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CHEMICAL MODIFICATION OF SURFACES:
THE EFFECT OF POTASSIUM ON THE CHEMISORPTION OF MOLECULES
ON TRANSITION METAL CRYSTAL SURFACES

John Edmund Crowell

Materials and Molecular Research Division
‘Lawrence Berkeley Laboratory and
Department of Chemistry
University of California
Berkeley, CA 94720
ABSTRACT
The role of alkali metals in modifying the chemistry at metal
surfaces has been explored under ultrahigh vacuum (UHY) conditions.
The structure and bonding of pure alkali monolayers and that of
coadsorbed molecules has been determined using a variety of surface
sensitive spectroscopies. Surface vibrational Spectros;opy using high
resolution electron energy losses has been utilized and has revealed
the nature of the interaction of alkalis with molecular adsorbates.
The implications of the chemisorption changes induced by alkalis and
their role in industrial catalytic reactions is discussed.
The physical and chemical properties of pure potassium monolayers
and its effect on the adsorption of oxygen, carbon monoxide and benzene

on the (111) faces of platinum and rhodium single crystals are

described. Potassium adsorption on both surfaces is quite similar.
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Potassium forms hexagonally close packed structures that are

incommensurate with the substrate. The heat of desorption of potassium

on these surféces decreases with increasing potassium coverage. The
surface free electron density increases and the work function decreases v
substantially with alkali adsorption, indicating charge transfer occurs
from potassium to the substrate.

Oxygen adsorption increases the potassium binding energy, and forms -
a surface complex at high potassium coverages.‘ Oxygen adsorption is
dissociative on both clean and potassium dosed Rh(111). The metal-
oxygen stretching vibration increases in the presence of potassium
indicating stronger adsorption.

| Carbon monoxide adsorption‘on both mefal sﬁrfaces'fg sfrongiy.
affected. With increasing potassium coverage, the heat of desorption
increases while the C-0 stretching frequencies decrease. Also,
substantial population shifts from the atop to the bridged site occur.
Dissociation of CO is induced on Rh(11l1l) by the presence of potassium.
~Benzene is found to be » bonded oriented with the ring p]ang

parallel to the surface with c3v(°d) symmetry on both the clean and
potassium dosed Rh(11l) surfaces. Potassium reduces the heat of
desorption of molecular benzene and induces a lower temperature pathway
to decomposition. _ : ¥y

The major influence of potassium is to increase the surface
electron density, which, for molecular adsorbates with low lying vacant
orbitals of the correct symmetry, can lead to substantial changes in

their bondina with the surface.

P =Ry,
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CHAPTER 1
INTRODUCTION AND OVERVIEW

1.1 Introduction

The chemical modification of surfaces by alkalis plays an imporfant
role in heterogeneous and homogeneous catalysis, as well as in the
design of electronic devices. In catalysis, alkali promoters (i.e.,
alkali oxides, hydroxide;, and carbonates) are used primarily to alter
the selectivity for a particu]af chemical reaction [1]. Examples of
reactions modified by alkalis in an industrial process include the
hydrogenation of CO, the ammonia synthesis, hydrocarbon reforming
reactions, ethylene oxidatibn, coal gasificatipn and hydroformylation
reéctions.' In e]ectfonic devices suéh as thermionic energy convérters,
alkali and alkali oxides alter the electron and ion emission
properties, permitting more efficient conversion of thermal power to
electrical power [2]. An understanding of cataiysts or electronic
devices then requires an understanding of the fundamental nature of the
surface processes involved. The goal of the surface science
investigation described here is to explore the fundamental nature of
the influence of alkalis, particularly potassium, in modifying the
chemical properties of metal surfaces.

The role alkali adatoms play in altering the chemical bonding at
surfaces can best be explored by a combination of surface sensitive
spectroscopies. Those employed here include: high resolution e]éctron
energy loss spectroscopy (HREELS) for surface vibrational aha]ysis;

temperature programmed desorption (TPD) for determining kinetic order,



surface concentration and desorption energies; low energy electron
diffraction (LEED) for atomic geometry and structure determination;
Auger electron spectroscopy (AES) for qualitative and quantitative

determination of surface composition, and second harmonic generation

-

(SHG) for gqualitative changes in the free-electron density at the
surface. Surface vibrational spectroscopy was emphasized in this
investigation due to its ability to investigate the chemical,
structural and symmetry properties of these pure and coadsorbed alkali
adsorption systems. All five techniques are used in conjunction to
provide a detailed description of the chemisorption system under

investigation.

1.2 Objectives
The main objective of this dissertation is to determine the role
alkalis play in modifying the chemistry at metal surfaces. It is
thought. that a]ka]is‘promote certain reactions because they a]tér the
electronic properties of the metal surface. Alkalis modify the surface
electronic structure by transferring electronic charge fo the
substrate. This is readily achieved due to the low ionization
potential of alkali metals. The characteristic dramatic decrease in .
the work function of a metal surface upon alkali adsorption is evidence
that this transfer occurs. As a consequence of the increased electron Y
density at the surface, the chemisorptive properties of these surfaces

are altered, resulting in changes in catalyst activity and product

distribution. The purpose of the model studies presented here is to
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addregs how alkalis influence chemisorption and.quantify the magnitude
of the effect. ‘The key questions addressed in this investigation are:

i) How does the chemisorption properties of molecules chaﬁge upoh
preadsorption of alkalis?

ji) Do alkalis influence surface structure or site geometry?

iii) Does the nature or magnitude of the interaction vary from
metal to metal?

iv) What is the mechanism of the interaction (i.e., does it oécur
through the substrate or through space)?

v) Is the interaction local or nonlocal, i.e., what is the range
of the interaction?
| vi)l Does cdédSorbed potéssium‘affect the dissociation probabi]ity
or decomposition pathway of molecular adsorbates?

These questions are addressed for a number of -adsorption systems
by comparing adsorption on the clean surface to that on the potassium

predosed surface.

1.3 Overview

In this thesis, the chemisorption changes induced by potassium on
the adsorption of oxygen, carbon monoxide, and benzene on the Pt(111)
and Rh(111) crystal surfaces are described. The adsorption of these
species on the clean Pt(111) and Rh(111) surfaces was also measured to
characterize what changes were inducgd by the preadsorptjon of the
alkali metal. The adsorption and desorption properties of the pure
potassium over]aygr was also measured, and the changes induced in the

alkali layer by coadsorption of the molecular adsorbates was followed.



This thesis is organized as follows. In Chapter 1, the importance
of alkali layers is discussed, as are the goals and objectives of this
dissertation. A brief summary is also given. A detailed description
of the technique used most in this thesis, high resolution electron
energy loss spectroscopy, is given in Chapter 2. The basic principles
behind all of the surface sensitive techniques used as well as the
methodology in which they were employed is detailed in Chapter 3. The
experimental configuration of the apparatuses used is also given here.
The experimental results obtained are discussed in Chapters 4 through
6. In Chapter 4, the chemisorptive properties of pure alkali layers
on both Pt(111) and Rh(111l) are presented. Furthermore, the
interaction Of'oxygen with the potassium dosed Rh(lli)‘surface ié
discussed here. In Chapter 5, the results for the chemisorption of co
on the clean and potassium dosed Pt(111) and Rh(11ll) surfaces are
described. The findings for the two surfaces are discussed sepérate]y,
with general comparison of the two surfaces appearing fn the
conclusion portion of this chapter. A structure and bonding determina-
tion of benzene on Rh(11l) is presented in Chapter 6. The thermal
decomposition of this layer is also examined here. Finally, the effect
potassium has on the adsorption and thermal decompos{tion of a benzene
layer is given in the latter portion of this chapter.

The physical and chemical properties of alkali overlayers were
quite similar on Pt(111l) and Rh{1l1ll). One characteristic of these
potassium adsorption systems is that the substrate is completely
covered by the larger potassium atoms at a coverage of oy = 0.36,

i.e. 0.36 potassium adatoms per surface substrate atoms. At this
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coverége, characteristic low energy electron diffracton patterns are
seen indicating that potassium exists in a close packed hexagonal array
which is incommensurate with the substrafe. At slightly Tlower
coverages, orientational reordering of the overlayer occurs, indicating
the insensitivity of the a]ka]i}to the substrate potential variations.
Second harmonic generation indicates that the surface free electron
density incrgases as potassium is adsorbed. Similarly, the work
function decreases with alkali adsorption by up to 4 eV, indicating'
substantial charge transfer. |

On both surfaces, the changes seen in the TPD desorption maxima as

-a function of K coverage correspond to a change in the heat of

desorption from 65 kcal/mole at 1ow'K coveréges to 20 kca1/mo]é at
saturation of the first layer. This variation is common for alkali
adsorption and is attributed to depolarization affects at high
coverages.

Oxygen adsorption onto a potassium overlayer increases the
potassium binding energy by up to 30 kcal/mole at high alkali coverages
(GK > 0.35). At oy > 0.2 the desorption of oxygen begins to occur
at the same temperature.as that for‘potassium indicating a surface
complex is formed. Oxygen adsorption onto the potassium covered
surface is dissociative, similar to that observed for the clean
surface. Increases in the temperature where maximum oxygen desorption
occurs coupled with the increase in the M-0 stretching vibration
observed as a function of increasing potassiuh coverage indicates that

atomic oxygen is bonded stronger when potassium is coadsorbed.



Sihi]ar]y, the presence of preadsorbed potassium strongly increases
the adsorption energy of CO on both Pt(111) and Rh(111). The heat of
adsorption increases continuously with increasing potassium coverage
up to 11 kcal/mole. The CO stretching vibratidns decrease continuously
with either increasing potassium coverage or decreasing CO coverage.
Substantial population and adsorption sequence shifts in site occupancy
from the atop to the bridge site occur as a function of increasing
potassium coverage. The results indicate both strengthening of the
M-C bond and weakening of the C-0 bond in the presence of potassium,
due presumably to increased electron occupancy of the 2s*-orbital of
CO0. Broadening and asymmetry of the vibrational peaks suggest the
proxfmify of the CO molecules to the potaésium adatoms influences the -
chemisorption behavior, a]thoﬁgh nonlocal interactions are also
indicated. C-0 vibrational frequen;ies as low as 1400 cm ~ are
observed, indicative of a weakened CO molecule of bond order 1.5.
Dissociation does not occur on either surface at low pressures without
coadsorbed potassium, but does occur for Rh(11l) when oy > 0.10.

On both clean and potassium dosed Rh(111l) the vibrational spectra
indicate that benzéne adsorbs molecularly at 300K and is =-bonded to
the surface with the ring plane parallel to the surface plane.

For the clean Rh(111) surface, recent dynamic LEED calculations [3]
together with the angle-dependent HREELS studies reported here
establish a C; (o4) bonding symmetry for the c(2/73 x ¥)rect-

C6H6 structure. Several other ordered benzene overlayers can be

formed between 300-400K depending on the benzene coverage. No large



changés occur in the chemisorption bonding mode or geometry coincident
with the two-dimensional ordering phase transifions in this temperature
range. The TPD and HREELS data on Rh(111) and other single crystal
surfaces show correlations between the metal-benzene bond strength,
the work function of the clean surface, and the frequency shifts of
some of the molecular benzene vibrational modes.

On both the clean and potassium dosed Rh(111) surfaces the
vibrat{onal spectra show that two mo]eéu]ar adsorption sites can be

populated. On both surfaces benzene .adsorption is only partially

reversible; less than twenty percent of the adsorbed benzene desorbs

molecularly upon heating. The remaining benzene irreversibly

decomposes, evolving hydrogen and leaving a carbon—éovered éurface.'.'
The heat of desorption for molecular benzene decreases when potassium
is preadéorbed, and a lower temperature pathway to decomposition
becomes preferred.

The results show that the chemical properties of a transition metal
surface can be modified by potassium. The major influence of alkalis
is to increase the electron density at the surface, which, for
molecular adsorbates with low lying vacant orbitals of the correct
symmetry, can lead to substantial changes in their bonding with the

surface.
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CHAPTER 2
FUNDAMENTALS OF HIGH RESOLUTION ELECTRON ENERGY LOSS SPECTROSCOPY

2.1 Introduction

Surface vibrational spectroscopy can be used to characterize
adsorbed atoms énd molecules on solid surfaces. The characteristic
vibrational frequencies of each bond permits the structure and bonding
of adéorbed species to be determined. In particular, vibrational
spectroscopy can provide significant information on the identity of the

surface species, its geometric orientation, the adsorption site, the

“adsorption symmetry, the hature of the bonding ivolved, and in some

cases, bond lengths, bond angles, and bond energies.

Several experimental methods have been developed to study the
vibrational modes of adsorbed mo]eéu]es [1,2]. Several optical
techniques have been used successfully, including infrared reflection
absorption spectroscopy (IRAS) infrared transmission absorption
spectroscopy (ITAS) [2,3], and Raman spectroscopy, especially surface
enhanced Raman spectroscopy (SERS) [2,4]. Recently, infrared emission
spectroscopy [5] has been applied to study surfaces. Electron
spectroscopies commonly used include both high resolution electron
energy loss spectroscopy (HREELS) [2,6] and inelastic electron
tunneling spéctroscopy (IETS) [2,7]. Both atom and neutron inelastic
scattering (AIS and NIS, respectively) have also found application in
surface vibrational studies [2,8], as has photoacoustic spectroscopy

(PAS) [9]. Of these, three seem to be used more extensively: HREELS,
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IRAS,.and SERS [10]. Each of these three techniques has distinct
advantages which make it particularly well suited for certain
applications, but ail have disadvantages limiting their universal use.
For instance, HREELS is characterized by high sensitivity, and wide
spectral range, but suffers from ]ow resolution (>20 cm'l) and
limited ambient pressure conditions. On the other hand, IRAS permits
high sensitivity at high resolution, but the accessible spectra range
is limited. The capability of detection atvpressures from ultrahigh
vacuum to an atmosphere is a distinct advantage over HREELS, although
single crystal studies have been limited principally to CO adsorption
due to difficulties in signal detection (i.e., species with large
dynamic dipole moments such as CO afe more easiiy detectéd than
molecules with much weaker signals, such as hydrocarbons). Raman
spectroscopy, particularly SERS, have found wide application since it
permits high resolution, a wide spectral range, and investigation at
high pressures, even at the solid-liquid ihterface. However, the
sensitivity of Raman spectroscopy is rather poor. Under favorable

- conditions, enhanced scattering intensities are possible, but
uncertainty and lack of control in achieving these enhancements, as
well as limitations on the substrates showing enhancement, prevent its
wide applicability. The other surface vibrational spectroscopies not
discussed are in general less applicable and sometimes more difficult
experimentally and hence are not used as often as HREELS, IRAS, and

SERS. For studying chemisorption on small area samples in high vacuum,

HREELS is the most applicable; the remaining portions of this chapter

)
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wil].focus on the characteristics, instrumentation and practice of
this technique. More detailed comparisons of the capabilities of the
other surface vibrational spectroscopies can be found elsewhere [6,11].
In HREELS, a collimated monochromatic electron beam of energy
1-15 eV 1is scattered from a crystal surface. The reflected electrons
are then analyzed in energy and angular dfstribution. The incident
electrons, monochromatized typically between 3 and 12 meV (~25-100

1, 1 mev = 8.065 cm“l) and with energy Ei’ can lose energy

cm
hmo upon exciting a quantizied vibrational mode. These backscattered
electrons of energy ES - Wy, provide information on the surface
Tayer due to the 1ow-penétfation depth of these'low enérgy electrons.
(As electron spectroscopies afe used repeated in this thesis, Chapter
3 contains a more detailed description of this inherent surface
sensitivity).

The sensitivity of HREELS in detecting submonolayer quantities of
adsorbates on the sample depends on the particular parameters of the
spectrometer, the sample, and the adsorbate [6]. However, typical

sensitivity is quite high due in part to the high inelastic electron

cross section. A detection limit of ~10'4 monolayers can be achieved

- for a strong dipole scatterer when measured at low temperatures [6].

In addition, unlike many other surface spectroscopies, HREELS is also
capable of detecting adsorbed hydrogen, although at é lower sensitivity
(typically 10'1--10'2 monolayers [6]). |

The typical electron beam current at the sample in HREELS is

10‘9-10'11 Amperes. Hence due to the low incident beam currents
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and béam energies used, HREELS 1is non-destructive, and can be used to
explore the vibrational modes of weakly adsorbed species and those
susceptible to beam damage, such as many hydrecarbon overlayers.

The spectral range accessible with HREELS is quite large. Typical

1, but much Targer

experiments examine between 200 and 4000 cm™
regions can be analyzed. Recent experiments by Demuth et al., have
examined vibrational modes as far out as 16,000 cml [12]. Hence,
besides fundamentals, energy losses due to overtones, combination
bands, and multiple losses are distinguishab]e.. An example of such
1osses'is given in Chapter 5 for CO adsorbed on Rh(11l).

A distinct advantage of HREELS is that electrons can excite the
vibrational modes of the surface-by three different hechanismé: dipole
scattering, impact scattering, and resonance scattering. By analyzing
the angular dependence of the inelastically scattered electrons, at
least two of these can be explored. Such analysis allows a complete
symmetry aséignment of the surface-adsorbate complex to be made.- This
will be discussed further in sections 2.3 and 2.4.

The restrictions on the adsorption system are minimal: ordered or
disordered over]ayérs can be examined, as can either well-structured
single crystal samples or optically rough surfaces. Hence,
chemisorption on evaporated films can be studied [13], as can the
nature of metal overlayer-semiconductor interactions [14]. In

addition, coadsorbed atoms and molecules can be studied without



13

difficulty as shown throughout this thesis. Of course, since
electron-gas collisions become significant at pressures between 1-5 x
10"5 torr, HREELS is restricted to UHV analysis, preventing direct
studies of gas-solid or liquid-solid interfaces at conditions important
both catalytically and electrolytically. However, since these
experiments require UHV, additional surface science techniques can be
utilized to comprehensively explore the adsorption system. The multi--
technique approach has been used throughout the research described
here.

The major disadvantage of HREELS, especially compared to optical
techniques, is the relatively poor instrumental resolution. As
mentioned above, resolution can vary between 3-12 meV k25—100 cm‘l),

although the typical resolution used is 50-80 cm"l.

the spectra presented here were taken at 40 cm'l.. The spectral

The majority of

resolution hinders assignment of vibrations to individual modes,
although peak assignments can be made to at least within 10 cm'l.
However, most of the losses observed are due to a single vibrational
mode. Furthermore, if the layer is stable, one can increase the

1, in this case, and average over a longer

resolution up to 20 cm™
time to obtain good signal-to-noise ratio. (The intensity of the
elastic and inelastic electrons depends critically on the resolution,
as we will see in the next section). Two closely occurring modes were
separated for benzene adsorbed on Rh(111l) using this procedure, as
discussed in Chapter 6. The high sensitivity of HREELS coupled with

the advantages discussed above has encouraged rapid development and use

of this technique [15], despite resolution limitations.
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2.2 .Instrumentation

A number of different energy dispersion devices using electrostatic
deflection have been successfully employed to monochromate and analyze,
electrons with high resolution. In particular, 127° cy]jndrica] v
deflector analyzers [6,16], cylindrical mirror analyzers [17], and 180°
spherical analyzers [18] are all currently in use to measure electron
energy losses of a few millielectron volts. In the work presented
hefe, spectrometers with 127° cylindrical deflector analyzers were used
exclusively. A schematic of one of these is shown in Figure 2.1.
Electrons emitted by a filament are focused onto the entrance slit of
the mohochrom;tor by an Ein§e] lens (three asymmetric electrostatic
1enses). The cénterbof'the filmanet is positioned at tﬁe,focué of a
parabolic repeller to collimate the ejected electron beam. The
monochromator, consisting of a 127° cylindrical deflector with gntrance
and exit slits, reduces the energy width of the beam by selecting out
electrons of well-defined energy. The electrons are then accelerated
and focused onto the sample. The backscattered electrons are then
decelerated and energy analyzed with a second electrostatic deflection

system, and detected with a channeltron electron multiplier. The

e

electrons are energy analyzed by sweeping the analyzer assembly
voltages through the desired energy range. Vibrational energies are
measured as-the difference hy between the elastic and inelastic
electron kinetic energies (Ei'Es)'

The power supplies used to create, monochromatizé, analyze and

detect these low energy electrons is shown schematically in Fig. 2.2.
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A 15@ noise, ultra stable power supply is used to provide the voltages
for the spectrometer lens and sector elements, and is capable of fast
response to permit rapid voltage scanning. The design and fabrication
of this HREELS power supply is given in Appendix A. This power supply
controls the output of a filament supply used to power the electron

filament. A ramp generator is used to sweep the analyzer assembly

voltages. Alternatively, a stairstep voltage ramp provided by a

digital-to-analog converter of a microcomputer can be used. A
triangular wave generator is also used to repetitively scan small

energy regions of the spectrum rapidly. A high voltage supply provides

the necessary voltage to power the electron multiplier, which is

distributed by a resistof and zener diode assembly. The electron
pulses detected by the-electron muitiplier are decoupled from the high
voltage bias, amplified, discriminated, shaped, and then counted in
analog fashion with a ratemeter. The output of the ratemeter versus
the analyzer voltage is plotted on an X-Y recorder. Scattering
intensities are typically 104-106 counts per second (cps) for

specular reflection and 1—104 cps for inelastic scattering.

As shown in Fig. 2.1, the scattering geometry of the spectrometer
is fixed at a total scattering angle of 120°. For specular reflection
then the angle of incidence equals the angle of reflection at 60°. To
perform off specular measurements to discern between the three possible
inelastic scattering mechanisms, the sample can be rotated such that
the angle of incidence does not equal the angle of reflection. One

spectrometer used was capable of rotation of the monochromator assembly
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as well, hence allowing the angle of incidence to remain constant for
these such measurements. A schematic diagram of this spectrometer is
~shown in Fig. A.l.

The technical and physical reguirements needed to achieve high
resolution are unique in HREELS. Ibach and Mills have addressed the
many parameters important in spectrometer design [6]. Briefly, the
major requirements are to achieve high resolution and independently
control the electron energy. The electrons both excite and detect the
vibrational modes of the surface layer. As a consequence, the broad
enérgy distribution of the thermionic or field emissionbeiectron source
must be filtered to monochrbmatize the beam to a few millielectron
volts. The resolution desired ié that of the natural 1inewidfh of
adsorbed species, namely 5-10 cm’1 [(6]. Hence, to achieve high
resolution, the energy filtering devices must operate at low pass
energies. At these low energies, the work function (or contact
potential) of the shectrometer elements (or any given material) is
nonuniform. Different crystallographic planes of the same material
differ markedly in their work function, as does the same surface when
any adsorbate is adsorbed. Furthermore, even in u1trahigh vacuum,
unknown carbonaceous overlayers may cause charging of the material.
The most important consequence [6] of these uncontrollable work
function variations is that as the pass energy of the monochromaﬁor is
lowered to achieve high resolution, the energy width of the monochrom-

atized electrons approaches a minimum value. Figure 2.3 shows that as

i
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the péss energy is lowered for our spectrometer, the energy width

(measured as the full width at half maximum of the elastically

scattered beam, and Tlabelled AEl/Z) reaches a minimum at 20 cm~l

(2.5 meV). This then is the work function variation that the electrons
feel in their path through the spectrometer. The solid line gives the
expected dependence of the resolution on pass energy for our particular

spectrometer. The pass energy (E is a linear function of the

pass)
deflecting potential aV (i.e. the voltage difference between the inner

and outer sectors of the monochromator or analyzer):

E = eaV/2[1n (R

pass IR

)] = 1.81 aVv

outer’' Vinner

where Router and R, .. are the radfi'bf'thé outer and inner

sectors of the 127° cylindrical deflectors, and are equal to 41.40 and
31.39 mm, respectively. The pass energy is given in electron volts
when the deflecting potential is given in volts. The energy resolution
of these 127° cylindrical deflectors is approximately given [lQ]‘Ey

the equation

AE '
1/2 a5 ,1 2.1 2
E R f3e Tz
pass mean
where aS is the slit width, Roean 1S the mean radius of the 127°

cylindrical deflectors, and a and g are the angular apertures in the
plane and perpendicular to the plane of deflection, respectively. We
can estimate the expected performance of our spectrometer. Using

a=8=0, AS=0.2 mm (0.008 inches), and Rme g = 35.00 mm, we

a
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estimate that AE1/2/Epass = 0.006. As seen in Fig. 2.3, the

experimental points fall quite close to this expected dependence.
Besides the leveling off of the energy width to 20 cm'1
(AEI/Z), we also find that elastically scattered electrons are
practically undetectable at pass energies less than ~0.15 eV. The
reason for this is the severe trade-off between energy ;eso1ution and
the available signal. It is expected that the monochromatic current
at the sample varies with approximately the square of the energy width
due to space charge effects [6]. In Fig. 2.4, the elastic scattering
intensity detected at the electron multiplier is plotted as a function
qf the energy resolution AE1/2 (FWHM). The data points are shown
with two least squareé fit to the éxperiménta] curves aséumingﬂthét-the
intensity measured at the detectqr is proportional to some power of the
resolution AE1/2' Additionally assuming that the intensity Qoes to
zero when the resolution goes to zero gives a very poor fit to the data
with I « AE1/23'8. Experimentally it is found that the intensity
drops to zero at low pass energies. In Fig. 2.3 the resolution levels
off near 2 meV (16 cm‘l). Assuming that the elastically scattered
electron intensity detected at the electron multiplier falls to zero
at a resolution of 2 meV, the left curve in Fig. 2.4 is obtained. The
fit to the experimental points is quite good (solid line) and the

1.85

dependence is calculated to be proportional to (a -2) .

By /2
‘Although the origin is readjusted, the measured intensity is very

nearly proportional to the square of the resolution, as predicted.
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THe acceptance angle of the HREELS spectrometer also affects the
intensity. Due to space charge effects, the angular resolution should
bé relatively low in order to accept as much signal as possible.
However, due to physical constraints this is not always achievable
experimentally [6]. The measured acceptance angle for the spectrometer
used here is ~4° (FWHM), as determined from Fig. 2.5 where the measured
elastic scattering itensity is plotted versus the difference in the
incident and scattered beam angles.

The measured intensity can also vary with the electron beam energy.
Consequently most spectrometers are capable of varying the beam energy
between 1-10 eV in order to maximize the intensity by choosing regions
of high refléctfvity for a particular adsorption systém. Figufevé.S
depicts the variation in intensity of the elastically scattered beam
from benzene adsorbed on Rh(111) as a function of beam energy. Seam
energies of ~4 eV were chosen to maximize the scattered intensity, as
described in Chapter 6.

0f course, the background present is also important since losses

-6 of the elastic beam intensity are possible. Hence,

as small as 10
performance of the spectrometer not only depends on the resolution and
intensity, but also the shape and tailing of the energy distribution
function [6]. Such tailing originates from electrons passing through

the analyzer-with a large angular spread. Occasionally, reducing the

resolution also decreases such tailing.
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The most important aspect of spectrometer performance is the
re]iabiiity and ease of use in measuring electron energy losses.
Figure 2.7 demonsfrates typical spectrometer performance for measuéing
the vibrational modes of species with large dynamic dfpo]es. The
vibrational spectra of species with much weaker cross sections can be
measured as readily with only slight resolution degradation (~40-50

_1).

cm Examples of both are presented throughout this dissertation.

w
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FIGURE CAPTIONS

Fig. 2.1.

Fig. 2.2.
Fig. 2.3.

Fig. 2.4.

Fig. 2.5.

Fig. 2.6.

Fig. 2.7.

Schematic of the HREEL spectrometer used for all vibrational
spectra recorded on Rh(111l). The individual elements are

labelled; the description given in parentheses refers to the

~applied voltage, as described in Appendix A.

Schematic of the power supplies used in HREELS.

A plot of the measured resolution (points) as a function of
pass energy. The solid line gives the predicted linear
dependence for this plot.

The intensity of the elastically scattered electrons
measured at the electron multiplier plotted as a function of
resolution. The dots are experimental points, .the solid
curves are the result of a least squares analysis assuming
an exponential dependence. The best fit occurs when the
intensity is assumed to go to zero at 2 meV resolution.
Absolute intensity of the elastically reflected beam as a
function of e.-e,. The angular FWHM of the detected

elastic peak is ~4° at a beam energy of 4 eV.

Variat{on of the elastic beam intensity as a function of the
beam energy.

1 for CO adsorbed

A vibrational spectrum recorded at 30 cm™
on Rh(111) demonstrating the obtainable resolution and

background for this HREEL spectrometer.
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HREELS ELECTRONICS

ULTRA HIGH VACUUM CHAMBER

!
l
|

ELECTRON ELECTRON | |
MONOCHROMATOR| | SAMPLE | [ ANALYZER) | yuiripLiER | |
|

_______________________ S |

HIGH RESOLUTION ELECTRON HIGH ELECTRON
ENERGY LOSS VOLTAGE [{MULTIPLIER
SPECTROMETER SUPPLY oisTRisuTion| | suppLY

RAMP FILAMENT
GENERATOR SUPPLY PREAM PLIFIEB
SINGLE
RATEMETER CHANNEL AMPLIFIER
ANALYZER

XBL83I2-6685
Figure 2.2



24
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ELECTRON ELASTIC SCATTER‘ING INTENSITY AS

A FUNCTION OF RESOLUTION
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2.3 Scattering Mechanisms

Vibrational modes are measurable in HREELS because some of the
electrons inelastically scatter from the surface. These eiectrons
~interact strongly with the vibrating surface atoms. This interaction
can somewhat artificially bé divided into two types: long range and
short range inelastic scattering. Long ra&ge scattering involves the
interaction between the time dependent electric dipole moment of a
vibrating afom or molecule and the electrostatic potential of the
incoming electron. Tﬁis is referred to as dipole scattering. Short
range scattering involves interaction of the»electron with the charge
dgnsity of the adsorbate through polarization or electron capture in
the immediate vicinity of.the adsorbate, or through higher drdef or
multipole interaction [20]. These are commonly separated into two
categories: ihpact scattering and resonance scattering.

Dipole scattering produces scatterings at small deflection angles
(small angle sCaEtering) resulting in a narrow lobe of inelastically
scattered electrons peaked about the specular direction. Dipole
scattering leads to the so called dipole selection rule in which only
vibrations which produce a net change of the dipole moment
perpendicular to the surface are observable. In other words, only
vibration which belong to totally symmetric representations (Al’ A’
and A) are observable as fundamentals in dipole scattering [6]. This
comes abbht because the dipolar cross section is nbnvanishing only when

the matrix element <¢i|uz|¢f> is totally symmetric under all
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symmetry operations of a point group, where ¢i amd ¢f are the
initial and fina]ivibrational staEes,,respective]y, and M, is the z
component of the dipole moment oﬁerator.

Impact scattering and resonance scattering involve large angle
scattering because of either multiple excitation or substantial
momentum transfer to the surface atom or mo]eéu]e. Impact scattering
induces polarization of the éharge density of the adsorbaté—substratg
systeﬁ while resonance scattering involves temporary trapping of fhe
electron within the molecule. |

Selection rules for impact scattering are based on time-reversal
symmetry; Specifica]iy, the cross section for excit;tion should vanish
for vibrations whiéh be]ong'to'thé same irreducible representatidn as
a two component vector parallel to the surface [6]. As discussed in
Chapter 6, impact scattering and dipole scattering can have comparable
cross sections for weak transition dipoles and vibrational modes of
higher frequency. Dipole scattering is commonly a hundred fold more
intense than impact scattering for strong dipole active modes.
However, at highér energies, the cross section from impact scattering
increases. Most important is that several modes that are not visible
in dipole scattering become observable, including those involving
parallel dipole moment changes.

Resonance scattering is common in the gas phase and is consequent]y
understood much better than impact scattering [20,21]. The incident
electron can become trapped at a particular energy to form a negative

ion state or shape resonance. They are:characterized by strong energy
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dependent variations in the inelastic cross section corresponding to
excitation of negative ion states. Again, se]ection rules exist and
permit molecular symmetry and orientation to be detérmined.

It ié clear that simply by recording vibrational spectra as a
function of scattering angle (i.e., angular profile), at least two of
the three scéttering processes can be examined to determine the
adsorption symmetry (since different selection rules apply). The
narrow, 6ften more intense dipolar lébe can be easily separated from

the broad impact or resonance scattering regions.

2.4 Mode Assignments

AS discussed earlfef, vibrational spectroséopy permits chemical,
structural and symmetry analysis of the adsorbed species. Vibrational
assignments are made by comparing the observed frequencies to gas and
liquid phase frequencies, to tabulated group frequencies, and to
frequencies of organdmeta]lic analogue compounds. Isotopic labelling
is also helpful, as are angular profile studies which take advantage
of the different scattering mechanisms possible. These will be
discussed briefly below.

First of all, the chemical nature of an unknown adsorbate can be
characterized. by comparing the observed vibrations with characteristic
frequencies of free molecules and molecular subgroups. These can be
used not only to assign frequencies to particular subgroups, but also
to individual bonds, such as single, double or triple C-C bonds. If

the identity of the originally adsorbed species is known, the liquid
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and gas phase frequencies can be compared. As substantial shifts in
frequency are common as the bonding often changes upon adsorption, it
is important to compare to organometallic compounds or matr%x isolation
species, és vibrational frequency shifts of similar mégnitude are often
'observed. Of course, isotopic labelling quickly permits assighment of
the modes which shift upon substitution,

Thé surface geometry and site symmetry of an adsorbed molecule can
be determined through use of the principles of group theory in
conjﬁnction with the metal surface selection rules operable in HREELS.
The symmetry aséignment is made by comparing the number, frequency, and
intensity of the dipo]e active modes observed with the qorre]ation
" table of the poinf group for the gas phasé mO]ecu]e.  A corré]atioh
table makes use of the relationships between the representations of the
gas phase point group and its subgroups to allow us to predict which
vibrational modes would be observed to be dipole active in HREELS upon
reduction of the gas phase symmetry.

Frequency shifts are common for adsorption on surfaces as dramatic
bonding changes occur. Chapter 4 demonstrates this for CO
chemisorption in the presence of potassium. Changes in bond order
occur when the character of the intramo]eéu]ar bond changes as a result
of the bonding to the surface. Frequency shifts due to isotopic
substitution have already been mentioned. Frequency shifts due to
mechanical coupling and dipole-dipole coupling are also common. Dipole
coupling can be identified and e]iminéted using isotopic dilution

experiments. This interaction is one of several lateral interactions
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possible. These can be indirect interactions occurring through the
substrate or direct chemical interaction. Lateral interactions can be
distinguished experimentally from other shifts by following the

variation in frequency as a function of coverage.



34

REFERENCES )
1. G. T. Haller, Catal. Rev. Sci. Eng. 23, 477 (1981). , -
2.

9.
10.
11.
12.

For a collection of recent articles on surface vibrational

spectroscopy, please see Vibrations at Surfaces, C. R. Brundle and

H. Morawitz, Eds., Elsevier, Amsterdam, 1983.

M. L. Hair, Infrared Spectroscopy in Surface Chemistry, Dekker,

New York, 1967.

R. K. Chang and T. E. Furtak, Ed., Surface Enhanced Raman

Scattering, Plenum, New York, 1981.
P. L. Richards, S. Chiang, and R. G. Tobin, Proceedings of the AVS

30th National Symposium, J: Vac. Sci. Technol., in press.

H. Ibach and D. L. Mills, Electron Energy Loss Spectroscopy and

Surface Vibrations, Academic Press, New York, 1982.

T. Woifram, Ed., Inelastic Electron Tunneling Spectroscopy,
Springer Series in Solid State Sciences, Vol. 4, Springer-Verlag,

Qerlin, 1978.

. R. F. WiITis, Ed., Vibrational Spectroscopy of Adsorbates,

Springer Series in Chemical Physics, Vol. 17, Springer-Verlag,
Berlin, 1980. |

M. J. D. Low and G. A. Parodi, Applied Spectrosc. 34, 76 (1980).

F. M, Hoffmann, Surface Science Reports, in press. +
H. Ibach, J. Electron Spectrosc. Relat. Phenom. 30, 237 (1983).

J. E. Demuth, Ph. Avouris, and D. Schmeisser, J. Electron

Spectrosc. Relat. Phenom. 29, 163 (1983).



35

13. L. H. Dubois,iP. K. Hansma, and G. A. Somorjai, Appl. Surface Sci.
6, 173 (1983). ’

14. L. H. Dubois and G. P. Schwartz, Proceedings of the AVS 30th
National Symposium, J. Vac. Sci. Technol., in press.

15. P. A Thirty, J. Electron Spectrosc. Relat, Phenom. 30, 261 (1983).

16. H. Froitzheim, H. Ibach, and S. Lehwald, Rev. Sci. Instrum. 46,
1325 (1975).

17. J. Andersson, Surface Sci. 79, 385 (1979).

18. G. E. Thomas and W. H. Weinberg, Rev. Sci. Instrﬁm. 50, 497 (1979).

19. D. Roy and J. D. Carette, in Electron Spectroscopy for Surface

Analysis, Topics in Current Physics Vol. 4, H. Ibach, Ed.,
Springer-Verlag, Ber]in; 1977. o o

20. J. E. Demuth, Ph. Avouris, and D. Schmeisser, J. Electron
Spectrosc. Relat. Phenom. 29, 163 (1983).

21, G. J. Schulz, Rev. Mod. Phys. 45, 423 (1973).



36

CHAPTER 3.
EXPERIMENTAL METHODS

3.1 Apparatuses

The research described in this theéis was performed in stainless
steel ultrahigh vacuum (UHV) chambers designed to characterize the
physiéa] and chemical properties of clean and adsorbate covéred
surfaces using several surface sensitive probes. The ultra high vacuum

10 torr and allow the surface

chambers have typical pressures <1 x 10~
of small area samples to be prepared in a reproducible and well
characterized manner.

.The‘spectfoscopies-used to exﬁ]ore'the oufermost atomic layers of
the cryétal sample and the atoms and molecules adsorbed on them involve
the production and detection of several entities: electrons, ions,
atoms, and photons. These surface spectroscopies together allow the
bonding, chemical composition, and geometric and electronic structure
of adsorbates on surfaces to be explored.

Two very similar ultrahigh vacuum chambers were used to carry out
nearly all of the research described in this thesis. Both chambers
contain two main levels of analysis: an upper level equipped with a
four grid electron optics-energy analyzer (Varian) for low energy
electron diffraction (LEED) and Auger electron spectroscopy (AES), a
glancing incidence electron gun (Varian or Cliftronics) for Auger
excitation, a quadrupole mass spectrometer (UTI 100C) for temperature

programmed desorption (TPD) studies and residual gas ana]ysis, an ion

sputter gun (PHI) for sample cleaning, a nude ion gauge (Varian) for

v
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pressure measurement, two variable leak valves (Varian) for low
pressure gas exposure, and an alkali getter source (SAES) for
controlled alkali dosing; the lower level contained a high resolution
electron energy.1oss spectrometer for vibrational anaiysis. Schematics
of these two apparatuses are shown in Figures 3.1 and 3.2.

Each apparatus is equipped with a long travel (25 cm) precision
manipulator for accurate reproducible positioning of the crystal
sample. In both chambers the HREEL spectrﬁmeter is ené]osed in umetal
shielding to reduce magnetic fields inside the spectrometer. Both
apparatuses are pumbed by ion pumps which are enclosed in iron sheet
metal and positioned suffﬁcient1y far from the spectrometer to
eliminate théir magnetic field inside‘the umetal shiering.

The chamber schematically shown in Fig. 3.1 was employed to obtain
.all of the experimental data on Pt(111l) excluding the CO and potassiuh
TPD spectra. Furthermore, both the CO isotopic scrambling experiments
and the second harmonic generation (SHG) experiments obtained on
Rh(111) were performed in this éhamber. As shown in the schematic, two
(varian) ion pumps (400 and 110 1/sec) and a water-cooled titanium
sublimation pump were used to achieve routine base pressures in the
10'11 torr range after a 48 hour bake-out at ~500K. The HREEL
spectrometer, as configured in this chamber, is shown in Fig. 3.3. A
more detailed schematic of the lens elements and analyzer assembly is
given in Appendix A (Fig. A.1). This spectrometer is quite similar in
designvand dimensions to that given by Froitzheim et al. [2] and is

described in detail elsewhere [3]. A comparison with the HREEL
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specfrometer found in the other apparatus (i.e., Fig. 3.2) appears in
Section 2.2 of this thesis. Although rotatable, the spectrometer was
used in the fixed position with a total scattering angle of 144° and
an angle of incidence of 72° from the surface‘normal. The crystal
sample is mounted on axis on a high precision manipulator (Varian)
extensively modified for extended z travel (25 cm) between the two
levels. ’

The second HREELS abparatus, shown schematicai]y in Fig. 3.2, was
used for all of the experfments performed on Rh(111) except the CO
isotopic scrambling experiments and the SHG experiments (Chapter 5).
The~actua1_apparqtus is pictured'in Fig. 3.4. This chamber is pumped
by a 400 1/sec fon pump (Varian);Aa,high speed o0il diffusion pumb
(Varian VHS-6) with liquid nitrogen cooled cryotrap and extended cold
cap (Varian), and a water cooled titanium sublimation pump (Varian
Ti-ball). Unlike the other HREELS épparatus, all pumps are separated
from the chamber by viton 0O-ring seal gatevva]ves. Routine operating

pressures of 1 x 10'10

torr were obtained by baking the chamber at
450K for 48 hours [4]. The HREEL spectrometer in this apparatus is
described in sectgon 2.2. As shown schematically in Fig. 2.1, this
HREEL spectrometer is fixed at a total scattering angle of 120°. The
sample is mounted on-axis on an extremely stable manipulator, as shown
in Fig. 3.5. The manipulator is designed for accurate and reproducible
positioning of the sample between the two levels (~15 cm). Travel
dials are used to record the X-Y position to eliminate error due to

back lash. The manipulator is made of aluminum (the surface is
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anodized) and requires water cooling during bakeout to prevent>seizing.
The chamber also contains an environmental cell that can enclose the
sample and,permit‘highApressure (up to several atmospheres) exposure
of the crystal sample. Because of the bulky manipulator design
requiréd to disperse the force needed to seal the environmental cell,
the LEED/AES analyzer is mounted on retractable bellows (see Fig. 3.2).
This is described in more detail elsewhere [5]. The combination of the
envirbnmenta]‘cell with the UHV surface analysis chamber permits high
pressure reaction monitoring and surface characterization to be carried
out in the same apparatus. However, only the UHV surface characteriza-
tion capabilities of'the apparatus were employed ih the studies
described here. - |

The TPD studies invo]ving the coadsorption of CO and K on Pt(111)
were performed in a commercial (PHI) apparatus containing a cylindrical
mirror analyzer (CMA) for AES, a four grid LEED optics with integral
electron'gun; a quadrupole mass spectrometer (UTI 100C) for TPD.and
residual gas analysis, an ion sputter gun for sample cleaning, a leak
valve (Varian) and an alkali dosing source (SAES). The 400 1/sec ion
pump provided basé pressures of 1 x 10"10 torr. The sample was
mounted on an off axis (PHI) manipulator permitting resistive heating
andiliquid nitrogen cooling of the sample.

On all three apparatuses, gases are introduced into the chamber
through variable leak valves connected tb stainless steel gas

manifolds. The manifolds are bakeable and pumped by a mechanical pump
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and liquid nitrogen cooled sorption pumps, achieving typical pressures
below 5 x 107 torr. Several gases are accessed to the manifold
through gas regulators and metal sealed valves. The chamber could be

rough pumped through the manifold via a right angle valve.
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FIGURE CAPTIONS

Fig. 3.1

Fig. 3.2

Fig. 3.3

Fig. 3.4

Schematic diagram of the UHV apparatus used for all Pt(111)
HREELS experiments. Tﬁe upper level permits AES, LEED and
TPD analysis, the lower level a11oWs surface vibrational
spectroscopy to be performed. The pumping is positioned away
from the main chamber to reduce magnetic fields near the
HREEL spectrometer. |

(a) A schematié of the apparatus used for all vibrational
studies on Rh(111). ~The circulation loop for reaction
studies is also shown. The sample can be enclosed in a

pressurizable cell while maintaining UHV in the excluded

volume of the chamber. The cell is shown open with the .

sample in the vibrational analysis position. The ion and
titanium sublimation pumping have been omitted for c]arjty.
(b) Details are shown of how the pressdre cell, when closed,
can enclose the sample; the LEED/AES optics are in the
retracted position.

Schematic of the HREEL spectrometer as positioned inside the
chamber in Fig. 3.1. The spectrometer and the entire inner
chamber are lined with magnetic (umetal) shielding as shown.
The sample can be partially viewed to aid in sample
positioning.

Photograph of the UHV apparatus shown in Fig. 3.2. The main
chamber, center, is mounted on a chassis which helps support

the pumping devices; the diffusion pump is visible in the
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Tower right center; while the gas-inlet manifold and
hydraulic pumping mechanism can be seen at the lower left.
Fig. 3.5 A close-up photograph of the extremely stable manipulator
used on the chamber in Fig. 3.3 and 3.4. The Tong travel
ménipu]ator has travel dials for indicating the X-Y sample

position.
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3.2 Surface Analysis Methods

The emphasis of the studies presented in this thesis is surface
vibrational spectroscopy. However, only through the combined use of
several different spectroscopies can a comprehensive Understanding of
the structural, electronic and chemical properties of a surface be
obtained. The surface analysis methods used in these studies are high
resolution electron energy loss spectroscopy (HREELS), low energy
electron diffraction (LEED), Auger electron spectroscopy (AES),
temperature programmed desorption (TPD), and second harmonic generatin
(SHG).

Three of these techniques (AES, LEED, and HREELS) involve the
generation and detection of electrons. In all three, use is made of
the inherent surface sensitivity of Tow energy electrons. Figure 3.6
shows the dependence of the inelastic mean free path of electrons on
their kinetic energy for inelastic scattering in condensed phases.
This universal curve illustrates the large scattering cross section of
low energy electrons: the penetration depth of electrons of low energy
(10-500 eV) incident on solid surfaces is at most two or three atomic
layers. Hence, for HREELS and LEED, the backscattered electrons carry
information on the vibrational motion and atomic position of the atoms
or molecules in the near surface region. Similarly, the escape depth
of Auger electrons emerging from the surface in this energy range only

occurs from the top most atomic Tlayers.



49

Besides their surface sensitivity, electrons are also easily
generated, collimated, and energy analyzed, as well as efficiently
detected. The number of electrons emitted from a solid sample
irradiated by a monoenergetic electron beam of energy Ep as a function
of energy is shown schematically in Fig. 3.7. The very broad peak in
the lowest energy range is due to secondary electrons created from a
cascade process involving inelastic collisions between primary
electrons and electrons bound in the solid. These can be used to
measure work function changes. In the median energy range, secondary
electrons generated in Auger processes are emitted, as shown in the
derivative mode in insert (a). Closer to the specu]ar]y reflected
beam, the 50 eV region below Ep is characterized by energy losses due
to electronic excitations and ionization losses. The narrow peak with
energy Ep is due to elastically diffracted electrons and contains
structural information of the surface as in LEED (see insert (c)).
Using higher energy analyzers, energy losses due to adsorbate or phonon
vibrational excitations can be resolved, as shown in insert (b).
Hence, electrons emitted from a surface are used to characterize the
surface layer. The AES, LEED and HREEL spectra shown in the inserts
(Fig. 3.7) are for ethylene adsorbed on Rh(111) in the c(4 x 2)
structure, which loses a hydrogen atom to form ethylidyne (CCH3) at
300K. These techniques, along with TPD and SHG, are used extensively
in this thesis to characterize clear and adsorbate covered surfdces.

Each is discussed briefly below.
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The inelastic mean free path for electrons as a function of
their kinetic energy. The points represent individual
measurements, the curve is often referred to as the
"universal curve".

A typical distribution [N(E)] of electrons observed after a
sample is irradiated with a monoenergetic beam of electrons,
shown as a function of energy. The solid (-) line shows the
scattered (primary) electrons, the dashed (—) line shows the
secondary electrons produced. The inserts show how these
electrons are used for surface analysis. The inserts a, b
and ¢ show the AES, HREEL, LEED data observed for ethylene
adsorption on Rh(111) at 300K.
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ENERGY DISTRIBUTION OF SCATTERED ELECTRONS FROM
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3.2.1 HREELS

This technique fs discussed in detail in Chapter 2. Briefly,
electrons of monochromatic energy betweén typically 1-10 eV are
scattered from a solid surface and energy analyzed to detect energy
losses due to vibrational excitations of adsorbed atoms and molecules
and of surface phonons. The electrostatic deflection HREEL
spectrometer is run at sufficiently low pass energy (<1 eV) to allow

1 (2.5-11 meV) at sufficiently

~energy resolution (FWHM) of 20-90 cm™
high beam currents to produce good signal-to-noise levels. In this
thesis, two HREEL spectrometers were used which differed markedly in
their'performance. The operating conditions and performance are
described for each adsorbtion syéfem in the chapters'tovfo1iow.
Briefly, all of the Rh(11ll) experiments were performed at an energy
—9_10~11

resolution between 20-60 cm™ (2.5-7.5 meV) with 10 Amps

7 elastically scattered

beam current at the crystal and 105-10 .
electrons detected per second. The Pt(111) research was performed at
similar beam currents but a resolution of 70-90 cm’1 and 104-105
counts per second in the elastic peak intensity. Energy losses were
typically measured between 200 and 4000 cm‘1 (25-500 meV), although

vibrations as low as 75 cm'1

were observed (see Chapter 4).

The angular dependence of the inelastically scattered electrons
was also measured for several adsorption systems to determine surface
orientation and site symmetry, as discussed in Chapter 2. In these
experiments, the spectrometer was maintained at a fixed total

scattering angle and the sample rotated in the scattering plane. This
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permits measurement of the dipolar character of the‘observed
vibrational mode, although the angle of incidence is also being varied.
From a comparison of the number, frequency, and intensity of the
observed modes with infrared and Raman spectra of known organic,
inorganic and organometallic species and use of isotopic frequency
shifts and the principles of group theory, the adsorption complex, its
orientation and its symmetry can be identified.

A1l spectra in this thesis were made on an X-Y chart recorder by
plotting the ratemeter output versus the electron energy loss (meV).
Scan rate depended on the inelastic loss peak intensities, which in
turn depended on the particular overlayer being studied, the detection
‘ angle‘(i.e., specular versus off—specu]ér), the incident beam energy,
and the spectrometer being used. A1l spectra are normalized to the

elastic peak height shown, unless otherwise noted.

3.2.2 TPD

In temperature programmed desorption spectroscopy, a sample with
an adsorbed layer is heated in a controlled manner and the desorbing
species detected and analyzed. From a study of the desorption
product(s) observed the nature of the adsorption state is inferred.
Furthermore, one can also learn about the energetics of bonding, the
chemical processes occurring at the surface, and the nature of
adsorbate-adsorbate interactions. Specifically, TPD can be used to
obtain thermodynamic, kinetic and dynamic quantities such as the

activation energy and the pre-exponential factor of the desorption
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rate, the kinetic order of the desorption process, the number and
relative concentration of different binding stétes, the products of
and mechanism for decomposition reactions, the identity and stability
of adsorbed species, ahd the stfength of lateral interactions.

Inithe experiments described here, TPD was used to help identify
the surface species present, measure their population (either relative
or absolute), and control their concentration. Kinetic information is

"‘obtained from an Arrhenius form of the desorption rate (Rd),

d
Ry =g = vy o exp(=E4/RT)

where o is the surface coverage, n is the desorption order,_vn is

the pre-exponential factor, Ed is the activation energy for
desorption, and T is the desorption temperature. If one assumes that
Vi and Ed are independent of adsorbate concentration o and time t,

then Ed and v_ can be determined as shown by Redhead [6] for

n
first- and second-order desorption using

E4/RT %= (v,/8) exp(-E4/RT)) (Ist order)

and
2 .
Ed/RTp = (vzaols) exp(-Ed/RTp) ~ (2nd order)

where Tp is the temperature at which the rate of desorption is a
maximum, B8 is the heating rate, and % is the initial adsorbate

coverage. As seen in these equations, t_ is independent of the

p
surface coverage for a first-order desorption process but decreases

with increasing o  for second-order desorption. Hence, the order of
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the desorption process can be determined by plotting In Rd versus 1n

.. To determine Ed and v, one must vary 8 and %

0
independently. As this is often difficult experimentally, values are
assumed for Vn (specifically vy = 1013sec'1 and

=22

vy = 10 “cm sec'l)

so that Ed can be determined. Other
methods exist for determining 2 and Ed from measurement of Tp
and the peak width [7], but were not used here. E4 was determined

by assuming a value for v, or using values previously determined from
molecular beém scattering experiments or Tp'and peak width
measurements. Although these assumptions are not readily justified,
they do permit relative changes and trends to be determined. As
‘détenﬁined, Ed is tﬁé activatiod energy of desbrption and‘equa1s‘the

heat of adsorption aH plus the adsorption activation energy Ea'

ads
If adsorption of the species is not activated, then Ed equals the
heat of adsorption.

In all of the TPD results presented in this thesis, the crystal
sample has been dosed to a measured exposure of gas at a controlled
temperature. Subsequently, the sample is heated linearly (between 10
and 60 K/sec) and the desorbing species monitored line of site by a
mass spectrometer. The change in pressure at a particular mass is
recorded versus either time or sample temperature using an X-Y chart
recorder or a microcomputer. Details of the microcomputer and software

are discussed elsewhere [8]. The desorption rate was always much less

than the pumping speed for the desorbing species such that the
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desorption rate was proportional to pressure. The samples were
mouhted in such a way as to minimize support and edge effects and to
permit resistive heating rates that were uniform and linear. The

rates used are given for each experiment.

3.3.3 LEED

Low energy electron diffraction enables the structure of clean and
adsorbate covered surfaces to be determined. This is because fhe de
Broglie wavelength of electrons with energy 10-500 eV is comparable to
the interatomic distances of most solids, varying between 3.9 and
' 0.64 A. Hence, when an eleéfron beam impinges'on.a crystal surface, a
portfon of these eléctrons are é]astfcal]y scattered by the atomic
cores producing wave interferences that depend on the atomic positions,
thus providing structural information of the periodicity of the
surface.

A schematic of the LEED experiment is shown in Fig. 3.8a. A
variable, monoenergetic electron beam of energy 10-500 eV is incident
on a crystal samp}e. The elastically backscattered electrons are
filtered from the inelastically scattered electrons by a retarding
field analyzer (see Fig. 3.8b), and post accelerated onto a phosphor-
escent screen for viewing (or photographing) the diffraction pattern.
The overall intensities and sharpness of the diffractfon spots depends
strongly on the degree of microscopic order present on the surfaée.
Furthermore, since the transfer width of most electron beam sources is

rather small (ca. 50-100 &) the diffracted beams have significant



. 58

°

intensity only if the region of well-ordered atoms are of the order of
this transfer width or larger.

From the symmetry and position of the diffraction Spots, the size
and orientation gf the 2D-surface unit cells can be determined.

Hence, by following the diffraction pattern as a'funcfion of exposure
or temperature, several features of the overlayer can be determined,
including the presence of adsOrbate-induced periodicity (super]attice)
or reconstruction, attractive and/or repulsive interactions between
adsorbates, order-disorder traﬁsitions, and the overlayer coverage (at
least semi-quantitatively) [9]. From the variation in intensity of
the diffracted beam as a function of electron beam energy, the precise
boSition of the adéofbed atoms and molecules and the first two or
three surface layers can be determined relative td one another (i.e.,
bond lengths and bond angles). However, due to the high scattering
cross-séction of the electrons, multiple scattering is highly probable,
significantly comp]icating the scattering theory necessary to |
determine the precise atomic positions (i.e., the 3-D structure).

In this thesis, only the symmetry and position of the diffracted
beams were recorded. However, site symmetry and surface geometry of
adsorbatés as determined by HREELS for a particular surface structure
(i.e., diffraction pattern) were used_to suggest plausible surface
configurations and aid surface structure ca]tu]ations. Such combina-
tions of surface spectroscopies are necessary to reduce the calcula-
tional effort needed for precise struétura] determinations to a
manageable level. Benzene on Rh(111l) (Chapter 6) provides a good

example of the utility of LEED analysis.
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3.2.4 AES -

The elemental composition of the‘surface iayer can be determined
using Auger electron spectroscopy. AES is a two electron emission
process that occurs after éxcitation, both the excitation and emiésfon
processes are shown schematically in Fig. 3.9(a) and (b).- Impingement
of the surface atoms by electrons, X-rays or ions of sufficient energy
(1000-5000 eV) can create singly ionized, excitéd statés caused by
ejection of electrons from inner atomic 1eve1§ of the atom. These
electrons have’binding energies less than the incident beam energy. A
schematic of this excitation process is given in Fig. 3.9a. In
~10'15 secqndé, this singly ionized excited atom can de-excite by
| Auger electron emission, X-ray fluorescence, or a seduence of bo;h;

In the Auger prbcess, de-excitation occurs when an outer shell
é]ectron fills the inner level vacancy and transfers the energy
difference to a second outer shell electron that can be ejected (if
the transferred energy exceeds the electrons binding energy). The
result is a doubly ionized atom as shown in Fig. 3.9b. The energy of

the ejected Auger electron is given by
EwXY(Z) = EN(Z) - EX(Z) - EY(Z+A) - ebA.

The value Ew-EX is the energy difference between the two levels,

but the electron must expend the energy EY(Z+A) + ep to escape the
atom, where ¢ is the work functjon of the surface and EY(Z+A) is the
binding energy of the ejected electron from the positively charged

atom. The actual measured energy ENXY(Z) contains the additional
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term -(ed,-ep) which is the difference between the work function of
the energy analyzer (bA) and the sample ($) (i.e., the work function
of.the samp1é fs referenced to the vacuum 1eye1 of the spectrometer)
[10]. De-excitation via the Auger process is more probable for the
lTighter elements.

In all of the work reported here, the sample was irradiated with
e]ectrohs (typically 2000 eV) at a glancing incidence of ~70° to the
surface normal to minimize the penetration depth (5-20 A)._ The Auger
electrons were detected typically with a retarding field analyzer
shown schematically in Fig. 3.8b. The analysis is achieved by
applying a retarding DC ramp voltage to grids 2 and 3 (G2 and G3 in
Ffé. 3.§C), which are tied togéther. When the first and fourth grids
are grbunded, these LEED optics act as a high pass filter, the
fluorescent screen acts as the electron collector when a 300V positive
bias is applied. The spectra are recorded in the first derivativé
mode (dN(E)/dE) using electronic differentiation by applying a time
varying voltage to the retarding grids (i.e. by superimposing an AC
modulation voltage on the DC ramp voltage). The second harmonic of
the modulation is detected then as a function of the DC ramp voltage
using a phase-sensitive lock-in amplifier. If dependence on resolution
is neglected, the second harmonic AC signal gives the first derivative
Auger spectrum [10].

Since every element has a unique Auger spectrum, each transition
observed can be associated with the presence of specific elements

on/in the sample surface. As used here, AES permits quantification of -
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surface composition. Both the line shape and the core-level energy
shifts of Auger transitions can be utilized to give additional

chemical and electronic information [11], but were not utilized here.

3.2.5 SHG

Second harmonic generation is one of several nonlinear optical
techniques that has undergone rapid development in recent years.
Conéiderab]e éffort has been made to apply-these techniques to the
study of surfaces and interfaces [12]. The appropriateness of SHG for
studying surfaces arises from its intrinsic surface sensitivity:
second-order nonlinear processes are (dipo]e)‘forbidden in media which
possess a center‘of inVérsion [13]. Since the atomic.and/or mo]ecu]ar-
surface layer has no inversion symmetry, the surface contribution can
dominate over the bulk contribution, with the second harmonic signal
coming mostly from the top one or two atomic layers [14].

The work reported here involves the first application of SHG to
adsorption systems that are well characterized by surface sensitive
techniques, namely using the four previously described spectroscopies
[15]. Only those experiments involving the coadsorption with alkali
(in this case sodium) are discussed here, more detailed discussion of
the theory and experimental set-up can be found elsewhere [viz. 13,16].
Briefly, a Q-switched Nd:YAG laser was used to produce pulses with a
~10 nsec pulsewidth and ~6 mJ pulse energy at wavelengths of 0.532 or
1.06 um; The laser pulses (with a repetition rate of 10 Hz) were

p-polarized and incident on the crystal sample at 62.5° from the
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surface normal with a beam diameter of 1 mm. The p-polarized second
harmonic signal (at 0.27 or 0.53 um, respectively) was collected with
the appropriate optics and detected with a high-gain photomultiplier.-

The signal was recorded on an integrator with a gated electrometer.
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Fig. 3.8 (a) Scheme of the low energy electron diffraction exper%ment

Fig. 3.9

from an idealized crystal lattice.

(b) Schematic of the LEED/AES analyzer. The potential on
the analyzing grids (G2, G3) is controlled by the ramp
generator and the programmable supplies. The audio-frequency
generator provides the AC modulation while the diode arrange-
ment a]]owé for tuning the lock-in amplifier to 20 for
electronic differentiation. The shielding grids (Gl, G4) can
be biased to eliminate secondary electrons. The Auger
electrons are collected by the fluorescent screen and
detected with the lock-in amp]ifier.

(a)- Exciation of an atom.to produce a éing]y ionized afqm
with a core hole.

(b) De-excitation of the ionized atom via emission of an
Auger electron. After the two electron process, a doubly
ionized atom is left.

(c) An example of a typical Auger electron spectrum,

obtained for clean Pt(111).
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3.3 Materials
3.3.1 Reagents .

A 1isting‘of the reagents used in this thesis is given in Table
3.1. Liquid hydrocarbons (benzene and-benzene-ds)_werelstored in
~ pyrex -vacuum flasks fitted with O-ring sealed teflon stopcocks and
stored over ca]ciumvhydride. These liquids were outgassed by repeated
freeze-pump-thaw cycles at 77K prior to initial use. The isotopically
labelled gases (13C0, C180, and C3D¢) were obtained in
breakseal tubes adapted with vacuum stopcocks and used without further
purification. The other gases were supplied in lecture bptt]es and
- used without further purification. However, before intrdduction,into
the vacuum system, a]]_reagents excluding the hydrocarboﬁé were béssed
through a liquid nitrogen trap (see Section 4.4.2).

Table 3.1 Sources, purities, and major contaminants of all reagents
used. '

REAGENT A SOURCE PURITY (wt %) CONTAMINANTS
Ar LBL-Matheson >99.998 -
Co : LBL-Matheson >99.5 | -
13CO Cambridge Isotope Lab. >99 atom % 13C co
cl8o Cambridge Isotope Lab.  >99 atom % 189 co
0, LBL-Matheson >99.9 co
CHg Fischer <99.9 —
CgDg - : Norell Chemical >99 atom % D CeDsH
C4Dg Merck >99 atom % D C30:H
H, LBL-Matheson >99.99 -

0, LBL-Matheson >99.5 D, HD, H,

o >99.95 D
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3.3.2 Single Crystal Samples

Single crystal samples of platinum and rhodium with (111)
orientation were used exclusively in this research. A total of five
different samples were used, three platinum crysta]s'and two rhodium
crystals. All samples either existed on my arrival or were prepared
by Wini Heppler of the LBL support staff. Both the platinum and
rhodium single crystal rods were purchased at purities of at least
99.996 percent from the Materials Research Corporation (MRC). The
single crystals were cut by spark erosion into thin ~lmm discs to
within 1° of the (111) orientation as determined by Laue backreflection
X-ray diffraction. The samples were mechanically polished to a mirror
' finish on both sides'using sfandard procedures, finishing'with an'
aqueous slurry of 0.05 um alumina powder.

The ;amp]es were mounted on 0.51 mm (0.020 inch) mounting wires of
either tantalum or platinum, which were attached to 3.18 mm (0.125
inch) tantalum rods. Care was taken to minimize the length of the
mounting Qires, and to achieve uniform heating. The temperature was
measured with 0.13 mm (0.005 inch) chromel-alumel thermocouples spot

welded to the edge or backface of the crystal.
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3.4 Procedures

3.4.1 Cleaning the Single Crystal Surfaces

A1l the crystal samples were cleaned using a combinatioﬁ of
chemical and mechanical treatment at elevated temperatures. The major
impurities observed differed for the two metals but was similar for
the different samples of each. The cleaning procedure used for each
is discussed separately below. |

The impurity levels in the Pt(111) samples varied from crystal to
crystal, but at some point each had AES detectable levels of carbon,:
oxygen, sulfur, phosphorous, chlorine, calcium and siiicon. The
samples could be routinely cleaned, however such that no impurities
were'detectAble‘by AES using a coﬁbihatibn of tréatments:Aheating in
oxygen (1 x 10‘7 torr 02, 800-1200K), argon ion sputtering (0.5-1.5
keV, 5-10 uA crystal current) with repeated heat/cool cycles (viz.
heated to 800-1300K for 5 min., cooled to ~300-500K for 5 min.), and
annealing in vacuum at 1200-1400K. Initially several cycles of this
treatments wefe necessary to obtain a clean sample. The high
temperature oxygen treatment were necessary to segregate calcium and
silicon to the sﬁrface as non-volatile oxides for removal by
sputtering. Oxygen was occasionally added during ion sputtering to
facilitate their removal. The impurity level of Ca and Si was easily
monitored by AES and LEED. As these oxides formed ofdered overlayers
on the surface, the sensitivity of LEED to these small islands of

impurities was often greater than that of AES.
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For the Rh(111) samples, the impurities obser?ed were carbon,
oxygen, silicon, boron, chlorine and sulfur. Boron and sulfur were
typically obserVQg after repeated annealing and required prolonged ion
sputtering to remove. The crystal was cleaned prior to experimentation
in a similar manner as the Pt(11l) samples. Routinely, a combination
of oxygen treatment at 1-5 x 10~ torr 0, at 950-1250K, Ar
sputtering (0.5-1.0 keV, 6-8 pA), and annealing in vacuum at 1000-1400K
were used to prepare a clean Rh(11l) sample. AES, LEED, and HREELS
were all used to insure the sample was clean and well-ordered (see
Section 3.4.3). HREELS is especially sensitive to low levels of sulfur

or boron oxide, and the sample was resputtered if these were observed.
: : .

ATl Af+ ion sputtering was performed at~4;6'x 1077 torr Ar.

On the UHV chamber containing only ion pumping, this was done in a
statig mode, all diffusion pumped apparatuses permitted flowing Ar
during sputtering. A titanium film was always deposited with the TSP

prior to sputtering to maintain gas purity. All chemical cleaning was

done in flowing oxygen.

3.4.2 Gas and Alkali Dosing

Molecular gas dosing was achieved through a variable leak valve
from the gas manifold into the vacuum chamber in one of three ways:
either by backfilling the chamber, by introduction through a 3.18 mm
(0.125 inch) 0.D. tube doser or by introduction through a microchannel
array nozzle doser. Both the tube and nozzle dosers were mounted

within 2 cm of the sample to achieve local pressure enhancement at the
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sample. For the condensible reagents used (C6H6, CGDG)’ the
exposure rate was enhanced 5-fold using the nozzle doser. All
exposures cited in this thesis are uncorrected for ion gauge
sensitivity.

The gas manifold was typically maintained at <1 x 10~ torr by
baking at ~450K at near weekly intervals. The manifold was flushed at
least once with the gas to be used prior to storage. The gases were
passed through a liquid nitrogen cooled trap prior to introductibn
into the chamber.

A1l alkali dosing was achieved by heating a commercial SAES Getter
source which consists of a powdered mixture of potassium chromate and
a zirconium-16 perceht a]umindm a]loy gefter,.énc1oséd in a tantaium
dispenser. The alkali dosers were positioned 3-8 cm from the sample
(specifically 3-5 cm from the Pt(111) samples and 6-8 cm from the
Rh(111) samples). Currents of 5-8 Amps were necessary to achieve
dosing rates between 0.05 and 0.10 monolayers per minute (where one
monolayer corresponds to one a]ké]i atom per surface substrate atom).
After an initial induction period when several impurities are
additionally emitted by the source, pure neutral alkali is the only
species emitted. The pressure increase typically observed during
routine use of the sources was 1-2 x 10'10 torr. Additionally,
alkali layers with impurities present differed strongly in their
chemisorption properties from pure alkali layers, making CO and oxygen

impurities during dosing easy to detect.
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3.4.3 Surface Characterization

Prior to gas or alkali adsorption, the sample was cleaned as
described ébove. The surface cleanliness yas determined by AES, LEED,
and HREELS. Often, LEED and HREELS were more sensitive to low levels
of impurities than AES, and once a reproducible cleaning procedure was
established, these were used nearly exclusively to avoid possible
decomposition of residual CO (the main contaminant in the vacuum
chambers) caused by the 2 keV electron beam during AES analysis.

Hence, after cleaning, if the surface possessed a sharp (lxl)
diffraction pattern with Tittle background intensity and showed energy
losses due only to residual CO with low background and little tailing
"of the elastic peak, the éamp?e was deemed clean.- The sample was then:
flashed and exposed within 1-3 minutes.

The metal-adsorbate system was typically characterized by several
techniques in succession, usualiy first by HREELS, then LEED, then
either AES or TPD. The TPD experiments were also performed exclusively
for a series of similar sample preparations, as were AES

calibrations. All experiments were repeated to insure accuracy.

3.4.4 Tuning of the HREEL Spectrometer

As mentioned in section 3.2.1, the two spectrometers differed
markedly in their performance. However, tuning of both spectrometers
was very similar. Reference wif] be made here to typical voltages and
currents observed as well as scanning and tuning time required for the

newer spectrometer since it was used more extensively in this research.
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Tuning of the spectrometer was fairly facile for any adsorption
system once the proper sample position was determined and the
approximate voltage settings decided for the lenses and sectors.
Typically, once the sample was cleaned only a few mindtes (5-15
minutes) were required to obtain good resolution (40-50 c:m'1 FWHM)
at counting rates of 105—106 cps. Similar tuning times were
required after dosing the sample. Only slightly longer time (30-60
minutes) was required after baking the spectrometer and chamber,
espeﬁia]]y if the crystal sample was replaced or otherwise remounted, |
In this case, optimization of tuning and sample position could be
accomplished after a small number of trial positions. As resolution
was not sacrificed; this optimization only affected the intensity and
tailing of the elastic peak.

One of the most important requirements for obtaining good quality
spectra with minimum tuning effort is proper positioning of the
sampie. This is not always eésy as the spectrometer and umetal
shielding surrounding it often limits or completely obstructs view of
the sample. For the spectrometer used in the Pt(111) work (see
Fig. 3.3) positioning of the sample was difficult since the sample was
totally obscured by the spectrometer shielding plates and the X-Y axis
of the manipulator could not be aligned with a defined X-Y plane of
the spectrometer. In the other chamber (Fig. 3.4), both of these
difficulties were corrected. The manipulator was aligned such that
translation of the sample only changed the scattering point, not the

scattering angle or path length of the electron beam. Furthermore,
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the sample was readily visible through a 38 mm (1.5 inch) viewpoint.
Markings on the B lenses' shields permitted proper z alignment. The
crystal was easily positioned for specular scattering of the electron
beam by rotating the sample until one's eye reflection could be viewed
in the center of the viewport. Alternatively a strong light or laser
beam could be used. The sample was then translated to the focal point
of the spectrometer as close as possible optically. Since only one
motion is undefined, this translation was then varied slowly once any
signal was detected at the channeltron. This procedure resulted in
optimum positioning of the sample for Specu]ar reflection experiments,
the sample was simp]y.rotated for off-specular measurements.

.Tuning of'the spectrometer is usually done in two stages:
maximizing the current stepwise through the spectrometer until
detection at the channeltron, followed by iterative voltage adjustment
to maximize signal and resolution while maintaining peak shape and
minimizing .background. Voltages on the various lens elements often
vary with similar spectral quality obtainable at many different voltage
settings. Locating the elastically reflected beam at the detector can
then be achieveﬁ by following a few guidelines. Initially one wants
to detect current at the monochromator entrance aperture (or the
collimating aperture, Cl, if it is present). With an initial filament
current of ~2 A, the repeller negative (typically ;1V), voltages of
0-10, 20-50, 0-10V on Al, A2, and A3, respectively, and the A
difference (i.e., An left - A, right) near zero, a current should

be measurable with a picoammeter at the entrance aperture. The current
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is maximized (~1-5 «x 10'7 A) by adjusting the voltages within the

prescribed ranges. Next the current should be maximized at the outer
monochromator sector. The sector vo]tagé separation shoqu initially
be large (aV ~0.5V) to permit high electron throughput. The voltage
position of the entrance and exit apertures should be fixed according

to the equation [17]

E(r) = aV[In(r/R )]

)1/[n(R /R

mean outer/ “inner

where R R R

mean® and r are the mean radius of the

inner® “outer

127° sector, the radius of the inner and outer sector, and the radius
of the sector whose voltage is to be determined, respectively.

’ Inéerting the dimensions of the spectrometer used here, these -
equations become

E = - 0.607 aV E

suter = 0.393 av

inner
for the voltage settings of the outer and inner sectors with resbect
to the aperture potential. Note that the difference between Einner
and Eouter is aAV. Variation of the monochromator level changes both
the aperture and sector voltages together; this should be adjusted
along with the repeller, the filament, and the A lenses to maximize
current at the monochromator outer sector. The monochromator aperture
voltage should be maintained positive between 0-0.5V. The filament

current should be adjusted between 1.8-2.3A to obtain a maximum in

detected current.
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Next, current at the crystal should be detected at a level of
10'10-10'9A by adjusting the previous lenses within their ranges,
and Bl and B2. Voltages for Bl and B2 are between -2.0 and 2.0V. The
voltage difference (ABn) should be near zero. After this is
achieved, current can be detected at the entrance aperture of the
analyzer, but is somewhat difficult to measure due to its low level.
Detection at the electron multiplier (channeltron) is also appropriate
now by setting the analyzer and 83 and B4 voltages equivalent to ‘
their mirror image counterparts at the monochromator, and the
collimating aperture (C2) set just positive of the analyzer aperture
voltage. The slopes of the analyzer, which\contro1 the transmission
of the éna]yzeF, are adjusted to a gettfng of 1.0 (i.é., a.l volt
input sweeps all analyzer elements 1 volt). The elastic beam should
be detectable by rastering the analyzer level between -0.1 and 0.1V of
the monochromator level (viz., V(analyzer slit)-V(monochromator slit)
= #0.1V).

Once the elastic beam is detected, the crystal position and
voltages can be optimized simply by sweeping the elastic peak with
either a computer generated stairstep ramp or a triangular wave
generator, and displaying the output of the ratemeter on an
oscilloscope. The intensity, resolution and peak shape are easily
monitored as the voltages are varied within the above described
ranges. The B lenses (especially 82 and 83), the sample position,
the crystal bias, and the beam energy all strongly interact but are

necessarily iterated to improve the‘peak shape. The resolution and
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intensity depend on the pass energy, as noted in Chapter 2. By
lowering the aV separation between the fnner and outer sector, the
resolution can be improved at the expense of count rate. Of course,
the inner and outer sector voltages must be readjusted identically for
" both the monochromator and analyzer sectors as given by the above
formula. Additionally, the aperture potentials should be made more
negative as the aV separation decreases. Small adjustments in the
other voltages, especially the beam energy and the B lenses, should

maximize intensity and optimize peak shape.



77

REFERENCES

1.

10.

11.

Except for the commercial equipment cited above, both apparatuses
were custom built by the machine éhops at the Department of
Chemistry and Lawrence Berkeley Laboratories, ihcluding the
chambers, the manipulators, and the HREEL spectrqmeters.

H. Froitzheim, H., Ibach, and S. Lehwa]d, Rev. Sci. Instrum. 46,
1325 (1975).

. L. H. Dubois, Ph.D. thesis, University of_Ca]ﬁfornia, Berkeley,

1980, unpublished.

. The viton O-ring gate valves were baked slightly cooler at 400K
while the HREEL spectrometer was usually baked at 525K

. A, L Cabrera, N. D. Spencer, E. Kozak, P. W. Davies, and G. A.

Somorjai, Rev. Sci. Instrum. 53, 1888 (1982).

. P. A. Redhead, Vacuum 12, 203 (1962).
. C. M, Chan, R, Aris, and W. H. Weinberg, Appl. Surface Sci. 1, 360

(1978).

. E. L. Garfunke1; Ph.D. thesis, University of California, Berkeley,

1983, unpublished.

. G. A. Somorjai, Chemistry in Two Dimensions: Surfaces, Cornell

University Press, Ithaca, 1981.

C. C. Chang, in Characterization of Solid Surfaces, P. F. Kane and

C. B. Larrabee, Eds., Plenum Press, New York, 1974,

J. C. Fuggle, in Electron Spectroscopy: Theory, Techiques and

Applications, Vol. 4, C. R. Brundle and A. D. Baker, Eds.,

Academic Press, New York, 1981.



12

13

14.
15.
16.

17.

78

. Y. R. Shen, in Novel Materials and Techniques in Condensed Matter,

G. W. Crabtree and P. Vashishta, Eds., Elsevier, Amsterdam, 1982.
. T. F. Heinz, Ph.D. thesis, University of California, Berkeley,
1982, unpublished.
N. Bluembergen, R. K. Chang, S. S. Jha, and C. H. Lee, Phys. Rev.
174, 813 (1968).
H. W. K. Tom, C. M. Mate, X. D. Zhu, J. E. Crowell, T. F. Heinz,
G. A. Somorjai, and Y. R. Shen, Phys. Rev. Lett , submitted.
H. W. K. Tom, Ph.D. thesis, University of California, Berkeley, -
1984, to be submitted.

M. E. Rudd, Low Energy Electron Spectrometry, K. D. Sevier, Eds.;

Wiley and Sons, Interscience, New York, 1972.



79

CHAPTER 4
POTASSIUM AND POTASSIUM PLUS OXYGEN ADSORPTION ON THE Pt(111)
AND Rh(111) CRYSTAL SURFACES '

4,1 Introduction

The adsorption of alkalis on metal surfaces has received
considerable attention in the past since even small amounts of these
adatoms can extensively modify the electron and ion emission properties
of a metal surface [1]. Alkali adsorption on a metal surface typically
Towers the work function dramatically. Preparation of these low work
function surfaces has potential application in thermionic converters.
In addition, as already discussed, alkali and alkali oxides and
hydroxides afe'common additives 1n.CO hydrogénation reactions, ammonia
synthesis, and hydroformylation reactions. Hence, an investigation of
their adsorption properties can have important ramifications in both
heterogeneous catalysis and electronic device technology.

Since the physical and chemical properties of pure a]ka]i'.
overlayers differ markedly from that of a]ka]f plus oxygen overlayers,

they will be separately discussed.

4.2 Alkali Adsorption on Pt(111) and Rh(1l11l)

Alkali adsorption has been characterized by TPD, AES, LEED, HREELS

and SHG. Since the properties of potassium on Pt(111) and Rh(111l) are

very similar, they will be discussed together.
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4.2.1 Work Function Changes

As mentioned above, one of the most important properties of alkali
overlayers is their effect on the work function. The characteristic
changes for alkali adsorption on a metal structure are: an initially
rapid linear decrease in work function, rea&hing a minimum, then rising
to‘the bulk alkali work function value at completion of the first
layer. This behavior occurs because, hpon adsorption, alkali adatoms
transfer charge to the subsfrate, forming a positive alkali ion. This
ion induces a screening charge, resulting in a net dipole moment,
directed opposite to that of the pure substrate dipole layer. At low
coverage, these dipoles form a continuous dipole layer decreasing the
work functfon'1inear1y'with coverage. Iﬁteractfons between adatoms
(e.g. dipoles) reduce this effect at high coverage such that the work
function eventually reaches a minimum and rises to the characteristic
value of the bulk alkali [2]. The initial linear decrease in the work
function gives the dipole field strength of the alkali atoms, and is
governed by the Helmholtz equation (i.e. a9 = 4nxuN, where yu is the
dipole moment and N is the alkali surface adatom density). In this
region, the alkali species are ionic. Once the minimum in work
function is obtained, the slow increase in work function denotes the
region where the alkali becomes metallic in nature. For potassium

adsorption on Pt(111), the work function decreases up to 4 eV [3,4].
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4.2.2 Low Energy Electron Diffraction Studies

A sequence of diffraction patterns observed for potassium
adsorption on Pt(111l) is shown in Fig. 4.1; The patterns are arranged
in decreasing coverage as TPD was used to adjust the necessary
coverage. Upon an exposure of potassium equal to completion of the
first layer (as determined from TPD and AES measurements), an incom-
mensurate hexagonally close packed ordered structure forms as shown in
Fig. 4.1a. In this figure, it is evident that the potassium overlayer
has its axis alligned with the substrate axis, but has a larger
interatomic spacing (4.6 * 0.14) than the platinum substrate spacing
(2.78A). Similar to K adsorption to Rh(11ll), this spaciﬁg is smalier
th&n that 6bserved'for 5u1k potassium (4.7OA). The surface dénSity is |
calculated to be 5.4 x 1014 K atoms/cm2 assuming one K atom per
unit cell; the coverage with respect to the Pt(11l) surface density is
8y = 0.36 for this close packed overlayer. .

As the potassium coverage is decreased, orientational reordering
occurs, forming in sequence a ring structufe which sharpens into split
beams about the (1/3,1/3) spot position (see Fig. 4.1b and c). These
coalesce into the (V3 xv 3)R30° structure. This occurs at
8 = 0.33. Similar behavior is seen on Rh(111) as discussed below.
Noble gas and halogen adsorption systems show similar behavior [5,6].
No ordered structures were observed below GK = 0.33 at temperatures

as low as 270K.
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On Rh(111), the sequence of LEED patterns observed for decreasing
potassium coverage is shown in Fig. 4.2. The incommensurate
hexagonally close packed overlayer observed at completion of the first
layer (Fig. 4.2a) is nearly idéntica] to that seen on Pt, and
corresponds to an interatomic spacing of 4.45 * 0.1A compared to 2.68A
for Rh(111). The innermost ring of spots is dué to second order
diffraction. From the ordered structure observed and assuming one
botassium atom per unit cell, the close packed potassium monolayer is
calculated to have a surface density of 5.8 x 1014 atoms/cmz, for
a coverage of oy = 0.36 as defined with respect to the Rh(111)

surface density of 1.61 x 1015 2

atoms/;m . [If additional potassium

is ‘added to the surface, the pattern becomeslmore,diffuse as.mu]ti—:
layers begin to grow. Figure 4.2b shows the additional structure that
occurs upon decreasing the potassium coverage slightly. New spots at
the (1/3,1/3) position begin growing in as the spots observed on axis
move in toward the center and begin to split. The spacing observed for
the (1/3,1/3) position implies a coverage of 8y = .33, while the
interatomic spacing of 4.75 # .1A calculated for the on-axis spots
indicates a coverage of 9y = 0.32, suggesting two domains are

present. Upon further reduction of the coverage, a (/3 x v 3)R30° is
exclusively present (Fig. 4;2C). As one approaches o = 0.25, a

(2x2) structure begins to groQ in with the (V"3 x /" 3)R30° pattern,
forming hexagons about the (0,0) beam. Only a (2x2) pattern can be

observed at slightly less coverages.
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The absence of any structure at coverages less than 9y = 0.25 at
temperatures as low as 140K suggest that no attractive interaction
between adsorbed potassium adatoms exists. The structures observed

provide additional coverage calibration points.

4,2.3 Potassium Uptake and Calibration

The potassium coverage on both surfaces was monitored in at least
3 ways: LEED structures, yields from thermal desorption measurements,
and the Auger intensity ratios of the potassium (250 eV) and substrate
(Pt 64, Rh 302 eV) transitions. Figure 4.3 shows the linear variation
with 9y of the Auger peak ratjq for Rh up to completion of the first
layer. | | . | | V |

For the experiments on Rh, the coverage could also be calibrated
by measuring the potassium flux using a line of sight mass
spectrometer., Since the configuration was always the same and since
the mass spectrometer was line of sight to the potassium source, these
proved quite re]fab]e for coverage determinations after the

relationship to coverage was measured.

4.2.4 Temperature Programmed Desorption Studies

The thermal desorption spectra of potassium from Pt(111) and
Rh(111) is shown as a function of coverage in Figures 4.4 and 4.5,
respectively. On Pt(111), at low coverages, the maximum desorpfion
rate of K occurs at ~1050K. With increasing K coverage, this peak

shifts toward lower temperature in a smooth and pronounced way. At
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completion rate of the first layer (9K = 0.36), the maximum

desorption occurs near 400K. This behavior is common for alkali
adsorption on transition metals. Similar spectra are seen for K on
Rh(111). At low coverages, the maximum desorption rate occurs at
~1125K. This peak shifts to lower temperatures with increasing
coverage until completion of the first layer, where it occurs at ~500K.
This shift is believed to be due to repulsive interaction between the
partially ionized alkali adatoms [1]. Multilayer desorption occurs at
~350K from Rh(111l) and 380K for Pt(11l). Assuming a pre-exponential
factor of 1x1013 sec'l, first order desorption kinetics, and using

the Redhead equation, we obtain a desorption energy of 20 kcal/mole for
both-of these mu]ti]ayer peaks. Fféure 4.6 shows the variation in the
heat of desorption as a function of K coverage. For Rh(11ll), these
values vary from ~65 kcal/mole at the lowest coverages to 20 kcal/mole
value at multilayer formation. This latter value agrees well with the
heat of vaporization of potassium (18.9 kcal/mole). The same trend is
seen for K adsorption on the Pt(111) surface. The shape of the curve
is thought to be caused by depolarization of the surface dipoles at

high coverage [7].

4.2.5 Second Harmonic Generation Studies

When any alkali is adsorbed onto a metal surface, the second
harmonic signal varies drastically. Figure 4.7 shows a typical example
of the large variation in signal with coverage, in this case for

Na/Rh(111). Here saturation of the first layer occurs at & = e, = 0.5
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The variation in the SH signal is believed to be due to the ionic and
metallic nature of an alkali as a function of coverage. The SH signal
increases up to the point (e ~ 0.Sem) where the minimum in work
function is expected [8], indicating electron donation to the surface
for the ionized alkali layer. At e > 0.59m the SH signal decreases
until @ ~ 0.9e, subsequently increasing to 70 times the base Rh(111)
metal value. Thos change suggests that as the Na layer becomes more
metallic, it becomes much more free electron-like than Rh, giviné rise

to large second harmonic signals.

4.2.6 Vibrational Spectroscopy Studies

Figures 4.8 and 4.9 show the low frequency modes observab]e when
potassium is adsorbed on Rh(111). The modes are very intense and their
large tailing often obscures the weaker low frequency vibrations. The
intensity of these modes increases when CO is coadsorbed with
potassium; those spectra shown are for the coadsorption system. The
' most curious aspect of these modes is thefr variation with potassium

-1 to 129 <:m'1 as 9y

coverage. The mode increases from 73 cm
varies from 0.03 to 0.25. Overtones or multiple losses are also
observable for these losses. Their origin is either a surface phonon
or a M-K stretching vibration. The vibrational frequency seems too
low to be due to a VM_K but shifts in the expected direction for a

surface phonon mode.



86

FIGURE CAPTIONS

Fig. 4.1. Sequence of LEED structures observed for K on Pt(111).

Fig.

Fig.
AFig.
Fig.
Fig. 4.6.

Fig. 4.7.

Fig. 4.8.

Fig. 4.9.

4.2.

4.3.

4.4,

4.5.

(a) Close-packed K layer, e, = 0.36. (b) Annealed (a) to
33OK. (c) Annealed (a) to 350K. (d) Annealed (a) to 40(K.
Progression of LEED patterns observed for potassium
adsorption on Rh(111) as the coverage is decreased (a)

oy = 0.36, saturation of the first layer. (b) After
annealing (a) to 395K, (c) After annealing to 520K.

(d) After annealing to 640K.

Auger intensity ratio for K on Rh(111) as a function of the
potassium coverage.

TPD speétra for K oh Pt(111) affer adsorption at-*é50K.' The

heating rate was 30K/s.

TPD spectra for K on Rh{11l) after adsorption at 290K. The

heating rate was 15K/s.
The heat of desorption of potassium on Rh{11l) versus K
coverage.

Variation in the second harmonic as a function of Na

. coverage. The inset shows the low coverage region on an

expanded scale.

Vibrational spectra of the low frequency modes observed only

.in the presence of K, as a function of K coverage.

Vibrational spectra of the K-induced modes shown on an

expanded scale, as a function of coverage or temperature.
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K/PLL111)

XBB 815-4642
Figure 4.1
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K/Rh (111)

XBB 830-9567
Figure 4.2
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4.3 Oxygen Adsorption on Potassium Dosed Rh(111)

In the prevfous section it was shown that potassium layers have
similar physical and chemical prope;ties on different surfaces. The
same is true for potassium layers dosed with oxygen. The TPD spectra
reporteq here for OZ/K/Rh(lll) are very simlar to that found by
Garfunkel and Somorjai for the 02/K/Pt(111) adsorption system [7].

Figure 4.10 shows the thermal desorption spectra for K with
coadsorbed oxygen (20L) on Rh(lll). The nature of the desorption is
changed drastically from that of pure K desorption (Section 4.2.4).
The coadsorbed oxygen adatoms strongly modify the heat of adsorption
df K on Rh(111l), increasing it by over 30 kcal/mole from that seen for
multilayer K desofption. .At‘iow K coverages, 02'desorbs‘ét a lower
temperature than K. The temperature differences of the peak desorption
maxima decreases, until at K coverages greater than oy = 0.2, 02
and K desorb simultaneously, indicating surface'complex formation;
This is shown in Fig. 4.11 for 9y = 0.8. Similar behavior is seen
for CO on K dosed Rh(11ll) as discussed in Chapter 5. No KO, K20 or
KO2 species were detected for this adsorption system, suggesting that
such complexes dissociate in the ionizer of the mass spectrometer.

The simultaneous desorption of 02 and K strongly suggests such
complex formation.

| As already mentioned, small potassium coverages do not perturb the
desorption of oxygen or vice-versa. This is because all of the 02
desorbs from the surface prior to any potassium desorption.

Vibrational spectra of these layers are only slightly shifted from the



97

clean surface vibrational frequencies, as shown in Fig..4.12. Oxygen

adsorption on Rh(111) is dissociative [9], with a Rh-0 stretching

1

vibration occurring between 525-550 cm ~. As seen in Fig. 4.12, low

potassium coverages do not affect this vibration, a]thbugh at

8y = 0.10 the mode does increase in frequency, indicating stronger
bonding between Rh and O(a), as indicated by the increase in the
temperature of the oxygen desorption rate maximum with K adsorption.
The surface phonon mode at 210 cm'1 broadens and increases in

1

frequency with oxygen coadsorption. The 1430-1460 cm ~ vibrations

are due to residual CO adsorption, as described in the next chapter.
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FIGURE CAPTIONS ‘

Fig. 4.10. TPD spectra for potassium desorption from Rh(lll)‘after
_oxygen (20L) was coadsorbed at 300K. The heatind rate was

‘ 15K/s.

Fig. 4.11. TPD spectra for both potassium and oxygen after adsorption

. of 20L 02 onto a potassium dosed Rh(111) surface. The

heating rate was 60 K/s.

Fig. 4.12. Vibrational spectra fér oxygen adsorption on a potassium

predosed Rh(111) surface.



AMU 39 INTENSITY

99

— T T T T T T T T T T T T T T T T T
0, /K/Rh (lil)

6, =039

/

| S T A S S T NN MO AU S NN VRS S SN N NN S SN N
300 400 500 800 700 800 900 00O OO 1200 1300
TEMPERATURE (K) '

Figure 4,10 ’ x8L 8310-6553




MASS SPECTROMETER SIGNAL

100

e e e —_— e — — e e e e e — e . - — — e — ——

0,/K/Rh(1)

Amu 39

Amu 32

TIME —»

Figure 4,11

xX8L8312-6689



INTENSITY (ARBITRARY UNITS)

101

L

1 . [ !

0,/K/Rh(iN

l ﬁnTNthghﬁﬂJJ\?uﬂ\‘u\__dw‘L

Ol—

1000
ENERGY LOSS (cm™!)

Figure 4.12

2000

Xx8LB8312-6687



102

REFERENCES
1. R. L. Gerlach and T. N. Rhodin, Surface Sci. 17, 32 (1969).
2. J. W. Gadzuk, "Proceedings of NATO Advanced Research Institute,
Atomistics of Fracture", Corsica (1981).
3. E. L. Garfunkel, Ph.D. Thesis, University of California, Berkeley,
1983, unpublished. | |
4, J. E. Crowell, E. L. Garfunkel and G. A. Somorjai, Surface Sci.
121, 303 (1982).
5. A. D. Novaco and J. P. McTague, Phys. Rev. Lett. 38, 1286 (1977).
6. U. Bardi and G. Rovida, "Proceedings of ICSS-4 and ECOSS-3",
Cannes (1980). . A . ‘ A . |
7. E. L. Garfunkel and G.'A. Somorjai, Surface Sci. 115, 441 (1982).
8. S. A. Andersson and U. Jostell, Surface Sci. 46, 625 (1974).
9. J. T. Yates, Jr., P. A. Thiel, and W. H. Weinberg, Surface Sci.
82, 45 (1979).



103

CHAPTER 5 -

THE ADSORPTION OF CARBON MONOXIDE ON THE CLEAN AND POTASSIUM DOSED
Pt(111) AND Rh(111) CRYSTAL SURFACES

5.1 Overview

The influence of potassium on the chemisorptive properties of CO
is daramatic, and is one of the most important and interestingvexamples
of the ability of additives to modify the chemical properties of
surfaces. Clearly, transition metal-CO chemistry is of enormous
techno]ogi;a] importance in Catalysis: the Fischer-Tropsch synthesis,
hydroforhy]ation reactions,'and methanatfon reactions a11'invo1ve'the'-i
catalytic conversion of CO to needed fuels and feedstocks, specifically
alcohols and aldehydes, hydrocarbons, and methane. Likewise, the
| significance of alkalis in catalysis and thermionic emission was noted
in the preceding chapter. Since potassium influences the rate and
product distribution of these catalytic reactions, an investigation
into the chemical interaction of CO and alkalis is of obvious
.significance. '

An understanding of the interaction of CO with potassium dosed
surfaces, besides being of consequence in catalysis, can lead to a
better description of CO bonding to transition metals. Due to the rich
and extensively studied quality of CO-transition metal chemistry (1],
improving 6ne‘s understanding of the nature of the metal-CO interaction

is of momentous value to the field of surface chemistry. Since the two
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metal surfaces exhibited unique attributes in their chemisorption
behavior, they will be discussed separately. A general comparison of

the two surfaces will follow in the conclusions (section 5.4).

5.2 CO and K Coadsorption on Pt(111)

5.2.1. Introduction

The use of platinum in various catalytic processes has inspired
considerable interest in platinum chemiétry, making the CO on platinum
adsorption system one of the most widely studied of all in catalysis
and surface science. In contrast, the coadéorption of CO with alkalis
on platinum or any other transition metal has received very 1itt1e
attention, déspite7fhe promoter action of é]ka]is in the catalytic
hydrogenation of carbon monoxide. ny_and coworkers [2] found, using
calorimetry, that the heat of adsorption of CO increased 5 kcal/mole
on an iron catalyst in the presence of potassium oxide (K20). Ten
years later, Broden, Gafner and Bonzel [3] found a similar increése in
the heat of adsorption of CO with potassium coadsorption on Fe(110).
More importantly, they showed that upon heating, the probability of
adsorbed CO dissociating increases with increasing potassium coverage.
Similarly, Benziger and Madix [4] studied the effect of potassium on
the adsorption of CO and H2 on Fe(100). They showed that potassium
increased the binding energy of both CO and H2, and enhanced CO
dissociation. They also performed LCAOQ (linear combination of atomic

orbitals) calculations that suggested that donation of the potassium
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| 4s electron into the iron d-band enhanced the metal electron back-

donation into the 2n*l1eve1 of CO, thereby increasing the CO heat of
desorption and increasing the d%ssociation probability. In a study on
Ni(100), Kiskinova [S] found that preadsorbed alkalis (Na, K and Cs)
increased both the adsorption energy of molecularly adsorbed CO and the
fraction of dissociated CO. The dissociation probability was found to
increase with increasing alkali coverage, and depended on the alkali
i£se]f, in the sequence Na < K < Cs. These four studies on Fe and Ni
all found that alkalis cause CO to bond more strongly to the metal
surface, and enhance dissociation on these transition metals (which
incidentally, a]ready dissociate CO on their own). The effect of
potassium on shrfaces tﬁét do not d{ssocidte co indepehdent]y'was
unexplored at this point, as were the changes induced in the C-0 bond
itself. Our study of CO and K on Pt(111) using vibrational
spectroscopy (HREELS), heat of desorption measurements (TPD),
diffraction studies (LEED), and work function changes was aimed at
exploring the influence of potassium on molecular CO chemisorption and

elucidating the nature of their interaction.

5.2.2. Results and Interpretation

In the previous chapter the chemisorption properties of potassium
overlayers and the potassium coverage calibrations have been discussed

in detail. On Pt(11l), a hexagonal close packed overlayer completely

covering the platinum surface forms at a K coverage of 5.5 x 1014

2

atoms/cm®, corresponding to a coverage of 8y = 0.36 (i.e., 0.36



106

potassium atoms per surface platinum atom corresponds to saturation of
the first Tayer). Detailed here are the properties of CO adsorption

on the clean and potassium-dosed Pt(11l1l) surface.

5.2.2a. CO Adsorption on Clean Pt(111)

The adsorption of CO has been extensively studied [6-12].
Representative TPD and HREEL spectra recorded as a function of CO
exposure at 300K are shown in Figures 5.1 and 5.2. These spectra-
agree well with cher studies of this system [10-12]. As shown in
Fig. 5.1, the.desorption of CO from Pt(111) is characterized by a
single desorption state whose peak maximum shifts to Tower temperature
and broadens with ihcreasing coverage.  The HREEL spectra in Fig. 5.2

1, characteristic of

shows vibrational features at 1870 and 2110 cm™
CO bonded carbon eﬁd down in a bridged and atop bonding configurétions
[13]. However, these two binding sites are not resolved in the
desorption spectrum (see Fig. 5.1). Norton et al. [8], using dynamic
measurement of the surface work function changes with desorption,
deconvoluted a similar desorption spectrum for CO on Pt(111) at 298K
into bridge, atop and step/defect site components. They determined
that the atop species had an ~0.9 kcal/mole higher binding energy than
the bridge site. If we assume the recently derived [7] pre-exponential
faqtor of 1013 sec'l for CO adsorption on Pt(11l) and ignore the

small binding site differences, we cab estimate that the heat of‘

adsorption varies from 30-32 kcal/mole at low coverage to 25-27

kcal/mole at saturation coverage at 300K.
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The vibrational specfra in Fig. 5.2 show that the atop species is
thermally more stable than the bridge species, in agreement with the
measurements by Norton et al. Consequently, if was found that the
atop site fills first, followed by population of the'bridge site. The‘

metal-carbon stretching vibrations (“M-C) for these two molecular

1 1

adsorption sites differ by 120 ¢cm™™, occurring at 360 and 480 cm™
for the bridge and atop sitgs, respectively. The bridge VM_C mode

is only discernible at relatively high coverages. The atop site
-adsorption frequency decreases with decreasing coverage. This shift
is attributed to dipole-dipole coupling between adsorbéd molecules as
“determined by Crossley and King [10] using mixtures of jsotopica]]y
labelled CO. | | |

Two surface structures were observed for CO adsorption, a diffuse

(V37x/ 3)R30° and a c(4x2) structure. Recent work by Steininger et
al. [14] shows that at low temperature the diffuse.0f3'x¢’3)R30°
structure is really a superposition of two complicated structures
resembling this structure. They also show that these structures are
associated with CO on atop sites only, while the c(4x2) structure has
CO on both atop and bridge sites. We observe a similar vibrational

frequency and site occupation dependence here for the two LEED

structures seen.

5.2.2b. (O Adsorption on Potassium Dosed Pt(111)

The pre-adsorption of potassium strongly modified the
chemisorption properties of CO, as evidenced by the substantial

changes in the desorption and vibrational spectra.
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The TPD spectra for a saturation CO exposure (10L) of the Pt(111)
surface as a function of potassium pre-adsorption is shown in Fig.
5.3. Already at oy = 0.02, the CO desorption peak maximum is
shifted toward higher temperatures, above the 400K peak maximum
observed for the clean surface. As the potassium coverage is

increased to 8, = 0.07, the peak maximum continues to shift to

K
higher temperatures as the desorption broadens substantially toward
higher temperatures. By oy = 0.11,.the desorption peak width (FWHM)
is 200K, with desorption continuing beyond 600K. The desorption peak
maximum reaches 610K near oy = 0.18, but the saturation CO coverage
decreases (as measured from the TPD peak area). The CO coverage
continues to decrease with further k'exposufe; as no CO adsorbs onto
the potassium multilayers. For o = 0.33 (i.g., 90 percent of
satgration of the first layer), very little CO can adsorb. This CO
desorbs at 610K exclusively, the same peak maximum observed for a much
lower potassium coverage [15]. Assuming a pre-exponential factor of
1013 sec’1 and first-order desorption kinetics, similar to the
clean surface [7], we find that an increase in the desorption rate
maximum from 400K to 610K corresponds to an increase in the heat of
adsorption from 25 to 36 kcal/mole. No significant irreversible CO
disso;iation was evident as no carbon or oxygen was found to remain on
the surface by AES after heating to 650K.

Vibrational spectra for these overlayers are shown in Fig. 5.4.
Here the room temperature HREELS vibrational spectra for saturation

. coverages (>10L) of CO are shown as a function of potassium coverage.
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Potassium coverages were achieved byAdepositing a monolayer or more of
potassium, then heating the surface to achfeve the desired coverage by
desorption. The indicated potassium coverages were monitored by both
TPD and AES [16].

.Figure 5.4 demonstrates the marked effect that even a small
addition of potassium has on the CO vibrational spectrum. As seen in
this figure, three major changes occur in the spectra as a function of
increasing potassium coverage: the relative intensity of the two
vibrational states varies continuously, the peak frequency of both
sites decreases, and the vibrational features broaden substantially.
'Specifically, a coverage of 8y = 0.02 can already 1ncrea$e the
intensify of the bridge site relative to the étob site.‘ By Sy ;VO.O4,
the peak heights are nearly equal. The bridge site loss intensity
becomes more than twice that of the atop site at oy = 0.11, nearly
the inverse of the ratio found for the potassium free surface. We
interpret this shift in intensity as a shift in CO occupation from the
atop site to the bridge site. This trend continues with increasing
potassium coverage until only bridged CO sites are occupied at oy = 0.22.

In addition to the change in site occupancy, the vibrational peak
frequency for both adsorption sites decreases with increasing potassium
coverage. Already by e, = 0.04, the bridged CO stretching frequency

1 while the atop site vibration has decreased

1

has decreased by 100 cm™

by 65 cm'l. Gradually, the atop vibration shifts to 2000 cm ~ at

1

8y = 0.11, substantially lower than the 2120 cm - potassium free

value. The bridge bonded CO species decreases even more dramatically
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to 1565 cm'l, although by this coverage (éK = 0.22), the
saturation CO coverage is about one-half that of the other five
spectra, adding to the frequency shift.

Finally, these peaks broaden, especially to the low frequency side,
as the potassium coverage increases. This suggests inhomogeneity in
the CO overlayer. Also, note that the Pt-C stretching modes are
partly obscured due to potassium jnduced modes of high intensity at

1 (see chapter 4). However, no

frequencies less than 250 cm™
vibrations between 500-1000 cm‘l, due to Pt-0 or K-0 vibrations as a
result of CO dissociation, were ever observed.

The TPD spectra for various CO expoéures on Pt(;ll) at a constant
potassium coverage 6f 6y = 0.11 are shown in Fig. 5.5. At 1§w o
exposures (< 0.1L), the temperature of the CO desorption peak is
centered between 580-600K. As the coverage is increased, the CO
desorption peak broadens to lower temperature. After CO exposures >
2.0L, the peak width (FWHM) expands to 200K, compared to only 80K for
the clean surface. Curiously, the desorption spectra broaden
continously and do not indicate two distinct peaks. At higher
potassium coverages, the peak maxima begin at 600K at low CO exposures
but do not broaden as much since the saturationvCO coverage at 300K is
less. At lower predosed potassium coverages, the maximum coverage
attainable and the general desorption behavior with CO coverage are
the same (Fig. 5.5). However, the CO desorption maxima at low
exposures gradually shifts to lTower temperature with decreasing

potassium coverage, as expeéted from Fig. 5.3. Hence the maximum peak
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width (FWHM) continues to decrease from 200 to 80K as ek decreases
from 0.11 to zero [17,18]. The mechanism responsible for the broad
desorption peak will be discussed below.

Figures 5.6 through 5.9 show the comparable chénges in the
vibrational spectrum as the CO coverage is varied at a constant
potassium coverage. All spectra were obtained at 300K. The reported
temperatures indicate the'temperature at which the crystal was
annealed for several seconds prior to recording the spectra. .This
annealing process is used to vary the CO coverage: the higher the
annealing temperature, the lower the CO coverage (the actual coverage
was not detennined).A Siace the partial monolayer potassium coverages
were obtained by annealing a monolayer of potassium to at least 700K
(e.g., annealing to 700K produced 9 = 0.11), no noticeable
potassium desorption was deteéted during the CO desorption.

In Fig. 5.6 we show the vibrational spectra as the CO coverage is
varied for 8, = 0.02. In the 300K spectrum, both peaks are shifted
slightly from the potassium free saturation CO coverage values. The

bridged species is most strongly affected, having shifted by 65 cm‘1

down from 1870 cm—l.

As the temperature is increased up to 400K,
only slight shifts occur in the vibrational frequency. Between 400
and 425K however, a larger proportion of the CO begins to desorb,
mainly from the atop adsorption site. By 425K both the atop and
bridged Species have the same peak height. On the potassium free

Pt(111) surface only the atop species would be present near this

temperature. 'Hence, desorption of CO from the atop site becomes equal
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or favored over that of the bridged site for even very small levels of
potassium,

At a potassidm coverage of ¢, = 0.03, shown in Fig. 5.7, similar

K
trends with CO coverage occur. However, the thermal stability of the
bridged site continues to increase. At this potassium coverage,
parity of the vibrational peak intensities is adhieved at 410K. As
the coverage is decreased, the peak height of the atop species
continues to decrease faster than that of the bridged site species.
But, the peak maximum of the stretching vibration has decreased more

substantially for the bridged site than for the atop site (115 cm'1

vs. 25 qul).

The trend of decreasing stretching frequencies and higher bridge |
site occupation continues for o = 0.04 (Figure 5.8). In this case,
the atop and bridge site peak heights are nearly the same at saturation
exposure, certainly so after a small fraction of CO desorbs. The
bridged site then dominates at lower coverages as the CO preferentially
desorbs from the atop site upon heating. The C-0 stretching vibration
decreases to a low of 1715 cm'1 for the bridge-bonded molecules with
no species in atop sites present after heating to 435K. The broad
feature near 700 el that dominates after annealing to 450K is
likely due to oxygenvimpurities, possibly caused by diffusion from the
near surface region.

Figure 5.9 shows the HREEL spectra for o = 0.11. At this

potassium coverage, most of the CO adsorbs in bridge sites. Occupation

of the atop site is relatively small and occurs only at near saturation
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exposure. By 400K, only a broad, strongly shifted bridge site C-0
stretching mode is present. This mode continues to shift to lower
frequency as the CO coverage is decreased. Notice that this shift is
continuous with increasihg temperature, but here the desorption
process occurs over a broad temperature range, as evident in the
corresponding TPD curves shown in Fig.-5.5. The asymmetric broadening
of these modes as the CO coveragé decreases suggests some inhomogeneity
in the nature of the adsorbed CO. This may indicate that the
proximity of the C-0 molecules to the potassium atoms affects the
vibrational frequency and is heterogeneous, or that additional
adsorption.sites, such as 3-fold ho]]ows; may be'océupied. After
further heafing, a C-0 strefching frequency of 1400 cm“1 1's~
observed. No spectra were taken above 525K where further decreases in
the stretching frequency might occur. The 1400 cm'1 freduency, the
weakest CO stretching vibration observed for this adsorption system,
is characteristic of a CO molecule with a bond order of 1.2 - 1.5,
compared to a bond order of 2.4 for free CO [19]. The data indicates
that the presence of potassium considerably weakens the C-0 bond
without inducing dissociation.

By measuring the cutoff energy of the secondary electron emission
(in this case, after excitation of the surface layer with ultraviolet
radiation), the work function change can be obtained. As discussed in
Chapter 4, the work function of the clean Pt(111) surface decreéses by
as much as 4 eV upon adsorption of potassium [17]. After adsorption

of enough potassium to cause a 4 eV work function decrease, CO was
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coadsorbed. The work function was observed to increase by 1.5 eV at
saturation CO exposure [18]. Such a work function shift indicates a
change in the surface dipole field strength, suggesting charge

transfer occurs.
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Figure Captions

Fig. 5.1. TPD spectra of CO on Pt(11ll) as a function of CO exposure.
The heating rate was linear at 30 K/s.

Fig. 5.2. HREEL spectra of CO on Pt(11ll) as a funétion of CO
coverage. The coverage was varied by dosing to saturation
and then desorbing CO by heating to the temperature
indicated. _

Fig. 5.3. Carbon monoxide TPD spectra after saturatioﬁ Co exposufe of
a Pt(111) crystal predosed with potassium, as a function of
the potassium coverage.

Fig. 5.4. Vibrational»spectra for.safuration CO ‘exposure at 300K of a .
Pt(111) crystal predosed w{th potassium, a§ a function of |
potassium coverage.

Fig. 5.5. TPD spectra of CO on Pt(11ll) predosed with potassium
(eK ~ 0.11), as a function of CO exposure.

Fig. 5.6. Vibrational spettra of CO chemisorbed on Pt(111) predosed
with potassium at oy = 0.02, as a function of annealing
temperature (i.e., CO coverage).

Fig. 5.7. Vibrational spectra of CO chemisorbed on Pt(111) predosed
with potassium at oy = 0.03, as a function of annealing
temperature (i.e., CO coverage).

Fig. 5.8. Vibrational spectra of CO chemisorbed on Pt(111) predosed
with potassium at o = 0.04, as a function of annealing

temperature (i.e., CO coverage).
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Vibrational spectra of CO chemisorbed on Pt(111l) predosed
with potassium at 9, = 0.11, as a function of annealing
temperature (i.e., CO coverage).

(a) A schematic of the molecular orbitals believed to
interact most strongly when CO bonds to a metal.

(b) A model depicting the enhanced electron density near
the surface caused by adsorption of potassium atoms, which
induces enhanced electron donation from the substrate to

the coadsorbed CO.



Mass 28 Signal Intensity

117 CO TDS from Pt(l!1)
1.0 L

300

400 500
Desorption Temperature (K)
Figure 5.1 XBL8I9-646S A



INTENSITY l(arbitrary units)

118
CO ON Pt (1)

480

\\\/\\_____\\‘_———_"___~—ji¥ij

2090

415K

390K

340K
2110
_ 3?0
80
o 1870
300K .
L | I | ) l ! |
000 2000 3000 4000

ENERGY LOSS (em™)

Figure 5.2

XBL 823-5454



‘Mass 28 Signal Intensity

CO/K/Pt(li):
Saturation CO Exposure
TDS for Various K Coverages

300

400 500 600
Desorption Temperature (K)
Figure 5.3 XBL 819-6461 C

611



(arbitrary units)

INTENSITY

120 '
SATURATION CO COVERAGE (T=300K) ON Pt(i1)/K

x50 °|56‘5»
x (67 :
(725
6~0.22

2000
x333 1760 G~ 0.1
2040
x167\435 |
B ~0.06
' 2055
)
x333
2065 Gk~ 0.04
9K~OOZ
6K = O
1 | ! | | | | ]
0 ' 000 2000 3000

ENERGY LOSS (cm™!)

XBL8BI9- 66284
Figure 5.4



Mass 28 Signal Intensity

CO TDS from Pt /K (8,~0.1)

200

400 500
Desorption Temperature (K)
Figure 5.5

600

XBL8I9-64628

et



INTENSITY ({arbitrary units)

COVERAGE DEPENDENCElgg CO ON Pt(I)/K AT 8,~0.02

x 300 .
x300
X300
450 K
x300
1720 2070
425K
400K
375 K
105 cm-!
350 K
300 K
I L L L l ) l
0 1000 2000 3000

ENERGY LOSS em™h
Figure 5.6

'XBL81I0-6849a



INTENSITY (arbitrary units)

8Ccem!

123

COVERAGE DEPENDENCE OF CO ON Pt(Ih/K AT 6, ~0.03

x 300
x 200
x200 450 K
430K
x200
420 K

1745 2080

xéOO

x200

. 300K

1 | 1 1

1
0 1000 2000 3000
ENERGY LOSS (cm™h

XBL 8i10-6848a

Figure 5,7



INTENSITY

(arbitrary units)

124

COVERAGE DEPENDENCE OF CO ON Ptll)/K AT 8, ~0.04

x500

x333 450 K
1715

x|e7

90 cm"_.

| 1 | - ] 1 |

0 000 2000 3000
ENERGY LOSS (ecm™!)

Figure 5.8 XBL 8I10-68474



(arbitrary units)

INTENSITY

125
CO COVERAGE DEPENDENCE ON Pt(lII)/K (8¢~Q.11)

ENERGY LOSS (cm™)

Figure 5.9

x |00
1400 :
*100 525 K
1490
500K
X100 1520
x 200
5
475 K
1605
x 100
~— 460K
x 100 1655 |
440K
725
7S - 400K
om
2000
xi00
,} L 300K
| ] [ ] | | |
0 1000 2000 3000

X8L 819- 66278



126

Pt (111

XBL823-8332

Figure 5.10



127

-+ 5.2.3. Discussion

The preadsorption of potassium has marked effects on the
adsorption of CO on Pt(111). The major experimental findings can be
summarized as follows: |
i) The addition of submonolayer amounts of potassium continuously
increases the heat of adsorption of CO on Pt(11l) from 25 kcal/mole
for clean Pt{111) to 36 kcal/mole for potassium coverages nearing
completion of the first layer (eK ~ 0.36).
ii) Associated with the increase in heat of adsorption is a 310
cm"l decrease in the C-0 stretching frequency of the bridge bonded
CO molecules from 1870 cm__‘1 on clean Pt(111) to 156.0vcm'1 with
0.22 monolayéfé of K coadsorbed. | | -
jii) The CO thermal desorption peak broadens continuously to a
maximum of 200K (FWHM) at saturation CO coverages as the potassium
coverage is increased.
iv) At a constant potassium coverage, the C-0 vibrational frequencies
for both atop and bridge adsorption sites decrease substantially with
decreasing CO coverage.
v) On the potassium free Pt(111) surface, CO prefers to occupy atop
adsbrption sites while on the potassium covered surface CO adsorbs
preferentially on bridged sites.
vi) The C-0 stretching frequencies broaden asymmetrically in the
presence of coadsorbed potassium,
vii) The work function of the Pt(1l1l) surface decreases by 4 eV upon

the adsorption of 0.12 monolayers of potassium, but increases by 1.5

eV when CO is dosed to saturation at 300K.
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By examining the electron acceptor character of CO (i.e., its
Lewis acidity) and the changes in charge density at the platinum
surface as potaséium is adsorbed (i.e., the change in surface basicity
upon alkali adsorption), we can understand the bonding changes induced
by coadsorbed potassium better.

The bonding of CO to transition metal surfaces is believed to be
synergistic with electron donation from the 50 orbital of CO to
partially empty metal orbita]s; and simultaneous backdonation of
charge from metal orbitals into the empty 2«* orbitals of CO. The o
bonding strengthens both the M-C and C-0 bonds, while the backdonation
strengthens the M-CO intefaction_bdt weakens the C-0 bonding. This is
shown schematically in Fig. 5.10(&). .On suffaceé, the metal-carbonyl
vibrational frequencies and bond energies depend on the crystallo-
graphic orientation of the metal (i.e., the site symmetry), the metal
work function (a measure of the surface basicity), and the CO coverage
[20]. Enhanced backdonation decreases the C-0 stretching frequency,
increases the M-CO stretching frequency, and strengthens the CO
adsorption energy. Additionally, backdonation requires suitably
oriented d orbité]s on the.metal; recent studies indicate that bridge
sites have better = orbital overlap with CO, allowing greater back-
donation [14,21,22]. Specifically, work function measurements for CO
on Pt(111l) show an abrupt change from decreasing to increasing work
function with initial population of bridge sites in addition td atop
sites [14], while calculations suggest dM - Zn*co overlap is

greater for bridge sites [21,22].
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Potassium, a strong electron donor, can change the basicity of the
Pt(111) surface, thus inducing changes in the extent of backdonation
to adsorbed CO. It is clear that charge is transferred from the
potassium to platinum, with electrostatic screening of the resultant
positive charge on potassium by metal electrons. This polarization is
displayed by the 4 eV drop in work function upon potassium adsorption.
Then, upon CO coadsorption, an enhancement (relative to clean platinum)
of backdonation into CO occurs as a result of the potassium induced
surface charge density changes. This is depicted in Fig. 5.10(b).

The mechanism by which the CO molecules come to have greater
electron occupancy of their 2q«* levels is not well understood.
Possibly potassium shifts the mo]eculan'CO’levels:wHile changing the
occupancy of the platinum valence band, allowing greater otcupancy of
the conjugate dpt - 2"20 orbitals. Likewise, one c&u]d imagine
that this‘conjugate orbital is fully occupied upon adsorption but the
spatial distribution of charge is determined by the surface dipoie
component of the work function. Hence in the absence of potassium,
the work function is large, and the electrons are localized on the
platinum atoms. When potassium is adsorbed, the work function
decreases, and the electrons become ]oéa]ized on the adsorbed CO
molecule, giving the conjugate dPt - ZnEO orbital more
Z"EO character. Both mechanisms give rise to enhanced
backdonation which results in a stronger Pt-C bond and a weaker C-0
bond. Both of these are observed experimentally: the CO adsorption

energy increaées by 11 kcal/mole with potassium coadsorption, and the
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C-0 vibrational frequency for a saturation CO coverage decreases by
310 cm'1 for the bridge adsorption site as the preadsorbed potassium
coverage is increésed to 0.22 monolayers. ‘

Quite dramatically, both the atop and bridge site vibrational
frequencies decrease continuously as the CO coverage is decreased at a
constant potassium coverage (viz. Figures 5.6-5.9). A plausible
rationale for the gradual, yet large frequency shift with CO coverage
is that the adsorbed CO molecules compete for the excess blatinuﬁ
valence electrons provided by the fixed number of potassium adatoms.
At low CO coverages, each CO molecule may interact with a larger
fraction of the excess glectron density, leading to‘more backdonétion
per CO mo]ecu]e; This explanation is also supported by the fPD
results observed. At low CO coverages (viz. Fig. 5.5) the adsorption
energy of CO is quite strong. As the coverage increases, the
desorption broadens up to 200K (FWHM) at saturation exposure for oy
= 0.11. The adsorption energy of CO varies seemingly over a range of
10 kcal/mole. However, a single vibrational mode  is observed, not a

collection of modes expanding the entire 325 cm‘1

range traversed as

a function of CO coverage. This is because at any pofnt during the CO
desorption process, those CO molecules which remain on the surface
become more tightly bound as the electron density per CO increases.
Hence, the CO molecules left have a higher desorption temperature,
broadening the peak across the full temperature range. As surface

electron processes occur quite rapidly (~10‘14-10‘15 sec'l),

such a response to the surface layer during the desorption process is
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quite reasonable. Alternatively, electrostatic interactions between
CO and K could enhance electron backdonation between the surface and
thé CO molecule, and could vary as a function of CO coverage,
accounting for the changes observed [21]. Regardless, both rationale
suggest backdonation is the prevailing mechanism changing the M-C and
C-0 bond strengths,

Of course, contributions to this 325 cm’1 frequency shift due to
dipole-dipole interactions between the adsorbed CO molecules cannot be
distinguished from backbonding effects. The decrease observed for
clean Pt(111) as the CO coverage varies is 40 emL [10]. Hence,
although dipole interactions may be important, the dominant
contribution aécodntingvfor these large frequency shifts with o
coverage is increased backdonation.

The 1.5 eV increase in the work function suggests that suitable
sites permitting backdonation are occupied. Several recent studies
(14,21,22] suégest bridge sites permit better overlap between the
metal and the 2=* orbital of CO. The striking change in adsorption
site occupation from atop to bridge positions with increasing
potassium coverage is expected for this low work function surface.

The occupation of three-fold sites by CO molecules cannot be ruled
out for these potassium dosed surfaces at low CO coverages. However,
one would expect observation of two sites occupied simultaneously at
some CO coverage, giving rise to a very broad band, as seen for CO on
Pd(111) [23]. No such evidence for three-fold site occupancy has been

observed here.
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The question of local versus nonlocal -interactions of CO with
potassium js difficult to answer. C(learly, very small coverages of
potassium strongly perturb the stretching frequency of several CO
molecules, many more than just those within one or th interatomic
distances of the potassium adatoms. Hence, long range interactions
are indicated. However, the vibrational features are broad and
asymmetric, suggesting that the local proximity of a CO molecule to
the K adatom also affects its vibrational frequency. Thus some
evidence for both short and long range interactions exist, but
generally, all CO molecules on %he surface interact with approximately
the same altered substrate. The TPD results support these
observations, as dn1y continuous desorpfidn spectfa are observed.
Furthermore, direct K-CO interactions seem unlikely since (1) no K-0
vibrations are observed, and (2) discrete TPD desorption states.do not
exist.

The delocalization of interaction appears not to occur for other
similar systems which have recently been studied. AMu]tip]e sites have
been shown to exist in thermal desorption and photoelectron
spectroscopy studies of CO on alkali covered Ni(100) [5] and Fe(110)
[31, N, on K covered Fe(111) and Fe(100) [24], and NO on K covered
Pt(111) [25]. However, in most of these cases dissociative adsorption
occurs first, followed by molecular adsorption on the remaining
surface sites. While we find that the adsorption of CO on the
potassium covered platinum surface increases the work function, CO was

found to decrease the work function of the potassium covered Fe(110)



133

surface [3]. We believe that this effect in the CO/K/Fe adsorption
system is most likely due to the formgtion of potassium oxide islands
after the dissociation of CO. The interpretation of electron
backdonation into CO is much more complex in the presence of
dissociative adsorption and surface chemical reactions, both of which
are absent for the CO/K/Pt adsorption system.

5.3 CO and K Coadsorption on Rh(111)

5.3.1 Introduction

The intefaction of CO with transition metals shows empirical
trends in both adsorption'energy and dissociation behavior [26]. 1In
particuiar, for a given row, the fartheé td the léft in the periodic
table a transition metal lies, the greater is the probability that CO
will dissociate on this surface. Furthermore, the borderline or
transition from dissociative to molecular adsorption moves to the left
as one moves down the periodic table [27]. 1In the preceding section,
we showed that CO chemisorption on Pt(111l) is strongly affected by
coadsorbed potassium. The binding energyvincreases dramatically with
increasing potassium coverage (as indicated by changes in the CO
stretching frequency). Concurrent with these metal-CO bonding changes
was a shift in site occupancy of the CO molecules from predominantly
single metal atom coordination sites to predominantly multiply
coordinated adsorption sites. However, no evidence for CO |
dissociation was seen. The work reported here involves a similar

study of the coadsorption of CO and K on Rh(111) using principally TPD
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and HREELS, but also employing LEED, SHG and isotopic scrambling
measurements. The rationale for investigating Rh(111l) is that this
surface does not dissociate CO at low pressures [28], but its Dositioh
in the periodic table suggests that the nature of CO adsorption on
this surface, associative or dissociative, may be extremely sensitive

to alkali promotion.

5.3.2 Results and Interpretation

The chemisorption of CO on the clean and potassium pre-dosed
Rh(11l1l) crystal surface has been studied in detail. In order to
fa;i]itate the presentationvand discussion of the most important
features; thé data has-been divided fnto 3 categories: co adsorptioﬁ
on clean rhodium, isotopic exchange measurements on the clean and
potassium modified surface, and vibrational spectroscopy of CO on the
rhodium surface in the presence of potassium.

Similar to that seen on Pt(11l1l), a monolayer of potassium on

14 atoms/cmz,

Rh(111) corresponds to a surface density of 5.8 x 10
or 8 = 0.36 potassium atom per surface rhodium atom. Potassium

coverage calibrations are discussed in Chapter 4.

5.3.2a CO Adsorption on Clean Rh(111)

The desorption of CO from Rh(111), shown in Fig. 5.11, is
characterized by a single desorption peak. The peak maximum decreases
as a function of CO exposure from 516K at lTow exposures to 482K at

near-saturation exposures (at a linear heating rate of 15K/s). At
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high coverages, a low temperature shoulder develops. This desorption
behavior of decreasing desorption temperature and observation of a low
temperature shoulder with increasing coverage has been observed
previously [29,30] and is believed to be due to repulsive lateral
interactions between the CO molecules and population of lower energy
binding sites at high coverage. Using the recently derived [29]
pre-eiponentia] value of 4 x 1013 sec‘l, the low coverage
activation energy for desorption is calculated to be 32.0 kcaT/md]e,
in good agreement with the zero coverage limit value of 31.6 kcal/mole
[29]. |

Vibrational spectroscopy using electron energy losses shows that
at low expo§ures on]y'a single C-0 stretching vibration with a |
frequency characteristic of CO adsorption on an atop site is
observed. This is shown in Fig. 5.12. Associated with this 2016
cm“1 vibration is a low frequency mode at 468 cm"1 due to a
metal-carbon stretch of this linearly-bonded molecule. Bonding at a
bridge site begins to populate at higher exposures with an initial C-0

stretching frequency of 1835 cm"1

. Both sites continue to populate
with increasing exposure, and quickly a new vibration assigned to the
metal-carbon stretching mode of the bridge bonded species becomes

discernible at 383 cm'l.

Note that both C-0 stretching vibrations
increase in frequency with increasing exposure; this has been shown
for a number of systems to be due predominately to dipole-dipole
coupling [10]. Similar vibrational spectra for this system have been

seen previously [31,32].
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Additional vibrational modes can be observed for adsorbed CO if
the magnification is increased, as is shown in Fig. 5.13. Three modes
can be distinguished with frequencies between that of the Rh-C and the
C-0 fundamental vibrations, while four modes are visible at
frequencies greater that the C-0 fundamentals. The lower spectrum has’
been recorded at a lower resolution (65 cm‘l) to enhance the signal
to noise ratio. A1l of these additional vibrations can be assigned to
either overtones of fundamentals, combination bands, or multiple
losses. The mode at 900 cm™! is assigned to either the double loss
or the overtone of the dominant Pt-C stretching vibration at 452
ém‘l. It is uncertain which mechanism gives rise to this mode since
it is generally difficult to distinguish between the two (i.e.
independent multiple scattering events versus multiphonon processes
such as overtones or combination bands caused by anharmonicity) when
the frequency shift due to anharmonicity is small [14]. The modes at

735 and 815 cm'1

are assigned to the overtones of the bending modes
for CO molecules adsoébed in bridge and atop sites, respectively. The
fundamental of these bending modes or frustrated rotations are
expected at 360 and 410 cm‘1 for the bridge and atop bonded

molecules, respectively. These vibrations are dipole forbidden as are
the fundamentals for perpendicularly bonded CO molecules, but the
first overtones (and any even harmonic) of these modes ére totally
symmetric and hence dipole allowed in HREELS. The loss at 2490 cm‘1
is either a double loss or a combination band from VRh=C and v

co
(445 + 2065 cm~l), and the 4140 cm! loss is an overtone of the
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1) or a double-Toss of this

1

fundamental at 2065 cm

(veo
vibration. The losses at 2300 and 3900 cm~

are multiple

excitations of, respectiveiy, the atop site YRh-C and the bridge

site veo» and the two stretching frequencies (“CO) of'CO in atop

and bridge sites. Similar vibrational modes have been observed for CO
chemisorbed on Pt(111) [33].

A series of ordered superstructures form when CO is adsorbed on
Rh(111). 1Initially a diffuse ring develops which sharpens into a
(V"3 x ¥"3)R30° structure, as shown in Fig. 5.14b. These spots blurr
with further exposure and a split (2x2) pattern appears and becomes
sharp (see Fig. 5.14c). As the coverage is increased further, the
split spots coa]egce intd the half-order Eeams of a (2x2) péttern,
which develops at saturation. The (2x2) structure, and hence
saturation, is not reached at 300K unless the CO pressure is
maintained at greater than 4 x 10"5 torr. Alternatively, this
coverage can be obtained at <10L exposure, if the sample is less than
140K. Hence, the 300K adsorption temperature used for Fig. 5.11-5.13

resulted in saturation CO coverages -0.8 o_ The (V" 3 x ¥ 3)R30°

ax’
is characterized by only atop-bonded CO, while both sites are occupied
at higher CO coverages. The (/"3 x v/ 3)R30° structure corresponds to
9 = 0.33, and the (2x2) is a coverage of 9 = 0.75. Van Hove,
Koestner, and Somorjai [34,35] have used LEED intensity analysis to
calculate the position of the CO molecules for these two structures,

their result is shown in Fig. 5.15. For the (/" 3 xv 3)R30°

structure, one CO molecule per unit cell is present, occupying only
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atop sites, as observed here by HREELS. The (2x2) structure has three
CO.molecules per unit cell with one molecule occupying a bridged site
and two molecules in asymmetric near top sites. No vibrational
spectra at this coverage have been recorded here; the canted position
suggested by the LEED calculations would mean that the 360 and 410
cm'l bending vibrations would be dipole allowed at this coverage.

" The changes induced by CO adsorption in the second harmonic
intensity is shown in Fig. 5.16 as a function of CO coverage. The
second harmonic signal decreases nonlinearly, with a distinct changé
in slope at %o ~ 1/3. Optica] second harmonic generation is
sensitive to the non]inear'susceptibility of the surface [36]..
Furthermore, the deloéa]%zed surfacé electrons of the metal seem
responsible for the SHG signal as opposed to chargé-transfer
resonances or the adsorbate since the second harmonic signal does not
depend critically on the incident pulse wavelength (0.53 vs. 1.06 um),
and does exhibit a similar magnitude of intensity variation for either
CO or oxygen adsorption. Hence, the second harmonic signal decreases
upon CO adsorptiqn since the localization of electrons upon
chemisorption decreases the number of delocalized electrons near the
surface. The near-linear variation with coverage in the second
harmonic signal changes abruptly at the point where bridge site
occupation have been shown to begin. This suagests that the nonlinear
polarizability of CO bonded to a bridge site is different from an atop
site. This curve demonstrates that indeed a change in the number of
delocalized surface electrons occurs at 9o ~ 0.33, suggesting that

the localization of charge differs for the two sites.
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FIGURE CAPTIONS

Fig. 5.11.

Fig. 5.12.

Fig.

Fig.

Fig.

Fig.

5.13.

5.14,

5.15.

5.16.

TPD spectra of CO on Rh(111l) following adsorption near 300K
measured as a function of CO exposure. The hegting rate
used was linear at 15K/sec.

Vibrational spectra obtained using HREELS for CO
chemisorbed dh Rh(111) at 300K, recorded as a function of
co exposure;

Vibrational spectra obtained after a 10L CO exposure of
Rh(111) at 300K, showing additional modes due to
fundamental overtones, combination bands and multiple

losses.,

Diffraction pattern observed using LEED.for co adsorptibn

on Rh(111). The photographs are for (a) the clean Rh(111l)
substrate, (b) the (/"3 x v/ 3)R30" structure, (c) the split
(2x2) overlayer, and (d) the (2x2) structure observed at
saturation,

The position of the CO overlayer (filled circles) for the
two distinct structures observéd. Positions are those
determined from LEED intensity analysis (taken from Dubois
and Somorjai [31]).

Variation in the second harmonic intensity for CO

adsorption on Rh(111), plotted as a function of CO coverage.
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5.3.2b CO ISOTOPIC MIXING MEASUREMENTS ON CLEAN AND POTASSIUM DOSED

Rh(111)

When CO is adsorbed onto a potassium predosed Rh(111l) surface,
dramatic changes in the CO TPD spectra occur. In Fig. 5.17
representative TPD spectra are shown for saturation CO exposure on
Rh(111) at 300K as a function of predosed potassidm coverage. In
.these experiments the back face of the crystal was masked by adsorbing
multilayers of potassium prior to CO exposure; CO does not adsorb on
pure potassium multilayers (see Chapter 4). When the Rh(111l) surface
is predosed with small amounts of potassium (eK < 0.10), the CO
' desorption-épectré'on1y broaden to»higher-tempefature.' The degree of
broadening is dependent on the potassium coverage. Once a critical
potassium coverage is reached (eK ~0.10), t.wo new desorption states
at 630 and 700K become populated. These new states are present in
addition to the broadened lower temperature state such that CO desorbs
continuosuly from 325 to 725K at this potassium coverage. New states
at 630 and 700K continue to grow in intensity with increasing
potassium coverage as the lower temprature state(s) dramatically
decrease in intensity. At potassium coverages near saturation (e.g.
see o, = 0.33 in Fig; 5.17), only desorption from the 700K state
occurs. This state decreases further with increasing potassium
coverage. No CO desorption is seen for this exposure (10L) at
8 > 0.36.

As discussed in the previous section, CO adsorption on clean

Rh(111l) is molecular. Yates and coworkers [28] have shown that below
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800K, CO does not dissociate on the clean Rh(111l) surface at Tow
pressures (<2 x 10‘6 torr CO). Hence, the low temperature

desorption peak is clearly due to first order molecular desorption.
In order to elucidate the nature of the high temperature desorption
states observed at large potassium coverages, and we have recently
adsorbed isotopically labelled CO and followed any isotopic mixing
that occurs as a function of CO exposure, potassium coverage, heating

13 165 and 12C18O

fate [37]. 1In this experiment, a mixture of ~°C
is adsorbed on the potassium dosed Rh(111) surface at 140K. The
desorption of several species, including all possible CO isotopes
(i.e., amu 28, 29, 30 and 31) are followed as the sample is heated

Tinearly. CIf CO does'dissociate on the potassium dosed Surface, we

expect scrambling of the isotopes to occur, according to the reaction

Hence, in dddition to the isotopes adsorbed, two new species can be
produced. Figure 5.18 shows typical desorption spectra observed after

£ 13:16 12018 onto a Rh(111)

adsorption of a mixture o 0 and
surface predosed with potassium. Here the back face was not masked
(cf. Fig. 5.17) to demonstrate the changes seen with preadsorbed
potassium. For potassium coverages large enough so that the 630 and
700K states are populated (0.10 < o < 0.30), we observe enhanced
desorption of the mixed products 13C180 and 12C160 from these

states. This does not occur for the lower temperature states, nor
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does it occur for the clean surface or fﬁr Tow coveragés of

potassium. Since the 31 amu and the 28 amu spectra contain the same
scrambling information, desorption spectra for both should be
identical. However, as the hajor contaminant in the vacuum chamber is
12C160, background'and support effects are largest for this amu.
Consequently amu 28 desorption has been omitted for clarity. Notice
that some desorption at 31 amu occurs near 500K, the state due to
desorption of CO from the clean surface. This is due to a small
fraction of 13C180 in the adsorption mixture. The ratio of

desorption yield from the 630 and 700K state versus the 500K state is

c]eér]y greater-than one for amu 31, whereas this ratio is less than

one for the isotopés adsorbed (e.g. 13C160 and 12C18O).

On the right side of Fig. 5.18 we see desorption spectra at
GK = 0.32. When the potassium coverage is between 0.30 ahd 0.36,
desorption only occurs from the 700K state. The 500K state is due
solely to the backface. We see that considerable scrambling occurs
from this state. The scrambling is not complete (i.e., statistically,
equal quantities of each isotope should be observed for total
scrambling of an equimolar adsorption mixture, if total mobility on
the surface is assumed). This implies that the mobility of the
adatoms is small such that they have a higher probabi]ity of
reéombining'with the atom to which they were originally attached.
Reasons for the reduced mobility will be discussed below.

When the higher temperature states become populated in the CO TPD

spectra, significant changes also occur in the potassium desorption
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- behavior. Potassium TPD on Rh(111l) has been discussed in Chapter 4
and compared to other surfaces. Briefly, it is characterized by a
desorption maximum near 1100K at low coverages (eK < 0.20). The
maximum desorption rate shifts rapidly to lower temperature with
increasing coverages and peaks at 500K at the completion of the first
monolayer. The second layer desorption maximum then begins growing in
at 350K. When CO is coadsorbed with small potassium coverages, this
desorption behavior is unchanged as all the CO desorbs prior to any
potassium desorption. However, once a critical potassium covefage is
obtained such that the two high temperature CO desorption states are
present, no potassium desorbs Until‘700K. 'This 5§-in contrast to
potassium desorption without coadsorbates, where desorption at much
lower temperature occurs. Curiously, for larger potassium coverages,
all the additional desorption intensity grows in sharply into this
narrow desorption state near 700K. Figure 5.19 shows a typical
desorption spectrum observed in this pbtassium coverage range., the
desorption maximum is identical to that of the highest CO desorption
state, and suggests that potassium and either carbon or oxygen are
associated with one another. This surface complex decomposes then,
giving rise to the autocatalytic desorption. The surface complex is
Tikely Kxoy, possibly KZQ although none of these species (KO,
KZO or K02) were observed to desorb using the mass spectrometer.

The near simultaneous desorption of these species can also be
followed using second harmonic generation. In this case however,

sodium was the alkali used. Isotopic scrambling experiments on sodium
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predosed Rh(11ll) are very similar to that of potassium on this surface.
Figure 5.20 shows the variation in the SHG signal for exposure of CO
to sodium predosed Rh(111l), and the subsequent desorption of both
species. The SHG signal shows that upon desorption, the alkali and CO
species desorb at similar temperatures, although CO seems to desorb
completely prior to alkali desorption. In contrast to the adsorption
of CO on clean Rh(lli), the initial slope of the adsorption curve for
the sodium predosed surface is zero. The data shows that sodium
modifies the adsdrption properties of CO at low coverages, possibly by
keeping the near surface free electron density constant by becoming
more ionized as CO is adsorbed; '

Let us turn our atténtion back to thé changes in the alkali TPD
spectrum with coverage and post adsorption of CO. Figure 5.19 shows
behavior that must obviously depend on the ratio of alkali and CO
atoms on the surface. For K on Rh(111l) at near saturation of the
first layer of potassium, much less CO can be adsorbed so desorption
maxima at both 500K (i.e. clean surface behavior) and 700K (i.e.
coadsorbed CO behavior) are observed in the potassium TPD spectrum.
Similar behavior has been seen with coadsorbed oxygen, both on Rh(111)
and Pt(111) [16]. These results suggest a strong interaction at
higher coverages between potassium and certain coadsorbates.

The major conclusion from the isotopic mixing reaction study is
that the higher temperature desorption states, only present at
relatively high potassium coverages, are due to recombination of
carbon and oxygen atoms on the surface, produced from the dissociation

of adsorbed CO.
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FIGURE CATPIONS |
Fig. 5.17. TPD spectra of CO following saturation adsorption at 300K

on a Rh(111) surface predosed with the potassium coverage
specified. The heating rate used was linear at 15K/sec. A
coverage of oy = 0.36 potassium atom per surface rhodium
atom corresponds to a surface density of 5.8 x 1014
atoms/cmz.

Fig. 5.18. TPD spectra at amu 29, 30 and 31 following exposure of
potassium dosed surfaces to a nearly equal mixture of
13C16O and 12C180.

Fig. 5.19. TPD spectrum for pbtassium desorption from Rh(111) after
saturation adsorbtion of CO. | B

Fig. 5.20. Variation in the second harmonic signal during (a) CO
exposure of a sodium predosed Rh(111) sample, and (b)
desorption of both CO and Na upon heating the layer in (a)

after a 15L CO exposure.
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5.3.2¢ Vibrational Spectroscopy of CO Adsorbed on Potassium Dosed

Rh(111)

The effect of potassium on the adsorption of CO has also been
studied by vibrational spectroscopy, as shown in Fig. 5.21. These
spectra are for saturation CO exposure of a predosed potassium
overlayer at 300K. One of the most striking features seen with even
very small potassium coverages is. the increased intensity in the
bridge site CO stretching frequency. This trend continues with
increasing coverage such that the bridge site intensity dominates and
very little of the atop species is populated at large potassium
coverage (cf. 8, = 0.25). In_addition; the frequency of theiC—O
stretching vibrations decrease as the potassium coverage increases.
This shift is fairly uniform with potassium coverage, although at very
small coverages only relative populations change. The frequency shift
is more pronounced for the bridged species, decreasing by 145 cm"1
compared to 65 cm‘1 for the atop site. The average metal-carbon
vibration also decreases in frequency with increasing potassium

coverage, although only by 17 cm‘1

up to & = 0.25. Furthermore,

the intensity of all the CO vibrations decrease with increasing
potassium coverage, as indicated by the relative scaling factors.
This intensity decrease is more pronounced for the metal-carbon
vibrations. From Fig. 5.12 we note that the intensity and frequency
of the bridge bonded metal-carbon stretch are significantly less than

that of the atbp site, hence both changes seen with potassium

coadsorption (i.e., decreased intensity and frequency of the observed



157

VM=C mode) are consistent with increased bopu]ation of a bridge
bonded species. Hence, the change in site occupation dominates over
the change in M-CO bond strength as the average single M-C vibration
is observed to decrease slightly with potassium, rather than increase
as expected.

One also sees in Fig. 5.21 that the width at the base of the CO
stretching vibrations increase significantly with increasing potqssium
coverage. This is seen more clearly in Fig. 5.22 where the M-C and
C-0 stretching vibrations are shown on an expanded scale. Note that
even for very small potassium coverages there is considerable
broadening near the base of the peaks, éspecia11y on the low frequency
sidé of the peaks. As the potassium coverage increases, this trénd |
continues, and as the average frequencies of the peaks decrease, the
broadening is seen to be extended to the high frequency side of the
peak maxima as well. This broadening of the basewidth can be
attributed to either population of additional sites, such as 3-fold
hollow sites, or to the inhomogeneity in the bond strength of the CO
molecules due to their proximity to the potassium adatoms.

Figures 5.23 shows the vibrational spectra for CO with a small
fixed potassium concentration as a function of CO exposure. Initial
CO adsorption on a e, = 0.02 potassium layer has a stretching
frequency that is quite low, 1530 cm“l, but the vibrational mode is
broad and asymmetric. At slightly higher CO exposure (0.7L), modes
near 1600 cm™! populate in addition to those at 1530 cm~l.

Compared to the clean Rh(111) case, the CO stretching region becomes
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quite broad even at this low coverage. Wifh further CO éxposure these
modes remain popu}ated as additional modes at higher frequency begin
growing in. At this point (2.0L), similar behavior begins for the
atop site (i.e. more than oné vibrational mode becomes visible near
2000 cm"l). However, as more CO is adsorbed, the intensities of the
initially filled low frequency modes seem to decrease as the average
peak frequencies begin to increase. This trend continues with further
exposure as the atop site predominantly fills. These spectra indicate
that the first CO mo]ecuTes on the surface feel a much greater
perturbation due to the potassium adatoms, with a large inhomogeneity
in the CO bond strength. As the CO coverage increases, this
inhomogeneity inéreases, indicating that the proximity of the CO
molecules to the K adatoms strongly affects its bond strength. As
additional CO adsorb, these low frequency modes decrease in intensity
while further increases in the average CO frequency occur, indicating
the effect per CO is decreasing. Interestingly, a metal-carbon mode
does not become visible until the atop sites begin to be significantly
populated. The dynamic dipole moment of the metal-carbon stretch
perpendicular to the surface is expected to decrease as the bond
strength increases for a bridge or multiply coordinated CO molecule.
This may explain why the metal-carbon vibration for the strongly
pertﬁrbed CO-molecule is difficult to observe.

A region of the vibrational spectrum for a coverage series similar
to Fig. 5.23 is shown in Fig. 5.24. Here the C-0 stretching frequency

region is shown on an expanded scale as a function of CO coverage at a
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predosed potassium coverage of 8y = 0.03. At low exposure, the
stretching vibration is quite broad, extending from 1500-1700 emL,
At 0.7L exposure, the stretching vibration becomes quite asymmetric,
as modes near 1655 cm"1 begin to populate. The relative intensity

of the most strongly perturbed CO molecules begins to decrease with
increasing exposure, as shown at 1.7 and 20L. The peak maxima also
shift considerably. similar trends, though less dramatic, occur for
the atop site vibrations. These spectra, like those in Fig. 5.23,
suggest both local and nonlocal intractions. The local interactions
dominate at small CO exposures, as evidenced by the asymmetric band
fifling séquen;e and the étrongly perturbed vibrational frequencies .
observed. Nonlocal interactipns are apparent at large CO exposures,
indicated by large cohtinﬁous shifts in the peak frequency and
dramatic reductioh in the intensity of the most strongly perturbed CO
molecules.

At a larger potassium coverage (oK ~ 0.10), the Tocal effects are
not nearly so dramatic, as shown in Fig. 5.25. The major change
observed as the CO coverage increases is a continuous increase in the
co stretching frequency, shifting from 1500 to 1790 cm'l. As this
shift occurs, little broadening occurs, suggesting that the
inhomogeneity in the CO frequencies is much less. Similar to that
seen in Fig. 5.23, a metal-carbon vibration does not become
distinguishable until an atop site stretching vibration is observed.

Figure 5.26 shows the vibrational spectrum of CO on a potassium

predosed surface for both specular and off-specular scattering. 1In
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moving from specular to 20° off-specular, the 445, 1830 and 2035

cm'1 modes all decrease by factors of 8.5-10.5, while the specular
beam decreases by a factor of 70. This suggests these modes are
caused by dipole scattering, as suspected. The lack of any additional
modes in the off-specular spectrum indicate the orientation of CO in

the presence of potassium is similar to that of CO on the clean

surface, i.e., the molecules are standing upright.
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FIGURE CAPTIONS

Fig. 5.21.

Fig.

Fig.

Fig.

Fig.

Fig.

5.22.

5.23.

5.24.

5.25.

5.26.

HREEL spectra for saturation CO adsorbtion at 300K on a
Rh(111) surface predosed with varying amounts of potassium,
Portions of the vibrational spectrum obtained on an
expanded scale for saturation CO adsorption at 300K on a
Rh(111) surface predosed with potassium. Three different
potassium coverages are shown.

HREELS spectfa of CO adsorbed on a potassium predosed
Rh(111) surface obtained as a function of CO exposure at a
constant potassium coverage.

Vibrational spectra of CO adsorbed at 300K oﬁ a Rh(111)
surface predosed wjth potassium, as a function of CO
exposure. The CO stretching vibrations are shown on an
expanded scale.

HREELS spectra of varying exposures of CO on a Rh(11l1)
surface predosed with potassium.

Specular and off-specular spectra for CO adsorption on a

potassium dosed Rh(111l) surface.
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5.3.3 DISCUSSION

Preadsorbed potassium dramatically affects the chemisorption
behavior of CO on Rh(11l1l), as evidenced by the changes seen in the TPD
and HREEL spectra. The most significant results are summarized as
follows: _

(i) The CO desorption spectrum broadens up to 100K higher
temperature as a function of potassium coverage, for 8y < 0.10.

(i) For 0.10 < 8y < 0.36, two new desorption maxima at 630 and
700K are observed and are due to recombination of carbon and oxygen
produced by dissociation of adsorbed CO.

(iii) The presence of CO alters the desorption behavior of
potassium fOf o > O.iO, increasing the potassium binding energy by
as much as 12 kcal/mole. Nearly simultaneous desorption of CO and K
occurs for the 700K CO state.

(iv) As the potassium coverage increases from zero to 0.25 of a
monolayer, the CO stretching modes at saturation coverage decreﬁse by
145 cm'1 for the bridge site and 65 cm"1 for the atop site.
Concurrently, the broad single M-CO vibration decreases by 17 cm'l.

(v) The re]afive occupancy of the two adsorption sites changes
considerably with increasing potassium coverage, favoring the bridge
site over the atop site.

(vi) The width at the base of the stretching vibrations increase
as the potassium coverage increases.

'(vii) The CO stretching vibration observed at submonolayer CO

coverages in the presence of low concentrations of potassium
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- (0.02 < 9 < 0.10) is 335 cm'1 less than the lowest vibration
observed for CO adsorption on clean Rh(11l1l). Dramatic broadening and
asymmetry is also observed at these low CO and potassium coverages.

As discussed ih Section 5.2.3, the bonding of carbon monoxide to
metal atoms involves a synergistic electron transfer from the highest
occupied molecular orbitals of CO (5¢) to the metal, and in turn metal
electrons are backdonated into the 1owest unoccupied molecular orbital
(2#*) of CO. The backdonation of metal electrons into the 2";0
orbital leads to a simultaneous strengthening of the M-C bond and a
weakening of the C-0 bond, as seen in Figure 5.10(a).

The large changes in the desorption'behavior, the vibrational
frequencies, ahd the site occupancy of adsorbed CO in the presence of
potassium can all be attributed to enhanced backdonation of electrons
from the metal into the 2s*-orbital of CO. Potassium is expected to
lower the work function of the rhodium surface. This allows a greater
electron spillover into the backbonding orbital [20], of which bridge
sites permit more extensive dy - 2n*;, orbital overlap
[14,21,22]. Enhanced electron density into this conjugate orbital
increases the metal-carbonyl bond strength, increasing both the CO
heat of desorption and the VM—CO vibrational frequency. Enhanced
occupancy of this orbital also weakens the C-0 bond, leading to a
decrease in the veo frequencies. Whether the enhanced backdonation
is due solely to electrostatic effects (21,38], or involve primarily
other contributions [22] is not directly measured here; the results

only indicate the strength of the bonds involved. Recent metastable
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quenching experiments [39] also indicate enhanced occupation of the
2n*-orbital of CO in the presence of potassium. A

In a recent photoemission study, Kiskinova et al. [40] suggest
that potassium strongly influences neighboring CO molecules,
decreasing the C-0 stretching frequency of atop bonded molecules to
frequencies near and below that of bridge bonded CO in the absence of
potassium. They observed two 0(1s) and C(1s) binding states which
occur at nearly identical energies for both CO on clean Pt(111) and co
on K dosed Pt(1l11l). For the clean metal case, the two states are
assigned to atop and bridge adsorption sites, in agreement with
vibrationa].ana]ysis.' For the K dosed surface, where ag and UPS
measurement§ indicate enhnaced backdonation, these are assigned to
clean and K promoted atop adsorption sites. As similar vibrational
spectra are observed for Pt(111) and Rh(111) with coadsorbed
potassium, their suggested assignment applies to this study as well;

1 is due to

namely that the increased intensity between 1700-1850 cm™
’a K influenced linearly bonded CO molecule. The gradual shift of the
frequency with potassium coverage, and the above mentioned
calculations [14,21,22], strongly suggests a bridge site CO molecule
gives rise to these features. Furthermore, the absence of any intense
modes between 1850 and 2000 cm‘1 with‘coadsorbed potassium is quite
conspicuous. . The vibrational data for both adsorption systems (CO and

K coadsorbed on Pt(111) and Rh(111l)) strongly indicates that bridge

sites are preferably occupied in the presence of potassium.
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An important aspect of the effects seen with additives such as

‘ potassium or sulfur is the spatial extent of the interaction. The
result$ presented here provide evidence for both short and long range
electronic effects. The results presented in Figures 5.23 and 5.24
strongly suggest that Tocal or even direct interactions occur for
initially adsorbed CO. The asymmetry and broadening also seen at
relatively small CO and potassium coverages indicate further that the
proximity of the CO molecules to the potassium adatoms is important:
the closer the species are, the more pronounced is the perturbation.
Once a significant amount of CO has been adsorbed at these low

. potassium coverages, additiona]]y,adsorbed CO}mo]ecu]es can no longer
occupy sités éloser thah a few interatomic spacings, yet their |
frequency is strongly altered. Furthermore, the intensity of
initiaily occupied sites decrease with increasing CO coverage (cf. the
vibrations between 1530 and 1590 cm‘1 decrease in intensity as the

CO exposure in increased from 2.0 to 3.3L in Fig. 5.23). Both these
results can be explained by suggesting that potassium can affect more
than its nearest and next-nearest neighbors. Furthermore, it is
difficult to explain the gradual frequency shift observed with
increasing CO coverage seen in Figures 5.23-5.25 without invoking long
range interactions. Note that some broadening occurs with increasing .
CO coverage, but much less than expected if the additional CO
molecules did not strongly influence the already adsorbed CO
vibrational frequencies. The HREELS data discussed here and the

gradual broadening seen as a function of CO coverage in TPD [37]
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strongly indicate that nonlocal electronic changes occur, and that as
additional CO molecules are adsorbed, the effect of potassium per CO
decreases.

Each additional CO molecule adsorbed is perturbed by potassium,
and either through changes in the polarization or electron density at
the surface, modifies the extent of perturbation felt by the already
adsorbed molecules. This suggests that a competition for the
available surface electron density exists. These conclusions are
based on both the TPD and HREELS data. Changes in the electron
scattering cross section or in the shape of the CO molecular potential
we]i with CO coverage or in the presence of potassium are not well
uhderstood,.but couldlpossibiy accouﬁt-for fhe'vibrétional data. |
However, these changes would not additionally account for the dramatic
changes seen in the TPD spectra.

It is curious that no strong evidence for the dissociation of CO
is found using HREELS. This suggests that dissociation occurs during
the desorption process. ’In fact, recent metastable quenching
experiments by Metiu‘and coworkers [41] indicate that dissociation
occurs just below'the onset of desorption on Ni(11ll). However,
heating a CO plus potassium overlayer sequentially to 700K (total
desorption) only produced vibrational spectra characteristic of a
gradual reduction in CO coverage. TPD experiments to determine at
which temperature CO dissociates are currently being investigatéd.

Another curious aspect of the CO plus K adsorption system is the

Tack of a metal-carbon stretching vibration at low CO coverages on
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both Pt(111) and Rh(11l1l). Similar behaviof has also been-seen
recently for CO and K on Ru(001) [42]. It has been proposed [42] that
the low frequency C-0 vibrations ob;erved for these systems between
1400-1600 cm"1 and the lack of any detectable M-C vibration is

caused by CO being side-on bonded. Such bonding would certainly lead
to higher dissociation probabilities. Due to the uncertainty in
adsorption site detekmination for CO species on metal surfaces, such a

bonding configuration is feasible.
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5.4 CONCLUSIONS

Potassium preadsortion on Pt(111l) and Rh(111) has been shown to
significantly alter the chemisorptive properties of CO. For both
surfaces, the heat of desorption increases while the C-0 stretching
frequencies decrease in the presence of preadsorbed potassium.
Additionally, a dramatic shift in intensity from the atop to the'
bridde site occurs with increasing potassium coverage. The
site-filling sequence observed as a function of CO exposure is aiso
altered even for very low levels of coadsorbed potassium. The changes
observed suggest enhanced occupation of the 2x*-orbital of CO in the
presence of potassium, 1eadihg to a weakening of the C-0 bonding with
simultaneous strengthening'of the M-C.bonding.. Occupation of.h{gher‘
coordination sites leads to better dM-zﬂ*CO orbital overlap, and
is common for low work function surfaces. Local interactions seem to
be evident at low CO coverages, but the entire CO layer is affected at
even small potassium coverages, suggesting 1ong-rénge electronic.
effects. For a fixed potassium coverage, the CO molecules appear to
compete for the excess surface charge available due to the presence of
potassium.

The effects seen for CO and potassium on Rh(11ll) are not as large
in magnitude of frequency shifts and heat of adsorption changes as
seen on Pt(111), although the trends are quite similar. However,
unlike that seen for Pt(111), CO does dissociate on potassium promoted

Rh(111), if the potassium coverage is high enough.
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The role these additives play in promoting CO hydrogenation
reactions is clearly complicated. Potassium certainly enhances CO
dissociation in some cases, leading to reduced methanation and higher
molecular weight products [43]. But CO insertion reactions are also
more facile in the presence of alkalis in homogeneous catalysis [44],
and may also be an important mechanism in heterogeneous
Fischer-Tropsch reactions, as alkalis also enhance the formation of
olefins and oxygenated molecules [45,46]. For either mechanism, a
change in relative concentraions of CO and H on the surface will alter

produét distribution.
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CHAPTER 6
THE ADSORPTION OF BENZENE ON THE CLEAN AND.
POTASSIUM DOSED Rh(111) CRYSTAL SURFACE
6.1 Overvjew

A molecular scale understanding of the chemical bonding of aromatic
molecules to metal surfaces is obtainable by employing high resolution
electron energy loss spectroscopy (HREELS) and Tow energy electron
diffraction (LEED). Detailed scrutiny of the bonding and reactivity
at these metal-organic interfaces could help in unraveling the reaction
- steps during the catalytic conversion of aromatic molecules and could
provide the mq]ecu]ar basis for adhesion and Iubrication.

In fhis chapter we examine the simplesf aromatic mo]écu]e, behzehe;
on the (111) crystal face of rhodium [1]. HREELS and LEED were
employed to study the molecular structure and bonding of benzene
adsorbed on this transition metal surface. Use of the surface
selection rule in conjunction with detailed angular profile
measurements allow for a bonding site determination to be made and
compared to the surface structure obtained from dynamic LEED
calculations [2].

A characteristic of benzene and arenes in geﬁera] is their ability
to form » bonds with transition metéls. The nature of this interaction
is.dependent on the = donor character of the transition metal, and
hence the transition metal itself. Potassium strongly perturbs the

basicity of metal surfaces, as characterized by the large work function
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change. Consequently, preadsorbed potassium should alter the bonding
of benzene to a metal surface. The coadsorption of benzene and
potassium has been studied here to explore these bonding cﬁanges.

In addition, by using vibrational spectroscopy in‘combination with
temperature programmed desorption (TPD) studies, we can explore C-H and
C-C bond éctivation. Catalytic reactions depend on the nature of C-C
and C-H bond breaking and bond formation processes. By characterizing
the decomposition of benzene'on the clean and potassium dosed Rh(111)
surface, a partial understanding of these processes in ultra high
vacuum has been obtained.

The chapter is divided as follows: in Section 6.2 the adsorption
Cof benzehé on clean Rh(111) fs déscribed,-a]ong with its structure
determination and the nature of benzene decomposition. Section 6.3
examines how benzene adsorption and decomposition are affected by
preadsorbed potassium; the overall conclusions from these studies

appears in Section 6.4.

6.2 Benzene Adsorption on Clean Rh(111)

6.2.1. Introduction.

Benzene is typically chemisorbed on transition metal surfaces with
its ring plane parallel to the surface plane as concluded in several
spectroscopic étudies [3-19]. Several angle-resolved photoemission
studies [3-6] show that the flat lying benzene bonds predominately
through » orbitals. Temperature programmed desorption (TPD) studies

{7-12] indicate that on most transition metal surfaces, benzene
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" adsorption is associative at 300K, with only partial reversibility.
Vibrational spectroscopy of benzene chemisorbed on both single crystal
[10-16] and supported metal surfaces [17-19] conclude that benzene is
indeed oriented with its ring plane parallel to the surface plane and
is only weakly distorted from its gas.phase molecule structure through
interaction with the metal, indicating = bonding. A comparison of the
surface chemistry of benzene on Rh(11l) as obtained in this HREELS
study with those of fhe previously mentioned studies on other surfaces
leads to important correlations.

In addition, vibrational spectra have been obtained of ordered
benzene overlayers for which LEED intensity-voltage curves have been
measured [24]. From-a corre]ation:of the‘vibrational spectroscopy
data with the dynamical LEED intensity analyses [2], a comprehensive
picture of the adsorption site symmetry and bonding configuration is
obtained. Furthermore; from a comparison with disordered benzene
overlayers, the influence of ordering on this adsorption geometry has
been determined.

The decomposition of benzene adsorbed on the Rh(111l) crystal face
has also been exb1ored as a function of temperature in the range of
300-800K. The sequential hydrogen evolution that accompanied the
decomposition of this organic molecule was monitored by TPD. The
disordered carbonaceous fragments produced on the surface were studied
by HREELS as a funétion of decomposition temperature.. The species
produced are compared to those formed from thermal decomposition of

acetylene and ethylene on other transition metal surfaces.
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The vibrational spectra recorded here . were obtained at an incident
energy of ~4 eV referenced to the sample fermi level. The total
scattering angle was fixed at 120°,Aso for specular reflection
8; =98, = 60° from the surface normal. Off specular measurements
(91 # es) were performed by rotation of the sample about an axis
perpendicular to the scattering plane. Off-specular measurements

varied up to 20° from specular reflection, with 9; varying between

55 and 70°.

6.2.2 Results and Interpretation

6.2.2a. Benzene Adsorption on Rh(111) at 300K.

‘Benzene adsorption occurs on Rh(lll) at 300K with an initial
sticking coefficient of near unity, as indicated by AES and TPD. The

sticking coefficient is constant (S = S_) for coverages less than 85

o)
percent of the saturation amount. Saturation benzene coverage is

‘ nearly reached after 5L exposure, but the coverage can be increased
about 15 percent by exposures of 70L. The saturation benzene covérage

(e¢ on Rh(111) at 300K and at 5 x 10710 torr is 0.125 ML

o’
(ML = monolayers, defined relative to the surface Rh atom density of
1.60 x lO15 atoms/cmz), or a carbon atom coverage (eC) of 0.75
ML [24]. This coverage was determined from the LEED pattern observed
assuming one molecule per unit cell.

The chemisorption of benzene at less than about 25 percent of
saturation coverage (eC ho< 0.03 ML) is totally irreversible.

66
Evidence for this is shown in Fig. 6.1, where no detectable molecular
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benzene thermal desorption occurs, only dehydrogenation yielding H2
desorption and an adsorbed hydrocarbon fragment. Figure 6.1 shoWs TPD
spectra for (A) C6H6 desorption after C6H6 exposure and (B)

02 desorption following C606 exposure of Rh(11ll) at 300K. Some.
reversible benzene chemisorption occurs for exposures larger than 2L,
and with increasing exbosure the fraction of benzene chemisorption
that can be reversibly desorbed increases. AES, along with supporting
evideﬁce from HREELS and LEED, indicates that héating the saturafioﬁ
covered surface to 380K (which removes one-half of the molecular
benzene state) reduces the adsorbate coverage less than 10 percent.

, Therefore, along with dehydrogenation, molecular benzene desorption_
bécohes Significént at high covéréges during heating of thé §urface,
but still accounts for less than 0.02 ML C6H6'

For exposures greater than 2L (Fig. 6.1(A)), molecular benzene
desorption occurs immediately upon heating and continues until 500K,
A broad benzene desorption peak is observed at 415K after 5L exposure
which shifts to 395K after saturation exposure. TPD spectra for
desorption of CGDG from Rh(111) after C606 exposure are
identical to those in Fig. 6.1(A). Repulsive interactions between
benzene molecules at high coverages cou]d account for reducing the
adsorption energy with increasing coverage, but we cannot rule out the
existence of several overlapping desorption states with different
desorption energies.

Figure 6.1(B) shows the TPD spectra for D, following CeDg

exposure to Rh(111l) at 300K. TPD spectra for H2 after C6H6
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exposures were qualitatively the same. An jsotope effect was apparent
for the largest desorption peak (473K) which occurred at 20K lower
temperature for H2 evolution. Also, some small amount of contaminant
coadsorbed hydrogen was observed for small benzene coverages that
desorbed near 370K. In Fig. 6.1(B), at low exposures, several 02
desorption states are observed between 430-540K. With increasing
exposure, the dominant peak at 495K continued to increase in size and,
at coverages greater than 50 percent of saturation, shift gradually to
lower temperatures. A minimum of 475K was reached at saturation.
Also, with increasing exposure, the peak at 540K grows in intensity
and broadens to higher_tgmperatures,} At saturation coverage, 02
desorption contindes td hearly 800K, with a‘slight peak neaf 695K.

| The dominant desorption peak corresponds to initial dissociation
of hydrogen from molecular benzene; the tail of continuous hydrogen
evolution following this peak is due predominately to hydrogen
dissociation from the remaining hydrocarbon fragments. The broadening
of this deéorption state to higher temperatures with increasing benzene
coverage is likely due to higher dissociation energy for C-H bond
scission as more dissociation sites become occupied.

Adsorption of benzene on Rh(1l1l1l) between 270-320K initially
produces only a weak, diffuse LEED péttern. Increasing exposure (1-3L)
causes new diffuse fractional-order spots to appear, but a large back-
ground intensity is present indicating considerable disorder. The

fractional-order spot intensity increased with further exposure so that



186

- after 10L, several ordered LEED structures are visible. The quality
of the pattern seen can often be improved by large exposures of 30-70L
and annealing. The particular pattern observed depends sensitively on
the benzene coverage which is a function of the benzehe exposure,
benzene background pressure, and sample temperature. We have observed
patterns denoted as (2V/ 3 x 3)-rect, (V7 x vV 7)R 19.1°, (3 x 3), and
c(2v3 x 4)-rect. In matrix notation, these LEED patterns are labelled
respectively: |

31

(33); (32), (30), and (13). The patterns are all related by small

22 13 03

changes in coverage. These results are consistent with previous
results reported by Lin et al. [24] where they discuss in.detail the

| c(2/3 x 4);recf and (3 x 3)vs£ru¢tUre; énd.dfd not choose to discuss-

the other less well-ordered structures sometimes encountered.

The HREEL spectra of benzene adsorbed on the Rh(111) crystal face
shown in Fig. 6.2 were obtained for specular scattering at a saturation
benzene coverage under conditions that produced a well ordered
c(2v/3 x 4)-rect LEED pattern. The dominant features are the 345 and
810 cm'1 losses observed for C6H6 (Fig. 6.2A) and the 330 and
565 cm™! losses observed for CgDg (Fig. 6.2B). From the isotopic
shifts observed for these spectra, the losses at 810, 1130, and 3000
cm"1 are identified as C-H vibrations and those at 345, 550, 1320 and
1420 as Rh-C and C-C vibrations. Contamination of the Rh(111l) surface

1

by 0.01 ML CO coadsorption produced a loss peak near 1660 cm” , which

is assigned to the CO stretching frequency of bridge-bonded CO [25].
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Representative spécu]ar and off-specular HREEL spectra for adsorbed
benzene that yields the ¢ (2v/ 3 x 4)-rect surface structure are shown
in Fig. 6.3. The off-specular spectrum shown in Fig. 6.3 was taken
after a 7.5° rotation of the Rh(111) surface normal towards the
analyzer, which corresponds to 15° off-specular scattering

(e, - 8 = 15°). The purpose of examining the distribution of

i
scattered electrons as a function of angle and energy is to
differentiate between the two inelastic scattering processes which can
be responsfb]e for the observed electron energy losses: _dipo1e
scattering and impact scattering [26]. Losses that are the result of
dipole scatter1ng satisfy a surface dipole se]ect1on rule that on]y
vibrational modes with dynam1c d1p01e components perpend1cu1ar to the
-metal surface are observed as dipole-active. Dipole scattering
produces a scattering Tobe which is sharply peaked in the specular
direction. Near the specular, dipole scattering is usually much more
intense than impact scattering. However, for adsorbed hydrocarbons,
it is possible for impact and dipo]e'scattering contributions to be of
comparable magnitude for a particular loss peak in the specular
direction [27]. .Thus, the observation of a weak mode on-specular does
not mean that it is dipole active, and also the observation of a loss
peak off-specular does not necessarily mean that the mode is not
dipole-active. Detailed angular dependent studies are needed to

distinguish the spectral contributions of the two inelastic scaftering

mechanisms in order to determine surface geometry and site symmetry.
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The results for such an angular profile study of the vibrational
frequencies of benzene adsorbed on Rh(111) are shown in Fig. 6.4 for
the same c¢(2/ 3 x 4)-rect structure. Typical changes observed are
similar to those depicted in Fig. 6.3: in moving from specular to 15°

1

of f-specular, the 1130, 1320, 1420 and 3000 cm - modes decrease in

intensity by factors of 1.3-2.6, while the modes at 345, 550, and 810
cm'1 decrease by factors of 8-18, compared to a_decrease of 150-170

in the elastic peak. From the intensity variation of these losses with
angle, it is clear that all seven.losses have dipole scattering
contributions. However, all modes, except possibly the 550 cm’1
vibration, a]éo have impact scattering contribution. Fgrthermorej this
ihpact contribution is substantial for the modes otcurking at.113d,
1320, 1420 and 3000 cm™l, as is evident in Fig. 6.4.

We can determine the adsorption geometry of the benzene molecule
from these figures (Figs. 6.2, 6.3, and 6.4) by comparing these spectra
with the spectrum of benzene in the gas phase [28] or liquid phaée
[29], and by using the surface dipole selection rule in conjunction
with principles of group theory. In the gas phase, benzene has 20
fundamental vibrational frequencies, of which 10 are doubly degenerate.
However, only 4 of these modes are IR active: 3 involving dipole moment
changes parallel to the ring plane of the molecule (Elu symmetry
modes V12 V13» and v14), and one involving changes perpendicular
to the ring plane (A2u symmetry mode v4). Upon adsorption, the

benzene molecule becomes fixed in space, removing the translational and

rotational degrees of freedom, resulting in six additional vibrational



189

. modes. Two of these new modes are IR active: one involving dipole
moment changes perpendicular (A2u symmetry mode TZ) and one
involving dipo]e-moﬁent changes para11e1 (E1u symmetry degenerate
modes T and Ty) to the ring plane. |

The most intense loss, already shown to be due to a C-H vibration,
is assigned to the out-of-plane CH bending mode (YCH)' This feature,
coupled with the absence of any intense E1u modes and the several
other vibrations expected for upright or tilted benzene, (i.e. the
.Alg’ Blu and EZg modes), allow us to conclude that the benzene
molecule is adsorbed with the ring plane parallel to the Rh(111)
surface at 300K. The fu]T assignment of the adsorbed benzene spectrum
is giVéﬁ in Table 6.1. The other two modes having very strong.dipolar
origin (345 and 550 cm'l) which shift little with deuteration, are
assigned to rhodium-carbon vibrations (VRh—C)' These correspond to
the vibration of the whole molecule against the surface. The remaining
modes with dipolar contribution are due to motions in the ring-plane
of the molecule and have relatively less intensities: 1130 cm'l,

C-H bend (GCH' “10); 1320 cm'l, ring stretch (“cc’ vg); 1420

cm'l, ring stretch and deformation (“CC’ v13); and 3000 cm'l,

C-H stretch (v, vp). An additional mode, visible at 835 cm"
in the deuterated benzene spectrum (Fig. 6.2), is too intense to be
exclusively due to the Scp mode (vlo), and is assigned additionally
to a molecular ring stretch (“cc’ Vo) [31]. The v, Vvibration
for C6H6 is difficult to see on-specular since it is under the

intense y., vibration, but is visible off-specular at 880 ent in
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Fig. 6.3. Additional modes, only visible off-specular, probably
account for the additional intensity seen, especially at 780 and 990
cm'l. "These priﬁcipa]]y impact active modes are not assigned in
Table 6.1.

As described earlier, near saturation benzene adsorption on Rh(111)
at 300K can produce a variety of ordered structures. However, the
vibrational spectra are very similar irrespective of the degree of
ordering or the ordered structure presént. For example, the C6H6
spectrum shown in Fig. 6.2(A) is for a well-ordered c(2¢’3‘x 4)-rect
structure while the specular spectrum of Fig. 6.3 is for a Tess
well-ordered c(2v 3 x 4)-rect structure. It is typical that upon

'paftial ofderiﬁg, the only change occurring is in the relative
intensity of the observed losses, especially those at 1130, 1320 and
1420 cm'l, which increase with increasing disorder. Figure 6.5 shows
the vibrational spectra of benzene adsorbed in the c(2/ 3 x 4)-rect and
(3 x 3) structures. However, neither layer was well-ordered. The
(3 x 3) layer was obtained by momentary warming of the c(2/ 3 x 4)-rect
benzene layer to 393K and waiting several hours in vacuum. Besides
small changes in relative intensities and an overall decrease in total
intensity for the (3 x 3) 1ayer, no significant changes occur in the
vibrational Spectfa as the surface structure is altered. The increase _
in‘frequenqy of the C-0 stretch fdr bridge-bonded CO from 1660 to 1710

cm’1 and the additional C-0 stretch at 1960 for linearly-bonded CO
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Table 6.1. Assignment of the observed vibrational frequencies for benzene
chemisorbed on Rh(111). The gas phase frequencies for CgHg and
CgDg are included for comparison. All frequencies are given in
units of cmi,

mode number ‘Gas phase frequencies [28]

Chemisorbed Frequencies
(Herzberg [30])

and Mode CeHg/Cg0g CgHg/CeDg
representation type CeH 6(C606) _Ratio C6 6(C606) Ratio
Vi lg CH stretch 3062(2293) 1.34 3000(2250) 1.33
Vo lg ring stretch 992(943) 1.05 880(835) 1.05
v3 29 CH bend 1326(1037) 1.28 - -
Vg AZu CH bend 673(497) 1.35 810(565) 1.41
Ve .B1u CH stretch 13068(2 292) 1.34 -— -
Vg B1u ring deform. 1010(969) 1.04 - -
vy BZg CH bend 995(827) 1.20 - -
vg B29 ring deform. 703(601) 1.17 - -
vg B, ring stretch 1310(1286) 1.02 1320(1320) 1.00
10 P CH bend 1150(824) 1.40 1130(835) 1.35
Vi1 Elg CH bend 849(662) 1.28 - -—
V12 Elu - CH stretch 3063(2287) 1.34 - -
v13 Elu ring str.
and deform. 1486(1335) 1.11 1420(1365) 1.04
Via Elu CH bend 1038(814) 1.28 - -
V15 EZQ CH stretch 3047(2265) 1.35 -— -
Vi6 E29 ring stretch 1596(1552) 1.03 - -
V17 Ezg CH bend 1178(867) 1.36 _— -
vig E29 -ring deform 606(577) 1.05 - -
Vig E2u CH bend 975(795) 1.23 - -
Y20 Esy ring deform 410(352) 1.16 - -
RhC stretch _— - 550(550) 1.00
RhC stretch _— - 345(330) 1.05
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occur becéuse the surface was exposed to the background (mostly CO)
for a prolonged period, and additional clean surface sites become
available as molecular benzene desorbs upoa warming the surface to
393K (see Fig. 6.1(A)). The small changes in frequency observed for
the benzene modes are also seen for unstructured layers produced at
subsaturation exposures, as is evidenced in Fig. 6.6.

Vibrational spectra obtained at benzene coverages less than
saturation sﬁow important differences when comparéd to the saturatidn
spectra of Figs. 6.2 and 6.3. This is evident in Fig. 6.6 where the
HREEL spectra for benzene adsorption on Rh(11ll) is plotted as a
function of coverage. Most preva]ent in the spectra at 0.5 and 1.5L
“are the linearly-bonded co Stretchiﬁg vibrationé at 2030-2015 cm’i,
and the Rh-CO stretching vibfations at 485 cm'l. The mode at 550 '

-1

el is partially obscured by the vy, o mode at 485 cm™l, but

does seem to increase in intensity with coverage. The lowest energy

YRh-C mode, occurring at 345 c:m"l for saturation benzene coverage,

1 1

is shifted to 340 cm =~ at 1.5-3.0L and to 330 cm™" at 0.5L.

Associated with this increase in frequency with coverage are frequency

shifts of similar magnitude for the modes near 810 and 3000 cm‘l.

1 and has a

At low coverage, the VCH loss peak occurs at 3030 cm
FWHM near the instrumental resolution of the elastic peak, which is
much narrower than this same mode at saturation covekage where VeH

1, twice that of the instrumental resolution used.

broadens to 97 cm
Similar changes are seen for the YCH loss, a]thdugh the frequency

here -increases with coverage. A high frequency shoulder exists on
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this peak, which grows with increasing coverage and dominates the
spectrum by saturation. Figure 6.7 shows that at saturation, the peak

labeled at 810 in Figs. 6.2 or 6.3 is actually composed of two peaks

of frequencies 776 and 819 cm‘1

1

, when observed with a resolution of
27 cm—~ (FWHM). At low coverage the intensity ratiov(I776/I819)

is clearly greater than 4, but decreases to 0.3 at saturation (see
Fig. 6.7). This ratio changes again to 1.6 as the saturation layer is
warmed to 390K. The changes observed imply no large variation in_
bonding with benzene exposure, however, the presencé of two kinds of
chemisorbed benzene are indicated by the data. The other loss peaks

in the spectra of Fig. 6.6 are quite weak and change little in

vibrational energy or relative intensity as a function of coverage.-
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FIGURE CAPTIONS

Fig, 6.1.

Fig. 6.2.

Fig. 6.3.

Fig. 6.4.

Temperature programmed desorption (TPD) spectra of (A)

CeHg and (B) D, following adsorption of (A) ben?ene or

(8) benzene-d6 on Rh(111) near 300K measured as a function
of benzene exposure. The heating rate used was 1i\ear at 15
K/sec.

Vibrational spectra obtained by HREELS in the specular
direction for a saturation coverage bf benzene chemisdrbed
on Rh(111) at 300K for a well-ordered c(2/ 3 x 4)-rect
surface structure: (A) C6H6; (B) Ce0g-

HREEL specfra obtained for specular and 15° off specular .
scattering angTes (i.e. éi = o - 60° and e% =.67.5;,

o, = 52.5°, respecfive]y). The Rh(111) surface was
saturated with benzene (C6H6) to produce the

c(2/°3 x 4)-rect structure, but in this case the pattern was
not so well-ordered as for Fig. 6.2.

Absolute intensities of the vibrational frequencies observed
for saturation benzene adsorption on Rh(11l) at 300K,
plotted as a function of 95'91' The elastic peak

angular dependence is shown for comparison. Both the
incident and the scattered angles are changed equally in
magnitude but in opposite direction from the specular
geometry of e.=e. = 60° (i.e. the total scattering angle

is fixed at 120°).



- Fig. 6.5.

Fig. 6.6.

Fig. 6.7.

195

Vibrational spectra for two of -the structures produced
after benzene adsorption on Rh(111l): (A) c(2/ 3 x 4)-rect,
after saturation adsorption at 300K, (B) (3 x 3), after
warming the layer-in (A) to 393K and waiting several hours.
HREEL spectra obtained at 300K as a function of benzene
exposure, Large variations in the scattered elastic peak
intensity were observed as a function of benzene coverage.

1 resolution for the

HREEL spectra obtained at 27 cm™
Ycy Mode of benzene adsorbed at (A) 300K and (B) after
heating to 390K. Spectra were recorded on an expanded

scale.
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.6.2.2b. Thermal.Decomposition of Adsorbed. Benzene on Rh(111).

The c(2v 3 x 4)-rect structure of benzene was stable up to 360K.
Near 363K the structure would start to disorder, or form a mixed phase
between the c(2/ 3 x 4)-rect and a new (3 x 3) structure. Near 390K,

a diffuse (3 x 3) structure was occasionally produced. Heating above
395K caused complete disordering in all cases. This behavior is |
consistent with the results reported by Lin et al. [24] for preparation
of the c(2v 3 x 4)-}ect structure. However, they report the prepara-
tion of a single phase that gave a well-ordered (3 x 3) structure at
363K, a similarly well-ordered (3 x 3) phase was not produced in this
study. ’ .
lThe disordefing of the LEED battern af:393K coinciaes wfth the
onset of the H2 desorption state with Tp = 450K and gives the
temperature where significant benzene dehydrogenation begins. For
instance, 40 percent of the surface hydrogén originating from benzene
decomposition can be removed by momentary warming of the sample to
420K, as measured from TPD peak areas. This leaves only the high
temperature H2 desorption states at 500-700K, and a layer with a
stoichiometry of C/H = 2. The C/H ratio of this layer can be steadily
increased by increasing the temperature, and as shown in Fig. 6.1.
dehydrogenation occurs until 800K where all hydrogen has been removed
leaving only a carbon covered surface.

Figures 6.8 and 6.9 show a series of HREEL spectra taken
sequentially after a saturation coverage of benzene on'Rh(lll) was

warmed stepwise to 800K. The crystal was allowed to cool to 300K
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- during the time the spectra were obtained. Vibrational spectra were
obtained approximately every 20K, from 290K to 390K. Oniy slight
changes occur up to 390K. Specifically, the strong YCH peak at 815
em! shifts apparently to 810 cm'l, due to the decreased intensity
of‘the 819 cm°1 loss relative to the 776 cm'l loss, as shown in

Fig. 6.7. For an ~10 percent decrease in benzene coverage caused by
| heating to 390K (Fig. 6.1(A)), we would expect an increase in the
intensity ratio 1776/1819 if the intensity variations seen with
increasing coverage (Fig. 6.6) were reversible. The maghitude of this
shift (1776/I819 changes from 0.3 to 1.6 as one heats from 310 to
390K) seems larger than expected for a 10 percent change in coverage,
'probabiy due to the onset of decomposifion for which a new mode gfows
in at this-frequenCy. This will become evident below. The ey peak

at 2988 cm

does not change measurably in width or position [32].

The contaminant CO peak increases slightly in intensity consistent with
the TPD results indicating a small amount of C6H6 desorption is
occurring.

Heating to 410K causes significant benzene dehydrogenation. TPD
shows that the lérgest H2 desorption state at 450K is completely
removed by momentary warming to 420K, as shown in Fig. 6.11. Changes
seen in the HREEL spectrum (Fig. 6.9) indicate partial formation of
CxH fragments (where x =1, 2). In particular, the dominant peak in

the spectrum is now centered at 790 em L,

This peak still may have
significant contributions from molecular benzene (YCH)’ but is also

attributed to the CH bending mode (s.,) of CH species produced
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- from benzene dehydrogenation. ConcurrentTy, the CH stretching

vibration broadens to lower frequency as a new VeH loss begins to
grow in."oThis can be seen more clearly in Fig. 6.10 where the ”CH
vibrations are shown on an expanded scale. As seen here, n-bonded

1 with the full

benzene at saturation coverage has VeH at 2988 cm
width at half maximum twice that of the instrumental resolution. Upon
warming this layer to 410K, two losses are seen in this region at 2928

and 3008 cm‘l.

We assign both of these losses to “CH modes of
CXH fragments, although a significant contribution may still exist
from molecular benzene. Clearly, the other modes expected for benzene

1

still exist at 339, 524, 1113, 1330 and 1428 cm ", although shifted

f rom their'higher covefage position. Finally, the appearanCe of CO in
1
)

on-top sites (VCO = 1936 c¢cm ~) indicates a chemical change on the

surface. With further heating (not shown in Fig. 6.9), a 60 cm‘l
shift in veo for bridge-bonded CO occurs accompanied by a large §hift
in population to the on-top site. One explanation for these changes

is that the = donation of the benzene molecule to the Rh(11l1l) surface,
responsible for the perturbation of the CO bonding, has dramatically
decreased.

The rationale for the above assignments becomes more understandable
as the layer is heated to 470K. This causes further hydrogen
evolution, pushing the onset of hydrogen desorption to higher
temperature similar to that shown already in Fig. 6.11. At this point

molecular benzene desorption is complete, and the remaining layer has

lost more than 50 percent of the surface complex hydrogen. Hence, we
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- assume that every benzene molecule which did not desorb molecularly has
undergone partial dehydrogenation. Inspection of Figs. 6.9 and 6.10
show that vibrational losses exist at 476, 807, 1363, 2928 and 3008
cm‘l. The loss at 807 cm'1 has certainly broadened to higher

energy with further heating ahd more clearly consists of two

vibrations. The off-specular spectrum, shown in Fig. 6.12 in

comparison to the reproduced specular spectrum, permits better

1

separation of these GC losses at 766 and 831 cm ~. Additionally,

H
Fig. 6.10 shows that the relative intensity of the VCH mode at 2928
cm'l has increased. Since chemisorbed benzene no longer exists on
the surface, all four of these vibrations (i.e. the two Scy losses

“at }66-and 831 cm~! and the two va losses at 2928 and 3008 cm'l)

must be due to fragments produced froh benzene dehydrogenation. From

a comparison with the vibrational spectrum of HCCo5(C0)q [33],

1 1)

which has two CH modes (GCH at 850 cm ~ and vey at 3041 cm-

we conclude these observed losses are due to CXH species. Curiously,

the two vibrations at 831 and 2928 cm'1

, which grow in upon heating
from 410 to 470K, seem to be correlated. These peaks are shifted in
frequency in different directions with respect to the vibrations at
766 and 3008 cm'l. This shift can be associated with a slight
increase in hybridization. Such a change is expected if further C-C
bond scission occurs upon heating to 470K, reducing some CZH
fragments tb CH species. These frequency shifts can alternatively be

rationalized in terms of a change in bonding to the metal through an

increase in coordination.
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1

The vibrations at 323 and 476 cm™~ are assigned to vp, ~ modes,

yet are shifted from the frequencies at 410K. The broad peak centered

1 may be decomposed into two peaks, as shown in the

near 1363 cm~
of f-specular measurement of Fig. 6.12. This mode (1363 cm'l) is
likely due to vee vibrations, but the origin of the remaining
vibrations not associated with CXH fragments is less obvious. The
formation of a CH2 group from the self-hydrogenating disproportiona-
tion of adsorbed CH species has been postulated previously [34], and
could account for the observed vibrations. However, the extremely
weak intensity of these modes indicates that CH (and/or C2H) is the
~ dominant fragment(s) produced.

Updn heating to 570K, the';SCH 1o§Sés bofh decrease fn'intensity;
Furthermore, the peak width of the combined vibrations decreases,

1

although the peak position remains constant ( = 807 c¢m ~ in

ScH
Fig. 6.9). The 2928 cm'1 CH stretching vibration has decreased

dramatically with the observed loss increasing to 3020 cm"l.

1

The

broad v Mode is still present, shifted to 1290 cm ~, while the

M-C vibration decreases in intensity at 490 cm_l.

A change in
bonding is indicated by the frequency shifts, but the two dominant
modes observed sti]i indicate that CH species_are present and are
resistive to dehydrogenation at this femperature.

The adsorbed layer totally dehydrogenates upon heating to 800K, as
evidenced by TPD (Fig. 6.11) and the lack of any CH stretching

vibrations (Fig. 6.9). Only a broad shoulder from 350-650 cm‘1

1

and

a broad peak centered at 1265 cm™* are observed. The broad bands
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. are characteristic of the carbonaceous residue formed from alkene
decomposition [35]. In addition, these same broad bands are observed
from ordered incommensurate graphitic overlayers formed on Rh(111).
Such an overlayer, formed by exposing Rh(111l) to deuferated
propylene-dg (C,0¢) at 1075K, then flashing momentarily to 1075K

to remove any additional hydrocarbons adsorbed from the background, is
shown in Fig. 6.13. The high background intensity is typical for high
carbon-covered overlayers. Graphite formation from a single
hydrocarbon monolayer is difficult due to dissolution of carbon into
the bulk on Rh(11l1l) at these temperatures. Hence, prolonged exposure
at 800Klwas needed to produce the graphite 1;yer. »

It is-interesting'to'fo]iow the vee frequency iﬁ Fig. 6.9 all of
the way from molecular benzene to the carbonaceous residues. Upon the
initiation of dehydrogenation, the vee mode at 1420 cm_1 broadens
to lower temperature, indicating an increase in hybridization toward
sp3 for the ring carbon atoms. Heating to 470K, which removes more
than 50 percent of the surface complex hydrogen, as measured from TPD

peak areas, causes a shift to 1363 cm'l.

No molecular benzene
remains, but a vee peak is clearly present and well-defined. Heating
to 800K broadens this peak and shifts the center of the loss to 1265
cm’l. The posjtion of vee after heating to 470K or above agrees

well with spectra from alkene decomposition. One explanation for the
broadening and shift of the vee modevis that at temperatures near
470K, Rh-C interactions dominate the structure of the adlayer and the

vec Modes are well-defined. Above 500K, C-C interactions become
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dominant and the adlayer structure becomes incommensurate with the
substrate allowing for a variety of chemical environments for Ehe~
carbon atoms. This broadens the v.. loss, shifts it to lower

frequency, and decreases the intensity (due to weaker Rh-C coupling).
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.8

6.10.

6.11.

6.12.

6.13.

HREEL spectra taken following step-wise warming of the
surface after a saturation coverage of benzene had been
obtained on Rh(111) at 300K. The surface layer was
momentarily warmed to the temperature indicated, then
allowed to cool to 300K. ATl spectra were recorded near
300K .

HREEL spectra recorded near 300K following step—wisé
warming of a saturation benzene overlayer, identical to
that in Fig. 6.8.

The.vCH'region shown on an expanded sca]e,_for heating of
the behzéne'mbnofayer‘aé in Fig. 6.8 and 6.9. -

TPD spectra obtained for H2'desorption from Rh(111):

(A) after benzene adsorption at 300K and (B) after benzene
adsorption at 300K followed by momentary warming of ;his
layer to 420K.

HREEL spectra recorded after momentary warming a Rh(111)
surface saturated with benzene at 300K to 470K: obtained at
(A) specular and (B) 20° off-specular scattering angles.
A1l spectra were recorded at 300K.

HREEL spectrum of a graphitic overlayer on Rh(11l) at 300K.
The ordered (12 x 12) incommensurate graphite layer was
produced by exposing the clean RH(lll) sample mainfained at
1075k to 2 x 1077 torr C40g for 10 minutes. After

achieving ultra-high vacuum pressure and a crystal



212

temperature of 300K, the graphitic layer was warmed
momentarily to 1075K to remove C3D6 adsorbed from the

background.
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-6.2.3 DISCUSSION
6.2.3a. The Structure of Benzene Adsorbed on Rh(111).

The surface chemistry of benzene with Rh(11l1l) is very similar to
that observed previously on Pt and Ni surfaces. There are some
important differences, but an accurate representatjve picture of Gfoup
VIII metal-arene chemistry may be obtained by a detailed study of one
of these systems.

On Rh(111), benzene chemisorbs 1?reversibly at low coverages upon
exposure at 300K. This is also seen for benzene adsorption on several
other transition metal surfaces including Ni(111) [7], Pt(11l1l) [8],
Pt(100) (9], Ni(llO) [11] and PthNigo(lll) [11]. This state,
however, is molecularly adsorbed; as evidéncéd by the HREEL spectra
[36]. At higher coverages, a reversible chemisorption state can be
populated. The only difference in the chemisorption bonding of these
two states detected by HREELS is the presence of two.yCH vibrations
with varying intensity ratios. The dependence of the relative
intensity of these vibrations on coverage and temperature suggests that
benzene adsorbs on two different sites. Further evidence for this
interpretation is.provided by the infrared spectra of metal-arene
complexes formed by co-condensing transition metal vapors with benzene
at 77K or in argon matrices at 10K [37]. When benzene was attached to
small metal aggregates instead of a single metal atom, decreases in
the frequency of the YeH mode of 15-45 cm"1 were observed. This.
suggests that the lower frequency YCH mode, which initially popd]ates
at low coverage, is due to benzene adsorption in a higher coordination

site.
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A detailed study of benzene adsorption on Ni(11ll) and Pt(111l) also
indicates two site adsorption with strong reversible temperature and
coverage dependence [15]. On Rh(111l), the two YeH modes are

1

separated by 43 cm~ with the low frequency mode populating first.

Similar behavior is seen on Ni(1ll) where the two YCH modes are

1

separated by 90 cm ~ with the lower frequency mode populating faster

at low coverages. This behavior is not observed on Pt(111) however.

l, populate

On Pt(111), the two Ycy Modes, separated by 90 cm
equally at Tow coverages. TPD shows benzene to both decompose and
desorb molecularly from a single high temperature state at 473-493K
[8]. At high coverages, the lower frequency mode is four ;imes more
intense than the highe; frequency mode th]e benéene now desorbs with
an additional molecular desorption state at 373-403K. Note that the
chemical behavior of benzene on Rh(111) is most similar to that on
Ni(1ll), both in YcH frequencies (see Table 6.2) and in coverage
dependence. .

The bending vibration for CH groups present in gas phase molecules
is a strong function bf the hybridization of the carbon atom,
increasing in frequency with increasing hybridization (e.q.

Sp < sp2 < sp3) [28]. A similar trend occurs on metaf surfacés
where the CH out-of-plane bending frequency increases as the

metal-benzene interaction becomes stronger. This is evident in

Table 6.2 where the vibrational data for benzene adsorption on several
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Table 6.2. A comparison of vibrational frequencies (cm-l) observed by HREELS

‘ for benzene chemisorbed on single crystal metal surfaces with the
gas phase Yalues. Frequencies are grouped by mode assignments;
original assignments, when different, are given in parentheses.

Crystal "¢ M YeH Se Sce VCH
Surface (vgshn,)  (v9peBy,)  (v130Eq)) (”I’Alg)
gas phased 673 1150 1486 3062
Ag(111)b 675 1155 1480 3030
Ni(111)c¢ 320 : 730,820 1130 1430(vg) 3000
d,e 290 745,845(vp) 1110 1420 3020
Ni(ll0)e 735,845(vp)  1110% 1420% 3020
Ni(100)d - '360-', | 750,845(vp) 1115 1425 3025
Rh(111)f 345 550 776,819 1130 1420 3000
PtigNigg(lll)e 800,845(v2) 1110*% 1420% 3050
PtygNipo(111)9 835,910 1130 1385% 3010
Pt(110)h 340%  565%  830%,910% 1120% 1435% 3025
Pt(111)c 360 570 830,920 1130 1402(vg) 3000

* indicates vibrations not assigned to specific modes.

a) Shimanouchi (ref. 28)

b) Avouris and Demuth (ref. 14)

c) Lehwald et al. (ref. 15)

d) Bertolini and Rousseau (ref. 10)
e) Bertolini et al. (ref. 11)

f) This study.

g) Massardier et al. (ref; 12)

h) Surman et al. (ref. 16)
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~single crystal surfaces is summarized. The table illustrates -that the
_ perturbation from gas phase benzene increases as one moves down the
table, toward higher frequency Y(H vibrations. Similar trends are
seen in metal-benzene complexes where the YCH frequency was found to
increase in the order:_ nickel < cobé]t < iron < chromium [37]. In
addition, the magnitude of the frequency shifts in this mode for these
complexes is similar to that seen for benzene chemisorption on metal
surfaces. For example, in Table 6.2 the frequencies for Yoy range

from 675 to 920 cm"1

of 795 cm-l. Although this CH out-of-plane bending mode shifts by

1

, while (C6H6)2 Cr has a YeH frequency
as much as 247 cm™ upon chemisorption, the number and frequency of
the other'vibratiohal modes observed confirm that the adsofbéd'benzene
is n-bonded on the surfaces listed in Table 6.2. Similarly, the
complexes described above [37] are known to have benzene r-bonded to
the metal atom(s). Furthermore, direct hydrogen-metal interaction
does not occur since a large decrease in the CH stretching vibration
is typically associated with such an interaction, and this is not
observed for benzene adsorption (cf. VCH for organometallics
containing C-H-M bonding occurs between 2350 and 2700 cm™ [38]).
Hence, the frequency of the YCH mode is sensitive to both the

strength of the metal-benzene interaétion and the adsorption site.

The extent of the metal-benzene interaction may also account for the
differences in C-H bond breaking activity. This will be discussed

more below.
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Inspection of Table 6.2 shows that in -addition to the YCH
vibrations, both M-C stretéhing vibrations increase as the interaction
with the surface increases. A similar trend w;s also reported for
benzene n-complexed to nickel, cobalt, iron, and chromfum [37], with
the interaction between benzene and the metal atom (and “M—C)
increasing in the order given. The remaining three modes in Table 6.2
all decrease from their gas phase values. The magnitude of this
decrease grows as one moves down the table, again indicating larger
deviation from the gas phase with stronger adsorption. Some
discrepancies exist in this trend partially due to the resolution used
to measure these weak, broad vibrations. Howeyer, the trend is clear,
and thé frequencies observed-fof these hédes giVéafurther 1nformafion
on the extent of rehybridization. The ring stretch and deformation

1 for benzene n-complexed to the

1

mode (v13) decreases by 30-40 cm
metal atoms mentioned previously [37], and between 45-60 cm~

typically for all but Ag(lll) in Table 6.2. Furthermore, the CH

1

stretching mode decreases by 30-60 cm ~ typically for adsorbed

benzene from the gas phase value (3062 cm'l). Comparing these
values to the vey Of gas phase cyclohexane (2930 cm'l) [28] and

1

adsorbed cyclohexane on Ni(111) and Pt(111) (2900 cm - on both

surfaces [39]) we conclude that benzene is rehybridized but still

2 character.

retains principally sp
The frequency of the metal-ring vibration (i.e. vm_c) 1s a good
measure of the strength of the metal-benzene interaction, and is well

correlated with frequency shifts of the other dipole-active modes of
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adsorbed benzene. The CH out-of-plane bending mode is the most .
intense in the spectrum and undergoes substantial shifts, hence this
bend has been used previously as an indirect means of relating
metal-ring bond strengths for both arene- and cyclopentadienyl-metal
complexes [40]. 1In an attempt to extend this correlation to metal
surfaces, the heats of desorption for molecular benzene and the
decomposition product hydrogen have been calculated and are given in
Table 6.3. For comparison, the values are determined from the
desorption temperature using first order desorption kinetics and an
assumed preexponential factor of 1013 sec'1 [42]. As shown in

.Fig. 6.14, for the limited number of metals studied, the heat of
deéorptioh of molecular benzene cofreiates feagonably well with the
observed frequency shifts.

The degree of interaction between benzene and the first row
transition metal atoms has also been correlated to the ability of
these metals to serve as acceptors of n—electron density [41]. This
ability can be related to the electronegativity of the metal, the
surface equivalent of which is the work function. Such a correlation
does exist for benzene adsorption: the work function of the clean
metal surface increases, in general, as one moves down Table 6.2 as
shown in Fig. 6.15. These simple arguments provide reasonable
rationale for the trends observed, but the ability of the metal to
backdonate into antibonding «* orbitals of benzene can lead to
deviations. In general, however, the bond-strength between benzene
and a metal surface increases for higher work function surfaces, as
can be indirectly measured from the increase in the CH out-of-plane

béending frequency.
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Table 6.3. Desorption temperatures (K) for benzene and hydrogen evolution from
chemisorbed benzene on single crystal fcc(lll) surfaces. The heats

of desorption (kcal/mole) are given for relative comparisons as
determined using the Redhead formula [42] assuming first orde

desorption kinetics and a preexponential factor of 1013 sec-1

r

Crystal H2 C6H6
Surface - Desorption AHd(HZ) Desorption AHd(CGHB)
Ni(1ll)a 453 26.3 388-398 22.4-23.0
Rh(111)b 450,670 26.6,40.1 395415 23.2-24.4
PtigNigg(l1l)€ 448,583 26.8,35.2 368,423 21.9,25.3
P't78N1'A22(ill,)d none . - — 365,445 . 21.7,26.6
Pt(111)e 543,653 31.7,38.3 373—403, 21.5-23.3,
473-493 27.5-28.7

a) Friend and.Muetterties (ref. 7); heating rate = 25K/sec
b) This study; heating rate = 15K/sec

c) Bertolini et al. (ref. 11); heating rate = 10K/sec

d) Massardier et al. (ref. 12); heating rate = 10K/sec

e) Tsai and Muetterties (ref. 8); heating rate = 25K/sec.

These correlations (between the CH out-of-plane bending mode and
'either the r-acceptor character of the metal or the heat of desorption
of molecular benzene from the metal) are not as simple as one would
like; the YCH frequency is sensitive to both the strength of the

metal-benzene interaction and the nature of the adsorption site. On
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Rh(111) for example, the lower frequency'yCH mode populates at Tow
coverages, while the higher frequency YCH mode dominates at high
coverages. Based on the correlations described ébove, we would
conclude that the benzene initially adsorbed was more weakly bound
than that at saturation. However, TPD shows that the initial benzene
is irreversibly adsorbed, and with increasing coverage a more and more
weakly bound reverisble adsorption state is populated. This observa-
tion df stronger bonding at low coverages is typically seen for mbst
chemisorption systems. Hence, from the TPD data we would come to the
opposite conclusion that the benzene initially adsorbed was more
strongly bound than that at saturation. This discrepancy cou]d_be
ratidha]fzed by attributing the.chahges seen in TPD with covérage to a
higher activation energy barrier to CH bond scission as more sites are
occupied. However, it is more likely that while a general trend of
higher YCH frequency with greate metal-benzene interaction exists
from metal to metal (as seen in Figures 6.14 and 6.15), the YeH
frequency also dépends on the nature (e.g., coordination number) of
the adsorption site.

Structural information regarding the adsorption geometry and the
symmetry of the adsorbed complex can be obtained by comparing the
number, frequency, and intensity of the dipole active modes observed
with the correlation table of the point group for the gas phase.
molecule [43]. Benzene in the gas-phase has Dsh symmetry. The
presence of a strong A2u mode and the absence of the Elu modes

confirms that the molecule is lying flat and that the ring plane is
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not tilted from the surface plane (i.e. the skeletal carbon ring is
planar with the surface; the hydrogen atoms can be bent out of this
p]ané). Hence, only a select number of subgroup symmetries are
possible‘énd these are reproduced in Table 6.4. This correlation
table makes use of the re]ationship between the representations of
D6h and its subgroups.' Only those modes which belong to totally
symmetric representations are observed for dipole scattering, hence,
the modes whdse frequencies are given in the table should be present
for that particular adsorption symmetry. Planar adsorption on the
Rh(111) surface removes at least the o, symmetry plane. As a
result, the highest symmetryvpoiht,g}oup for the adsorbate_comp1ex is
C6v’ that ié if adsorption.is centered.over é single Rh atom and if
- second layer interactions are not important (which gives the substrate
surface 6-fold rather than 3-fold symmetry). If second layer
interactions are important or if the adsorption is centered over a
hollow or top site, one must consider the C3v point group. The
symmetry is reduced even further to Cs or C2v if adsorption is
centered over a bridged site and second layer interactions are or are
not important, respectively. Lower symmetry can result if the
molecule is asymmetrically distorted due to bonding or centered over a
less symmetric site.

The off-specular measurements allow symmetry groups lower than
C3, to be ruled out (Table 6.4) since only 7 vibrational modes are
observed to have a dipole contribution. Clearly the number and

frequencies of the observed vibrations favor the C3v point groups.
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Table 6.4. Correlation table for the symmetries of the point group Dgh with
those of the subgroups Cgy, C3y(od), C3y(oy), and Copy.

The vibrational frequencies for gas phase benzene are given for
those modes which are active for dipole scattering using HREELS
(i.e. for those modes which belong to the totally symmetric

representations Ay, A' and A).

D6h Cév C3v(ad) C3y (ay) Coy
Al A(992,3062%) A, (992,3062%) A (992,3062%) A, (992,3062%)
A A . A A
Ry Ay A, A, A,
Ay, A(673%,T)) A, (673%,T ) AL (673%,T ) AL (673%,T))
Blg Bé ' Al(no vib.) ° Az BZ'
8,, B8 A, A, (1010,3068*) 8,
8 B A, A (995%,703%) B,
8,, 8, A (1150%,1310) A, 8,
g & E . 82+81
S E 3 B,*8;
£y E 3 Ay*Ay (606,1178%
1596, 3047*)
€2y E2 E E Ap+A1(410%,975%)

* indicates modes due to C-H vibrations.

The dipolar contribution to the modes at 1130 and 1320 cm'l leads to

the conclusion that the adsorption site symmetry is C

3v(9g) -

This

point group implies that the symmetry planes of the Rh(1ll) substrate

bisect the dihedral angles between planes that include adjacent CH

bonds of the ring.
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Lehwald et al. [15] also concluded that benzene adsorbed on
Ni(111) and Pt(111) occupied adsorption sites of Cay (od)
symmetry. A similar éonc]usion was reached for benzene on Ag(1l11)
[14], while Haaland [17] suggests.benzene symmetrically distorts to
this geometry on alumina supported platinum, rather than strictly
adsorbing on a site of this symmetry. An 1nspecfion of Table 6.2
suggests that C3v (cd) adsorption symmetry is reasonabie for all
the metal surfaces studied to date. Ciear]y such symmetry is not
possible for adsorption on either Ni(100) or Ni(110). The correlation
table (Table 6.4) shows that several additional modes should be seen
on specular for C2v symmetry (the highest symmetry pqint grguﬁ
expected on thege crystallographic orﬁentations). Why these modes aré
not seen is yet to be understood.

A model for the structure of the benzene monolayer deduced from
dynamical low energy electron diffraction calculations of the I-V
profiles of the c(2/ 3 x 4)-rect LEED pattern is shown in Fig. 6.16
[2]. This model is suppdrted by our determination of the adsorption
geometry with the.benzene ring parallel to the surface with an
adsorption complex symmetry C5, (o4q). The calculations indicate
bonding on a 3-fold hollow site with a second layer atom directly
underneath (i.e. the hcp-type hollow), while the HREELS data indicates
two adsorption sites of C3v (od) symmetry. Taken together, theA

data suggests two of the three possible adsorption sites having C3v

(°d) symmetry are occupied, with most of the benzene molecules

centered over hcp-type hollow sites at saturation (i.e. a larger
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-1 at saturation -

_1)

- fraction of molecules have YeH = 819 cm
coverage). The remaining benzene (with Yoy = 776 cm occupy
either an fcc-type hb]]ow or a top site. In additiqp, an in-plane
distortion of the benzene ring, as shown at right in Fig. 6.16, gave
the best fit between dynamic LEED theory and the experimental I-V
profiles. Such a symmetric distortion is not inconsistent with the
HREELS data. In fact, the vibrational spectra of benzene and the low
temperature phase of acetylene are quite similar for several metal
surfaces [27,44,45]. Lehwald et al. [15] have pointed out that the
n/di-o bonding of acetylene over hollow sites found on Pt(111) [44],
and now on Pd 111) [27], puts the C and H atoms into the same local
geometry as expected for benzene over hgl]ow s1tes, possibly w1th the
same distortion. Furthermore, the observed production of benzene upon
trimerization of acetylene on Ni [45] and Pd [46] surfaces gives
additional support for the distortion calculated.

The close similarity in the vibrational spectra for differently
ordered structures or totally disordered layers produced from near
saturation beniene coverages indicates that adsorbate-adsorbate
interactions, either direct or thru-metal, are responsible for the
order-order transitions rather than major changes in the bonding mode
~ or geometry at the surface. Explanation of minor changes in intensity
of some modes involves weak breakdown of the symmetry of the surface
complex or perhaps the presence of surface species with different
symmetries (e.g. some small fraction of molecules inclined slightly

from the surface plane). Spectra taken at very large exposures (300L)
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show that (1) no compressional phase transition, such as. that observed
for pyridine on Ag(111) [47], occurs for our conditions to produce two
different bonding geometries of benzene near 300K, and that (2) no
evidence was found for benzene adsorbed with its ring inclined to the
surface, as suggested might be possible on Pt(111) for the benzene

(2‘/—3—x 5) structure obtained after similar large exposure [48].
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Fig. 6.14. The CH out-of-plane bending mode frequency (YCH) for
benzene adsorbed on several metal surfaces plotted as a
function of the calculated heat of desorption for molecular
benzene from that metal surface. The data is taken from
Tables 6.2 and 6.3. The frequency used in the correlation
is the dominant frequency observed in the coverage range
that a particular desorption state is present.

Fig. 6.15. fhe CH out-of-plane bending mode frequency (YCH) for
benzene adsorbed on several metal surfaces plotted as a
function of the torresponding clean metal work function.
The freqyenqies are takenufrom_Table 6.2; the work
funétioﬁs are obtained ffom ref. 54 and 55. The domiﬁant
frequency observed near saturatioh exposure is correlated
with the work function.

Fig. 6.16. Structural model based on LEED and HREELS results for
benzene adsorbed in the c(2v/ 3 x 4)-rect ordered
structure. The benzene molecules are centered over
hcp-type hollow sites and positioned with C3v(cd)

symmetry. Van der Waals radii of 1.8 and 1.2 A for C and

H, respectively, are included to demonstrate packing

density. = The right hand beﬁzene molecule shows the

in-plane symmetric distortion preferred from dynamic LEED
calculations [2]. The side view in the top panel includes
possible CH bending away from the surface. A unit cell is

outlined in the bottom panel.
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6.2.3b The Nature of Benzene Decomposition. Upon heating the

benzene layer, two competing processes occur: reversib]e molecular
benzene desorption and irreversible benzene decompositjon. The

changes observed as a function of coverage were already discussed, only
the nature of the decomposition layer will be discussed here. A
comparison of TPD dafa reported for near saturation benzene adsorption
on fcc(lll) single crystal surfaces is given in Table 6.3. No
decomposition occurs for the platinum-rich alloys (and most likely not
for Ag(1l1l)). However, the TPD desorption maximum occurs at ~450K for
PthNigo(lll), Ni(111l), and Rh(11ll). This maximum is ~100K higher

on Pt(111). |

The temberature where significant C-H bond breaking occurs has
also been measured, occurring for T > 373K on Ni(111) [7], T > 393K on
Rh(111), and T > 473K on Pt(111) [8]. This indicates that benzene
adsorption and decoﬁposition behavior on Rh(111l) is between that of
Ni(11l) and Pt(111), but most similar to Ni(1ll1ll).

The point where C-C bond breaking occurs is more difficult to
determine, and has not been examined for benzene decomposition on any
other surface than Rh(111). From the production of CH fragments
already at 410K we deduce that significant C-C bond breaking occurs by
this temperature. Additional evidence on Rh(111) has been observed in
this laboratory recently where CH formation is observed from heating
the ethylidyne species (M3CCH3, produced at 300K from ethylene
adsorption) to 410K [35]. For ethylene adsorption, the point where

C-C bond scission occurs is more easily determined since the ethy]idyné
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- and CH vibrational modes do not overlap. -Scission of C-C bonds of

hydrocarbons other than benzene have been studied on a few surfaces.
On Ni(11ll), C-C bonds are broken for di-o/m bonded acetylene at 400K
as evidenced by CH formation [49]. On Pt(lll), significant C-C bond
cleavage occurs at 470K, where CH fragments are produced after
ethylidyne formation. Additional evidence verifying the interpretation
of the HREELS data was shown recently by Creighton and White, who
observed predominately CH+ ions at 500K in a static SIMS experiment,
suggesting CH species on the surface at this temperature [50]. Again,
the reactivity for C-C bond breaking on Rh(111) is between that of the
(111) faces of Ni and Pt, and very similar to the reactivity of Ni.
TheAvibratiohal frequencies observed for'CH spécfes produced from
alkene, alkyne, or benzene decomposition on several surfaces are
compared in Table 6.5. Comparing the observed frequencies to those of
several gas phase molecules [26,28], we conclude all the surface

2 3

species are between sp“ and sp” hybridized, base on the VCH

vibrations. However, the CH bending vibrations suggest a hybridization

between sp and sp2

. Comparison with the cluster compound HCC03(CO)9
suggests the formér interpretation is the correct one. Curiously, the
(111) faces of Rh, Ni and Pd are very similar in frequencies,
indicating similar adsorption, while the CH species seems to be more

strongly bound to Pt(111).
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Table 6.5. A comparison of vibrational frequencies (aml) assigned to
' adsorbed CH species with the cluster compound HCCo3(CO0)g.

The

CH species are produced by thermal decomposition of acetylene
(b,d,e], ethylene [f], or benzene [c] on the surfaces given below.
Frequencies for the highest temperature species are reported.

Mode  HCCo,(COg) W(110)®  raquinS niind  pain)® er(un)f
- 3041 2930 3020 2980 3002 3100
6CH 850 930 807 790 762 850
Yy 715 581

VM_( 417 490 307

a). Martin et a].v(ref,b33)L

b) Backx and Willis (ref. 51)
c) This study

d) Demuth and Ibach (ref. 34)
e) Gates and Kesmodel (ref. 52)

f) Baro and Ibach (ref. 53)

1

The formation of broad Rh-C bonds between 350-650 cm™~ and broad

C-C vibrations between 1000-1500 cm~

produced upon heating benzene
or several other hydrocarbons to 800K [35] gives little fnsight into
the formation of graphite on metal surfaces. The broadness does

suggest, however, that several chemical environments exists for the

carbon layer.
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- 6.3 The Adsorption of Benzene on Potassium Dosed Rh(111)

6.3.1 Introduction

In the preceeding section, we have detailed the adsorption and
decomposition of benzene on Rh(111). Benzene was found to be oriented
with its ring plane para11e1 to the surface and = bonded. Because of
this, we expect that a strong electron donor such as potassium will
alter the nature of this bonding. Since the C-H out-of-plane bending
mode was found to correlate with the heat of adsorption of benzene‘on
several surfaces, we expect this mode to be sensitive to bonding
changes induced by coadsorbed potassium.

Benzene ad;orption has been previously studied on potassium dosed
Pt(111) by Gérfunke] et al. [54]. jThey-foﬁnd using TPD meaSurement§
that the presence of potassium weakened the benzene-metal bond. The
benzene desorption temperature was lowered ~100K in the presence of
potassium and the fraction of benzene desorbing molecularly increased
(while the fraction of benzene decomposing decreased). They emphasize
that although molecular desorption and decomposition are typically
viewed as competing processes, only the desorption energy is affected
strongly by potassium preadsorption. In a surface enhanced Raman
study, Lund et al. [55] found that, for benzene adsorption on a vapor
deposited sodium surface, the observed Raman lines are within 3 cm‘1
of the gas or liquid phase benzene frequencies. This suggests that
benzene adsorption on Na is almost unperturbed from its gas phase
value, very similar to benzene on evaporated silver films as studied
by SERS [56] and on Ag(11ll) as studied by HREELS [14]. However, the
SERS spectra are obtained at very high benzene coverages, quoted as

less than 100 monolayers [55].
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6.3.2 Results and Interpretation

6.3.2a Benzene and Potassium Coadsorption on Rh(111) at 300K

Benzene adsorption on a clean and potassium dosed (eK = 0.10)
Rh(111) surface has been studied by vibrational spectroscopy, as shown
in Fig. 6.17. These spectra are recorded at 27 and 35 cm"1
resolution (FWHM), respectively, to examine more closely what effect

potassium has on C6H6 bonding. We notice that the YCH

1

vibrations at 776 and 815 cm ~ is unchanged from that of the clean

1 does not shift upon

surface. Similarly, the vey Mmode at 2980 cm
potassium adsorption. The metal-benzene stretching vibrations at 345
and 540 cm™! for the clean surface are difficult to see for the
potassium dosed surface dué to tai]fng of the sfﬁdng Tow frequency
potassium induced vibrations at 120 and 225 cm’l. No CO vibration

is observed at 1670 for the potassium dosed case, but the additional

intensity at 1435 cm"1

is likely due to a strongly shifted C-0
vibration. From the strong simi]arity in the spectra we conclude that
~in the presence of potassium,-benzene adsorption is the same as that
on the clean Rh(111l) surface.

The changes seen in the y., mode upon warming this layer to 390K
is plotted in Fig. 6.18. Note that the frequencies do not change upon
heating but the relative intensity of the two YCH vibrations does.
Again, the presence of two YCH vibrations that vary with heating
(i.e. benzene coverage) with frequencies identical to that of benzene

adsorption on clean Rh(111l) leads to the conclusion that the bonding,

orientation, and occupation of two distinct éites is the same for both
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“surfaces. The only change observed in Fig. 6.18 from that of the

clean surface adsorption is a difference in peak intensity ratio upon .
potassium adsorption. The I776/T815 ratio is less than the
comparable value for clean Rh(111). This ratio is also less at 390K.
This suggests that the desorption of benzene is altered in the
presence of potassium, even though the bonding is not.

In Fig. 6.19 the molecular desorption of benzene-d6 from clean
and potassium dosed (eK = 0.10) Rh(111) is shown. Indeed, the heat
of desorption of benzene decreases with coadsorbed potassium, as
indicated by the 40K shift in peak maximum. This suggests that the

bonding of benzene to the Rh(111) surface is weaker with coadsorbed K.



Fig. 6.17.

Fig. 6.18.

Fig. 6.19.
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- FIGURE CAPTIONS

Specular HREEL spectra obtained at 300K for C6H6
adsorption on the clean and K predosed Rh(111) surface.
HREEL spectra obtained at 32 cm'1 for the YCH mode of
benzene adsorbed on K dosed Rh(111) at 310K and after
heating to 390K. Spectra were recorded on an ekpanded
scale.

TPD specta of 5.0L C606 following benzene adsorption on
clean and K dosed Rh(111) at 300K.
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" 6.3.2b Thermal Decomposition of Benzene on Rh(11l) in the Presence

of Potassium

Vibrational spectra recorded as a function of annealing temperature
for saturation C6H6 adsorption on a Rh(111l) surface predosed with
0.02 monolayers of potassium is shown in Fig. 6.20. The peak positions
of the benzene derived modes are very similar to the clean surface case
(viz. Fig. 6.9). Also, the changes with temperature are also quite
similar for the two cases, especia]jy the changes in width of the YeH
mode and the variation in the metal-benzene vibrational modes.
Variations in vey seem to be smaller for the potassium dosed surfaée
as a function of temperature. The additional intensity at 1500-1700
cm™t is 1ike1y due to CO adsorption.v Thé.additfond] intensity at
490 is difficult to interpret, but is too low to be oxygen adsorption.
Notice that it does go away upon heating the surface to 390K.
TPD spectra for 02 desorption after C606 adsorption on clean

and K dosed Rh{11ll) is shown in Fig. 6.21. Note that the decomposition
of benzene is drastically altered in the presence of potassium. The
peak observed at 435K suggest a new pathway for benzene decomposition
exists when K is adsorbed, and that this pathway leads to decomposition
at an earlier temperature. Such behavior is totally unexpected in
light of the changes seen in the HREEL spectra with temperature.

- TPD spectra at the same potassium coverage just discussed is shown
in Fig. 6.22 for D2 desorption after benzene—d6 adsorption, as a
function of benzene exposure. The spectra indicate that decomposition

becomes more complicated with coadsorbed potassium. Furthermore, the
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pathway leading to decomposition at 435K is present even at very low
benzene coverages.

 The changes observed in fhe 02 desorption spectra at low
benzene-d6 coverages are shown as a function of potagsium
preadsorption. Curiously, we find that thg lower temperature
decomposition pathway does exist for the clean surface and becomes
increasingly favored at higher potassium coverages. Also notice that
the desorption yield dramatically decreaseé by 8y = 0.15, suggesting
that by this coverage benzene adsorption is significantly blocked by
preadsorbed potassium. At lower potassium coverages (eK ~ 0.05), a
new state at 470K is qbserved. This state doeé not remain popu]ateq

at higher coverages.
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" FIGURE CAPTIONS

Fig. 6.20. HREEL spectra recorded near 300K following stepwise warming
of a saturation C6H6 overlayer in the presence of 0.02
monolayers potassium.

Fig. 6.21. TPD spectra of 02 following adsorption of CGDG on
clean and K dosed Rh(111) at 300K.

Fig. 6.22. TPD spectra of 02 following adsorption of CgDg on K
dosed Rh(111) at 300K as a function of benzene-d6

exposure.

Fig. 6.23. TPD of D2 following adsorption of 0.25L C606 on

Rh(111) at 300K, as a function of K coverage.
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.6.3.3 Discussion

6.3.3a The Influence of Potassium on Benzene Adsorption

Potassium does not alter the CH out of plane bending mode frequency
nor does it produce any new benzene modes compared to the clean
surface. This strongly suggests that benzene is lying flat on the
surface in a molecular state, it is = bonded to the surface, and it is
adsorbed in two sites of C3v(od) symmetry. However, the molecular
TPD data suggests that benzene is less strongly bound in the presence
of potassium. The changes in the ratio of the two YCH modes observed
with K adsorption coupled with the desorption of benzene at significant
levels by this temperature indicates that, using our previous
assignment, a'higher'oecupation of‘the 3-fold hollow sites exist at
both coverages.

Curiously, the HREELS data suggest K has no effect on the
structure and bonding of benzene while the TPD indicates that the
molecule is more weakly bound. These results agree with similar
changes found independently by Garfunkel et al. [54] and Lund et al.

[56]. Still, the conflicting conclusions are difficult to rationalize.

6.3.3b Benzene Decompositon with Coadsorbed Potassium

Here again the two sets of data are conflicting. The decomposition
certainly occurs at a lower temperature in the presence of potassium,
but the vibrational spectra do not indicate such. However, the
vibrational spectra presented are for a relatively small K coverage
where, as seen in Fig. 6.23, the decomposition changes are less

dramatic.
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6.4 CONCLUSIONS

Benzene is associatively adsorbed on Rh(11l) at 300K. HREEL
spectra indicate that the benzene molecules 1ie on the surface with
the ring plane parallel to the surface plane. Several ordered
overlayer structures are observable by LEED near saturation coverage
which have almost identical HREEL spectr& as disordered'overlayers.

By using the surface selection rule and our assignment of the observed
losses, we conc]ﬁde that benzene adsorbs with C3v(ad) symmetry,
occupying two adsorption sites. The relative population of these two
sites is dependent on both temperature and coverage. Together, dynamic
LEED calculations and the yibrationa] data indicate a dominanﬁ fraction
of benzene ﬁo]eculeé occﬁpy hcp;tyﬁéAhoTloQ sites with.C3§(cd)
symmetry. A symmetric distortion of a]ternating long and short C-C
bonds which maintains this symmetry is suggested by the ca1cu]a;ion

(2] for the molecular geometry. Similar adsorption behavior is seen
for benzene on several other transition metal surfaces, including
evidence for two adsorption sites.

The frequency of the CH out-of-plane bending mode is an indirect
indication of the extent of interaction between benzene and the metal
surface. For the several transition metal single crystal surfaces
studied so far, the strength of the.metal-benzene bonding, as measured
by the metal-ring vibrational frequencies or estimated from the
molecular desorption temperature, is well correlated with the frequeﬁcy
shifts of the molecular vibrations, as well as with the work function

of the surface,
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Upon heating the benzene layer, two competing processes occur. At
low benzene coverages irreversible benzene decomposition (to yield
ultimately H2 and a carbon-covered surface) occurs exclusively. At
higher benzene coverages, molecular benzene desorptioﬁ occurs in
addition to decomposition. Analysis of the vibrational spectra
obtained as a function of thermal decomposition indicates that C2H
and CH species are the predominaté fragments formed above 410K. Both
C-C and C-H bond cleavage occur at a significant level at this
temperature, slightly higher than that observed on Pt(111). Some C-C
bonds remained intact up to at Teast 800K, where spectra similar to
that of graphite on Rh(111) was observed. N

When potassium is preadsorbed on Rh(lli), bbfh the'héat.df'
adsorption and the temperation where maximum decomposition occurs for
benzene decrease. Furthermore, the vibrational spectra indicate that
the adsorption and extent of interaction of benzene with the metal
surface are unchanged by preadsorbed potassium. Similar conflicting

data for the benzene plus alkali adsorption system has been observed

previously [54,55].
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APPENDIX A-
DESIGN AND CONSTRUCTION OF A HIGH STABILITY,

LOW NOISE, POWER SUPPLY FOR USE WITH HIGH RESOLUTION
ELECTRON ENERGY LOSS SPECTROMETERS

A.1 Introduction

This appendix describes the désign and construction of a high
stability, low noise, solid-state power supply for 127° Ehrhardt-type
[1] high resolution electron energy loss spectrometers (HREELS). )
General purpose operational amplifier-based power supplies are used to
provide potentials for the 22 lens elements of the spectrometer. Many
of these potentials are split to provide deflecting voltages for
paired lens elements of the spectrometer. The use of_ultrastable,'low )
noise difference amplifiers provide the fa¢111ty to sweep all of thé
analyzer voltages rapidly so one may obtain repetitively scanned
spectra quickly. Incorporated in this supply is a filament emission
control circuit. Included along with a discussion of the design
philosophy is a description of the supply electrical specifications
and how they are met. Examples of spectra obtained using this supply
are presented and compared with spectra obtained with the commonly
used potential supply based on passive potential divider networks.
Substantial improvements in both signal-to-noise ratio and time of

data acquisition are observed.

A.2 Technique Description

The use of HREELS for detecting the normal vibrational modes of

molecules adsorbed on single crystal surfaces under ultrahigh vacuum
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- conditions has increased tremenddus]y in recent years. The technique
was first implemented by Propst and Piper [2] in 1967 and has
'gubsequently been refined mainly through the efforts of Ibach and.
coworkers [3]. Today there are many operational spectfometers at
laboratories around the world with many more under construction. The
applicability of HREELS as a surface spectroscopy capable of
determining the physical and chemical properties of surfaces and
adsorbates is demonstrated throughoﬁt this dissertation.

Most HREELS spectrometers, including those described in this
thesis are of the 127° cylinder type, although successful systems have
been buth based on cylindrical mirror analyzers [4], or hemispherical
ahéTyzers [5]. A schematic of one of the HREELS'appafati.uéed iﬁ our
laboratory is presented in Figure A.l. Electrons emitted from a
tungsten hairpin filament are monochromatized and focussed onto the
crystal specimen by means of the 127° monochromator sector. Typically,
the electron impact energy is variable between 1-10 eV and the angle
of incidence varies between 50-80° with respect to the surface
normal. Scattered electrons, some of which have exchanged vibrational
quanta with the adsorbate species, are energy analyzed (typically in
the specular direction) in the second 127° analyzer sector and
detected with a channeltron electron multiplier. Pulses from the
channeltron are amplified, shaped and discriminated, and in this case,
converted to an analogue output with a ratemeter. Spectra are scanned

in a constant resolution mode by applying a linear retarding potential’

(VS) to the analyzer section of the spectrometer and recorded
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directly by a chart recorder driven by Vs-along the Y axis. As
mentioned above, potentials for the elements of the spectrometer were
previously generated using a passive resistor network. Noise was
reduced to what was considered an adequate level by filtering the
output voltages with‘1ong time constant (up to several seconds),

resistor-capacitor circuits. The scanning voltage, V_, was generated

S’
using a motor driven potentiometer. Performance figures for both this

supply and the newly designed power supply are presented in Table A.1,

A.3 Design Philosophy and Description
Table A.l

A Comparison of Measured Performance of our New HREELS
Supply and an Older Potential Divider Network Type.of Supply

Characteristics New HREELS Supply Potential Divider Network

Noisex 0.5*mV peak-to-peak 2.0 mV peak-to-peak

Ripple less than 0.25 mV 4 to 20 mV (60 Hz)
varies from lens to lens

Time constant 0.003* seconds up to 20 seconds

Drift/hour period 0.003 mv 50 mv

Time to stabilize .

after start-up 100 seconds : several hours

Emission-stabilized Less than *0.05 mA This feature is not

filament supply change in 24 hours at available in this

9 mA emission current. supply.

* This output noise may be further reduced by limiting the speed of
response. See the section on design philosophy for a discussion
concerning the design of output characteristics.



264

Figure A.2 is a block diagram of a typical lens and delta supply.
These génera] purpose modules are configured for a particular lens by
choosing the appropriate sién of reference supply and selecting the
necessary scaling resistors so as to provide the required voitage
range for the lens in question.

- To achieve good temperature and long term drift stability, we have
used a single, temperature stable, voltage reference source. The 10
volt reference supply is a monolithic, integrated circuit deviée which
is available with similar specifications from several manufacturers.
The device we used [6] has an offset voltage temperature drift of less
than 50 microvolts/°C and less than 80 microvolts/month drift. Since
no vo]tage-gréater thén 55 §01ts isrrequifed for any lens, all of the
required reference voltages may be developed from a single 10 volt
source by means of stable amplifiers with no more than a factor of 5.5
gain. | |

Two kinds of operational amplifiers are used. An extremely
stable, monolithic, bipolar input, operational amplifier is used for
all of the lenses but two that require a voltage greater than 18 volts
with respect to the supply common. The amplifier we selected [7] has
a change iﬁ offset voltage of less than 0.5 microvolts/°C and less
than 2 micro volts/month offset drift. For the two lenses that
require larger voltage ranges, we use a high voltage FET input,
operational amplifier [8], with 25 microvolts/’C offset voltage
temperature drift and less than 50 microvolts/month offset drift. The

unity gain bandwidth of both amplifiers is greater than 0.6 MHz and
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~the full power bandwidth is greater than 30 kHz. Therefore, a 10 to
90 percent step response rise-time of less than 0.5 milliseconds for
any lens supply is readily achieved along with excellent stability and
very little peak-to-peak ripple and noise (see Table A.l).

A typical lens supply (Figure A.2) consists of these very stable
amplifiers connected as shown to function as a difference amplifier.
By means of a front panel control potentiometer, the lens voltage may
be set to any value in the range allowed for that lens supply. The
reference voltage supplied to the positive'input of the difference
amplifier will cause the output voltage of the difference amplifier to
float in proportion to the reference voltage. Of course, one must
initially set Qp the gains, offset, and common mode rejection for each
lens supply. This tedious and-painstaking procedure was accomplished
upon the initial set up and test of the HREELS supply system and after
two years of operation we havé not found it necessary to calibrate or
redo any of these adjustments.

The delta supply voltages for the split lens are obtained by
floating two temperature stable 10 volt reference supplies upon the
lens voltage. This provides a split lens voltage of up to #10 volts.
The delta supply voltage has much greater stability than that of the
lens voltage it is referenced to. The raw supply voltages for the
f]oating reference supply afe provided by a commercially available
DC-to-DC converter. The converter [9] used in this application is
selected for the excellent shielding of the electrical noise from the

internal R.F. oscillator. As shown in Figure A.2, the range of the
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delta supply voltages is determined by a low impedance divider string
which uses temperature stable meta1 film resistors and a front panel,
22 turn, cermet potentiometer. )

The externally generated sweep voltage is added to each of the
analyzer potentials via a buffer amplifier (Figure A.2). The
magnitude of the sweep voltage fbr each lens may be set individually
by means of a slope control. This feature is provided by changing the
input gain detennining resistor for each summing amplifier to allow
for optimization of the energy resolution of the HREELS spectrometer -
throughout the spectral range.

Convenient accesé forvadjustment and a means of measuring a]] lens
'potent1a1s is provided on the front péne1 of thé HREELS'éupply
(Figure A.3). Additionally, the front panel provides a diagram of the
electrical interrelation of each supply to the réference potentials
and a label indicating the sign and range of each ]ens.vo1tage with
respect to its reference level. Al]l test points and controls are
connected by colored traces on the front panel. These red and blue
traces facilitate in the set-up and operation of a HREELS experiment.

The front pané} has another feature which permits the user to
disconnect any lens element from its voltage supply by means of a
rocker switch. These switches and the extra test points connected to
the lens in question may be seen at the bottom of Figure A.3. This
has proved very useful in measuring the emission current co]]ectéd by
any lens element. The front panel switches are used extensively in

tuning the HREELS monochromator and in measuring the crystal current.
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A novel feature of this HREELS supply is the emission stabilization
circuit. This provides the user with the ability to set any desired
emission current by means of the potentiometer on the HREELS supply
front panel. A block diagram of the emission control and stability
circuit is shown in Figure A.4. The center of the filament may be set
to any voltage as determined by the filament level supply (ohe of the
HREELS supplies described above). The emission current may be
monitored by a voltage proportional to the emission current which s
available at a front panel test point (Figure A.4). The feedback
control voltage to the floating filament supply is continuously varied
by the emission stabilization circuit to maintain constant emissibn
current.deébité changes in filament temperaturé and.emission prbpertiés
with time (see Table A.l). Use of this circuit has resulted in
accurately reproducible spectra, crystal currents, and count rates.

One can set up a HREELS experiment on one day and turn off all of the
supplies overnight and upon return the next day find all of thé.supp1y
voltages, currents, and count rates exactly as they were after but a

few minutes warm-up time.

A.4 Performance

The improvements due to the new power supply are displayed in
Figure A.5. Shown here are the Qibrational spectra of carbon monoxide
chemisorbed on Pt(111) at 300K at a saturation coverage; spectrum A is
obtained with a passive potential divider network power supply similar

to that used on nearly all existing spectrometers while spectrum B is
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obtained using our new high stability, low noise, power supply.
Spectra were chosen to allow maximum comparison of differences due
solely to the power supplies while maintaining optimal resolution and
definition attainable with each power supply. Hence, the elastic beam
intensity (2 x 105Hz), the FWHM of the elastically reflected beam

(75 ﬁm"l), the pass energies of both the monochromator and the
analyzer (0.6 eV), and the time constant of the analogue ratemeter (10
seconds) are the same for both spectra. The improved‘signa1-to-noise
ratio in spectrum B when using the new power supply.is clearly
evident. Note the increased resolution of all peaks in spectrum B,
especia]]y'the‘imp}oved definition of the peaks at 360 and 1870

cm'l. Also note that‘the éigna] returns to the baseline between

peaks in this spectrum. Equally important is that spectrum B was
obtained 2.3 times fastér than spectrum A (400 cm‘-1 in less than 26
minutes compared to over 59 minutes with use of the passive resistor
network).

These improvements are directly related to the much greater
stability and significantly reduced noise (see Table A.1l) of our new
HREELS power supply. Although the FWHM of the elastic beam for both
power supplies is very similar, resolution is increased in the
inelastic spectrum of the new power supply due to the ability to scan
at a faster rate with higher signal-to-noise ratio and much improved
stabi]ity of the supplied voltages. Just as important, yet not
apparent in Figure A.5, is the ease in which the new power supply can

be tuned for optimal resolution and inelastic signal intensity. The



269

ease of tuning, reproducibility, and stability must also be enhanced .
'by the emission stabilization circuit added to this new power supply.

These advances allow improved and increased data output in less time.

A.5 Additional Capabilities

The improvements in the signal-to-noise ratio and data acquisition
time obtainable using the high stability, low noise, power supply has
been demonstrated. Additionally, this supply has the necessary noise
stability and response characteristics to be used in conjunction with
a computer-based digital data-acquisition system; we are currently
implementing this improygment. Using a.computer-based‘system, the
energy sweep input is a'computer;genératéd.staifstep-ramp. vAt eacﬁ
discrete step, corresponding to a specific electron energy loss,
pulses from the channeltron are counted and stored. While the data is
being collected, the computer displays a real-time histogram of total
number of counts [N(E)] vs. energy. The process ﬁan be terminated
once sufficient S/N is achieved. The stored data may then be
digitally processed to compare with previously acquired spectra, to
deconvolute features, to subtract background, etc.

Furthermore, there is the possibility of replacing the channeltron
with a micro-channelplate array and metal anode at the focal plane of
the spectrometer. Coupled with position sensitive electronics, this
arrangement would allow a broad energy range of the HREELS spectrum to
be acquired simultaneously, reducing the data acquisition time to a
small fraction of that required with a traditional single channel

counting system.
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-FIGURE CAPTIONS

Fig. A.l.

Fig. A.2.

Fig. A.3.

Fig. A.4.

Fig. A.5.

Schematic diagram of a 127° HREELS spectrometer: The
filament and monochromator section are rotatable so that
poséib]e angular effects can be studied. The spectrometer
assembly is mounted on a 200 mm Conflat flange.

Typical lens and delta supply: The block diagram shows a
typical differential amplifier circuit used to produce an
ultra-stable, low noise, lens voltage. The deTta voltages
are developed as shown to float upon the lens voltage.
Photograph of the HREELS power supply front panel: the
interrelation of each supply to the reference potenpia]s and
fhe signal and range of eéch lens vo1tage.hith respect'fd
its reference level is diagrammed here. The bottom of the
front panel contains test points to measure the emission
current collected by any lens element.

Emission stabilization system: A block diagram of the
emission current sensing bridge and difference amplifier
circuit is shown. This circuit produces a voltage that is
proport{onal to the emission current. This voltage is
available at a front panel test point and is used by the
feedback control circuit to stabilize the emission current.
Comparison of the vibrational spectra of CO chemisorbed on
Pt(111) at 300K: Spectrum A is obtained with the passive
potential divider network power supply, while spectrum B is

obtained with our new high stability, low noise power
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supply. Note the improved definition, resolution,
signal-to-noise ratio, and lessened collection time of

spectrum B as compared to spectrum A.
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