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ious photoemission spectroscopy techniques the electronic and structural properties of

diamondoid monolayer and their evolution with increasing diamondoid size was studied.
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Chapter 1

Introduction

1.1 Diamondoids

Diamondoids are small molecules with a typical diameter of about 1nm. They are
formed by carbon and hydrogen atoms in a cage-like structure similar to diamond with
sp3-type chemical bonds. Clay et al. provide a comprehensive summary of their physical
properties [1]. Adamantane, the smallest representative of the family with one cage, is
formed by 10 carbon and 16 hydrogen atoms. Other diamondoids are formed by face-
fusing a multiplet of such cages together. Diamondoids can be divided into two groups,
so-called lower and higher diamondoids, containing one to three or four and more cages
respectively. Worth noting is that lower diamondoids only have one geometrical iso-
mer while for higher diamondoids several geometrical isomers exist. The structure of a
number of diamondoids is shown in Fig. 1.1. Adamantane was theoreticaly proposed in
1924 and first isolated from crude oil 1933 in Czechoslovakia [2]. The synthesis of lower
diamondoids like adamantane, diamantane and trimantane was realised between 1941
(adamantane) and 1966 (trimantane). All attempts to synthesize higher diamondoids
failed so far. With the discovery and extraction of larger quantities of natural diamon-
doid stocks in petroleum 2003 by Dahl et al. [3], higher diamondoids became available

in significant amounts.

Diamondoids possess some of the superior properties of bulk diamond and diamond
surfaces as well as properties related to their nanoscale size. For example diamondoid
monolayer films lead to monochromatic electron emission due to the attribute of negative

electron affinity [4].
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F1cURE 1.1: Structure of a number of diamondoid molecules of different sizes. The

three lower diamondoids are shown in the left most column (yellow). On the right hand

site the carbon bonding structure and space filling models of higher diamondoids are

illustrated. Also shown is the overlay of these structures with the bulk diamond lattice.

For clarity surface hydrogens are not shown on the carbon framework structures. Taken
from Ref. [3].

1.2 Negative Electron Affinity

The energy difference between the ground state of an atom Ey, and the ground state of

its negatively charged ion E; is defined as electron affinity.

Epa = Ey — E, (1.1)

In a solid the electron affinity is defined as the energy difference of the vacuum level
Eyqc at large distance and the conduction band minimum E.,;, [5]. The electron affinity
is positive for Eyqc > Eeppm. For a molecular ad-layer on a metal surface the lowest
unoccupied molecular orbital (LUMO) takes the role of the conduction band. Figure
1.2 illustrates this case. If the LUMO is located between Epr and FE,.. an electron
added from infinity to the system will release the energy Er4. In the case were the
LUMO is above E,4c the electron affinity becomes negative and since the electron lies
above E,q. it will emit spontaneously into vacuum without requiring additional energy.
Negative electron affinity has been observed from diamondoid monolayers [4], a doped
diamond(111) surface [5] or cesiated GaAs [6].
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FIGURE 1.2: Energy diagram of a molecular ad-layer on a metal substrate. The red

arrow indicates the electron affinity Fpa = Eyoc — Fruvpmo- Left hand side: The

LUMO is located between Er and F,q., Fga > 0. Right hand side: The Epyyo >
Eqc therefore Egy < 0.

1.3 Aims of this Work

The study of diamondoids is attractive for multiple reasons. Firstly, they represent the
extreme size limitation for diamond, which is a fascinating material with its numer-
ous outstanding properties like high hardness, excellent thermal stability in absence of
oxygen, high heat conductivity and negative electron affinity. Secondly, they form di-
amond like sp? companions to sp>-bonded carbon materials such as graphene, carbon
nanotubes, and fullerenes. Carbon materials are at the forefront of material science. Un-
derstanding the electronic and structural properties of diamondoids and their evolution
with increasing size will help in future scientific and commercial applications. Figure
1.3 illustrates the different thiolated diamondoids. This work focuses on the negative
electron affinity of self assembled monolayers and the molecular orientation of adaman-

tanethiol (1), diamantane-4-thiol (3), and [121]tetramantane-6-thiol (8) on noble metal

surfaces.
SH i SH i
L 585 5 G & @
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FiGure 1.3: Tlustration of diamondoids with attached thiol-groups. 1, adaman-

tanethiol; 2, diamantane-1-thiol; 3, diamantane-4-thiol; 4, triamantane-3-thiol; 5,

triamantane-2-thiol; 6, triamantane-9-thiol; 7, [121]tetramantane-2-thiol; and 8,
[121]tetramantane-6-thiol. Taken from Ref. [7].






Chapter 2

Experimental Methods

2.1 Theory of Photoemission

Photoelectron spectroscopy is an important tool to study the electronic properties of
materials. The information about the electronic structure is obtained by measuring
the kinetic energy and the angle of emission of photo emitted electrons. The upper
limit for the energy of electrons in a solid in the ground state is called the chemical
potential p which at temperature T=0 is called the Fermi energy Er. Figure 2.1 shows
a photoemission process. The binding energy Ep of an electronic state |i) can be defined

as:

Ep = Ep — Ej; (2.1)

The emission of photo electrons out of state |i) occurs when the energy of the incoming
photon hv is greater then the sum of the work function ® and the binding energy.
Einstein’s formula relates the kinetic energy of the emitted electron in vacuum to the

photon energy, the work function and the binding energy [8].

Epin = hv — ® — Ep (2.2)
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FIGURE 2.1: Photoemission process, the electron is excited from the ground state |i)

with binding energy Ep to the final state |f) by absorption of a photon of energy hv.

The final state is detected with a kinetic energy FEj;, above the vacuum energy FE, ..
The work function @ is the difference between E,,. and Ef.

2.2 X-ray Photoelectron Spectroscopy and Diffraction

X-ray photoelectron spectroscopy (XPS) uses the photoelectric effect, described in sec-
tion 2.1, to study the binding energies of the deep lying core-levels inside a sample. Due
to the shallow depth of a few atomic layers from which elastically scattered electrons are
detected, it is an ideal tool to study thin films and surfaces. First developed by Siegbahn
in 1967 it is also known as ESCA (electron spectroscopy for chemical analysis) [9]. With
the knowledge of photoemission cross section, core-level energies, and chemical shifts
the quantitative analysis of XPS spectra and thereby, the determination of the chemical
composition of the sample are straight forward.

Using x-ray photoelectron diffraction (XPD) it is further possible to study the atomic
positions on the surface [10]. The source of electrons emitted from core levels are well
localized at the atomic positions of the specific element. The outgoing photo electron
waves are scattered by neighboring atoms. The amplitudes of scattered and direct wave
add up coherently forming an angular intensity distribution, the diffraction pattern.
Figure 2.2 illustrates the scattering process used by XPD. In the case that all emitter
atoms have the same atomic environment a well-defined pattern is recorded from the
sample. These diffraction patterns carry a wealth of information about the environment
of the emitting atoms. Since core-level peaks are specific for each element the XPD
pattern holds information about the short range order around a certain atomic species.
Most XPD experiments are preformed in a kinetic energy range above 500 eV where the
absolute magnitude of the angle dependent scattering amplitude |f(©)| is largest for

small ©. This forward scattering enhancement is called forward focusing [11].
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FIGURE 2.2: X-ray photoelectron diffraction. A photon impinging on an atom (emitter)
excites a photoelectron which can be approximated as a wave with a spherical wavefront.
This spherical wave is scattered by neighboring atoms. The intensity measured at the
. 2
detector is I o< |Tg + Tgl|”.

For an example of |f(©)] for two different kinetic energies see Figure 2.3. In this case

the angular distribution of the photoelectrons is up to a first approximation the forward

projected atomic structure around the emitting atoms.
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F1GURE 2.3: Scattering amplitude of electrons in silver calculated with in the plane
wave approximation. |f(0)]| is shown for Ey;, =772eV (red) and Ej;, =25eV (dashed
black). Taken from Ref. [12].

2.3 Two Photon Photoemission (2PPE)

In Section 2.1 we stated that photoemission occurs if hv > ®, and we assumed that each

electron absorbs only a single photon. If the photon density is high enough multi-photon

processes become possible. This gives a new constraint on the photon energy.

n-hy > o

neN (2.3)

Figure 2.4 shows a schematic two-photon photoemission process. An electron is emitted

into vacuum |f) via an intermediate state |m). Figure 2.5 depicts the two other main
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types of emission processes. (i) Shows a excitation via a virtual intermediate state. (ii)
shows an interband excitation where the indirect transition is mediated by an phonon.

The electron gains (loses) momentum by absorbing (emitting) a phonon.

Ify ——
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Ep beo/ivecheeeaa
=
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FIGURE 2.4: Tlustration of a 2PPE process. The electron is excited by a first photon
into an intermediate state |m). A second photon excites the electron from |m) into the
final state |f).
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FIGURE 2.5: An example band structure along the I'L line. Three possible types of

2PPE processes are shown. i) Two-photon excitation by a virtual intermediate state.

ii) Phonon mediated interband excitation. A first photon excites the electron into a

virtual intermediate state, there it absorbs or emits a phonon and relaxes into a real

intermediate state by gaining or losing momentum. The energy is almost unchanged.
A second photon excites the electron into vacuum.

By observing the evolution of the kinetic energy of the final state |f) with changing
photon energy hr one can distinguish the nature of the involved states. A shift with
twice the photon energy indicates that the initial state remains the same and that the
intermediate state is also shifting with once the photon energy. If the kinetic energy
of the final state shifts with once the photon energy the intermediate state remains the

same. If Fy;, remains constant the final state is the same for all energies. This is the case
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for negative electron affinity were electrons are emitted via the LUMO of the molecule,

resulting in the same kinetic energy independent of the excitation energy.

2.4 Nonlinear Optics

When perturbed by an external electromagnetic field positive and negative charges in-
side a material are displaced. The sum of the induced dipole moments is called the

polarization. The electric susceptility x is defined as
P = ¢xE (2.4)

where P is the macroscopic polarization of a medium when it is illumiated by an external
electric field E. For high field strength higher order terms become important. The

equation 2.4 can be expanded in a Taylor-series:
P =c(x\VE + Y?PE? + yOB +..)) (2.5)

where the linear first-order term in the electric field describes linear optics, refractive
index and absorption, the second-order term accounts for second order optical effects like
second-harmonic generation (SHG) and parametric interactions. The cubic third-order
term describes processes like third-harmonic generation.

For the idealized case that the external electromagnetic field strength consists of a pure
sine wave

E = Egpsinwt, (2.6)

the polarization up to the second order is equal to

P = ¢o(x'VEqsinwt + xP Eq sin wt?). (2.7)

Using simple trigonometry this can be written as:

P = U\@Ey2 1 ¢ VEgsinwt —

5 Eo? cos 2wt (2.8)

€0X @
2

P =Py (0) + PL(w) + PnL(2w) (2.9)

The polarization will emit an electromagnetic field with frequencies w and 2w. The
polarization travels inside the medium with the same speed as the electric field which

caused it ¢; = ¢o/n(w). The electric field emitted by Pnr,(2w) travels with the speed
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ca = cp/n(w). To obtain constructive interference and to get intense light of frequency

2w the following relation between c¢; and co has to hold:

c1(w) = c2(2w), (2.10)
this is equivalent to:
m(w) = n2(2w) (2.11)
the index-matching condition.
This is also equivalent to:
1/A1 =2/X. (2.12)

By introducing the wave vector |k| = 27 /X and the momentum of the photon |p| = h/\

the index matching condition is equivalent to the momentum conservation:

P2 = p1 + P1- (2.13)

In order to fulfill the index-matching condition one uses birefringent crystals. If two
intense light waves of frequencies w; and we impinge on such a crystal not only the
second harmonics 2w; and 2w- are emitted, equation 2.5 allows for the generation of
the difference frequency wi — wsy and the sum frequency wi + ws, if the refractive indices
were matched.

This effect can be used to amplify light of wy, by pumping the crystal with light of

frequency wpump. Due to energy conservation an idler frequency w; has to be produced

Wi = Wpump — Wsig- (2.14)

The amplification then is described by:

Wpump + Wsig = 2wsig + Widler (215)

For a more in-depth look the reader is referred to a text book about optics, for example
[13].
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Experimental Setup

3.1 Laser system

As stated in Section 2.3 multi-photon photoemission occurs if the photon density is high.
Pulsed laser systems provide such high peak intensities. The 2PPE experiments in this
thesis were preformed using a femtosecond laser system manufactured by Coherent Inc.,
which will be described in detail.

The oscillator, a Mira Seed, is a passively mode-locked Kerr-lense Ti:sapphire oscillator
which is pumped by a 5W Verdi-V5 Nd:Vanadate diode-pumped solid state laser. In
continuous wave mode an average output power of >1W, in pulsed mode >500 mW is
achieved. The wavelength can be varied between 780 nm to 840 nm, the spectral width
of AX =30nm results in a pulse duration of ~50fs behind the output coupler. With a
repetition rate of v, =76 MHz a pulse energy of 6.61nJ can be achieved.

In order to amplify the pulse power a regenerative amplifier (RegA) is used. The RegA
9050 is a high repetition rate regenerative Ti:sapphire amplifier with a tunable repetition
rate from 100 kHz to 300kHz. To pump the RegA a Verdi-V10 10 W continuous wave
Nd:Vanadate solid state laser is used. The output power of the RegA reaches up to
1.2W at a repetition rate of 250kHz and a pulse energy of 4.8 nJ respectively 0.65 W
at a repetition rate of 100kHz and an energy of 6.5nJ per pulse. An EC9100 grating
compressor /expander unit is used to stretch (compress) the incoming (outgoing) pulses
of the amplifier. The output of the compressor usually has a pulse duration as short as
At =56 fs.

Femtosecond pulses over a wide wavelength range are produced in an optical parametric
amplifier (OPA). Out of a white light continuum a specific wavelength can be chosen to
be amplified. The OPA 9450 can amplify pulses between 470 nm to 720 nm. Beside the
signal output (470 nm to 720nm) the OPA provides the remaining pump light (400 nm)

11
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and the idler output which is the difference frequency of the pump and the amplified
signal (Awidier = Awpump — Awsig)-

To produce wavelengths smaller than 400 nm the signal output of the OPA was frequency
doubled in a S-Barium Borate crystal (Second Harmonic Generation (SHG)) before
being transferred to the vacuum chamber equipped with a photoelectron spectrometer.
For brief explanation of the involved nonlinear optics in the OPA and SHG see Section
2.4.

Electron Energy OPA 9x00 Rega 9000

Analyzer

Vacuum
Chamber

Sample ‘

FIGURE 3.1: Sketch of the laser system and the ESCA vacuum chamber. The pulse
of the Mira Seed is first going to the grating compressor/expander unit before being
amplified in the RegA. After another pass through the compressor the light is entering
the OPA. The OPA provides three outputs, a signal pulse with a selectable wavelength
(470nm to 720nm, the rest of the frequency doubled pump pulse 400nm and the
Idler the difference of the signal and the pump pulse. To access energies above 3.1eV
(400 nm) the signal of the OPA was further frequency doubled in a BBO crystal (not
depicted in this figure).

Mira Seed

3.2 Optical Parametric Amplifier (OPA)

The optical parametric amplifier uses the RegA output to produce tunable amplified
femtosecond output pulses from 470 nm to 700 nm. An OPA optical schematic is shown
in Fig. 3.2. The 800 nm RegA output is split by M1. 75% of the energy goes via M2
into the second harmonic generation (SHG). L1 focuses the beam onto the SHG crystal.
The frequency is doubled by the SHG to produce a pump beam at 400 nm. The pump
beam is steered by M3 to the dichroic mirror D1white light.

The remaining 25 % of the RegA output are focused by lens L4 onto a Sapphire crystal
(S) to generate a white light continuum. Lens L5 collimates the white light. Before being
combined with the pump beam at mirror D1 the white light goes through an adjustable
delay (1% pass) consisting of M4 and M5.
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FIGURE 3.2: OPA Optical Schematic taken from [14].

After the first pass through the OPA crystal (BBO), the two beams are separated by
D2. The white light passes through a second fixed optical delay (M8 and M9). The

pump pulse passes an adjustable delay (2nd

pass) consisting of M6 and M7. The two
beams are recombined at D2 for a second pass through the OPA. After the second pass
the idler, signal and remnant pump beams exit the OPA via the mirrors M11, M12 and
M13. The angles of both SHG and OPA crystals as well as the delays can be tuned by

external micrometer screws.

3.3 Electron Spectrometer

The VG ESCALab is a multi-chamber vacuum system (base pressure ~ 5 - 10~ mbar).
The chambers of the system allow for the preparation of samples under ultrahigh vacuum
conditions and analysis of the electronic and atomic structures. The analysis chamber
is shown in Figure 3.3. It contains several photon sources. For the XPS and XPD
measurements the Mg Ka x-ray gun with a photon energy of hv = 1253.6 eV was used.
Ultraviolet spectroscopy was performed with the He discharge lamp providing photon
energies of hv = 21.2e¢V (He Ia) and hry = 40.8eV (He Ila). Externally generated
laser light can be brought into the chamber via a viewport with an angle of incidence of
30° with respect to the energy analyzer. To increase the kinetic energy of the emitted
electrons a bias voltage can be applied to the sample. The detector has an energy
resolution of 20meV and an angular resolution of 1°. More information about the

system can be found in [15].
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All measurements were carried out using the usual settings for the electron optics. For
the UPS and 2PPE measurements a bias voltage of —10V between sample and ground
generated with a power supply was applied. The focus of the laser light was chosen to

optimize to maximize the intensity on the sample with minimal space charge effects.

Viewport with
lens for laser u

v ) = 3 = R — VR
. l' Hemispherical analyzer &
He discharge lamp

e

-8y

> Sample inside :
= z
s analysis chamber

e > > ]
’ \J.._; P 2 et 4
| ~u

F1cURE 3.3: The ESCA chamber. The hemispherical analyzer is mounted on top. On

the left hand side of the chamber the x-ray gun is mounted. Next to it one can see

the viewport with the lens for the laser. On the right hand side the He-discharge lamp

with a monochromator is mounted to the chamber. Inside the chamber the sample is

mounted on a manipulator allowing for translations in x,y,z as well as rotations of polar
and azimuthal angle.
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Photoemission Experiments

4.1 Sample and Preparation

4.1.1 Substrate preparation

In order to grow the diamondoid monolayers the (111) surfaces of Ag and Au single
crystals were used. The substrates were cleaned by Ar sputtering. To accelerate the
Ar-Tons further an additional discharge potential of 0.75kV was used for the first cycle
which was decreased in consecutive cleaning cycles to 0.5kV and 0kV for silver. In
the case of the gold substrate a discharge potential of 0.6kV was applied for all cycles.
After sputtering for 15 min for silver and initially for 30 min, then for 20 min for gold, the
samples were annealed by increasing the heating current stepwise allowing for a maximal
pressure of 3108 mbar. The sample was annealed for 15 min at 420°C for silver and
490°C in the case of gold. These cycles were repeated two to four times to retrieve a
clean surface. During the last cleaning cycle the pressure never exceeded 8 - 10~? mbar.

XPS and UPS spectra of the clean substrates can be found in Section 4.2.1.

4.1.2 Preparation

To prepare self-assembled monolayers (SAM) of diamondoids on noble metal substrates
the thiolated diamondoids are deposited from solution. To allow the formation of a self-
assembled monolayer the substrate surface is submerged in a solution of 90 % ethanol
and 10 % toluene with a concentration of 0.1 to 10 mmol L~! of diamondoids for at least
24h [16]. For the preparations in this work concentrations from 2 to 6 mmol L~ were
used and the exposure time ranged from 37 to 66 hours. Figure 4.1 shows the Au(111)

substrate inside the V-shaped glass vial submerged in the solution. After deposition

15
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of the diamondoids the sample was washed with toluene and ethanol and immediately

inserted in tho ultra high vacuum.

FIGURE 4.1: Photo of the Au[111] substrate inside the V-shaped glass vial. The surface
is completely immersed in the diamondoid solution. On the right hand side a small air
pocket is visible which grazes the side of the substrate.

4.2 X-ray Photoelectron Spectroscopy

4.2.1 X-ray Photoelectron Spectra

In Figure 4.2 and 4.3 x-ray photoelectron spectra of the Ag(111) and Au(111) surfaces
can be found. The surfaces were cleaned as described in Section 4.1.1. Typical impurities
like carbon or oxygen are not observed for the clean substrate. The Figures 4.4 and 4.5
show survey spectra of the substrates after deposition of diamondoid-thiols from solution.
Both show an increased intensity at the C 1s and S 2p binding energies resulting from
the deposited diamondoid layer. Detailed XP-spectra of the Ag 3d, the Au4f respectively
and the C 1s and S 2p core level peaks are shown in Figure 4.6. The S 2p3/, binding
energy is shifted from 164 eV for atomic sulfur to 162eV which is characteristic for a
metal-thiol bond [17]. Note that the spin-orbit-spliting of the S 2p3/, and S 2p; /5 states
(A = 1.18€V) could not be resolved. The increase in O 1s signal can be explained by

the short exposure to air and oxygen impurities in the solvent.
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FI1GURE 4.2: A x-ray photoemission spectrum of the clean silver substrate in normal

emission shown as function of binding energy. The MgK,, source (hv =1253.6eV) was

used. The Ag 3ds/23/2 core states are represented by the two strong peaks at 368 eV

binding energy. The two less prominent Ag 3ps/21/2 peaks can be seen at 573 eV and

604 eV, respectively. No signal is visible at the C 1s (285eV) and O 1s (531 eV) binding
energies.

2000

1800 -

1600

1400

1200

1000

800

600

400

200

Lt bt bt b b b b bt b s et bt b b e 100 0030 L
600 550 500 450 400 350 300 250 200 150 100 50 0

binding energy [eV]

FIGURE 4.3: Asin Fig. 4.2: XPS from a clean Au(111) surface. The two strong peaks

of the Au 4f7/5 5/ core states are visible at 84.0eV and 87.6eV binding energies. The

smaller Au 4ds /5 3/2 peaks are represented at a binding energy of 335.1eV and 353.2eV

respectively. The Au 4ps/, core state with a binding energy of 546.3 eV can be seen on

the far left of the spectrum. There is no signal visible at binding energies of the typical
impurities the C 1s (285eV) and O 1s (531eV).
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FIGURE 4.4: As in Fig. 4.2: XPS from a diamantane monolayer on Ag(111). In
comparison with the clean silver spectrum in Fig. 4.2 a strong peak at the binding
energy of C 1s (285eV) is observed. The signal is also slightly increased at the binding
energy of 162 eV which corresponds to the S 2p3 /5 core level. The increase at the C 1s
and S 2p binding energies result from the diamantane ad-layer.
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FIGURE 4.6: Detailed x-ray photoemission spectra. In the left column the Ag 3d, C
1s and S 2p core level states from diamantane layer on Ag(111) are shown. In the
right column the Au 4f, C 1s and S 2p spectra of a adamantane layer on Au(111) are
listed. All spectra are shown as function of binding energy and a photon energy of
hv =1253.6eV was used. (a) Ag 3d peaks: The binding energy of the Ag 3ds/; is
at 368.3eV. (b) Au 4f peaks: The binding energy of the Au 4f;/, is at 84.3eV. (c)
and (d) C 1s peak: The binding energy is in good agreement with the value given for
carbon (284 eV to 285eV). (e) and (f) S 2p peaks: The binding energy for the S 2pg /o
peak is 162 eV. This indicates a metal-thiol bond [17].

4.2.2 Coverage

In order to calculate the coverage of the substrate by diamondoid molecules a simple

model was used. In general the following relation for the photoelectron intensity holds:

I~n-o-A-A-Jy (4.1)

Here n is the number density of the atom in the observed volume, ¢ is the cross section

of the observed core electron, A is the inelastic mean free path, A is the observed area
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of the sample and Jj, is the flux of the light source [10].

Since the coverage of the substrate is not known there are two contributions for the
intensity from the substrate. The first part is the signal which is not going through a
molecule layer on top of the substrate. Figure 4.7 shows the situation for a not completed

monolayer of diamondoids.

(1-6) 9

Ag

FIGURE 4.7: Coverage model, the substrate is covered by a molecule layer ©. The part
which is not covered is (1 — ©).

I~nguy-0sub- Asub A Jpy - (1 —0) (4.2)

The second contribution is attenuated by the molecule layer:

—dm
I'~ngu - osu Asub A Jpy - 0-e3m (43)

The sum of both contributions gives the total intensity from the substrate:

—dm
I~ngup-osub - Asup - A~ Jhy - [(1—9)+9'6W] (4.4)

For the signal of the diamondoid SAM one has to take into account the attenuation by
the molecule itself. We are using the S 2p signal of the molecules for this calculation.
The sulfur atom sits at the bottom of the molecule and is the atom binding to the
substrate. Therefore the signal from the sulfur should be attenuated by the carbon

cages lying above.

—dm
T~ M- 052p - A - A Ty - 0 €m0 (4.5)
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We find the following expression for the ratio of the intensities:

—dm
ISQp_ nm'O’SQp‘)\m'A'JhV'0~€>\7n

— —
Tsub gy o5uy - Asup- A~ Jp - [(1—=0) +0-em

(4.6)

One can express the ratio of the number densities via the area density and the thickness
of the atom layer. R is the ratio of the area number density of the substrate and the

molecule, i.e. the ratio of surface atoms to molecules.

Nm dsup
NSub R- dm

(4.7)

>

is the number of contributing layers. Since we are dealing with a process terminating

—+

it self after one monolayer © = 1 and 3—;: =1.

Isap _ dsub-0s2p (4.8)
ISub R- TSub * ASub
R can then be calculated as:
Tgup - dgup -
R— Sub * ASub " 0S52p (49)

Isop - Asub - Tsub

For all calculations the following values for the different material properties were used:
Aag = 1.55nm, Ay, = 1.55nm, day = 0.2359nm, da, = 0.2355 nm

TABLE 4.1: Photoionization cross sections for hv = 1253.6 eV. Taken from [18].

052p 0 Ag3d O Audf
0.038Mb 0.4052Mb 0.4176 Mb

R, the ratio of surface atoms to molecules, was reported to be 3 for tetramantane on
silver [16]. On gold R was calculated to be 5.7 using the unit cell density reported in
[19]. These values were used for comparing adamantane, diamantane and tetramantane

since the unit cell density of these species on gold are within the error bars equal [19].



Chapter 4. 22

Table 4.2 lists the measured R for preparations of adamantane-thiol, diamantane-4-thiol
and [121]tetramantane-6-thiol on Ag(111) and Au(111). The results for gold are in good
agreement with values from the literature. For preparations on silver a decrease in R
can be observed corresponding to a increase in area density of the smaller diamondoid

molecules.

TABLE 4.2: Ration of surface atoms to molecules R for diamondoids on Ag(111) and
Au(111). No preparation was done for tetramantane on gold.

Ag(111)  Au(111)

adamantane-thiol 2.2840.20 5.95+0.21
diamantane-4-thiol 2.71£0.20 5.6040.20
[121]tetramantane-6-thiol ~3.08+0.22 -
Literature 3 5.7

4.3 Spatial Structure

4.3.1 X-ray Photoelectron Diffraction Experiments

In order to determine the orientation of the absorbed molecules XPD measurements
were carried out. All XPD measurements were performed with MgK, light. The S
2p3/o core level state was chosen as emitter. The data were normalized to the chan-
neltron sensitivities before an inelastic background was subtracted. To account for the
instrumental polar intensity distribution the data were divided by a Gaussian shaped
polar intensity distribution profile. In addition the patterns were three fold averaged.
Figure 4.8 illustrates how the inelastic background was calculated using the intercept
theorem. Figure 4.9 shows the raw data, the pattern after background subtraction and

the final pattern.

Figure 4.10 shows XPD patterns for different self-assembled diamondoid monolayers on
Ag(111) (a to ¢) and on Au(111) (d and e). Using the S 2p core level state as emitter.
All patterns show ring-like intensity distributions at a polar angle © =~ 38°, except
diamantane-4-thiol on Au(111) (Fig. 4.10 (e)) where a strong ring is visible at © ~ 53°.
We attribute the ring-like structure to forward scattering by the nearest carbon atom
which corresponds to the direction of the molecular axis, the thiol bond direction. There
seams to be no long range azimuthal ordering. This is the reason why we observe rings

in the XPD patterns.
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Ch1Ch2Ch3 Ch4 Ch5 Ché

Intensity

Energy

FIGURE 4.8: Illustrations of the background subtraction. Channeltron 4 (Ch4) is set to
the energy position of the peak the positions of the other channeltrons are given by the
energy analyzer. Assuming a linear background one can use the intercept theorem to
calculate the background. In the depicted case Ch3 and Ch6 were used. The background
between Ch3 and Ch6 is shown in blue, the resulting signal of Ch4 is shown in red.

raw data after background final pattern
subtraction

FIGURE 4.9: Data treatment of the XPD pattern for tetramantane on Ag(111) over the

process of data analysis. (a) Raw data, (b) after subtraction of the inelastic background

and (c) after division by the Gaussian shaped polar background profile and 3-fold
averaging.
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adamantane-thiol [121]tetramantane-6-thiol

Au(111)

Intensity
max

min

adamantane-thiol diamantane-4-thiol

FIGURE 4.10: XPD measurements of different diamondoids on Ag(111) and
Au(111) are shown, (a) adamantane-thiol/Ag(111), (b) diamantane-4-thiol/Ag(111),
(¢) [121]tetramantane-6-thiol/Ag(111), (d) adamantane-thiol/Au(111) and (e)
diamantane-4-thiol /Au(111). All diffraction pattern show a polar range from normal
emission in the center to ©,,,, = 82° at the outer boarder and a polar angle step size of
2°. The patterns are shown as stereographic projections. All patterns were three fold
averaged and were divided by a Gaussian intensity distribution. The emitter is always
the S 2p core level state. All patterns show ring structures at © ~ 38° with exception

of (e) (© =~ 53°).
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Some of the patterns show multiple rings such as tetramantane/Ag(111) (Fig. 4.10
(c)). This might be due to forward scattering of next nearest carbon atoms. Figure
4.11 illustrates the supposed orientation of the diamondoid. For the sake of clarity an
adamantane-thiol is depicted and the terminating hydrogen atoms are not shown. The
molecular axis is defined by the direction of the S-C bond. 3 is the angle between the
molecular axis and direction from the sulfur to a next nearest carbon atom. Assuming
a S-C bond length of 1.8 A, 8 is calculated to be ~ 32°. The canted molecular axis
and § would allow for a forward scattering angle at a next nearest carbon of up to
~ 70° and a minimal scattering angle of a few degree off from the surface normal.
Rotating the molecule around the molecular axis the maximum scattering angle will be
decreased. Due to the hydrogen termination of the molecules the allowed twist around
the molecular axis are restricted [7]. To calculate the allowed scattering angles a more
complex simulation would be needed including the steric constraints on the twisting

angle around the molecular axis.

surface normal

B

substrate

FIGURE 4.11: Illustration of the supposed orientation of adamantane-thiol,

diamantane-4-thiol and [121]tetramantane-6-thiol on Ag(111)/Au(111). For the sake of

clarity an adamantane-thiol with no surface hydrogen is depicted. The surface normal

is shown in green. The molecular axis defined along the S-C bond is shown in blue.

[ is the angle between the molecular axis and the next nearest carbon atom from the
sulfur.

To evaluate the positions of the rings the intensity was averaged over all azimuthal
angles for every polar angle and a Gaussian was fitted to the maxima. An example for
diamantane/Ag(111) is shown in Fig. 4.12. Tab. 4.3 lists the polar angles of the ring
structures found in the XPD pattern. NEXAFS data from [7] indicate that the sulfur-
carbon bond is tilted by 304+10° from the surface normal for [121]tetramante-6-thiol.
Adamantane-thiol and diamantane-4-thiol adopt comparable upright orientations. Our
results for the center ring are in good agreement with this. For the outer and inner rings
a more rigorous discussion of the scattering angles is needed. The obtained results are

within the calculated restriction for scattering at the next nearest carbon.
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FIGURE 4.12: ¢-averaged intensity plotted against the polar angle corresponding to
the XPD 4.10 (b) (blue curve). At the supposed ring position a Gaussian was fitted to
the data (red curve).

TABLE 4.3: Polar angles of ring structures from various XPD patterns of self assembled
diamondoid monolayers on Ag and Au.

inner ring [deg] center ring [deg] outer ring [deg]

adamantane/Ag 2.0£1.8 38.84+4.2 -
adamantane/Au - 36.5+6.9 -
diamantane/Ag - 38.2+3.9 -
diamantane/Au 8.2+9.4 - 53.3+5.3
tetramantane/Ag 13.7£7.6 35.0£3.1 60.5+9.3

4.4 Electronic Structure

4.4.1 Ultraviolet Photoemission Experiments

Photons from the the Hela (hv = 21.22¢V) and the Hella (hv = 40.81 eV) gas discharge
lines were primarily used to record the UPS spectra. Figure 4.13 shows a UP spectrum
of a clean Ag(111) surface. The Ag 4d states, the secondary electron cutoff at 4.8eV
and the surface state are visible. Figure 4.14 shows UP spectra of different species of
diamondoids on Ag(111). The spectra were normalized by setting the height of the
Fermi-edge to 1, shown in the subplot. In comparison with the clean Ag(111) spectrum
the 4d bands are no longer visible and a large peak at ~4.2eV appears. These electrons
are attributed to emission due to the negative electron affinity (NEA) of the diamondoid
ad-layer. The structures between 10eV to 15eV could be related to the molecular
orbitals of the diamondoid SAM. Table 4.4 lists the peak positions for the different UPS
measurements. Figure 4.15 shows the UP spectrum of adamantane-thiol on silver (red
curve) once again compared to the spectrum of the pristine silver surface (green curve).

The spectrum for adamantane is shown a second time on a logarithmic scale in blue.
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The assumed valence band maximum (VBM) is indicated by a vertical line. For the
sake of clarity the three spectra are offset vertically.
TABLE 4.4: Peak position (LUMO) of the various combinations of diamondoid species

and substrate. Data recorded using the Helo and Hellaw discharge line except otherwise
stated. Energy with respect to Er of the substrate.

Hela Hellx
Ag(111) [eV] Au(111) [eV] | Ag(111) [eV] Au(111) [eV]
adamantane-thiol 4.12+0.05 4.19+0.05 4.134+0.05 4.2040.05
diamantane-4-thiol 4.19+0.05 4.2140.05* 4.27+0.05 4.17+0.05
[121]tetramantane-6-thiol ~ 4.18+0.05 - 4.20£0.05 -
*recorded using Hel(
=\ | | —Ag11)
hw=2122eV

60|

a0

kcounts [arb.unit]

20

20

E-E; [eV]

FIGURE 4.13: UP spectrum of the Ag(111) surface in normal emission plotted against

the final state energy with respect to the Fermi energy. The Ag 4d states are visible

between 15eV to 17eV. The secondary electron cutoff at 4.8 eV and the surface state
are visible.
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FIGURE 4.14: Helaw UP spectra for different diamondoid species on Ag(111). The large

peak at ~ 4.2¢eV corresponds to electrons emitted through the LUMO. The structures

at 10eV to 15eV could be related to molecular orbitals from the diamondoid ad-layer.

The data was normalized to a height of the Fermi-edge of 1. The Fermi energy is shown
in the subplot on the right hand side.
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FIGURE 4.15: UP spectrum of adamantane-thiol on silver (red curve) plotted against
the final state energy with respect to the Fermi energy. For direct comparison a spec-
trum of a clean Ag(111) surface (green curve) is shown. The spectrum for adamantane-
thiol is shown a second time against a logarithmic scale (blue curve). For clarity the
three spectra are offset vertically. The assumed valence band maximum (VBM) is
indicated with a vertical line. The dashed orange lines were used to estimate the VBM.
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The ratio of electrons emitted through the NEA peak and the total number of emitted
electrons varied for different species and substrates and as a function of hv from 41 %
to 71 % see table 4.5. These values are in good agreement with the observations for
[121]tetramantane-6-thiol of ~ 35% [16]. To calculate the ratio the spectrum was inte-
grated over the NEA peak (blue area) and divided by the total yield of the spectrum
(red area) see Figure 4.16
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FIGURE 4.16: To calculate the ratio of electrons emitted through the LUMO and the
total yield. The NEA peak was integrated up to the energy corresponding to half the
maximum intensity (blue area) and divided by the total yield (red area).

TABLE 4.5: Ratio of emitted electrons from NEA peak (LUMO) and total yield for
various combinations of diamondoid species and substrates. Data recorded using the
Hela and Hella discharge line except otherwise stated.

Hela Hello

Ag(111) Au(111) Ag(111) Au(111)
adamantane-thiol 0.707£0.001  0.5834£0.003 | 0.665+0.001 0.414+0.002
diamantane-4-thiol 0.569+0.001 0.596+0.002* | 0.587+0.001 0.634£0.002
[121]tetramantane-6-thiol 0.4094+0.001 - 0.483+0.001 -

*recorded using Helf

4.4.2 Two-Photon Photoemission Experiments

In order to record two-photon photoemission (2PPE) spectra photons of various energies
were used (2.35eV to 4.00eV). A sufficient photon density was provided by the laser
setup described in Section 3.1. The exact photon energy varied between different beam-
times, but overall similar energies and energy-spacings were used for all preparations.
In addition for every photon energy a spectrum of a clean poly-crytaline Ag surface was
taken to account for differences in photon flux. All energies are given with respect to the
Fermi energy of the substrate. Figure 4.17 shows 2PPE spectra for adamantane-thiol
and diamantane-4-thiol on silver using wavelengths of 400 nm. The position of the NEA

peak remains unchanged at ~ 4.2eV for diamantane and ~ 4.1eV for adamantane.



Chapter 4. 30

The full width at half maximum (FWHM) of the NEA peak is ~ 350meV for both

diamondoid species. An estimation of the work function will be made later.

count rate [arb. unit]

140 Adamantane-thiol on Ag(111) 70 Diamantane-4-thiol on Ag(111)
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(a) Adamantane-thiol/Ag (b) Diamanatane-4-thiol/Ag

FIGURE 4.17: Two-photon photoemission spectra of adamantane-thiol and
diamantane-4-thiol monolayers on Ag(111), hv = 3.1eV (400 nm).

Figures 4.18, 4.19, 4.20, and 4.21 show 2PPE spectra of adamantane and diamantane
monolayers on Ag(111) and Au(111) for different wavelengths. The data were normal-
ized to the height of the Fermi-edge of the corresponding Ag(poly) spectra. The energy
positions of the NEA peak for the four different systems are listed in Tab. 4.6.

TABLE 4.6: NEA peak position for adamantane and diamantane on Ag(111) and
Au(111) with respect to Ep.

Ag(111) [eV] Au(111)[eV]
adamantane-thiol 4.08+0.03 4.144+0.03
diamantane-4-thiol 4.17£0.02 4.1940.04
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count rate [arb. unit]

FIGURE 4.18: 2PPE spectra from an adamantane monolayer on Ag(111) taken with
various photon energies. The color chart denotes the wavelengths in nanometers, in
brackets the corresponding photon energies are given. The spectra above 398 nm were
taken with the frequency doubled OPA output. For the spectra between 398 nm to
413nm the Mira beam was frequency doubled. For wavelengths > 480nm the OPA
output was used. The data were normalized to the height of the Fermi-edge of a
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FIGURE 4.19: As in Figure 4.18: 2PPE spectra from an adamantane monolayer on
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F1GURE 4.20: As in Figure 4.18: 2PPE spectra from a diamantane monolayer on
Ag(111) taken with various photon energies.
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FicURE 4.21: As in Figure 4.18: 2PPE spectra from a diamantane monolayer on
Au(111) taken with various photon energies.
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The intensity of the NEA peak decreases for larger wavelengths. Overall a smaller inten-
sity is observed for diamondoid monolayers on Au(111) than from the same diamondoid
on Ag(111). This seems reasonable if we take into account that ratio of surface atoms

to molecules for gold is 5.7 compared to 3 on silver.

Electron emitted from Er appear in a 2PPE spectrum at F— Er = 2hv. The Fermi-edge
moves with twice the photon energy. Figure 4.22 shows the position of the Fermi-edge
as a function of photon energy for different lower diamondoids on Ag and Au. The

Fermi-edge follows a line with slope m = 2.

T T T T T T
¢ Adamantane on Ag
—— slope 1.996
¢ Diamantane on Au
7.5 —— slope 1.993
¢ Adamantane on Au
7oL — slope 2.008
Diamantane on Ag
slope 2.034

6.5
6.0

5.5+

5.0 /

I 1 1 | 1 I I I I
2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

photon energy [eV]

position of the Fermi-edge [eV]

FIGURE 4.22: The position of the Fermi-edge for adamantane and diamantane on Ag
and Au is plotted against the photon energy. The fitted lines all have a slope m = 2.

Since the position of the NEA peak is independent of hv (see Fig. 4.23) this is no
indication of a two photon process. The intensity of a two photon process is proportional

to the square of the light intensity:

INpa < I gy (4.10)

Hence the logarithm of the NEA intensity vs the logarithm of the intensity of the light
should follow a line with slope m = 2. Figure 4.24 shows the logarithm of the NEA
intensity vs the logarithm of the laser power for diamantane-4-thiol on silver and A =
480nm. The slope m = 2.3 indicates a two photon process with an considerable amount

of three photon processes. This is probably due to the small photon energy.
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log(NEA Yyield)

FIGURE 4.24: Logarithm of the electron yield from NEA to logarithm of the laser
power. The slope of 2.3 indicates a two photon process with a considerable amount of
three photon processes.
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Figure 4.25 compares the ratio of electrons emitted via the LUMO and the total electron

yield of different diamondoids and for UPS and 2PPE measurements. The ratio seems to

decrease for increasing number of cages, except for the 2PPE data from Ag(111) which

show a slight increase. Note that the UPS spectrum for two (diamantane) on gold is not

directly comparable since it was recorded using the HelS discharge line. These data are

shown for the sake of completeness.
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FIGURE 4.25: The ratio of electrons emitted through the LUMO to total electron

yield is shown against the diamondoid cage number. Note adamantane has one cage,

diamantane is build by two cages and tetramantane consists of four cages. Note the

spectrum for 2 (diamantane) on Au(111) was taken using the Hels discharge line and

is shown for the sake of completeness. 2PPE data for 4 (tetramantane) were taken from
[16].

In Ref. [20] a threshold behavior for the emission of electrons through the LUMO was
observed for [121]tetramantane-6-thiol SAM on Ag(111) and Au(111). An total photon
energy of 5.56+0.04eV on Ag and 5.744+0.04eV on Au was found to excite electrons
from the conduction band into a final state at the same or a higher energy than the

LUMO. The results from [20] are shown in Figure 4.26.
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FIGURE 4.26: Threshold energy for [121]tetramantane-6-thiol taken from [20]. (a) Pho-

ton energy dependence of the NEA peak intensity in 2PPE spectra. The extrapolated

photon energy thresholds are marked by rectangles in both cases, the widths denote the

uncertainty. (b) Threshold transition in the substrate band structure. The substrate

band structure is shown along the (111)-direction. The threshold transitions into the
LUMO (green line) are indicated by blue arrows.
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Using the same method we investigated if adamantane and diamantane show a similar
threshold behavior. Figure 4.27 shows the peak intensity of the NEA peak plotted versus
the photon energy. The spectra were normalized carefully to the height of the corre-
sponding spectrum of a poly-crystalline Ag sample. For both diamondoid species no
threshold behavior was observed on gold. On silver the extrapolated intensity indicates
a threshold photon energy of hv = 2.6940.1eV for adamantane and hy = 2.91+0.1eV
for diamantane. The threshold energy is twice this energy Eqqq ¢, = 5.38+0.2eV and
Egiajtn = 5.82+0.2eV. As with tetramantane one can compare this result with the band
structure. We find that those energies will excite electrons inside the substrate to an
energy above the LUMO of the molecule. The band structure and the transitions are
shown in Figure 4.28. The energy difference of the final state inside the substrate and
the LUMO is ~ 0.5eV. Due to the steep slope of the involved bands a shift or error
in the LUMO position of AEryao =0.1eV results in a change of the threshold energy
of AEpreshold = 0.2eV. After excitation inside the substrate the excited electron is
transferred to the molecule where it relaxes to the LUMO and is emitted. The compara-
bly short inelastic mean free path found by [21] might support such a strong relaxation

process inside the molecule.
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FIGURE 4.27: Photon energy dependence of the NEA peak intensity. (a) Data for

adamantane/Ag shown in blue. A threshold photon energy of hry = 2.69+0.1eV is

obtained by extrapolating the intensity for energy below and above this threshold. For

adamantane/Au all data point fit a line and no threshold energy could be obtained.

(b) As in (a) for diamantane-4-thiol. A threshold energy on Ag of hv = 2.91+0.1eV
was obtained.
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FI1GURE 4.28: Threshold transitions in the Ag band structure. The band structure in

both panels is shown along the [111]-direction from I" to L. The LUMO position of the

diamondoid is depicted by a dashed black line. Both transitions with twice the found

photon energy lead to final states ~0.5eV above the LUMO. Substrate band structure
taken from Ref. [22].

4.4.3 Work function and HOMO-LUMO Gap

An estimation of the work function can be made by calculating the change of the sub-
strate work function due to the dipole moment of the thiol bond. Calculations of the
work function change for alkanethiols on Ag and Au can be found in [23]. The work

function shift can be estimated as follows:

~ Ape
A

Ad (4.11)
if only molecular dipoles are taken into account. Here Ay is the dipole per molecule,
e the charge of an electron, ¢y the vacuum permitivity and A the area of the surface
unit cell corresponding to one molecule. The values used for the calculations are listed
in Tab. 4.7. Since the underived diamondoid has no dipole moment the dipole moment
of the thiolated diamondoid was approximated the dipole moment of the M-S-C bond
of M-S-CH3, taken from Ref.[23]. The area of the surface unit cell was calculated from
XPS data.

Tab. 4.8 lists the estimated work functions and electron affinities. For adamantane-thiol

a decrease of A® = 0.67¢eV on silver and A® = 0.77eV on gold is estimated, resulting
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TABLE 4.7: Dipole moment of M-S-CHjs, work function ® of pristine surfaces and area
of the surface unit cell A for Ag and Au. Dipole moment taken from Ref. [23].

Ag(111) Au(111)
Ap [D] -0.32 -0.86
dleV] 4.74 5.31
Agaa [A%] 1807 42.32
Agiq [A?Y 2045 43.21

TABLE 4.8: Estimated work function and electron affinity of diamondoid monolayers.

Ag(111) Au(111)

D,qaleV] 4,07 454
Dyiq [eV] 4.15 4.56
Epaeda [eV]  -0.01 0.42
Epagia V] -0.02 0.37

in an estimated work function for the adamantane monolayer of ®,4,/44 = 4.07€V and
Pudajau = 4.54 €V, respectively. For diamantane we find an estimated reduction of the
work function of A® = 0.59eV on silver and A® = 0.75eV on gold. Therefore, the
estimated work function of diamantane monolayer are ®g;,/4, = 4.15eV and ®g;/4, =
4.56 eV. With this we estimate the electron affinity for adamantane to be Ep4 = 0.42eV
on gold and Egq = —0.01eV on silver. For diamantane-4-thiol electron affinities are
estimated to EFga = 0.37eV on gold and Eg4 = —0.02eV on silver respectively. This
would mean there is no negative electron affinity on gold and the peak on silver is not
distinguishable from the secondary electron cutoff. For the diamondoids on gold we
clearly have signal below the estimated work function which puts the proposed model,
for estimating the work function, in question. DFT calculations by Narashimha et al.
estimate a workfunction for adamanatane/Au, diamantane/Au, and tetramantane/Au
of ~ 4.2eV [24]. In addition to the intrinsic dipole moment, the chemisorption dipole,
and the ’cushion effect’, which arises from repulsion between the surface and molecular
electron orbitals were taken into account. Taking these into account comparable results

might be obtained in our case.

Density functional computations for [121]tetramante-6-thiol were preformed by Fokin
and Schreiner and the result are shown in reference [20]. Figure 4.29 shows the resulting
HOMO and LUMO positions for [121]tetramante-6-thiol calculated with the GAUSSIAN
03 program suite. Both orbitals are located around the sulfur atom. A HOMO-LUMO
gap of 6.9eV was obtained for [121]|tetramante-6-thiol in gas phase [20]. Due to the
positions of the HOMO and the LUMO one can expect similar HOMO-LUMO gaps for

all rod like configurations of diamondoids with the thiol group at an end position.
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FIGURE 4.29: Molecular orbitals of [121|tetramante-6-thiol. Left hand side: Ball

and stick model of [121]tetramante-6.thiol terminated by hydrogen. Center: Highest

occupied molecular orbital (HOMO). Right hand side: Lowest unoccupied molecular

orbital (LUMO). For the sake of clarity the atom positions were superimposed. Taken
from Ref.[20].

Using the estimated valence band maxima (VBM) from the UPS experiments (for an
example see Figure 4.15) and the LUMO positions from Table 4.6 we can estimate the
HOMO-LUMO gap. For adamantane-thiol we estimate the HOMO-LUMO gap to be
5.75+0.17eV and 5.684+0.15eV for diamantane-4-thiol. This is comparable with the
result for [121]tetramante-6-thiol of 5.770 eV [20]. This is a reasonable assumption as
HOMO and LUMO are located at the sulfur atom.
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Conclusion

Self-assembled monolayers of adamantane and diamantane were grown on Ag(111) and
Au(111) surfaces. XPS data of the S 2p3/, binding energy show that the diamondoid
molecules are bound by a metal thiol bond to the surface. The data allow to determine
a coverage of one monolayer for all diamondoid substrate combinations (1 diamondoid
molecule per 3 silver atoms and 5.7 gold atoms).

XPD data taken with the S 2p3/, state as emitter show ring structures at a polar angle
0 =~ 38°. Those correspond to the forward scattering along the sulfur carbon bond which
is in good agreement with results from other groups. Some patterns show ring struc-
tures at polar angles < 15° and between 53° to 60.5° which we propose to correspond
to scattering at the next nearest carbon atom.

Ultraviolet photoelectron spectroscopy and two-photon photoemission experiments were
carried out to determine the electronic structure of the system. UPS spectra were
recorded using the Hela (hv = 21.22eV) and the Hella (hv = 40.81eV) gas discharge
lines. The 2PPE experiments used photon energies from 2.35eV to 4.00eV.

The LUMO position was found to be ~ 4.1eV for adamantane and ~ 4.2eV for dia-
mantane above the Fermi-edge of the substrate. The HOMO-LUMO gap of ~ 5.7¢V
for SAM of both investigated diamondoid species is comparable to the HOMO-LUMO
gap of a SAM of [121]tetramantane-6-thiol. This is reasonable taking into account the
position of the HOMO and LUMO which both are located at the sulfur.

A threshold like behavior for electrons emitted through the LUMO was observed for
adamantane and diamantane on silver. The threshold energy can be related to a transi-
tion inside the silver band structure. Due to the energy difference of the transition and
the LUMO we propose a relaxation of the electron inside the molecule from which it is
emitted due to negative electron affinity.

The work functions were estimated to be ®,4,/44 = 4.07eV and @,4,/4, = 4.54€V for
adamantane and ®g;,/4, = 4.15eV and g4/, = 4.56eV. With this we estimate the

41
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electron affinity for adamantane to be Ega = 0.42eV on gold and Eg4 = —0.01eV on
silver. For diamantane-4-thiol electron affinities are estimated to Eg4 = 0.37eV on gold
and Ega = —0.02eV on silver respectively. Electrons were measured well below the
estimated work function of diamondoid SAM on gold. This puts the proposed model
for estimating the work function in question. By including the chemisorption dipole and
the ’cushion effect’ better results might be obtained.

Understanding the reason for the differences in the threshold behavior for adamantane,
diamantane and [121]tetramantane on gold, expanding the model for estimating the
work function as described above, and verifying the origins of the ring structure in the
XPD by simulation and calculation of the allowed scattering angles including the steric

constraints might be interesting topics for future work.
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