the remainder of this chapter. Following
synthesis, the particles were characterized by Raman spectroscopy and TEM to verify
the success of ligand exchange and to obtain particle size distributions, respectively
(Figure 4.3B and C).

Characterization
The Raman spectra were analyzed between 1000 and 1600 cm−1 , as this region is
the most diagnostic for vibrational signatures of the aromatic ligands. In Figure
4.3B, the colored trace represents the spectrum of the solid mixed-monolayer AuNPs,
and the shaded trace is the Raman spectrum of the native aromatic ligand. The
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Figure 4.3. Overview of the synthesis and characterization of the AuNPs used for CESR
experiments. (A) The particles of interest are obtained via ligand-substitution (in THF)
of sub-2 nm hexanethiolate-protected diameter AuNPs. (B) Raman spectra of the ligand
exchanged particles (colored line; R = -OMe, red; R = -H, orange; R = -Br, green; R =
-NO2 , magenta) confirms the presence of the aromatic thiolates. The Raman spectra of
the free aromatic ligands are shown in black for comparison; the area under this curve is
shaded for clarity. (C) The final size distributions for the ligand-exchanged particles, taken
from TEM images and fit to a lognormal to extract the mean and standard deviation (in
parentheses) in sizes.

aromatic peaks shift in energy, and the peak widths for the ligand attached the metal’s
surface experience broadening. The former is due to the new chemical environment
experienced by the ligand, while the latter is likely due to the heterogenity of the
sample (in both particle size and ligand environments). Furthermore, it must be
pointed out that the region of 1200 – 1400 cm−1 in 2 exhibits a set of peaks that are
not native to the free ligand. These are due to the hexanethiolate ligands also present
on the particle (refer to Chapter 2, Figure 3.3 for the IR spectrum of C6).
Next, TEM micrographs were acquired to obtain size distributions. Figure 4.3C
shows the histograms obtained from size analysis, with a lognormal function fit to the
centers of the bars in black. The lognormal fits revealed average particle diameters
between 1.7 and 1.9 nm, with standard deviations between 0.2 and 0.4 nm for the
mixed monolayer particles (see the figure for exact assignments). Though the ligand
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sphere is impure, the motivation for using the ligand exchange reaction lies in the
fact that particles with narrow size dispersity could be achieved by initially synthesizing alkane thiolate-protected AuNPs. AuNPs with pure aromatic monolayers were
attempted, but resulted in samples with poor dispersity.
The iodine death reaction was used to quantify the relative ratio of aromatic
thiolate to alkyl thiolate in the AuNP ligand sphere. In general, it was found that
the percent coverage of aromatic thiolate ligand fell between 20% and 50% depending
on the ligand. Table 4.2 shows the results for TEM, NMR, and the soon to be
discussed CESR data for all particles analyzed in this study. It will be shown later
that although the ligand sphere is impure, our results suggest that, within the size
regime and ligand coverages analyzed, the g-factor of the AuNPs is more sensitive to
the identity of the ligand rather than the ligand’s percent surface coverage.
Table 4.2. Summary of the experimental values obtained from the characterization of the
particles, and CESR experiments. Parentheses indicate standard deviation in size. The
prime and double prime denote different batches of particles produced bearing the same
ligand. The error for all reported g-factors is ±0.001.

Ligand
10
20
30
40
100
200
300

Size
/nm
1.7 (0.2)
1.7 (0.2)
1.9 (0.4)
1.7 (0.3)
1.8 (0.1)
1.9 (0.3)
1.8 (0.2)

% Aromatic fsurf ace
ligand
27%
0.429
46%
0.429
16%
0.406
20%
0.429
46%
0.416
50%
0.406
27%
0.416

g-factor

∆gobs

∆gsurf ace

1.975
1.984
2.004
2.014
1.973
1.986
2.005

-0.027
-0.018
0.002
0.012
-0.029
-0.016
0.003

-0.091
-0.082
-0.064
-0.052
-0.094
-0.082
-0.062

CESR
Continuous-wave, X-band (νM W = 9.623 GHz) CESR spectra were collected for all
of the AuNPs dispersed in THF at 25 K. Figure 4.4A shows that the normalized
spectra obtained for 1‘, 2‘, 3‘, and 4‘ are distinct from each other, with lineshapes
that are consistent with metallic species.[47] Figure 4.4B – E shows that simulating
these signals with Equation 2.3 (solid black lines) produced good fits to the data,
exhibiting minor residuals (dotted black lines). As mentioned in the previous chapter,
it is likely that the residual is the result of background artifacts and utilization of
only a Lorentzian lineshape.
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Figure 4.4. CESR spectra, acquired with X-band frequency at 25 K in THF, for (A) all
AuNPs, (B) 1’, (C) 2’, (C) 3’, and (E) 4’. T measured spectra are given as the colored line,
the fits using Equation 2.3 in black, and the residuals (black dotted line). The g-factors as
given by the fits are shown in the top right corner for each spectrum.

Analysis of the relaxation times (T2 ), as well as the absorption and dispersion
coefficients (A and D, respectively), revealed no trend with size or surface chemistry
(see Appendix B for values). Though they are reflective of the behavior of electrons
in the metal, it is not clear at this time as to how they relate to the change in
para-substituent. Despite this, the simulations do reveal that the resonance position,
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and thus the g-factor, provides rich insight into the relationship between the surface
chemistry and the chemical nature of the metal’s valence electrons. As shown in
Figure 4.4B – E, as the electron-withdrawing strength of the ligand increases, the
g-factor also increases. Furthermore, these g-factors are all distinct from that of the
parent hexanethiolate-protected AuNPs (g = 1.978 ± 0.001).
The g-factor for nanoscopic metal particles is known to exhibit a size dependence,
ascribed to the relative contribution of surface atoms.[59] An analytical expression
has been derived by Myles and co-workers that shows the shift in g-factor from the
free electron value due to size (∆gsize ) is a weighted average between the number of
surface and core atoms, as shown in Equation 4.4.[56]
∆gsize = fsurf ace ∆gatom + (1 − fsurf ace )∆gbulk

(4.4)

In the above expression, fsurf ace is a weighting factor which quantifies the fraction
of of atoms that reside at the surface of the particle, and the g-shift of the surface
and core atoms are approximated as the g-shift for atomic gold (∆gatom = 1.8 × 10−3 )
and bulk gold (∆gatom = 0.11), respectively. In order to isolate the contribution to
the observed g-shift (∆gobserved ) of the surface chemistry (∆gsurf ace ), we assume that
the former is a linear combination of the latter and ∆gsize , as given in Equation 4.5.
Full justification for this approach is given in Appendix B.
∆gobs = ∆gsize + ∆gsurf ace

(4.5)

By measuring the mean size of the AuNPs from TEM, fsurf ace may be approximated by assuming a near spherical, close-packed arrangement of atoms in the gold
core. Finally, using Equations 4.4 and 4.5, ∆gsurf ace may be isolated. In addition to
isolating the surface chemical contribution to the g-factor, this approach allows for
compensation of differences in size on a sample-by-sample basis. The results for all
samples analyzed in this chapter are shown in Table 4.2. This analysis brings to light
a very interesting aspect of the CESR measurements: for particles bearing similar sets
of ligands, ∆gsurf ace is more sensitive to the identity of the ligand rather than the
percent coverage. This is attested to by the very similar g-shifts isolated for particles
bearing ligands 1 and 3, as well as the exact correction for particles containing near
similar coverage of 2 but with different average sizes.
Up to this point, the size-dependence has been assumed to arise only from the
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Figure 4.5. Simulation of the CESR spectrum for 3’ (A) assuming solely the mean diameter
and (B) taking into account the heterogenerity of the sample. (C) The previous simulations
overlaid upon one another (mean size, blue; size-weighted, red) and the residual of the
simulations.

average size particle, with neglect of the heterogeneous size distribution. To demonstrate that this is a fair approximation, simulations were performed where the size
dependence of the g-factor was taken into account for the observed distribution of
particles. Specifically, this was done by assuming that the total signal was composed
of a linear combination of signals from each size, where each signal was weighted by
the fraction of the sample that corresponded to a given diameter, and the resonance
position (and, thus, g-factor) reflected the size dependence of that sub-population.
The results of simulations assuming a mean size and the size distribution are given
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for 3’ in Figure 4.5A and B, respectively.
Analysis of the residuals under both homogeneous and heterogeneous size considerations reveal that they are nearly identical. Figure 4.5C shows the two simulations
overlaid upon one another, as well as the resulting residual. To a first approximation,
the lack of any major differences between the two simulations gives validity to assuming the mean size as a descriptor for each sample while neglecting the heterogeneity.
For the simulation taking into account the heterogeneous size distribution, the absorption and dispersion coefficients were held constant because, according to Webb’s
theory for CESR of small metallic particles, within the size regime considered here
the ratio of A to D is expected to stay constant.[112] Likewise, no changes in T2 were
taken into account due to two competing effects. Assuming purely metallic behavior
(i.e., the lack of discrete electronic states), as the size of the particles decrease, the
spin lifetime should decrease due to surface scattering. Since the measurements were
performed below the Debye temperature for gold (170 K) contributions to T2 from
phonon-induced relaxation were neglected.[13] In contrast, AuNPs at this size scale
fall within the quantum confinement regime. Therefore, as the size decreases, discrete
electronic states are introduced to the overall electronic structure. The introduction
of quantized states is then expected to increase the spin lifetime as surface scattering
does not necessarily lead to relaxation into an immediately available electronic state,
and thus, energy conservation for the spin flip is no longer automatically satisfied
for each scattering event.[49, 59] Given that the metallic-to-molecular transition for
gold is known to occur at ≈2 nm, we anticipate that both of these effects occur,
which leads to an unclear, though likely weak, size dependence for T2 within the size
distributions observed for our samples.[66]

UV-Vis
As in the previous study, the SPR of the AuNPs was isolated to attempt to correlate
∆gsurf ace with other electronic properties of the AuNPs. The isolated peaks and the
resulting correlation are given in Figure 4.6.
Though a linear correlation is observed here (R2 = 0.88), the results are inconclusive. The resonance positions for particles containing 1, 2, and 3 from separate
syntheses were not found to reproduce the results of those found in Figure 4.6. Additionally, the peak separations reported for 1’ and 2’ are below the instrument’s
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Figure 4.6. (A) Isolated SPR for AuNPs 1’, 2’, 3’, and 4’. (B) Plot of SPR peak position
as a function of surface chemical g-shift, fitted to a line. The error bars on each point
represent the error in the fit of the spectroscopic data, not the instrumental error.

resolution. Because of these difficulties, correlations with this observable for AuNPs
of this size were not sought out further. It is likely that the SPR and g-factor are related to each other; further studies will be needed to establish a trend between them.
However, it is important to note that a red-shift from the parent hexanethiolatecontaining particles does appear to be a qualitatively consistent observation.

DFT Calculations
DFT calculations of the band structure and IP for model Au25 L−
18 clusters, where L
is an aromatic thiolate, in vacuum and in a dielectric continuum representative of
THF were performed in collaboration with Professor Lasse Jensen. As mentioned
in Chapter 2, the reason Au25 clusters were utilized as an approximation to the
real system is that the AuNPs examined here contain 200 – 300 atoms in the gold
core, and thus are impractical using current computational chemical methods. The
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optimized geometry for Au25 L−
18 , where L is thiophenolate, is shown in Figure 4.7A.
As was discussed in Chapter 2, band structure calculations were able to show that
the density of states (DOS) near EF were responsive to identity of the ligand tail
group, and were consistent with the idea of increasing the delocalization of electron
density when protected with 4-bromothiophenolate.

Figure 4.7. Results of DFT calculations for (A) model Au25 L−
18 clusters (optimized geometry for L = 2 is shown). (B) Energy level diagram for the IP of Au25 clusters in vacuum
(blue) and in THF (red). (C) and (D) show the DOS obtained for these systems in vacuum
and in THF, respectively.

Figure 4.7B shows the results for the IP calculations, while 4.7C and D are the
DOS in vacuum and THF, respectively. The reason to consider the IP is that in the
case of metals, the spin-orbit coupling Hamiltonian is described by Equation 2.10,
where the orbital momentum and surface potential gradient influence the angular
momentum of metallic electrons. The IP is used here as an approximation to the
surface potential gradient, as they are directly related to each other by a factor of
charge magnitude.[58] The following table collects these IPs, as well as the IP of the
free aromatic ligands in THF. The latter calculation will be discussed further in the
following section.
As observed in the insets Figure 4.7C and D, the changes in band structure associated with changes in para-substituent – near EF – are not as clear as the comparison
between aromatic and alkyl thiolate. In fact, the results in vacuum suggest that the
band structure within the range of -1 eV to +1 eV (with EF = 0) is insensitive to
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Table 4.3. DFT calculated IPs for Au25 in vacuum, Au25 in THF, and the free ligand in
THF.

Ligand
1
2
3
4

IPvac.
cluster
/eV
3.26
3.50
4.18
5.36

HF
IPTcluster
/eV
4.01
4.25
4.55
5.24

HF
IPTligand
/eV
5.88
6.13
6.08
6.57

the identity of the ligand, while no apparent trend is observed upon introduction
of a solvent environment. In general, our calculations on the DOS do not provide
clear evidence that suggests a correlation exists between the g-factor and the band
structure.
Lastly, it is a well known dilemma in DFT that spin-orbit coupling is a challenging
and computationally expensive parameter to calculate, and even more so for heavier
elements where spin-polarization and high-order spin-orbit coupling effects become
difficult to treat.[113, 114, 115, 116] Given that the actual system studied experimentally is much larger than the model system, calculations for the spin-orbit coupling
constant were not attempted, nor will any other correlations to band structure be
discussed. However, it will be shown in the discussion that it is likely that the IP is a
satisfactory mechanistic parameter for understanding the ligand’s influence over the
electronic properties of AuNPs.

Discussion
The g-factors measured for sub-2 nm AuNPs bearing mixed monolayers of hexanethiolate and either 4-methoxythiophenolate, thiophenolate, 4-bromothiophenolate, or
4-nitrothiophenolate showed a progressive increase from 1.975 ± 0.001 to 2.014 ±
0.001 as the electron-withdrawing strength of the ligand increased. With an analogous series of AuNPs containing aromatic thiolates with varying para-substituents
in hand, we sought the physical meaning of the g-factor through correlations with
physical properties of the aromatic ligands. Referring back to Figure 3.5, it can be
seen that the range of isotropic g-factors measured on the nanometallic system is
distinct from that of bulk gold and the quantized molecular analogues shown therein.
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Furthermore, the isotropic g-shifts observed for all of the systems in Figure 3.5 are
positive with respect to the free electron value. Thus, the negative sign of the derived
∆gsurf ace for the AuNPs presented here is unique to the thiolate-protected nanoparticles. Since neither metallic gold nor the molecular radicals in Figure 3.5 exhibit a
negative shift, it is likely that the origin of the signal for 1, 2, 3, and 4 are unique
to the Au-S interfacial interaction. This implies that the interface gives rise to a
new material, with a unique electronic structure within gold chemistry; this idea is
corroborated by studies on the SPR carried out by Portehault and co-workers (see
Chapter 1).[10] Indeed, in Chapter 5, this claim will be substantiated further with
respect to the measured g-factors for AuNPs protected with a monotonic series of
alkanethiolates.

Figure 4.8. Correlations between ∆gsurf ace extracted for the AuNPs containing 1 – 4,
and (A) the Hammett parameter for the para-substituent, (B) the oxidation potential of
the ligands, and (C) the IP of the ligands (blue points) and the Au25 (L)−
18 clusters (red
points).

In order to gain insight into the chemical properties of the ligand that influence the electronic properties of the metallic core, trends were sought out between
∆gsurf ace and well characterized electronic parameters of the ligand. First, the Hammett parameter was examined. Figure 4.8A shows the trend obtained between the
Hammett parameter and ∆gsurf ace for all AuNPs studied; consistent with classical
chemical reasoning, a strong linear relationship is observed (R2 = 0.91). In analogy
to the hard/soft acid/base interaction that is inherent to metal – ligand bonding,
this correlation supports the idea that as the electron-donating strength, and thus
the basicity, of the ligand increases, then the metal – ligand bonding strength also
increases. This idea is supported by DFT calculations conducted by Mendizabál and
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co-workers, where the binding energy of an aromatic thiolate to a bulk gold surface
was observed to increase with the electron-donating strength of the para-substituent.
Finally, this graphically substantiates the claim made earlier regarding ligand identity
vs. quantity: within the size regime of 1.7 – 1.9 nm and for aromatic thiolate ligand
coverages between 16 – 50%, the former is a far greater perturbation to the overall
valence electronic structure of the AuNP.
Though it is satisfying that the Hammett parameter tracks the observed ligand
effect, it also lacks generality to ligands beyond para-substituted aromatic compounds.
Therefore, as an additional and more general experimental parameter that may be
0/+1
more applicable to a diverse range of ligands, the half-wave oxidation potential (E1/2 )
vs Fc / Fc+ of each ligand was plotted as a function of ∆gsurf ace (Figure 4.8B).[100]
The reason to focus on the oxidation potential is two-fold: (1) it is expected that
since thiolate-gold interaction is σ-bonding in nature that the HOMO of surfactants
is responsible for controlling the binding interaction to surfaces, and (2) it will soon
be discussed that there is a strong correlation between our DFT-calculated IP for
the Au25 model system and ∆gsurf ace , a calculable parameter that is reflective of
(and within Koopmans’ theorem, rigorously equal to) the energy of the system’s
0/+1
HOMO.[11, 117, 110] As shown in Figure 4.8B, there is a good correlation with E1/2
and ∆gsurf ace (R2 = 0.93), where as the oxidation potential becomes more negative
(analogous to an increase in HOMO energy), the g-shift due to surface chemistry also
becomes more negative. This correlation implicates the HOMO energy as a means
to control the electronic properties of the gold surface, and also corroborates the
interpretation of the correlation with the Hammett parameter, namely by suggesting
that the increase in the ligand’s HOMO energy likely leads to better energy matching
with AuNP’s DOS, thus increasing the degree of interfacial mixing between them.
Correlations with experimentally determined physical parameters are powerful for
developing a framework to progress materials development, however, they lack providing molecular level insight into the system in question. The DFT calculated IP of
the Au25 L−
18 cluster and the isolated ligands, both within a THF solvent environment,
were plotted as a function of ∆gsurf ace (red and blue points, respectively, in Figure
4.8C). Each correlates with the surface chemical g-shift, however, a far better correla2
2
tion is observed with the model system (Rcluster
= 0.89; Rligand
= 0.63). Though it is
unclear as to why, it is possible that the poorer correlation with the bare ligand is due
to an error in DFT where orbital relaxation of the ionized ligand is over-compensated
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for by the functional (a known issue when calculating IPs), or that the initial and
final state wave functions of the Au25 cluster report directly on the Au-S interface
– thus highlighting the importance of the interfacial interaction.[110] In either case,
the model system allows for a discussion of what occurs on a chemical level.
The Hamiltonian given in Equation 2.10 clearly demonstrates that the total orbital
angular momentum of an electron in a metal is dependent upon the wave-function
~ ). Figure 4.7 shows that the
momentum (~p) and the surface potential gradient (5V
DFT calculations of the band structure for the Au25 L−
18 are not clear as to how
the band structure influences the degree of spin-orbit coupling. Nonetheless, insight
is gained through the IP calculations, as they indicate that of the two parameters
~ is strongly influenced by the
that control the total orbital angular momentum, 5V
identity of the ligand. Therefore, it is likely that the ligand dependence of the g-factor
is a result of modulating the particle’s surface potential, and thus its EF . This is
consistent with both experimental and theoretical work on self-assembled monolayers
of para-substituted aromatic thiolates on gold surfaces that show the work function
and surface potential are indeed sensitive to the identity of the para-substiuent and
correlate linearly with the Hammett parameter.[89, 43]

Figure 4.9. CESR indicates that (A) the electron properties of the ligand modulates
the EF level of the gold core, where more electron-donating (-withdrawing) ligands increase
(decrease) EF . (B) In a generalized model, the ligand tail group (red) adjusts the energetics
of the Au-S interface (green) such that increases (decreases) in EF lead to more negative
(positive) surface potentials relative to pure gold.

In total, Figure 4.9 summarizes the findings of this study. As the electron-donating
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strength of the para-substituent increases, the HOMO and binding energy of the ligand increase, thus causing thus raising the surface potential energy – a factor directly
proportional to the EF – of the AuNP relative to a bare particle. In other words,
the surface potential becomes more negative with respect to stronger binding ligands.
Likewise, electron-withdrawing substituents decrease the overall surface potential,
thus lowering the EF (a more positive surface potential). Experimentally, the change
in surface potential is manifested as a deviation in g-factor from that expected for
a bare AuNP, with all chemisorbed thiolates studied here inducing a higher energy
Fermi level.

Conclusion
The electronic properties of AuNPs are strongly dependent upon the identity of the
para-substituent in mixed monolayer-protected AuNPs with average diameters below
2 nm. The CESR results indicate the shift in g-factor due to the surface chemistry
becomes more negative as the electron-donating strength of the ligand increases.
Between 16 – 50% ligand exchange, it was demonstrated that the electronic structure
of the AuNPs are more sensitive to the identity rather than the quantity of ligand on
the surface. This is borne out by strong linear correlations between the g-shift and
the empirically-derived Hammett substituent parameter.
Correlations with the ligand oxidation potential and DFT calculations on the IP
of Au25 L−
18 model clusters provide support for the idea that the surface potential of
the particle is the physical parameter which is modulated by the ligand’s identity. Increasing the electron-donating strength of the ligand leads to a more negative surface
potential for the metallic core. Together, this is driven by strong interfacial mixing between the metallic surface and the thiolate binding group, where the para-substituent
serves to modulate the strength of the binding interaction.
In total, this chapter verified the simple hypothesis that the identity of the parasubstituent on an aromatic thiolate is capable of modulating the electronic properties
of AuNPs in a way consistent with classical chemical reasoning. It is clear that the
surface potential does change with the ligand identity, but DFT calculations of the
band structure for the Au25 L−
18 were not clear as to how the band structure would
correlate with the identity of the ligand. Chapter 5 will address this issue more
directly by examining how a series of linear alkanethiolates influences the valence
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electrons of AuNPs. This system will allow us to address if the surface potential
does indeed correlate with the g-factor, as it would not be expected that significant
changes to the band structure would be incurred with changes in alkane chain length.
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Chapter

5

Chain Length and Solvent Dependence of the
Electronic Properties of Alkanethiolate-protected Gold
Nanoparticles

Introduction
In Chapter 4, we obtained data that strongly suggested that the g-factor reflects
changes in the surface potential for gold nanoparticles (AuNPs). This is exciting
because using the g-factor of AuNPs as a physical measure of the average surface
potential would be beneficial toward understanding the nature of chemical bonding
between metallic substrates and self-assembled monolayers (SAMs) of molecules, and
how this affects the electronic structure of the metal. The goal of this chapter is to
provide support in favor of a changing surface potential as the cause for shifts in the
g-factor by demonstrating that the use of alkanethiolates and solvents are as effective
at modifying the g-factor as the aromatic thiolates. Because the alkyl tail group does
not contain orbitals capable of strongly coupling into the electronic band structure of
the metal, the electronic structure of the Au-S interface alone must be responsible for
changes in g-factor. In total, as the tail group grows in size or the solvent changes,
it is expected that the nature of the orbitals at the interface would not change, thus
attributing changes in the g-factor to changes in the surface potential.
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Interfacial Metal-Molecule Interactions
An experimentally measurable quantity associated with the electronic properties of
a solid’s surface is the work function (Φ). The Φ is defined as the threshold energy
required to eject an electron from a solid (i.e., the Fermi energy, EF , at 0 K) to
a point in vacuum away from the solid such that the electron and resulting hole
do not recombine. Measurement of Φ provides insight into the electronic properties
of the material’s surface, and examples which support this claim include the crystal
face dependence of Φ for crystalline solids, modulation of Φ at metal-semiconductor or
metal-metal junctions that are in electrical contact, as well as the ligand head and tail
group dependence of chemisorbed ligands on metal surfaces.[13, 89, 118, 43, 119, 120]
The latter of which is to be elaborated upon for the remainder of this chapter.
Indeed, physisorption and chemisorption of molecules on metal surfaces have been
shown to effect the Φ of metallic substrates. To provide a basis for metal – ligand interactions on such bulk systems, approximations have been devised where the molecular
surfactant is treated as an electric dipolar perturbation on a metal which contains
electrons in a square well potential at the interface.[89] Typically, a model referred to
as the “initial and final state model” is used in the interpretation of substrate ionization. This breaks the problem down into a system consisting of two energy levels. In
the case of ionization of metals, the EF and the vacuum energy above the metal (VM )
are the levels invoked that simultaneously take into account the energetics of the system pre- and post-ionization, respectively. The reason that the observed ionization
energy is influenced by both states is explained within time-dependent perturbation
theory, where the probability (P ) of an energetic transition is given by Fermi’s golden
rule (Equation 5.1).
2π
|hΨf |Ĥ 0 |Ψi i|2 ρ
(5.1)
~
In the above equation, ~ is the angular Plank’s constant, Ψf is the wave function
of the final state (i.e., VM ), Ψi is the wave function of the initial state (i.e., EF ), Ĥ 0 is
the Hamiltonian operator of the perturbation (in the case of photoionization, it is the
interaction between the electron’s momentum and the oscillating electric field), and ρ
is the density of states (DOS) in the continuum of excited states. In a photoionization
experiment, the initial state eigenvalue is dependent upon the charge density of the
system, while the final state eigenvalue is dependent upon the electronic screening
P =
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between the photoelectron and hole post-ionization.[121] Fermi’s golden rule describes
the quantum mechanical mixing of Ψi and Ψf by the perturbation Ĥ 0 , such that P
is greatest when Ĥ 0 can cause a significant oscillation to occur between Ψi and Ψf
on the timescale of the perturbation. In other words, Ĥ 0 causes a distortion in Ψi
whereby its structure begins to take the form of Ψf ; the probability of a transition
occurring increases when Ψi and Ψf are similar in structure.
Equation 5.1 shows that the ionization potential (IP) of a system will not simply
be a measure of the energy of the ground state wave function relative to a universal
vacuum level, but rather, it will also involve a measure of hole screening in the
photoionized excited state, which necessarily exhibits an electron distribution different
from the ground state. Direct measure of the absolute energy of EF would require
a static electron distribution during the ionization process, whereby the remaining
electrons postionization would not reorganize upon hole formation. Since experiment
is not able to definitively separate initial and final state contributions to the measured
Φ, the EF is taken to be the reference, or zero-point, energy for all systems, regardless
of material, crystal face, or interfacial interaction. This method leads to attributing
all changes in Φ to modification of VM . This method of interpretation has gained
acceptance within the physical sciences on the grounds that photoionization would
most closely be related to measuring the final state electronic screening of the hole on
the energy of the photoelectron, with the initial state only providing the cause for the
final state eigenvalue.[121] Relative to a reference, a reduction in Φ is indicative of a
weaker Coulombic interaction between a photoelectron and hole, while the opposite
occurs for an increase in Φ; again, the cause of such an effect would be due to the
initial charge density of the system.
For a metal in vacuum, the potential energy barrier of the metal – vacuum interface is not infinite, giving rise to a finite probability of the electron density spilling
out of the metal (Figure 5.1A). The electron “leakage” leads to the formation of a
surface dipole, where the surface exhibits a negative charge density and the atoms
immediately below experience a mirrored positive charge density. Introduction of a
molecular monolayer to the metal’s surface leads to the modulation of the surface
dipole, and thus of VM . In the case of physisorption (intermolecular interaction), the
molecules of the molecular dipole layer are free to orient themselves such that they
reduce the surface dipole of the substrate. With respect to this model, an increase in
charge density is expected, which leads to a reduction in VM , and thus of Φ (Figure
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5.1B).[89] Classically, this may be expressed by
∆Φ =

eµ
o A

(5.2)

where ∆Φ is the change in work function incurred upon physisorption, µ/A is the
dipole moment per unit area, o is the vacuum permittivity, and e is the elementary unit of charge. Equation 5.2 shows that as the strength of the dipole moment
increases, a proportional change in the Φ would be observed. In the case of solventmetal interactions, physisorption of a layer of solvent molecules to a metal surface will
lead to a decrease in Φ of the system. The rotational degrees of freedom for solvent
are not hindered by chemisorption, and thus allow them to oppose the surface dipole
of the metal.

Figure 5.1. Initial / final state description of the work function for metals interacting
with molecular adsorbents. (A) A pure metal in vacuum exhibits an intrinsic surface dipole
moment due to a non-infinite potential barrier for the electronic wave function at the metalvacuum interface. Introduction of a molecular dipole layer will (B) reduce or (C) increase
the metal work function if the dipole layer opposes or enforces, respectively, the metal’s
surface potential.

The impact of bringing dipole oriented polar molecules close to the metal surface
may be treated similarly (i.e., the rotational degree of freedom at the surface is
restricted), where this analogy may be used to discuss the effect of chemisorption
with neglect of interfacial bond formation. There are two limits to the orientation of
the molecular dipole: against or in the direction of the surface dipole. The former
acts similarly to physisorption where a reduction of the interfacial dipole, VM , and Φ
occur, while the latter has the opposite effect as this increases the interfacial dipole
moment (Figure 5.1C). Calculations of Φ for gold protected with SAMs of para69

substituted aromatic thiolates show that under this formalism, the bond energy of
the gold-thiolate bond is independent of tail group, and changes in Φ are due to
adjustment of the alignment between the surface and molecular dipole moments upon
chemisorption.[89] In other words, such calculations have shown that the chemical
bond simply fixes the molecular dipole with respect to the surface normal. The
next section will present experimental work on SAMs of alkanethiolates and aromatic
thiolates on gold surfaces, where it will be shown that the molecular dipole – surface
dipole interaction in conjunction with chemical intuition to rationalize ligand effects
in changing Φ, as well as the surface potential.

2-D SAMs of Alkanethiolates on Gold
SAMs of alkanethiolates on gold may be formed by the spontaneous chemisorption
of the ligand on the metal surface upon exposure of the the substrate to a solution
of the alkanethiol or alkanedisulfide of interest.[122] Reflection absorption infrared
spectroscopic analysis of such SAMs indicate that the alkyl chain adopts a fully
extended structure with the backbone exhibiting a nearly all-trans conformation, and
a tilt angle with respect to the surface normal of approximately 30o .[122] Scanning
tunneling microscopy and diffraction studies support a crystalline, 2-D arrangement
of alkanethiolates on the Au(111) surface, while analysis of the X-ray photoelectron
spectrum for the S 2p3/2 support the formation of a thiolate at the interface.[123, 124]
Measurement of Φ for SAMs of alkanethiolates on gold has been performed by
Armstrong and co-workers using He (I) ultraviolet photoelectron spectroscopy (UPS),
where He (I) refers to photoionization of the substrate via the the emission of ultraviolet light from photoexcited atomic He (λ = 21.2eV ). They observed that, with
respect to the Φ of a bare Au(111) surface, introduction of linear alkanethiolates
(propane-, octane-, decane-, and octadecanethiolate) led to a decrease in the measured Φ, with a continuous decrease as the chain of the alkyl tail increased (Figure
5.2A).[118] In terms of the model discussed in the previous section, this observation
suggests that the negative end of the molecular dipole moment points in the direction
of the surface (Figure 5.2B), with the dipole moment increasing as the length of the
alkyl side chain also increases.
Though surprising, given that the length of alkyl side chains may at first be expected to be a benign modification of the electronic structure of the metal surface,
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Figure 5.2. Experimental determination of modified work functions for gold substrates
protected by SAMs of organic thiolates. (A) In the case of the chemisorption of alkanethiolates, experiments support a molecular dipole layer that points normal to the metal surface.
(B) Measurement of the work function via UPS for such systems shows that the work function decreases relative to bare gold, and continues to decrease as the chain length of the tail
group increases. (C) In addition, introduction of the electron with-drawing fluorine atom
to the tail group shows that the change in work function may be reversed, and also increase
relative to bare gold, by reversing the direction of the molecular dipole moment. (D) Direct
measurement of the surface potential of SAMs of alkanethiolates on gold shows that the
potential of the tail becomes more positive (and thus, a more negative potential at the interface) as the chain length increases, with a linear correlation between surface potential and
chain length. (E) Surface potential measurements for SAMs of para-substituted aromatic
thiolates on gold shows a linear correlation with the Hammett parameter, in agreement with
the results of the previous chapter. Figures (B) – (C) and (D) were taken from References
[118, 42], respectively.

other studies corroborate the aforementioned findings. In a related study by Armstrong and co-workers, the effect of partially fluorinating the alkyl side chain was
examined. Based on elementary electronegativity arguments, it would be expected
that the direction of the molecular dipole moment would be reversed and thus an
increase in Φ would occur relative to the hydrogenated alkyl side chain. Using hexadecanethiolate, and derivatives fluorinated as shown in Figure 5.2C, they observed
the anticipated increase in Φ.[118] Fluorination of the terminal methyl group (carbon
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16) only leads to a reduction in Φ, however, upon fluorination of carbons 15 and 16,
the change in Φ with respect to bare gold is positive, indicating a complete reversal
of the direction of the molecular dipole moment with respect to the surface. It was
observed that Φ continued to increase as the extent of fluorination increased.
In a separate study by Ulman and Evans, SAMs of alkanethiolates on gold were
examined with Kelvin probe force microscopy (KPFM).[42] In this study, Evans and
co-worker measured the surface potential for SAMs composed of CH3 (CH2 )n S (n =
5 − −21) on Au (111). KPFM is a non-contact microscopy that directly probes
the potential difference between the tip of a conducting probe and the substrate of
interest; this method provides the change in Φ incurred upon adsorption. Relative to
a reference (bare gold in this case), a positive change in contact potential difference
indicates a reduction in Φ. In Evans’ study, the contact potential difference of the
self-assembled alkyl chains and the probe tip was measured, and it was found that
as the chain length of the alkyl tail group increased, the surface potential of the
substrate linearly increased (Figure 5.2D).[42] In accord with the molecular dipole
model, this supports the direction of the molecular dipole with respect to the metal
surface, where the positive end of the dipole moment occurs at the interface between
the ligand tail group and the surroundings, while the negative end was proposed to
occur at the interface between the ligand head group and the metal.[42] As mentioned
at the beginning of this section, assignment of the negative end of the dipole at the
Au-S interface is corroborated by XPS, where thiolate formation is observed.[124]
Up to this point, this survey on the electronic properties of 2-D SAMs of thiolates on gold has implicated changes in surface potential at the Au-S interface, a
conclusion arrived at as a possible cause for changes in g-factor observed in the previous chapter for aromatic-containing AuNPs. Therefore, it is important to show that
KPFM has been used to measure the contact potential difference for self-assemblies
of para-substituted aromatic thiolates on Au(111) (Figure 5.2E).[43] In this study,
Sita and co-workers found that the change in Φ varied linearly with the Hammett
parameter, where electron-donating substituents led to a decrease in Φ while electronwithdrawing substituents increased Φ.[43] This trend suggests that the molecular
dipole moment points in the direction of the surface for thiophenols substituted with
electron-donating para-substituents, while electron-withdrawing para-substituents reverse its direction. In relation to the subject matter of the previous chapter, a linear
correlation was observed between the g-factor of aromatic thiolate containing AuNPs,
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the IP of model Au25 clusters, and the Hammett parameter, where it was proposed
that the g-factor is an indication of a change in surface potential. The correlation
between Sita’s study and our work is consistent with the conclusion drawn at the end
of Chapter 4, and will provide a basis for the hypothesis of this chapter.

SAMs on the Surfaces of AuNPs
Microscopy and photoelectron spectroscopy have proven successful for 2-D metal
substrates functionalized with a variety of thiolates. However, application of the
same techniques to nanometallic analogues for the above systems have not been as
thoroughly explored. For AuNPs, the use of KPFM has been limited to detecting
the charge state of bare gold particles between 5 and 18 nm deposited on alkaneprotected Si wafers.[44] It is worth mentioning that KPFM has been used to study
the ligand effect on 5 nm silver nanoparticles (AgNPs), where the ligands under
investigation were myristate (13 carbon chain with a carboxylate head group) or
octanethiolate.[125] Similar to 2-D SAMs, Φ measurements on AgNPs protected with
myristate or octanethiolate showed a decrease in Φ relative to a bare bulk silver
substrate, and, furthermore, octanethiolate produced particles with a lower Φ than
myristate (∆Φ ≈ 0.22eV ).[125] This finding was attributed a more ordered arrangement of octanethiolate on the silver surface relative to myristate.
While UPS studies have generally been focused on AuNPs attached to metal
oxides, XPS has been used to study alkanethiolate-protected AuNPS.[126] Unlike
the 2-D analogue where the metal surface is in thermodynamic equilibrium with
the instrument (i.e., equilibrated EF energy), XPS and UPS studies on 3-D AuNPs
protected with alkanethiolates have been limited due to the particles containing a
shell of insulating ligand surrounding the entirety of the particle. The reason that
this presents a difficulty is that over the course of the experiment, holes produced via
photoemission of electrons must be quenched in order to avoid contributions to the
signal that come from charged species.[127] Generally, this has been circumvented
by using an electron flood gun, producing pellets of AuNPs mixed with conductive
materials such as graphene, or adsorbing the particles to conductive supports prior
to introducing the ligand.[127, 34, 128, 35, 129]
For the Au-S interaction, formation of a thiolate species has been observed with
binding energies for the S 2p3/2 transition that are similar to those in SAMs.[34] Work
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on SAMs and AuNPs protected with differing thiolate chain lengths have shown that
the sulfur-based XPS signal is insensitive to the identity of the tail group.[127, 34,
128, 35, 129] Furthermore, XPS analysis of the Au 4f7/2 transition has been shown
to be controversial, with evidence supporting an increase in electronic binding energy
with decreasing size and an increase in EF (for valence DOS measurements) with
respect to pure gold, while other studies support a binding energy indistinguishable
from that of 2-D SAMs.[35, 34, 130, 131] In studies where the binding energy is
reported to change, an increase in binding energy is observed upon introduction of
an alkanethiolate to the surface of the gold particle (in particular, for particles 1 to
5 nm in diameter) and is explained in terms of an increasing contribution of surface
states, which are expected to be oxidized to maintain charge balance with the partially
reduced thiolate.[35, 132, 130]
Alternative methods to KPFM, UPS, and XPS that have been attempted for
understanding how ligands as simple as alkanethiolates effect the electronic properties of AuNPs include voltammetry, UV-Vis spectroscopy (analysis of the surface
plasmon resonance), and photoluminescence spectroscopy. Studies by Murray and
co-workers in both voltammetry and UV-Vis spectroscopy have been conducted, with
no indication of a dependence of the ligand identity on the electronic properties of
the metal core beyond the fact that a thiolate is bound.[41, 39] Additionally, Millstone and co-workers have studied the photoluminescence intensity and lifetime of
alkanethiolate-protected AuNPs, where an increase in intensity and lifetime are observed with a decrease in the size of the tail group.[133] However, the cause for such a
correlation is not presented, and no mechanistic insight is provided, making it unclear
as to how the electronic properties of the metal respond to the the ligand.[133]
The above studies demonstrate that there is a response of the electronic properties
of metals due to the presence of chemisorbed ligands, with the findings suggesting
that a charge transfer interaction exists at the Au-S interface. However, the problem
lies in the fact that techniques that have been successful for studying 2-D SAMs
have not been attempted for the 3-D ligand-protected AuNPs, or, as in the case of
XPS, are not readily applicable to sensing changes in the electronic structure at EF .
Additionally, even reproducibility and consistency has been an issue in studying the
oxidation state of surface gold atoms with XPS. Furthermore, each of these methods
are interpreted within the initial / final state model, where all changes in electronic
properties are attributed to final state effects (i.e., a changing vacuum level), and thus
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neglect how the EF responds to changes in surface chemistry. Such information would
be invaluable in designing AuNPs with a posteriori insight for use in photocatalysis,
where precise control of the EF would be beneficial for adjusting the redox potential of
the metal, and thus the thermodynamic driving force for interfacial electron transfer.

Hypothesis
Clearly, a technique that is sensitive to both the electronic properties of EF and the
ground state wave function would be desirable as this would provide surface chemical
information on the interfacial interaction in the initial state. Based on the work
shown in the previous two chapters, CESR spectroscopy is a viable candidate for
such a task. Additionally, the proposed correlation drawn between the g-factor and
the surface potential in our aromatic study suggests that alkanethiolates are an model
system for beginning to provide a physical meaning for the g-factor of metal particles.
Namely, the surface potential – and its correlation with changes in Φ – for SAMs of
alkanethiolates on Au(111) provide the basis for testing a simple hypothesis: if the
g-factor as measured by CESR spectroscopy is indicative of changes in the surface
potential for AuNPs, then the g-factor for AuNPs will be dependent on the identity
of the tail group for alkanethiolates.
In order to test this hypothesis, ∼2 nm AuNPs protected with butanethiolate
(C4), hexanethiolate (C6), heptanethiolate (C7), octanethiolate (C8), nonanethiolate
(C9), decanethiolate (C10), undecanethiolate (C11), and dodecanethiolate (C12) were
studied. To correlate the g-factor with changes in surface potential, a quantitative
model which relates the g-factor to the charging potential of a quantized capacitor and
the IP of the individual ligands will be presented. An additional benefit of CESR that
is distinct from KPFM, UPS, and XPS is that ultra high vacuum is unnecessary, and
thus studies on the dielectric surroundings are not precluded. Therefore, the effect of
the solvents n-hexane and tetrahydrofuran (THF) were also examined. Our choice of
solvents stems from the fact that there is a near 4-fold change in dielectric between
n-hexane (n−hexane = 1.88) and THF (T HF = 7.58). The influence of solvent on
the g-factor has yet to be explored, but would be expected to influence the surface
potential based on the dipole model presented.
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Results
AuNPs protected with the ligands C4, C6, C7, C8, C9, C10, C11, or C12 were
prepared by the standard Brust synthesis, and characterized by TEM to quantify
average sizes and distributions.[79] The results of the TEM analysis are given in
Figure 5.3 and Table B.3. Analysis of the lognormal fits to the TEM distributions
showed that the average particle size ranged between 1.7 and 1.8 nm, with average
distributions between 0.2 and 0.3 nm.

Figure 5.3. Histograms and lognormal fits for size distributions of (A) C4, (B) C6, (C)
C7, (D) C8, (E) C9, (F) C10, (G) C11, and (H) C12 containing AuNPs, as measured by
TEM.

Next, X-band CESR spectra were acquired for all samples at 25 K with a microwave frequency of 9.623 GHz. The spectra, fits to Equation 2.3, and residuals
for all particles are given in Figures B.7 and B.8, and the resulting g-factors from
the fits are given in Table B.3. It was observed in both solvents that as the chain
length of the alkyl tail group increased, the value of the g-factor decreased. Additionally, the relaxation time (T2 ) was consistent with observations in the previous two
chapters where values on the order of 10−9 s were obtained, but no apparent trend
was observed. Table B.3 clearly shows that the g-factor for all particles is less than
the quantity expected for bare AuNPs of this average size (g1.8nm = 2.067), consistent with our previous studies, and the g-factors measured for the thiolate-protected
AuNPs appears to be indicative of the Au-S interfacial interaction (Refer back to
Figure 3.5 for a comparison to related systems). Furthermore, there is a monotonic
decrease in the g-factor for both solvents as the length of the tail group increases.
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Table 5.1. Summary of the experimental values obtained from the characterization of
the particles and CESR experiments and the DFT calculated IPs for the ligands in both
n-hexane and THF. Parentheses indicate standard deviation in size. Errors for all g-factors
are ±0.001
Ligand

.

C4
C6
C7
C8
C9
C10
C11
C12

Size
/nm
1.8 (0.3)
1.8 (0.2)
1.7 (0.2)
1.8 (0.2)
1.7 (0.3)
1.8 (0.3)
1.7 (0.2)
1.8 (0.3)

I.P.n−hexane
ligand
/eV
7.776
7.704
7.673
7.644
7.593
7.543
7.496
7.454

HF
I.P.Tligand
/eV
6.659
6.648
6.645
6.643
6.644
6.641
6.637
6.631

gn−hexane

gT HF

1.982
1.975
1.969
1.965
1.963
1.961
1.957
1.955

1.989
1.978
1.969
1.966
1.964
1.963
1.960
1.959

Discussion
Analysis of the results will begin with the samples dispersed in n-hexane, with the gfactor plotted as a function of the alkyl chain length (see Appendix B for calculation).
Figure 5.4A provides sample spectra for the samples C6 and C12, and Figure 5.4B
shows the resulting correlation obtained between the g-factor and tail group chain
length for all systems. A good linear correlation between the two parameters (dotted
black line) was obtained (R2 = 0.98); the overlaid red line will be discussed later.
Referring back to Figure 5.2D, as well as the correlations drawn between surface
potential and the g-factor from our previous work, the linear correlation between the
g-factor and the chain length of the ligand’s tail group is not completely surprising.[42]
However, the novelty of this find is that the g-factor reports directly upon the degree
of spin-orbit coupling experienced by electrons of the metal core near EF , and is a
probe of the ground state wave function and thus what would be the initial state of
the system in a photoelectron experiment. The linear correlation with the g-factor
provides evidence that is suggestive of the σ-bonding interaction at the interface as
the cause for such a modification.
Due to the quantum mechanical nature of the g-factor, a complete electrostatic
picture as is invoked for the dipole model discussed above for 2-D SAMs must be
expanded to include chemical bonding. In collaboration with Professor Lasse Jensen,
the IP for the ligands C4, and C6 – C12 were calculated within a dielectric continuum
representative of n-hexane using DFT (n−hexane = 1.88; see Appendix A for details
on the calculations). The IP of the Au25 L−
18 clusters were not calculated due to
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Figure 5.4. (A) Representative X-band CW-CESR spectra collected in n-hexane for C6(green) and C12-protected (magenta) AuNPs plotted as a function of g-factor (measured at
25 K, νmw = 9.623GHz). (B) Plot of the extracted g-factor as a function of the extended
ligand length in n-hexane. The data is fit to models which take into account the isolated
effect of the ligand effect (dashed black line) and a combined ligand / solvent model (red
solid line; Equation 5.4). The inset shows the results of DFT-level calculations (in n-hexane)
for the ligand IP as a function of the ligand length. The dotted trace is the result of a linear
fit to the data using formula IP = ml + b, where l is the ligand length, b = 7.92 eV and
m = −0.309 eV ∗ nm−1 .

the computational expense associated with the conformational degrees of freedom of
multiple alkyl chains on the metal cluster. Within exact DFT-Koopmans’ theorem,
the IP of the system is exactly equal to the energy of the highest occupied molecular
orbital (HOMO).[24] The choice of IP stems from the fact that the HOMO of the
ligand is expected to couple most strongly to the valence DOS, in addition to our
correlation with g-factor and IP presented in the aromatic study.[11]
The inset of Figure 5.4B graphically depicts the ligand IP as a function of chain
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length, and Table B.3 contains the calculated values. As shown in the inset, DFT
predicts a linear dependence of IP on chain length (R2 = 0.97), consistent with the
observations made using CESR. The combination of experiment and theory shows
that modification of the alkyl tail group provides a chemical means to control the
electronic structure of the nanometallic center for AuNPs. Figure 5.4 also shows a
clear link between g-factor and surface potential, which suggests that the g-factor
will respond to other means of changing the surface potential, such as changing the
dielectric medium.
Girault and co-worker have previously presented an analytical model, based on
electrostatic considerations, for how the redox potential of a quantized capacitor (i.e.,
the gold core) responds to changes in the thickness of a dielectric shell (i.e., protecting
alkyl tail group) as well as the surrounding dielectric continuum (i.e., the solvent).[58]
For a quantized capacitor of radius r, protected with a ligand shell of thickness l and
dielectric constant l , immersed in a dielectric continuum of s , the IP relative to
P
absolute vacuum ([Eze/(z−1)e ]N
AV S ) is given by
o
P
e[Eze/(z−1)e
]N
AV S = Φbulk +

(2z − 1)e l r + s l 
8πo (r + l) l s r

(5.3)

where Φbulk is the work function for the bulk metal (5.32 eV for gold), o is the relative
permittivity of vacuum, e is the elementary unit of charge, and z is the integer charge
state – for this study, z will be taken as 1 in order to model the IP of the AuNP,
r will be fixed at 0.9 nm (our average radius), and l will be 1.9, the average value
of the dielectric constant of n-alkanes between 4 and 12 carbons in length.[58, 134]
It is worth mentioning at this point that in Girault’s derivation, the appearance of
Φbulk was a consequence of defining the energy scale, and was arbitrarily chosen to be
the work function of the bulk metal. They acknowledged that a SAM on gold does
change Φbulk , however, the authors deemed such a change to be negligible as it is on
the order of 10−1 eV .[58] Additionally, no mention is made for deviation in Φbulk that
are known to accompany changes in size, and assume that the right-hand term in
Equation 5.3 takes this into account.[44] We are uncertain as to whether this is an
appropriate choice for the constant in question, and in this study, we will not restrict
this parameter for reasons that will be mentioned.
Inspection of Equation 5.3 shows that when l = s , the dielectric term on the
right hand side collapses into a constant independent of the dielectric medium and
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thus invairant with l, whereas a non-linear response to the IP is expected when l 6=
s – please see Appendix B for simulations using Equation 5.3 under the conditions
specified, but in a variety of dielectric environments. For the data presented in Figure
5.4 where the dielectric constant of the ligand shell and surroundings are expected to
be approximately equal, a linear trend supported by DFT calculations is observed.
Therefore, we propose the following modification to the above equation to account
for the interfacial interaction, and to convert from IP to g-factor.
0

g(l) = g + α ·




(2z − 1)e l r + s l 
ligand
+ φ · [IPsolvent (l)]
8πo (r + l) l s r

(5.4)

In Equation 5.4, g(l) is the g-factor exhibited by a AuNP protected by an alkanethiolate of length l, α is a conversion factor between the IP in eV and the g-factor, φ
is a factor that reflects how the IP of the ligands change the work function of the gold
ligand
core upon binding, and IPsolvent
(l) is the functional form of the IP for a ligand series
as given by DFT, and in the case of this study, it is a function of the alkanethiolate
ligand length in a given solvent. A schematic representation for the portions of the
AuNP effected by each of terms in Equation 5.4 is given in Figure 5.5.

Figure 5.5. Schematic representation of the alkanethiolate-protected AuNP described by
Equation 5.4, where the region marked φ (red) represents the interfacial Au-S interaction
ligand
(IPsolvent
(l)), the region l (blue) represents the dielectric of the ligand shell, and the region
s (green) represents the dielectric of the solvent. The solvent molecules are represented as
blue ovals.

As acknowledged above, the original model from which Equation 5.4 is based
presents ambiguity in the added constant. In the context of Equation 5.3, it would
follow logically that g 0 should be interpreted as a parameter which is meant to reflect
the g-factor of a bare gold surface in vacuum. However, we expect several additional
contributions to the g 0 , which include errors inherent with DFT modeling of the
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ligand IP, surface imperfections (i.e., edges, surface faces, verticies, inhomogeneous
coordination environment), cooperative interactions between ligands, direct interaction between the surface and solvent, the size dependence of the g-factor, etc. The
interpretation of g 0 is not without difficulty, and thus, for these reasons, it will not be
restricted to the bulk g-factor for data analysis.

Figure 5.6. (A) Representative X-band CW-CESR spectra of C6- (green) and C12protected (magenta) AuNPs in THF (measured at 25 K, νmw = 9.623GHz). (B) The
g-factor as a function of ligand length for the AuNPs, collected in THF. Just as in the
case of n-hexane, the data is fit to a model which takes into account only the ligand effect
(dashed black line), and the combined ligand and dielectric effect (blue solid line). The inset
depicts the DFT-calculated IP of the ligand in THF, fit to a line IP = ml + b, where l is a
ligand length, b = 6.67 eV and m = −0.023 eV ∗ nm−1 (dotted trace). The ordinate of the
inset is set to the same scale as in Figure 5.4B to emphasize the far more mild dependence
of the slope on ligand length as compared to the previous solvent.

CESR spectra of the systems analyzed in n-hexane were then acquired in THF.
Figure 5.6A shows representative spectra for C6 and C12, while Figure 5.6B provides
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the measured g-factor as a function of ligand length. The inset shows the calculated
IP of the ligands in a dielectric continuum representative of THF (T HF = 7.58),
with the ordinate set to on the same scale as the calculated data in n-hexane. This
is meant to emphasize that DFT predicts that the dependence of the IP between
alkanethiols in THF is not as pronounced in the higher dielectric solvent, where
the slope decreases by a factor of 13.6 for the IP calculations in THF. Fitting the
experimental and theoretical data to a linear regression provides R2 values of 0.92
and 0.94, respectively (dotted black lines).
The experimental data in THF exhibits a poorer linear correlation than the data
for the same particles in n-hexane. Additionally, the data in Figure 5.6 exhibits a
noticeable curvature, as is expected from Equation 5.4 when l 6= s . In order to obtain
physically relevant values from a fit of the data by Equation 5.4, a self-consistent
approach was used where the data in Figures 5.4 and 5.6 were fit iteratively. The
variables g 0 , α, and φ were the only adjustable parameters, where the latter two were
ligand
assumed to be solvent independent. The ligand IP function, IPsolvent
(l), was modeled
using the DFT calculated linear regressions given in the insets of Figures 5.4 and 5.6.
It must be noted that the intercept from these regressions was not included, as g 0 is a
constant which was not restricted during any of the fittings, and is meant to account
for errors inherent to our approximation and DFT calculations.
An initial value for φ is obtained from the slope of the linear fit for the data in
n-hexane, since the dielectric term is reduced to a constant for this solvent. Next, an
initial value for α was obtained by fitting the data in THF to Equation 5.4, with φ
held fixed to the slope of the linear fit to the n-hexane data. Following, this value for
α was passed to a second fit of the n-hexane data, where this was held fixed and φ was
allowed to adjust. Self-consistency was achieved for φ and α within four iterations,
with no restrictions imposed for g 0 during any iteration. The results of this procedure
are given graphically in Figures 5.4B and 5.6B as the red and blue lines, respectively,
and the quantitative results are given in Table 5.2. Overall, a linear fit for the data
in n-hexane is still achieved with an unchanged correlation (R2 = 0.98), while the fit
to the data in THF shows an improvement (R2 = 0.97).
Lastly, it is worth commenting on the obtained values of g 0 . The fits for the data
in n-hexane and THF using Equation 5.4 produced values of 2.111 ± 0.001 and 2.045
± 0.006, respectively; these quantities deviate from g1.8nm by 2.129% and 1.064%,
respectively. Though the reason as to why g 0 is not constant between the two fits re82

Table 5.2. Extracted fitting parameters using Equation 5.4 to fit the g-factor as a function
of linear ligand length in n-hexane and THF.
Solvent
n-Hexane
THF

α/eV −1
-0.28 ± 0.01
-0.28 ± 0.01

φ
-0.31 ± 0.01
-0.31 ± 0.01

g0
2.111 ± 0.001
2.045 ± 0.006

% Deviation in g 0
2.129%
1.064%

mains elusive, it is remarkable that the modified electrostatic model provides as good
of a correlation with the g-factor – a purely quantum mechanical parameter typically
reflective of orbital structure – as is observed, with minimal associated error (assuming all error occurs in g 0 ). Referring back to Equation 2.10, the correlations made
here for the alkanethiolate-protected AuNPs in n-hexane and THF substantiate the
~ ) and the g-factor
profound relationship between the surface potential gradient (5V
that has been eluded to in Chapter 4. Though the model from which Equation 5.4
emerges is related to IP (and thus, Φ), the introduction for this chapter demonstrates
that the surface potential and Φ are closely related to one another. Within the electrostatic model used to derive Equation 5.3, they are quantitatively related by a factor
of charge magnitude on the surface of the particle.[58]
The correlation between the g-factor of alkanethiolate-protected AuNPs and the
chain length of alkyl tail group indicates that the electronic properties of the metal
are responsive to the electronic structure of the ligand. Referring back to Koopmans’
theorem, the DFT calculated trend in IP of the ligand, and the nature of metal-ligand
interfacial σ-bonding, we propose that the observed differences in g-factor are a result
of the degree of charge transfer between the surface and ligand. XPS measurements
on sulfur and gold of C12 containing AuNPs has shown that the sulfur is reduced
and gold is oxidized upon chemisorption, however, a distinct trend in the ligand
identity has yet to emerge from photoionization methods.[130, 34] Overall, the CESR
spectra suggests that the bonding interaction is likely perturbed by identity of the
tail group. As shown in Figure 3.1, increasing the σ-bonding interaction between a
metal and ligand leads to energetically lower-lying σ-bonding orbitals. In turn, from
the IP trends found via DFT, as the chain length of the tail group increases, the IP
decreases. Within the framework of Koopmans’ theorem, this serves to indicate that
the HOMO energy also decreases. If the σ-bonding interaction is indeed increasing,
then this would be indicative of enhanced energetic matching between the metal
and ligand orbitals. The trends obtained between the Hammett parameter, the IP
aromatic thiolate-protected Au25 model clusters, and the surface chemical g-shift
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presented in our aromatic study would support this interpretation. In relation to
charge transfer, this would then indicate that the degree of charge transfer increases
with increasing ligand length, thus increasing the strength of the interfacial σ-bond.
A comparison of g-factors between particles with the same ligand, but dispersed
in n-hexane or THF, shows that as the dielectric constant of the solvent increases the
value of the g-factor also increases. Within our framework, this serves to indicate that
the solvent is capable of modifying the the degree of charge transfer between the ligand
and metallic surface. In analogy to a classical capacitor within a dielectric medium
(i.e., the AuNP and solvent, respectively), the surface charge density is inversely
related to the electrical permittivity of the surroundings. Likewise, the charge density
at the Au-S interface would be expected to decrease, and from a chemical perspective,
can be viewed as a stabilizing effect on the system. From the trend observed between
the two solvents with well-defined dielectric constants (n−hexane = 1.88; T HF = 7.58),
it becomes apparent that the g-factor and charge density are inversely related to one
another.

Figure 5.7. Proposed mechanism for surface potential dependence on g-factor. Increases
in the EF are accompanied by longer-chain alkanethiolates and lower dielectric solvents,
which leads to decreased g-factors. The orange and blue ovals represent the gold surface
and solvent, respectively.

Finally, in order to provide a physical meaning for the relative g-factor between
AuNPs, we return to the original model presented for interfacial bonding between a
metal and adsorbent. The aforementioned model is phrased in terms of Φ, where the
direction of the molecular dipole moment with respect to the surface dipole moment
84

leads to modification of the vacuum level, and thus, the metal work function. A
molecular dipole layer which opposes the surface dipole moment (i.e., points in the
direction of the surface dipole moment) leads to a decrease in Φ, while a molecular
dipole moment which aligns in the same direction as the surface dipole moment
increases Φ. The trends observed with the g-factor, alkanethiolate chain length, and
solvent can be interpreted within this framework as a decreasing g-factor is indicative
of a decrease in Φ. It is important to note, however, that CESR reports on the ground
state electronic wave function of a system – photoionization is not achieved. Thus, it
is clear that our g-factor must correlate with changes in the initial state rather than
the final state. Therefore, it would be reasonable to conclude that the EF responds
to an increase in alkanethiolate chain length or decrease in solvent dielectric via an
increase in energy. In other words, the surface potential of the metal becomes more
negative under such conditions. Conversely, shorter alkanethiolates and larger solvent
dielectrics lead to a more positive surface potential of the metal. This interpretation is
illustrated in Figure 5.7, which corroborates and expands upon the conclusion drawn
in the previous chapter.

Conclusion
In conclusion, this chapter provides evidence which indicates that the g-factor is sensitive to the identity of chemisorbed alkanethiolates, as well as the dielectric constant
of the surroundings. Furthermore, the choice of the solvents n-hexane and THF allowed for the introduction of a model (Equation 5.4) which provides quantitative
support of the profound connection between the g-factor of metallic nanoparticles
and IP. The survey presented in the introduction served to indicate that the surface
potential of SAMs of alkanethiolates on Au(111) surface are capable of modulating
the surface potential and Φ of the metal. Our work expands upon that by showing
that the g-factor, a parametrization of the degree of spin-orbit coupling exhibited by
a system, of AuNPs is commensurate with those studies in such that an increase in
g-factor – brought about by shorter alkanethiolates and higher dielectric solvents –
leads to a more positive surface potential and an increase in Φ, as supported by the
model used to fit our g-factors as a function of ligand size. The greatest fundamental
insight gained by using CESR is that these changes must be manifested in the initial
state of the system. Thus, for the first time, we provide evidence which suggests that
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the initial state responds to surface chemical perturbations induced by both physical
and chemical interactions between the metal surface and the surroundings. The next
chapter will provide an overarching conclusion for the studies presented within this
thesis, followed by future directions for this project.
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Chapter

6

Conclusion and Future Directions

Introduction
The purpose of this thesis was to critically analyze the influence of surface chemistry over the electronic properties of gold nanoparticles (AuNPs), a nanosystem
with a diverse range of potential applications in photocatalysis,[2] plasmonic solar
cells,[135] chemotherapy,[136] optical sensing,[5] optomagnetic data storage,[4] and
photothermal conversion.[71] It was demonstrated that conduction electron spin resonance (CESR) spectroscopy is a powerful technique which provides details on the
response of the AuNPs ground state electronic properties to surface chemistry. It
was shown in throughout this thesis the g-factor – a parametrization for the degree
of spin-orbit coupling – for metals is influenced by the both the orbital structure
and surface potential gradient. Using the para-substituted aromatic thiolates and
alkanethiolates, we found that as the electron-withdrawing strength of the former increased and the alkyl chain length of the latter decreased, an increase in g-factor was
observed. Density function theory (DFT) calculated band structures and ionization
potentials (IPs) were able to show that while the change in orbital structure incurred
with ligand identity near the Fermi energy (EF ) did not show a clear trend with
experiment, the IPs showed strong correlations. The framework which emerges from
these calculations suggests that the ligand is capable of modulating EF , and thus the
nanoparticle’s surface potential. In total, lower values of the g-factor correspond to
a higher EF , or a more negative surface potential. Our correlations suggest that the
Au-S σ-bond is the dominant means by which the ligand influences the g-factor, with
stronger σ-bonding ligands leading to more negative surface potentials.
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Figure 6.1. Schematic of interfacial mixing between a metal and (A) a semiconductor
or (B) a molecule. As shown, tuning the Fermi energy (EF ) of the metal would allow
for controlling the degree of interfacial bonding and thus, electronic coupling, between the
metal and semiconductor conduction band or molecular LUMO.

Our studies also addressed the response of the g-factor to solvent, where the solvent
dielectric constant and g-factor are inversely related. Using an electrostatic charging
model for a quantized capacitor, modified with a function to take into account the
effect of ligand-metal bonding, we were able to show that the effect of solvent is also
correlated with changes in surface potential. Our data indicates that higher dielectric
solvents lead to a more positive surface potential (lower EF ).
Although all of the applications mentioned throughout this thesis are dependent
upon the unique optical properties of this nanosystem, and the optical properties
are certainly influenced by the nature of the surface chemistry, our interpretation of
the AuNPs’ g-factor reports on the relative EF of the metallic core. For instance,
understanding the surface chemistry for AuNPs could be significant in the field of
photocatalysis. Using surface chemical effects to adjust the EF to higher or lower energies would allow one to tailor the ground state oxidation and reduction potentials
of AuNPs in catalytically relevant gold-semiconductor or -molecular hybrid systems
where plasmon-mediated electron injection into the semiconductor nanocrystal or
molecule’s orbital structure would initiate catalysis. Thus, the goal for such an application would be to enhance the degree of interfacial mixing between the AuNP and
a semiconductor or molecule simply by utilizing the surface chemistry to adjust the
barrier to electron transfer (Figure 6.1).
However, though we have been able to rationalize the cause for changes in g-
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factor associated with the surface chemical environment with IP-based correlations, I
end with many more questions than answers concerning electronic structure of metal
nanoparticles. In order to fully utilize the power of CESR, as well as the information
that can be gained to address the potential application given above, we must begin
to investigate fundamental aspects for the origin of the CESR signal of gold, provide
quantitative insight into the relative redox potential of the gold core as a function of
the observed g-factor, map out the local environment of the electrons at EF , characterize the g-factor response to Janus gold-semiconductor nanoparticles, and begin
to correlate such measures with materials applications (i.e., inter- or intraparticle
electron transfer, optical properties, catalytic activity, etc.). The following section
will lay out a series of experiments that we have begun or propose to investigate in
the immediate future to move in this direction, specifically addressing the first three
proposed directions.

Future Studies
Origin of Magnetism in AuNPs
The first project that I propose pursuing is of fundamental interest – elucidating the
origin of magnetism in AuNPs. Up to this point, we have assumed that the paramagnetic signal observed in the CESR experiments is due to Pauli paramagnetism.
One of the diagnostic features of Pauli paramagnetism is that the magnetic susceptibility (χ) is temperature independent, unlike paramagnetic species which typically
exhibit an inverse relationship between χ and temperature.[52] Measurement of magnetization curves for thin films of thiolate-protected AuNPs using a superconducting
quantum interference device (SQUID), though, has suggested that the magnetization
of such systems decreases with increasing temperature.[137, 78] Additionally, as it is
a physical observable sensitive to electronic structure, and it has been shown that for
ligand-protected AuNPs that differ by a thiolate or amine binding group (alkyl tail
groups in both cases) that the former produces thin films of particles with superparamagnetic behavior, while the latter leads to diamagnetic thin films.[137] It must be
mentioned that superparamagnetism is a form of magnetism that has been identified
for nanomaterials and is an intermediate between ferro- and paramagnetism.[52] In
terms of χ, the diagnostic features of superparamagnetism are that the saturation
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magnetization is comparable to ferromagnetic systems, but their remnant magnetization (sample’s residual magnetization upon removing the applied field) is similar
to that of paramagnetic systems where it is nearly 0. Necessarily, superparamagnetic
materials exhibit cooperative magnetism between particles organized within magnetic domains, where each individual particles has a uniform magnetic moment over
its volume.
The fact that the ligand head group can cause a drastic change in the overall
magnetism of gold is remarkable because it suggests that the interfacial bonding interaction is indeed crucial to controlling the overall electronic structure of metallic
nanoparticles. Furthermore, this draws into question Pauli paramagnetism as the
origin of the magnetic moment exhibited by thiolate-protected AuNPs since a dependence on the surface chemistry is not predicted. Multiple theories have been put forth
that attempt to explain the magnetic behavior of AuNPs, and will not be described in
depth here.[138, 137, 78] The basis of each theory lies within the Heisenberg exchange
Hamiltonian (ĤHeisenberg ), which for a two electron system is given as
ĤHeisenberg = −2Ji,j Ŝi · Ŝj

(6.1)

where Ji,j is the exchange interaction between electrons i and j and Ŝ is the electron
spin momentum operator. The dot product between the two spin operators gives
the energy of interaction between two magnetic dipoles, while the exchange interaction is a non-classical feature of the interaction between fermions that is a result of
wave function anti-symmetrization. Negative values of Ji,j are indicative of singlet
spin pairing (anti-ferromagnetic), while positive values leads to triplet spin pairing
(ferromagnetic).[51] The common physical phenomenon that is reached among proposed mechanisms on AuNP superparamagnetism is that the strength of ligand-metal
bonding in metallic nanoparticles leads to the formation of spin-symmetry breaking
at the ligand binding site. Arguably, the most popular theory that has been invoked
is that by Vager and Naaman, where a circular potential energy well at the binding
site leads to the localization and trapping of two surface electrons.[78] Due to electrostatic repulsion between electrons, the surface localization requires that in order to
minimize their energy of interaction, they must align their spin momenta ferromagnetically. Referred to as exchange repulsion, this necessarily leads to spin-symmetry
breaking (i.e., and imbalance in the number density of α- and β-spin electrons) of an
otherwise electronically closed-shell system. The exchange interaction alone has been
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shown to be inadequate for taking into account the total magnetization observed per
particle, and thus the orbital momentum of the electronic circular trajectory must
also align parallel with the overall spin momentum.[78] Alternative theories include
(1) chemisorption-induced formation of a spin-polarizing hole in the d-band which can
migrate to the surface and cause ferromagnetic exchange coupling to occur between
electrons interacting with the hole, or (2) breaking of molecular spin symmetry upon
σ-bond formation by a ligand if the product of the exchange interaction, J, and the
population of the spin-added density of states at EF is greater than 1, the latter being
indicative of a narrow band at EF .[78, 138]
Interestingly, the work I have been presented so far suggests that a different mechanism may be at play. The reason for exploring the possibility of another mechanism
arises from the the values of the g-factors we have observed. First, from a classical
standpoint, Lenz’s Law indicates immediately that if the orbital and spin momenta
were to align parallel to each other for a single electron, this would increase the magnetic susceptibility of this electron and would necessarily increase the g-factor relative
to a free electron. Out of the twenty different samples presented over the previous
three chapters, only two (4-nitrothiophenolate and 4-bromothiophenolate-containing
AuNPs) have exhibited g-factors above ∼2.0023. Second, ferromagnetic alignment
of the superparamagnetic electrons alone would not exhibit g-factors near 2; in fact,
it is well known that for ferromagnetic coupling within transition metal complexes,
the effective isotropic g-factor can be on the order of 4 or greater, and in bulk ferromagnetic systems (i.e., Ni, Fe, Co, etc.), effective g-factors have been observed to
occur between 3 and 13.[113, 139] The reason that these are effective g-factors is that
the resonance position for systems with more than one unpaired electron is sensitive
to a parameter other than spin-orbit coupling, referred to as zero-field splitting – a
phenomenon where spin-spin interactions leads to the splitting of the energy of spin
states in the absence of an external magnetic field, and thus the onset of an electron
spin resonance would occur at lower magnetic fields in an ESR experiment.
In order to provide an adequate physical description for the origin of magnetism
exhibited by AuNPs, CESR must be used to be used to characterize the spin-spin
interactions within and between particles. The fact that the g-factor occurs at values
near 2 suggests that electronic spin-spin interactions are not appreciable and the
system is likely paramagnetic, however, other advanced techniques exist which may
verify this.
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All of our CESR experiments have been performed where the oscillating microwave
field is applied perpendicular with respect to the external magnetic field. The selection rules for such an experiment require that conservation of angular momentum is achieved only by transitioning between 1/2-integer spin states; referred to as
Kramers doublets, only n/2, where n is an integer, spin systems may be studied in
“perpendicular-mode” ESR. Non-Kramers doublets are integer spin systems and are
not readily observable with the common ESR experiment. If one considers a triplet
state (S = 1), the projection of the states along the principal z-axis formed from two
ferromagnetically coupled electrons are mS = -1, 0, or +1. Without going into detail,
the reason for difficulty in measuring transitions between these states is two-fold: (1)
conservation of angular momentum alone forbids transitions between ms = -1 and
+1, and (2) zero field splitting can lead to an energy separation between pure ms = 0
and -1 or +1 states that is greater than the commonly used X-band radiation (νM W
= 9.45 GHz).[140, 51] To overcome this limitation, parallel-mode ESR can be used
to induce otherwise forbidden transitions in non-Kramers spin-systems. The details
of the selection rules are beyond the scope of this discussion, but the general conclusion is that the mS = -1 and +1 spin states are not pure quantum states, but rather,
are mixed (i.e., equally weighted symmetric and anti-symmetric linear combinations).
Applying the excitation parallel to the direction of the external magnetic field leads
to a transition between these mixed states that conserves angular momentum. This
transition then becomes observable with X-band radiation, and g-factors greater than
2 can be observed.[51, 140, 113]
Parallel-mode CESR provides a simple experiment to verify the theories presented
earlier, namely, the existence of ferromagnetically coupled electrons within a potential
energy well. We have gathered preliminary results for perpendicular- and parallelmode CESR experiments on the C6, C9, and C12 AuNPs in frozen THF (T = 25 K)
at X-band frequency (νperpendicular = 9.63 GHz; νparallel = 9.42 GHz). Our studies
show that the samples exhibit a CESR signal in perpendicular-mode that is consistent
with g-factors reported in the previous chapter. In parallel-mode, the same samples
exhibit no signal. All experiments are performed at full microwave power in the
same ESR resonator cavity, and thus, have revealed that an electron spin transition
is unobservable with parallel excitation field modulation. This suggests that it is
unlikely that the AuNPs in frozen solution exhibit intra- or interparticle ferromagnetic
coupling, and thus discounts the mechanism proposed by Vager and Naaman.
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Our preliminary data from parallel-mode CESR is suggestive of a mechanism for
the origin of magnetism in gold that is not reliant on the formation of triplet-paired
electrons, thus ruling out Vager and Naaman’s mechanism. At this time, we cannot
provide evidence exclusively in support of either the formation of a spin-polarizing
hole at the surface or ligand-induced spin symmetry breaking of the valence band.
It is interesting to note that the latter mechanism, which is reliant on the Stoner
criterion, would suggest the formation of a wide density of states (or narrow electronic
band) and thus the introduction of localized electronic states at EF – a band-based
interpretation that would corroborate the wide-range of g-factors we have observed
(1.955 – 2.014) if these states are composed of Au 5d and S 2p states – a possibility
that is anticipated from elementary bonding considerations.[11] However, in the study
by Miyake and co-workers where the idea of a spin-polarizing hole was first introduced,
they note that a qualitative connection exists between the spin-correlation length of
such a hole and the diameter dependence of Pauli paramagnetism, and thus should
not be immediately ruled out.[141]

Figure 6.2. (A) X-band CESR spectra of C9 particles in THF at 25 K. The various spectra
are of the same sample, but rotated about the sample holder in the resonator cavity of the
ESR instrument. The signal at lower g-factor (g = 1.967) corresponds to an isotropic signal
given its rotational angle-independent signal, with the g-factor indicating that the signal
originates from C9 AuNPs in frozen THF. The set of angle-dependent signals with g-factor
between 2.446 and 2.953 corresponds to a species which is anisotropic with respect to its
orientation to the external magnetic field. Its angle-dependent signal is analogous to that of
a crystalline material, and we hypothesize that it originates from a condensed aggregate of
AuNPs. (B) Schematic reprentation of cooperative spin-spin interactions between AuNPs
which we hypothesize is the origin for the higher g-factor in (A).

Although CESR suggests that AuNPs in frozen solution do not exhibit ferromag93

netic coupling, much of the work cited from SQUID experiments is conducted on thin
films of the same particles in the solid state. Therefore, for CESR to be complimentary to SQUID, it is necessary to analyze solid films of the alkanethiolate-protected
AuNPs. Figure 6.2A shows preliminary data that we have collected for solid- and
frozen solution-phase C9 AuNPs.
The spectra shown in Figure 6.2A are of C9 AuNPs in THF rotated at various angles within the ESR resonator cavity. Each spectrum shows two signals, one
which exhibits a g-factor of 1.967 and is independent of rotational angle, while the
other is angle-dependent and exhibits g-factors ranging from 2.446 to 2.953. The
angle-independent signal indicates that the sample is isotropic with respect to its
orientation within the external magnetic field, and given the g-factor of C9 AuNPs
shown in Chapter 5 (gT HF = 1.964), is likely the C9 particles suspended in the frozen
solution. The angle-dependent signal arises due to the anisotropic interaction of the
sample magnetization with respect to the external magnetic field, and is suggestive
of a “crystalline” material.[51] Furthermore, the increased g-factor is suggestive of
spin-spin interactions between particles, where I suspect that interparticle spin-spin
coupling leads to a faster rate of Zeeman splitting between ground and excited spin
states. This cooperative interparticle paramagnetic interaction would give rise to the
magnetic domains that are characteristic of superparamagnetism, and rationalize the
increased g-factor relative to the particles in frozen solution. Figure 6.2B shows a
schematic representation of the cooperative interparticle spin-spin interaction proposed. At this time, we cannot arrive at a definitive conclusion for the signal at low
magnetic field because we have yet to unambiguously identify it as arising from a
solid film or “crystalline” aggregate of AuNPs.
I propose that the results presented here are followed up with field-cooled (FC) and
zero field-cooled (ZFC) temperature-dependent CESR and SQUID for alkanethiolateprotected AuNPs in solid- and solution-phase. FC and ZFC refer to the cooling of
a magnetic sample with and without, respectively, an external magnetic field. FC
and ZFC measurements have been utilized for magnetization measurements in order
to elucidate the formation of magnetic domains in materials, where FC favors the
formation of larger domains, as well as determining the temperature dependence of
χ – a property that is diagnostic for classifying the magnetism of a system. Applying
FC and ZFC measurements to CESR would be beneficial for controlling the value
of the g-factor, as larger magnetic domains within a solid sample would lead to an
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increase in ferromagnetic coupling, and thus in g-factor. Such an observation would
serve to verify that spin-spin interactions would occur within the signal observed at
lower magnetic field (Figure 6.2A).
Temperature-dependent CESR measurements for the solid- and solution-phase
samples are critical because, assuming that Pauli paramagnetism and the intrinsic
diamagnetism of the material are the only factors at play for individual particles, a
temperature dependence in the g-factor would only be expected for the solid-sample.
Both diamagnetism and Pauli paramagnetism are temperature independent forms
of magnetism, however, superparamagnetism is inversely related to temperature.[52]
Thus, it would be expected that as the temperature of the sample is increased, the
g-factor of the solid sample would decrease until it becomes nearly indistinguishable
from the g-factor of the solution-phase particles, assuming that the solution-phase
particles are representative of infinitely separated particles. The reason for such an
expectation is that above the blocking temperature for a superparamagnet, there
would be enough thermal energy such that individual particles would be able to randomly undergo spin flips and decouple themselves from one another. In the high
temperature limit for a superparamagnet nanomaterial (i.e., above the blocking temperature), paramagnetic behavior is observed. Since we have shown that the dielectric
constant of the medium influences the g-factor of the AuNP, it would be necessary to
conduct such studies in n-hexane since we have shown that the similarity in dielectric
constant of the ligand sphere and solvent eliminate this additional parameter.
Lastly, FC, ZFC, and temperature-dependent SQUID for solution-phase AuNPs
should compliment the CESR studies. Solution-phase magnetization measurements
for AuNPs have yet to be reported in the literature, and would be crucial to identifying the origin of the angle-independent CESR resonance. I hypothesize that the low
g-factor associated with this signal is due to a solvent-mediated separation of particles where they interact minimally with one another. Furthermore, measurements of
the magnetization are expected to show no change as a function of temperature if
Pauli paramagnetism is the origin of magnetism in thiolate-protected AuNPs. Any
correlation between magnetization and temperature would strongly be indicative of
another form of magnetism, potentially paramagnetism which varies inversely with
temperature.[52] Solid-state measurements would serve as a control system for comparison.
In total, this set of experiments would provide a basis for a description of the
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magnetism exhibited by thiolate-protected AuNPs. The implications of such work
are of fundamental importance, and would provide a basis for understanding the
bonding interaction between surface-passivating ligands and AuNPs.

Electrochemical CESR
Chapter 5 demonstrates that the g-factor for alkanethiolate-protected AuNPs is correlated to IP, a quantity directly related to the surface potential. Our model was
based on an expression derived by Girault and co-worker which describes the energy associated with charging a quantized capacitor.[58] For convenience, Girault’s
equation is reproduced as Equation 6.2.
o
P
e[Eze/(z−1)e
]N
AV S = Φbulk +

(2z − 1)e l r + s l 
8πo (r + l) l s r

(6.2)

P
Recall that [Eze/(z−1)e ]N
AV S is the potential associated with charging relative to
the absolute vacuum scale (AVS), r is the radius of the quantized capacitor, l is the
thickness of a monolayer with dielectric constant l , s is the dielectric constant of
the solvent, Φbulk is the work function for the bulk metal (5.32 eV for gold), o is
the relative permittivity of vacuum, e is the elementary unit of charge, and z is the
integer charge state. Though this equation was used to relate IP to the g-factor in
Chapter 5, it is applicable to charged states beyond one electron oxidation. This has
been verified experimentally in independent studies by Girault and Murray, where
it has been shown with differential pulse voltammetry (DPV) that alkanethiolateprotected AuNPs within the 2 nm diameter regime exhibit quantized redox peaks at
well defined potential spacings (Figure 6.3).[58, 41]
In the analysis of quantized charging for alkanethiolate-protected AuNPs, ligand
trends have been discussed by Murray and co-workers in terms of the capacitance of
the particles. Derived from the measure of the potential spacings, the capacitance
(C) is defined by Equation 6.3 and which is consistent with Equation 5.3.

C = 4πo l s r(

r+l
)
s l + l r

(6.3)

Equation 6.3 shows that as the chain length of the alkyl shell increases, the capacitance will decrease. Murray and co-workers were able to demonstrate this, as shown
in Figure 6.3, where the measured potential separation between charging events, and
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Figure 6.3. Differntial pulse voltammograms of (A) C6, (B) C8, and (C) C12 AuNPs in
dichloromethane with average diameters of approximately 2 nm. Each peak in the voltammograms corresponds to a single electron reduction (top) or oxidation (bottom). Figure
was taken from Reference [41].

thus C, would decrease with chain length. However, such an occurrence within these
models is not the result of the interfacial interaction, but rather, is a consequence
of a dielectric shell of varying size surrounding the metallic core. As the size of the
dielectric shell increases – under the assumption that the dielectric constant of the
solvent is greater than the ligand shell – then the resulting C decreases as a result
of the shell’s poor polarizability, thus resulting in poor stabilization of the charge on
the metal core.
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Though the interpretation that is used for electrochemical quantized charging
does not take into account the interfacial bonding interaction, the trend expected
from these studies and electrostatic models provides us with a testable hypothesis.
If the g-factor is a reflection of the surface potential for AuNPs, then the resonance
position of the CESR signal should respond to changes in the core’s oxidation state.
Specifically, as given by our trends observed with modifying the surface chemistry, as
the gold core is reduced, then the surface potential should become more negative (i.e.,
higher EF ) and the value of the g-factor will decrease, and vice-versa for oxidation.
The goal of this experiment is to verify the modification of the surface potential as
the cause for changes in g-factor by collecting CESR spectra as a function of applied
potential.

Figure 6.4. Proposed electrochemical H-cell for performing bulk electrolysis in electrochemical CESR studies. The blue solution corresponds to a THF solution containing electrolyte, the pink solution contains the electrolyte and AuNPs of interest in THF, the counter
and working electrodes are cylindrical mesh Pt electrodes, the gray disk is a porous frit, and
the reference electrode (Fc/Fc+ ) is an isolated electrode separated from the AuNP solution
by a porous junction.

Testing this hypothesis would proceed using a representative set of particles from
our past experiments, specifically the ∼ 2 nm hexanethiolate- (C6), nonanethiolate(C9), and dodecanethiolate-protected (C12) AuNPs in tetrahydrofuran (THF). The
choice of these three systems stems from the fact that we have shown that there gfactors are distinct from one another (1.978, 1.964, and 1.959 in THF, respectively),
and that AuNPs with these ligand sets have been shown to exhibit well-defined and
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separated quantized charging peaks in DPV experiments.[41]
Initially, it will be necessary to collect CESR spectra of the as-synthesized particles in presence of electrolyte (0.1 M tetrabutylammonium hexafluorophosphate). In
Chapter 5, it was shown that not only did the g-factor of the particles respond to
changes in surface chemistry, but most of the proposed particles exhibited a decrease
in g-factor upon introduction of the lower dielectric solvent n-hexane. Since the gfactor of the AuNPs responds to changing the dielectric environment, it would be
reasonable to assume that the g-factor of the proposed system would respond to the
presence of electrolyte. Indeed, it is known that the dielectric constant of a solution
varies non-linearly with the ionic strength of the solution, where it has been shown
experimentally that the dielectric constant of a solution decreases with increasing concentration of electrolyte.[142, 143] Thus, it would be reasonable to expect decreased
g-factors for C6, C9, and C12 AuNPs as a result.
Once we have recorded the g-factors for these samples in the electrolytic solution,
we would perform electrochemical experiments to obtain the charging potentials for
each system. This would be accomplished using DPV, resting potential measurements, and Equation 6.2 to define redox states. For the CESR measurements we
have made up to now, saturated solutions – at room temperature – of AuNPs in THF
have been used for data acquisition. The dimensions of the quartz tubes used in the
CESR experiments hold a volume of ∼ 0.22 mL solution within the resonator cavity,
and on average our solutions have an approximate concentration of ∼ 200 mg/mL
of AuNPs in THF. In total, 44 mg of AuNPs would be analyzed on average per experiment, and given the width of our signal, it would be necessary to perform bulk
electrolysis experiments to avoid an indistinguishable overlap of signals from species
with varying redox states.
To accomplish this, I propose building an external electrochemical H-cell, as shown
in Figure 6.4, to perform the bulk electrolysis experiment. We would be able to
cannula transfer the AuNP solution between the cell and the CESR tube using an
inert gas. This method is preferred to performing the electrochemical experiments
directly in the CESR tube as this will avoid potential interference from the CESR
signal of the metal electrodes, obtaining signals from undesirable species produced
at the counter electrode, and simply due to convenience given the small working
volume of the tube (3 mm inner diamater; 0.22 cm3 volume) and the amount of
equipment (inert gas line and working, counter, and reference electrodes) that must
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be in electrical contact with the solution. The DPV experiments would be performed
to initially provide the charging potentials necessary to achieve quantized charging,
and bulk electrolysis would be used to equilibrate the entirety of the sample to a
charge state. Measurement of the CESR signal as a function of applied potential
between the redox peaks would then be pursued.
Equation 6.2 indicates that as a function of charge state, each system would exhibit
a linear change in potential. Given the correlation between g-factor and Equation 6.2
observed in the previous chapter, we would also expect a linear correlation between
the the g-factor of the C6, C9, and C12 AuNPs as a function of applied potential.
If such a correlation could be shown, then it would become clear that the g-factor is
indeed related to the surface potential of AuNPs. This would allow us to derive a
scale whereby we can chemically tune the EF and quantify the energy of the surface
potential using CESR. This would find great utility in photocatalysis as this would
allow for surface chemically optimizing the interfacial mixing of photocatalytically
relevant materials such as, for example, gold-semiconductor heterostructures. Thus,
one would be able to decrease the barrier to electron (or hole) transfer between the
nanosystems, and thus optimize the catalytic efficiency of the system. This would be
desirable as it eliminates the need to change the identity of the nanomaterial that
would be ideal for running catalytic reactions, as well as taking advantage of the high
absorption cross-section of small AuNPs without having to use to larger particles
which scatter light with increasing efficiency as the radius increases.

Pulse CESR
Throughout this thesis, I have emphasized that the value of CESR is that it is able
to directly report on the ground state electronic wave function. We have been able
to utilize the electronic g-factor to characterize how the total angular momentum of
the electron responds to surface chemistry; however, we have not been able to comment on how confined the electronic wave function is to the gold core or how strongly
the metallic electrons interact with the surface ligands. Comparing the g-factors for
the aromatic thiolates and alkanethiolates in THF (Figure6.5) suggests that, from
an orbital perspective, the g-factor may report on the degree of interfacial Au-S hybridization where lower g-factors correlate with greater Au-S orbital mixing. This idea
is borne from the value of g-factors observed for AuNPs containing C4, thiophenolate,
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C6, or 4-methoxythiophenolate (all in THF), where it is not clear if π-backbonding
onto conjugated ligands occurs. The orbital structure for 4-mercaptobenzoic acidcontaining Au102 clusters calculated by Gygi and co-workers (right in Figure 6.5)
would support such an interpretation.

Figure 6.5. Our work suggests EF of the gold core responds to the surface chemistry,
where lower g-factors correlate with an increase in EF . From an orbital perspective, the
g-factors obtained do not suggest that delocalization of electron density from the gold
core onto the ligand occurs, as shown from overlap of g-factors between AuNPs with and
without π-accepting ligands (red box), as well as calculations on the orbital structure for
4-mercaptobenzoic acid-containing Au102 clusters calculated by Gygi and co-workers. The
magenta box highlights the interfacial orbital structure between two ligands and the gold
core. The g-factors shown are from the AuNPs presented in this thesis, using THF as the
solvent. The right figure was taken from Reference [76].

One of the many strengths of ESR is that it is capable of providing information
on the metal-ligand interaction through electron-nuclear hyperfine coupling. Since
this important parameter has yet to be introduced, a brief discussion will be given on
it, with emphasis on its manifestation in a spectrum collected in a continuous-wave
(CW) experiment. The pulse experiment and the proposed application of it to the
AuNPs will then be discussed.
Recall that equation 2.1 refers to the energy separation between two electronic
spin states in the absence of an atomic nucleus baring a magnetic moment. However,
the nuclei which electrons are bound to in atomic and molecular systems more often
than not exhibit a magnetic moment that is able to interact with the electronic
magnetic moment. This interaction, termed hyperfine nuclear splitting, is capable
of splitting the electronic spin energy states in addition to Zeeman splitting. To
simplify this discussion, we will consider the hydrogen atom with a homogeneous
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external magnetic field applied along the z-axis. The spin quantum numbers of the
electron and hydrogen nucleus (i.e., the eigenvalue of the Ŝz and Iˆz spin operators,
respectively) are each ± 1/2. Classically, the energy (E) of interaction between a
~ is given as
magnetic dipole (m)
~ and an external field (B)
~
E = −m
~ ·B

(6.4)

and that Equation 2.6 shows that m
~ is directly proportional to the charge of the
particle and inversely proportional to its mass. Multiplication of this factor by ~
gives the Bohr magneton, β, which is the unit of quantization for magnetic dipoles.
In other words, the Bohr magneton defines the strength of interaction between the
particle and the external magnetic field, or in the case of hyperfine coupling, the
strength of interaction between magnetic particles. Taking into account that the
Bohr magneton and g-factor would vary for the electron and hydrogen nucleus, and
the opposite charges of the two particles, we can write the spin Hamiltonian as
Ĥ = ge βe B · Ŝ − gH βH B · Iˆ + AŜ · Iˆ

(6.5)

where A is the hyperfine coupling constant and all variables are as defined as before,
and the subscripts ‘e’ and ‘H’ refer to the electron and hydrogen nucleus, respectively. In Equation 6.5, the first two terms refer to the Zeeman splitting of the
electron and hydrogen nucleus, respectively, and the third term describes the hyperfine electron-nuclear coupling interaction. Finally, the term A describes the strength
of the hyperfine interaction, and for an isotropic interaction, may be defined as
8π
ge βe gH βH hρs i
(6.6)
3
where hρs i is the probability density of the electron at the nucleus. It is the hyperfine
coupling constant that will be of concern for the remainder of this section, for it is
this value of each contributing nucleus that will allow us to map out the structure
of the electronic ground state wave function for our systems. Figure 6.6 depicts the
relative energy levels that are derived from the Hamiltonian in Equation 6.5.
Since the mass of the electron is approximately three orders of magnitude smaller
than that of the proton, this results in a β which is three orders of magnitude greater
for the electron. Hence, it is shown that the Zeeman splitting in Figure 6.6 is larger
for the electron than for the proton. Furthermore, Equation 6.5 shows that the
A=
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Figure 6.6. Energy splitting of electron spin states for the H atom in a magnetic field of
strength B. Each set of splittings corresponds to a part of the Hamiltonian in Equation 6.5,
where the initial splitting arises from Zeeman splitting of the electron spin state, the second
to the perturbation of the 1 H nucleus, and the final perturbation is the hyperfine interaction
between the electron and proton. The black arrows correspond to ESR transitions, and the
red arrows are ENDOR transitions. |αe i, |βe i, |αH i, |βH i are the spin wave functions for
the electron and proton, where α is the state aligned parallel to the external magnetic field
and β is anti-parallel.

splitting between spin states is dependent on the nuclear spin quantum number Iz , and
Equation 6.6 shows that the strength of the hyperfine interaction is proportional to the
value of the nuclear Bohr magneton and g-factor; this shows that A would be sensitive
to and differentiate between isotopes of the same element. As an example, Figure
6.7B and C shows simulations the effect of the hydrogen and deuterium nucleus,
respectively, on the ESR signal of an electron – Figure 6.7A provides the signal
of a free electron for reference. The parameters used in the simulations were taken
from experimental values determined by Baranov and co-worker for the hydrogen and
deuterium atoms trapped in RbCl crystals.[144] Lastly, with respect to the energy
level diagram given in 6.6, the signal in Figure 6.7B at the lower (higher) magnetic
field is the |βe , αH i → |αe , αH i (|βe , βH i → |αe , βH i) transition (shown in the energy
diagram with black lines).
When hyperfine structure is not readily resolvable in the CW-ESR spectrum, pulse
ESR experiments are capable of selectively acquiring electron-nuclear coupling. Such
resolution is achievable because the pulse technique is able to acquire the hyperfine
coupling constant directly without interference from transitions between multiple nuclear spin states. This reduces the number of hyperfine lines from 2N to 2N for a set of
N equivalent nuclei and allows for taking advantage of the more narrow linewidth of
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the isolated nuclear transition.[140] In particular, electron-nuclear double resonance
(ENDOR) is of interest in our study of the AuNPs, as this experiment is capable of
acquiring detail on nuclear magnetic resonances (NMR) via the ESR signal, and is
capable of differentiating between magnetic nuclei (i.e., 1 H and 197 Au for our systems).

Figure 6.7. Simulations of ESR spectra for (A) the free electron (g = 2.0024), (B) the
hydrogen atom (g = 2.0021, A = 1408 MHz), and (C) the deuterium atom (g = 2.0024, A
= 219 MHz). The spectra were simulated using EasySpin.

In general, the ENDOR experiment first proceeds by an initial microwave pulse (or
set of pulses) on the order of nanoseconds. This achieves inversion of the electron spin
population and is carried out with a static external magnetic field fixed at an electron
spin resonance as measured by a CW-ESR experiment. Following is the mixing period,
whereby a radio frequency (rf ) pulse on the order of microseconds is applied with
a fixed excitation frequency. At this stage, if the frequency of the rf pulse matches
the energy difference of a nuclear spin transition, then population inversion among
nuclear spins specifically coupled to the electron of interest occurs, which kinetically
traps a sub-population of the sample within an excited state. Detection proceeds the
rf pulse via a spin-echo sequence, where the kinetic trapping of the total spin system
is taken advantage of by measuring the overall depletion of signal along the electron
spin channel relative to a signal measured when the rf pulse is not in resonance with
an electron-coupled nuclear spin transition. Since the external magnetic field is held
constant, the signal difference is plotted as a function of the frequency of applied
rf pulse. With respect to Figure 6.6, the frequency detected will correspond to the
energy separation between one of the nuclear transitions shown (red arrows). The
ENDOR peak separation directly corresponds to the hyperfine coupling constant, A
(assuming the high field limit holds, where A > gI βI B) and the signals are centered
about the precessional frequency (= gI βI B/h, where gI βI /B is the gyromagnetic
ratio, γI ) of the coupled nucleus. Thus, nuclei of distinct gyromagnetic ratio (i.e.,
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γ1 H = 42.576M Hz/T ; γ2 H = 6.536M Hz/T ; γAu = 0.746M Hz/T ) may be readily
identified based on the center of a set of “mirrored” signals.[51]
The two most common pulse sequences for acquiring ENDOR spectra are the
Davies and Mims sequences, shown in Figure 6.8A and B, respectively, while simulations of ENDOR spectra for an isotropic and an anisotropic electron-nuclear interaction are given in 6.8C and D, respectively.[145] The details of the Davies and Mims
are significant for acquiring the hyperfine interaction for strongly coupled (¿ 2 MHz)
and weakly coupled (∼ 0.1 – 2 MHz) electron-nuclear systems, respectively, but the
overall general mechanism given applies to both. The key point to note is that the
length of the initial microwave preparation pulses for the two sequences provides the
selectivity necessary to obtain the coupling constants within the strongly and weakly
coupled limits.
Indeed, measuring the hyperfine interaction between conduction electrons and
the metal lattice or surface chemistry of a particle may seem questionable given
that the CW-CESR spectra presented thus far do not exhibit hyperfine coupling.
However, the benefit of the pulse techniques is that line-broadening for the CW-ESR
spectrum is not a limitation, as exhibited by work on molecular organic compounds,
as well as related work presented by the Maran group on Au25 clusters.[146, 67, 147]
Shown in Figure 6.9 are the CW-ESR and ENDOR spectra for Au25 (SEtPh)18 and
Au25 (SEt)18 , respectively. The CW-ESR spectrum clearly shows that the symmetry of
the electronic environment is anisotropic (three distinct g-factors were observed upon
simulation, given by the blue line), but details of the nuclear environment are not
readily apparent. The Davies ENDOR spectrum, however, provides this information
and unambiguously shows that the only nuclei to couple to the radical electron spin
are gold atoms. The overall conclusion drawn from Maran’s ENDOR study is that the
electron of the paramagnetic Au25 is localized within the core the cluster, as suggested
by the lack of hyperfine-coupling to the ligand protons and DFT calculations which
were used to aid in the simulation of the spectra. The blue line is Figure 6.9 is the
result of DFT calculated hyperfine coupling to the Au core.
It is of interest for the ∼ 2 nm AuNPs to quantify the extent by which the electrons
at the EF of the metal interact with the external environment of the particle, specifically redox-active ligands or substrates that are bound to the metal surface. Initial
ENDOR experiments would proceed with alkanethiolate-protected AuNPs, since we
have shown that the electronic structure of the metal core is sensitive to the identity
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Figure 6.8. (A) Davies ENDOR and (B) Mims ENDOR pulse sequences. Each experiment
is initiated with a set of preparation microwave (mw) pulses on the order of ns that invert
the spin populations of the electron spins, followed by a radiofrequency (rf) pulse on the
order of µs which is targeted specifically for nuclear spins coupled to electronic spins. Each
sequence concludes with a set of ns-pulses which detects a spin echo from the electronic
spins. Each pulse is sequence is performed in a fixed magnetic field, with 1000’s of scans
performed where the rf is the only parameter changed between scans. T1 and T2 refer to
longitudinal and transverse electronic relaxation times, respectively. π and π/2 are 180o
and 90o pulses, respectively. (C) and (D) are example ENDOR spectrum for isotropic (A
= 10 MHz) and anisotropic (Ax = 10 MHz, Ay = 6 MHz, and Az = 3 MHz), respectively,
hyperfine coupling to a hydrogen atom. The external magnetic field for this simulation is
1,210 mT (Q-band freqency). The ENDOR spectra were simulated using EasySpin.

of the alkyl side chain. The goal would be to determine the extent by which the
surface electrons are capable of interacting with the protecting alkyl shell by quantifying the degree of hyperfine coupling between the metallic electrons and the surface
ligands. Since the 1 H and 197 Au nuclei both exhibit a nuclear magnetic moment, Qband CESR (∼ 34 GHz electron excitation excitation energy) measurements would
be preferred to X-band CESR. This frequency would give precessional frequencies of
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Figure 6.9. (A) X-band CW-ESR spectrum (red) for Au25 (SEtPh)18 clusters at 6 K
and (B) Davies 197 Au-ENDOR spectrum (red) of Au25 (SEt)18 at 5.5 K with an external
magnetic field of 291.1 mT. The ligand for the former is phenylethanethiolate and the latter
is ethanethiolate. Figures were taken from References [67, 147].

51.517 MHz and 0.895 MHz for 1 H and 197 Au nuclei, respectively, thus providing an
expected reasonable separation between the magnetic nuclei that are within the local
electronic environment. It has been observed in the active site of enzymes that the
signal from the surrounding matrix of 1 H (i.e., amino acids that do not participate directly in the catalytic reaction) that a signal, albeit low intensity, does appear directly
at the 1 H precessional frequency, thus corresponding to a very weak and non-zero hyperfine interaction.[148] Such a signal for the alkanethiolate-protected AuNPs may
occur, but is nonetheless important to suggest ground state electronic wave function
of the metal is likely localized, and our characterized changes in g-factor are strongly
suggestive of the Au-S σ-bonding interaction. In the event that hyperfine coupling is
indeed observed, isotopic substitution of the α−methylene group on the ligand with
deuterium – followed by successive isotopic labeling along the alkyl chain – would be
necessary to quantify the extent of electron spin density delocalization into the ligand
field.[149]
Characterization of our pure ligand system will provide the basis for analysis of
more complex systems, such as the aromatic-containing AuNPs. Recall that the
π-accepting orbitals of aromatic ligands have been invoked at both the molecular
and nano scales for controlling the physical properties of systems exhibiting electron
delocalization. Since the CW-CESR studies we have performed have been conclusive
for supporting delocalization onto the ligand, ENDOR experiments would be ideal
for characterizing this phenomenon in the ground state. The experiment proposed for
the alkanethiolate-protected AuNPs would also be performed on systems containing
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thiophenol partially substituted on alkanethiolate-protected AuNPs. Isotopic labeling
of the aromatic ligand-based 1 H with 2 H would be utilized to determine the extent
of electron spin density onto the aromatic ligands. If the electron-nuclear interaction
is weak with the protons on the aromatic ring, then substitution of 12 C (mI = 0)
with 13 C (mI = 1/2) along the ring can be pursued. Examining the effect of the
para-substituent (i.e., methoxy-, bromo-, and nitro-groups) would then be of interest
for evaluating how modulating the surface potential controls electronic delocalization
out of the metal core.
Insight into the electronic ground state of AuNPs would be beneficial for gaining
molecular level understanding of the electronic interaction between the metal surface
and ligands. Specifically, quantifying the strength of metallic electron–ligand hyperfine coupling will report directly on the degree of electronic communication between
the AuNP and electron acceptor, and will allow for determining the spin density which
resides on the ligand. This would be invaluable in the design of new materials where
electronic delocalization from the metal core onto the electron-accepting moiety is
sought.

Conclusions
In closing, I have introduced future experiments for the next steps in elucidating the
structure of the ground state wave function for thiolate-protected AuNPs. Our experiments have shown that CESR has provides rich detail on ligand- and solvent-induced
modulation of the g-factor – a parameter which we believe is suggestive the metal’s
surface potential. If this is indeed a valid interpretation of the g-factor, then my proposed electrochemical, magnetization, and electron-nuclear double resonance experiments will yield invaluable insight into the local structure of the AuNP at EF . Though
alkanethiolate and para-substituted aromatic thiolate-protected AuNPs may not be
the next generation of revolutionary photocatalysts, I am confident that the proposed
experiments will lay the foundation for studying systems, such as gold-semiconductor
heterodimers, AuNP-sensitized semiconductor photoelectrodes, ligand-induced tuning of the interfacial interaction between the metal and semiconductor, or electronic
coupling between gold and heterogenized homogeneous catalysts, that are more lucrative for such an application.
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Appendix

A

Experimental Methods

Synthesis
All chemicals were used as purchased without further purification. Chloroauric acid
trihydrate (HAuCl4 · 3H2 O; 99.999% purity) and 4-bromothiophenol were purchased
from Acros Organics. 4-nitrothiophenol was purchased from Oakwood Chemicals.
Tetraoctylammonium bromide (TOAB; 98%) was purchased from Merck. The following chemicals were purchased from Sigma Aldrich: thiophenol, 4-methoxythiophenol,
butanethiol (97%), hexanethiol (95%), heptanethiol (98%), octanethiol (98.5%),
nonanethiol (95%), undecanethiol (98%), dodecanethiol (98%), sodium borohydride
(98%), THF (98%), and n-hexane (97%). Deuterated chloroform was purchased from
Cambridge Isotope Laboratories, Inc. All other solvents were purchased from VWR
International.

Alkanethiolate-protected Gold Nanoparticles
The following section will describe the synthesis for hexanethiolate-protected gold
nanoparticles. The same procedure is followed for all other alkanethiolate-protected
gold nanoparticle syntheses, however, it is important to note here that a molar ratio
of 0.900 : 2.81 for HAuCl4 . 3H2 O was used for all procedures.
The synthesis of hexanethiolate-protected gold nanoparticles followed a modified
two-phase Brust approach.[79] Initially, TOAB (2.19 g, 4.00 mmol) was suspended in
60 mL of toluene, and the solution was stirred vigorously until the phase transfer agent
was completely dissolved. HAuCl4 . 3H2 O (345 mg, 0.900 mmol) was dissolved in 25
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mL of deionized water and added to the organic solution, where the two-phase solution
was stirred until complete transfer of the gold precursor occurred (10 minutes). Once
complete, the aqueous phase was discarded, and hexanethiol (0.4 mL, 2.81 mmol) was
added, where a color change from red-orange to white was observed. Once the color
change was complete, 25 mL of a freshly prepared 0.1 M aqueous sodium borohydride
(384 mg, 10.1 mmol) was added dropwise to a vigorously stirring solution of the goldhexanethiol mix. A color change from white to near-black was observed immediately,
and the solution was left to stir for three hours.
To purify the particles, the aqueous phase of the two-phase reaction was discarded
and 400 mL of methanol was added to the toluene solution. The resulting suspension
was placed in the freezer for two hours, and the solid collected. The solid was washed
with methanol (5 mL x 3), and the filtrate discarded. The dried AuNPs were collected
(brown solid, typical yield: 200 mg).

Ligand Exchange with Aromatic Thiolates
All surface-modification syntheses followed the same synthetic scheme and only a
general procedure will be described here.[150, 151] Hexanethiolate-protected AuNPs
(100 mg) were dissolved in THF (50 mL). The para-substituted aromatic thiol (0.347
mmol) was then added to the solution, and the mixture was stirred for 4 hours. At the
conclusion of the reaction, the solvent was removed via rotary-evaporation, and the
particles were re-suspended in a minimal amount of THF. Sufficient methanol (200
mL) was then added to crash out the AuNPs. In the case of ligand exchange with
4-bromothiophenol, acetone (200 mL) was used instead of methanol. The suspension
was placed into the freezer overnight, and the resulting solid was collected. The solid
was washed with methanol (5 mL x 8), dried, and collected (brown solid, typical
yield: 90 mg).

Iodine Death Reaction
To quantify the relative concentration of ligands on the mixed-monolayer surface, the
alkyl and aromatic ligands were cleaved from the surface using iodine.[152] Briefly, the
surface-modified AuNPs were suspended in dichloromethane (50 mL), and an excess
of iodine was added (0.100 g). The solution was stirred for 30 minutes, filtered, and
then rotary-evaporated to dryness. No further purification was performed.
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Characterization
Raman Spectroscopy
Raman spectra were acquired using a Renishaw inVia Raman Microscope. The
surface-modified AuNPs were analyzed with a 647 nm CrystaLaser CL-2000 diode
pumped laser (70 mW at 10% power, model DL647-070) and a 1200 l/mm grating
was used to resolve the spectra (1.9 cm−1 resolution). The samples were prepared
by drop-casting the AuNPs onto a glass substrate from a concentrated THF solution
and dried using a stream of nitrogen.

IR Spectroscopy
ATR-IR spectra were acquired using a Perkin-Elmer Spectrum 400 FT-IR/FT-NIR
spectrometer with an ATR stage (Ge crystal) from the same manufacturer, and
recorded at a resolution of 4 cm−1 . The samples analyzed were pure powders that
were deposited onto and pressed into the ATR crystal.

UV-Vis Spectroscopy
UV-Vis spectra were acquired on an Agilent 8453 UV-Vis spectrometer. A quartz
cuvette with a 1 cm path length was used for all measurements. All spectra were
recorded in THF and diluted such that the maximum absorption was below 1 absorption unit.

TEM
For the samples in Chapter 2 and 3, nanoparticles were sized using JEOL2010 TEM
with a LaB6 emission source and an accelerating voltage of 200 kV. An FEI Talos
TEM was used in the case of samples examined in Chapter 4 with the same emission
source and accelerating voltage. The samples were prepared by drop-casting dilute
solutions of the AuNPs in dichloromethane onto carbon-coated copper mesh grids,
purchased from Electron Microscopy Sciences.
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NMR Spectroscopy
1

H NMR spectra were acquired on a Bruker DPX 300 MHz spectrometer. The samples
were prepared by dissolving the residue from the iodine death reaction (after filtering)
in deuterated chloroform. A total of 144 scans were recorded.
NMR of the product from the iodine death reaction allowed for quantification of
the molar fraction of aromatic thiols, as has been demonstrated by others.[151, 150]
Integrated intensities of all hydrogens attached to the aromatic ring and the methyl
of hexanethiolate were used to calculate percent compositions. An example for the
4-nitrothiophenolate-containing mixed monolayer AuNPs is given below (Figure A.1).

Figure A.1. NMR spectrum of ligands cleaved from AuNPs protected with a mixed
monolayer of 4-nitrothiophenolate and hexanethiolate. The relevant peaks have been circled.

The relative intensity is calculated by dividing the integrated intensity by the
number of hydrogens that the signals correspond to in a single molecule. The percent
composition is calculated as the relative intensity divided by the sum of relative
intensities, multiplied by 100. The values calculated from Figure A.1 are given in
Table A.1. This same procedure was followed for all nanoparticles.
Table A.1. Calculation of percent composition for AuNPs containing mixed monolayers
of 4-nitrothiophenolate and hexanethiolate

Ligand

Integrated Relative
Intensity Intensity
4-Nitrothiophenolate
4.00
1.00
Hexanethiolate
11.7
3.90
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Percent
Composition
20.4%
79.6%

CESR Measurements
X-band continuous-wave CESR measurements were performed using a Bruker ESP
300 X-band spectrometer with an ER 041MR microwave bridge. An ER 4116DM
cavity operated in the perpendicular TE102 microwave mode (νM W = 9.623 GHz)
was used to collect all spectra. Temperatures 25 K and below were achieved using
an ER 4112-HV Oxford Instruments variable temperature helium flow cryostat. All
measurements were performed using the following parameters: microwave power, 200
mW; modulation amplitude, 2 G; time constant, 40.96 ms; conversion time, 81.92 ms;
number of points, 4096. Saturated solutions of AuNP samples were prepared with
THF, degassed by sparging with argon, and sealed with paraffin wax tape in clear
fused quartz tubes with 4 mm outer diameter / 3 mm inner diameter.

Fitting Procedure
The CESR spectra were fit using the commercially available software, Mathematica
10.0.0, which employed the Levenberg-Marquardt fitting algorithm with default accuracy and precision goals. Due to irregularities in the baseline, a third order polynomial
was introduced into Equation 2.3, giving
1 − (γ(B − Bo )T2 )2
2γ(B − Bo )T2
dP
=D
−A
− (M · B 3 + R · B + Z) (A.1)
2
2
dB
(1 + (γ(B − Bo )T2 ) )
(1 + (γ(B − Bo )T2 )2 )2

where M, B, and Z are the adjustable parameters associated with the background
correction. This correction gives us the fewest adjustable parameters, while providing us with a simulation that gives consistent results regardless of the range of
magnetic fields included in the fitting window. In all cases, the spectra were background subtracted (using a spectrum of THF without AuNPs measured under the
same conditions) and normalized. An initial guess of 0.33 T and 1 x 10−10 s for Bo
and T2 , respectively, and 1 for all other adjustable parameters (D, A, M, R, Z) was
submitted.
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DFT Calculations
All calculations presented in this work were performed using a local version of the
Amsterdam Density Functional (ADF) program package.[153, 154] The geometries
were optimized using a TZP basis set and the BP86 functional. Scalar relativistic
effects were included using the zeroth-order regular approximation (ZORA).[84, 85]
The ionization potential (IP) was calculated as the energy difference between the
Au25 (SR)−
18 and Au25 (SR)18 for the clusters. For the ligands, the IP was calculated
as the energy difference between H-SR and H-SR+ . For DOS plots, the midpoint of
the HOMO-LUMO gap was set as the Fermi level for ease of comparison, followed
by Gaussian broadening of the energy levels by 0.05 eV to provide a density of states
to each quantized level.[76, 68] Specifically, the Fermi level was set by subtracting
a factor of (EHOM O + 0.5 ∗ EGap ), where EHOM O and EGap are the HOMO energy
and HOMO-LUMO gap energies, respectively, for the total density of states given the
DFT calculation.
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Appendix

B

Supporting Information

Control Experiment: Homoligand Exchange

Figure B.1. The CESR results for a homoligand exchange reaction, where C6 AuNP
particles underwent ligand exchange with hexanethiol under the same conditions used for
the aromatic thiolate / hexanethiolate mixed monolayers. The left CESR spectrum is that
obtained before the reaction (blue = data, black solid = fit, and black dashed = residual),
and the right is the spectrum of the particles after (orange = data). The g-factors obtained
are 1.978 ± 0.001 and 1.979 ± 0.001, respectively.

As a control experiment, a homoligand exchange reaction on the parent hexanethiolate -protected gold nanoparticles (C6 AuNPs) was conducted in order to eliminate
surface restructuring as a possible competing perturbation to the g-factor. To carry
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this out, the homoligand exchange was conducted exactly as in the case of the aromatic thiolate ligand exchange reactions, except using hexanethiol. The resulting
CESR spectra before and after are given below (Figure B.1).
The g-factor before and after was found to be 1.978 ± 0.001 and 1.979 ± 0.001,
respectively. These values are within statistical error of one another, and indicate
that in a thiolate-for-thiolate ligand exchange, surface restructuring is not likely to
be the cause of our observed change in g-factor.

Extraction of the Surface Plasmon Resonance from
UV-Vis Spectra
The surface plasmon resonance (SPR) of sub-2 nm AuNPs is strongly damped out
by the strong Au-S interfacial interaction, therefore making the electronic transition
measured by UV-Vis difficult to analyze directly. In order to quantify the absorption
energy, the following mathematical manipulations were performed: (i) a constant was
subtracted such that the absorbance at 1.24 eV (1000 nm) was set to 0; (ii) spectra
were normalized to 1 at 3.10 eV (400 nm) absorbance; (iii) the background was fitted
to a quadratic function and then subtracted from the data; (iv) the background subtracted spectra were then renormalized at the resulting peak’s maximum absorbance.
The results steps (i) and (ii) are shown in Figure B.2A, and the resulting peak from
the total extraction procedure is given in B.2B.

Figure B.2. (A) Normalized UV-Vis spectra for the C6 (blue) and C6/Br (red) AuNPs
examined in Chapter 2. (B) The extracted SPR from the spectra in (A) following the
procedure described in the text.
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Size-dependence of the g-shift
The shift in g-factor from that of the free electron value (≈ 2.0023) for conduction
electrons in metals is known to exhibit a size dependence.[56] The size dependence
largely arises when the size of the metal enters the quantum confinement regime,
i.e. the mean free path of the electron is on the order of the size of the particle,
and the near-continuous band structure of the metal begins to exhibit quantized
states. Theory predeicts that in the absence of surface chemistry, size heterogeneity,
and external dielectric environments other than vacuum, the g-factor for a metal will
transition between that for an infinitely large particle and a single atom, as a function
of the surface area-to-volume ratio.[56] The quantitative is given by
∆gsize = fsurf ace ∆gatom + (1 − fsurf ace )∆gbulk

(B.1)

where ∆gsize is the g-shift due to size, fsurf ace is the fraction of metal atoms at the
surface of the particle, ∆gatom is the g-shift of the metal atom (1.8 ×10−3 for atomic
gold), and ∆gbulk is the g-shift for the bulk metal (0.11 pm 0.01 for bulk gold). This
expression has been verified for alkali metal particles.[59]
Using data acquired by Murray and co-workers on the number of gold atoms
contained in the core of precisely known particle diameters, we generated a calibration
curve for the number of gold atoms per particle as a function of spherical particle
volume.[86] This allows for approximating the number of gold atoms contained in
sizes that fall within this range.
Using the average particle diameter measured by TEM and the calibration curve
in Figure B.3, the average number of gold atoms per particle may be estimated. In
order to quantify the fraction of atoms which reside at the surface, the following
equation for the ratio of surface atoms (Ns ) to total atoms (NT ) for an icosohedral
particle composed of close-packed spherical atoms:
2/3

fsurf ace =

1
4NT
Ns
=
·
1/3
NT
NT
1 + 4/NT

(B.2)

Using the above equation, the calibration curve, and Equation B.1, the sizedependent g-shift was then derived. The results are given in Table B.2. Data experimentally measured by Murray and co-workers for the number of core atoms is
retained, and denoted by asterisk on the diameter.
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Figure B.3. Gold atoms per particle as a function of spherical particle volume. Data was
obtained from the work of Murray and co-workers.
Table B.1. Diameter, total atom count, surface atom count, and predicted g-shift due to
size for bare gold nanoparticles

Diameter / nm NT Ns
2.2*
314 116
2.1
271 104
2.0*
225 89
1.9
202 82
1.8
173 72
1.7
147 63
1.6*
140 61
1.5
103 47
1.4*
75 37

∆gsize
0.064
0.062
0.061
0.060
0.059
0.058
0.057
0.055
0.052

With the values in Table B.2, the g-shift due to the surface chemistry may then
be derived. We assume that the observed g-shift (∆gobs ) is a linear combination of
∆gsize and the g-shift due to the ligand, ∆gligand (Equation B.3).
∆gobs = ∆gsize + ∆gligand

(B.3)

The rationale for this assumption lies in the fact that the perturbative treatment
for the effect of orbital momentum over the degree of spin-orbit coupling experienced
by an electron, and thus the g-factor, is itself a linear combination of quantum me118

chanical orbital angular momenta mixing between orbital wave-functions near the
ground wave-function (see Equation 2.9 in Chapter 1). Thus, Equation B.3 allows us
to eliminate the contribution of the core atoms from the measured g-shift, and allows
for comparison of the effect of ligand in the sets of measurements where the average
diameter differs greatly from one set of particles to another.

Additional CESR Spectra of Mixed Monolayer Gold
Nanoparticles

Figure B.4. CESR spectra of (A), (B) 1”, (C) 2”, and (D) 3”. See Chapter 3 for specific
details of these samples.

Shown above are additional samples of AuNPs containing mixed monolayers of
hexanethiolate and either 1, 2, or 3. Figures B.4(A) and (B) are different aliquots
of the same sample. Since difficulties in sample heterogeneity preclude an absolute
error analysis, this measurement in tandem with the standard errors reported for the
data simulations give rise to the reported standard error in g-factors of 0.001.

Calculation of Ligand Length for Alkanethiolateprotected Gold Nanoparticles
To calculate the linear length of each ligand, we assumed tetrahedral angles of 109.5o
about each central carbon and a C-C single bond length of 150 pm. This gave us
a linear displacement between carbons of 120 pm, which was multiplied by an integer scalar equivalent to the number of C-C bonds. All calculations used the center
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Figure B.5. Sample model used to calculate the linear ligand length

of the methylene alpha to the sulfur as the origin. It is important to note that for
the layer thickness calculations in C4-C12 series, we approximated the surfactant to
exist in an all-trans conformation with a fully extended structure. This approximation was chosen based on previous work, both experimentally[155, 156, 157] and
theoretically[158] on alkanethiolate-protected AuNPs. Though the majority of the experimental work demonstrates that this occurs in the solid-state, and solution-phase
monolayer-protected particles tend to exhibit an increasing degree of disorder as the
curvature increases, temperature dependent molecular dynamics simulations predict
that the alkyl-chains on isolated AuNPs will become ordered as the temperature is
decreased (our measurements are made at 25 K, far lower than the lowest temperature
reported in the theoretical study where this claim is made).[158]

Simulations of the Effect of Solvent Dielectric on
the Ionization of a Quantized Capacitor
Figure B.6 presents a series of simulations using Equation 5.3 (see Chapter 5) for
the ionization potential (IP) of a spherical quantized capactitor, protected by shell of
n-alkanethiolates (ligand ≈ 1.9), in a series of dielectric environments from vacuum
(s = 1) to water (s = 80.4). As shown, when the dielectric constant of the ligand
and solvent are nearly equal (gray line), the IP is independent of the ligand shell size.
When the two constants differ, the model predicts a curvature associated with IP as
a function of the shell thickness (i.e., ligand length). It is shown that as the dielectric
constant of the medium increases, the IP of the system decreases; the changes become
more pronounced as the thickness of the ligand layer decreases.
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Figure B.6. Simulations for the effect of solvent dielectric constant on the IP of a spherical
quantized capacitor protected with a shell of alkanethiolates. The IP is plotted as a function
of shell thickness. The key in the figure indicates the value of the solvent dielectric constant
for the simulation, which ranges from 1 to 80.4.

Extracted T2, Dispersion, and Absorption Coefficients from fits of CESR spectra
The following tables provide the values of the relaxation time (T2 ), the dispersion
coefficient (D), and the absorption coefficient (A) obtained from fitting all spectra
presented herein with Equation 2.3.
Table B.2. Parameters extracted from the fits of CESR spectra for the AuNPs discussed
in Chapter 4. Please refer to Chapter 4 for sample details.

Sample
1’
2’
3’
4’
1”
2”
3”

T2
/10−10 s
10.3029
10.5100
10.2090
9.90702
9.80566
9.02368
8.04867

D

A

0.326388
0.264162
0.79222
0.685991
0.246095
0.468017
0.515056

1.92955
1.68645
2.30152
3.03062
1.53089
1.23794
1.34314
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Table B.3. Parameters extracted from the fits of CESR spectra for the AuNPs discussed
in Chapter 5.
Ligand
C4
C6
C7
C8
C9
C10
C11
C12

Tn−hexane
2
/10−10 s
11.65606
9.53734
9.54343
9.81004
10.5838
10.0471
10.2367
10.1557

Dn−hexane

An−hexane

1.61876
0.37995
0.439246
0.311792
0.334215
0.246265
0.294831
0.266164

3.99182
1.42077
1.80981
1.57486
2.44787
1.48869
1.93235
1.92113

TT2 HF
/10−10 s
10.0494
10.3858
9.72229
11.5742
9.53996
9.73299
10.3589
10.5576

DT HF

AT HF

0.494877
1.0519
0.139902
0.206088
0.404622
0.60022
0.353264
0.157496

1.51759
3.99665
0.527312
1.76345
1.65129
2.30145
1.74454
1.38365

CESR Spectra for all AuNPs Protected with Alkanethiolates in n-Hexane or THF
Given below are the X-band CESR spectra for sub-2 nm AuNPs protected with butanethiolate (C4), hexanethiolate (C6), heptanethiolate (C7), octanethiolate (C8),
nonanethiolate (C9), decanethiolate (C10), undecanethiolate (C11), or dodecanethiolate (C12) using n-hexane (Figure B.7) or THF (Figure B.8) as the solvent. All
solutions are saturated with the AuNPs, and were recorded at a temperature of 25 K
with a microwave frequency of 9.623 GHz.

Figure B.7. CESR spectra for (A) C4, (B) C6, (C) C7, (D) C8, (E) C9, (F) C10, (G) C11,
and (H) C12-protected AuNPs in n-hexane. The colored line is the background subtracted
experimental spectrum, the black line is the fit to the experimental spectrum using Equation
2.3, and the dotted line is the residual from the fit to the experimental data.
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Figure B.8. CESR spectra for (A) C4, (B) C6, (C) C7, (D) C8, (E) C9, (F) C10, (G)
C11, and (H) C12-protected AuNPs in THF. The colored line is the background subtracted
experimental spectrum, the black line is the fit to the experimental spectrum using Equation
2.3, and the dotted line is the residual from the fit to the experimental data.
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[1] Leary, E., A. L. Rosa, T. González, G. Rubio-Bollinger, N. Agraı̈t,
and N. Martin (2015) “Incorporating single molecules into electrical circuits.
The role of the chemical anchoring group,” Chem. Soc. Rev., 44, pp. 920–942.
[2] Zhang, X., Y. Chen, R. Liu, and D. Tsai (2013) “Plasmonic Photocatlysis,”
Rep. Prog. Phys., 76, pp. 1 – 41.
[3] Haas, K. and B. Lear (2015) “Billion-fold Rate Enhancement of Urethane
Polymerization via the Photothermal Effect of Plasmonic Gold Nanoparticles,”
Chem. Sci., 6, pp. 6462 – 6467.
[4] Suda, M., N. Kameyama, A. Ikegami, and Y. Einaga (2008) “Reversible
Phototuning of the Large Anisotropic Magnetization at the Interface between a
Self-Assembled Photochromic Monolayer and Gold,” J. Am. Chem. Soc., 112,
pp. 11650 – 11656.
[5] Saha, K., S. Agasti, C.Kim, X. Li, and V. Rotello (2012) “Gold Nanoparticles in Chemical and Biological Sensing,” Chem. Rev., 112, pp. 2739 – 2779.
[6] Link, S. and M. El-Sayed (1999) “Size and Temperature Dependence of the
Plasmon Absorption of Colloidal Gold Nanoparticles,” J. Phys. Chem. B, 103,
pp. 4212 – 4217.
[7] Jain, P. K., X. Huang, I. H. El-Sayed, and M. A. El-Sayed (2007) “Review of Some Interesting Surface Plasmon Resonance-enhanced Properties of
Noble Metal Nanoparticles and Their Applications to Biosystems,” Plasmonics, 2, pp. 2:107 – 2:118.
[8] Ghosh, S., S. Nath, S. Kundu, K. Esumi, and T. Pal (2004) “Solvent and
Ligand Effects on the Localized Surface Plasmon Resonance (LSPR) of Gold
Colloids,” J. Phys. Chem. B, 108, pp. 13963 – 13971.
[9] Aruda, K. O., M. Tagliazucchi, C. M. Sweeney, D. C. Hannah, G. C.
Schatz, and E. A. Weiss (2013) “Identification of parameters through which
124

surface chemistry determines the lifetimes of hot electrons in small Au nanoparticles,” Proc. Natl. Acad. Sci. USA, 110, pp. 4212 – 4217.
[10] Goldmann, C., R. Lazzari, X. Paquez, C. Boissire, F. Ribot,
C. Sanchez, C. Chanac, and D. Portehault (2015) “Charge Transfer at
Hybrid Interfaces: Plasmonics of Aromatic Thiol-Capped Gold Nanoparticles,”
ACS Nano, 9, pp. 7572–7582.
[11] Hoffmann, R. (1989) Solids and Surfaces: A Chemist’s View of Bonding in
Extended Structures, Wiley-VCH.
[12] Coulson, C. (1961) Valence, Oxford University Press.
[13] Kittel, C. (2004) Introduction to Solid State Physics, Wiley.
[14] Krogmann, K. (1969) “Planar Complexes Containing Metal-Metal Bonds,”
Angew. Chem. Internat. Edit., 8, pp. 35 – 42.
[15] Laguna, A. (2008) Modern Supramolecular Gold Chemistry: Gold-Metal Interactions and Applications, Wiley-VCH.
[16] Pyykko, P. and J. Desclaux (1979) “Relativity and the periodic system of
elements,” Acc. Chem. Res., 12, pp. 276 – 281.
[17] Beversluis, M., A. Bouhelier, and L. Novotny (2003) “Continuum generation from single gold nanostructures through near-field mediated intraband
transitions,” Phys. Rev. B, 68, pp. 115433–1 – 115433–10.
[18] Urban, A. (October 2010) Optothermal Manipulation of Phospholipid Membranes with Gold Nanoparticles, Ph.D. thesis, Ludwig-Maximilians-Universität
München, München, Germany.
[19] Kreibig, U. and M. Vollmer (1995) Optical Properties of Metal Clusters,
Springer.
[20] Hu, M. and G. Hartland (2002) “Heat Dissipation for Au Particles in Aqueous Solution: Relaxation Time versus Size,” J. Phys. Chem. B, 106, pp. 7029
– 7033.
[21] Wu, K., J. McBride, and T. Lian (2015) “Efficient Hot-Electron Transfer
by a Plasmon-Induced Interfacial Charge-Transfer Transition,” Science, 349,
pp. 632 – 635.
[22] WikiBooks (Introduction to Inorganic Chemistry) https : // en.wikibooks.org
/wiki/ Introduction to Inorganic Chemistry /Basic Science of Nanomaterials,
(Accessed May 26, 2016).
125

[23] McQuarrie, D. (2008) Quantum Chemistry, University Science Books.
[24] Levine, I. (1975) Molecular Spectroscopy, Wiley.
[25] Ahmadi, T., S. Logunov, and M. El-Sayed (1996) “Picosecond Dynamics
of Colloidal Gold Nanoparticles,” J. Phys. Chem., 100, pp. 8053 – 8056.
[26] Arbout, A., C. Voisin, D. Christofilos, P. Langot, N. D. Fatti, ,
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