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SUMMARY

This thesis presents the results of an investigation of the adsorption of methylamine,
dimethylamine, trimethylamine and ethylenediamine on Pt(111) and Pt(331). The chemical
composition and geometric structure of the clean crystals were characterised by Auger
electron spectroscopy, low energy electron diffraction, and X-ray photoelectron

spectroscopy.

Thermal desorption experiments have shown that, on heating the Pt(111) crystal,
methylamine undergoes decomposition into H, HCN and C,N,;. A small amount of
methylamine decomposes completely to leave carbon and nitrogen residues on the surface.
The decomposition of methylamine on Pt(331) produces the same decomposition products
as are produced on Pt(111). However, HCN desorption occurs at significantly lower
temperatures. On both Pt(111) and Pt(331) a high temperature C,N, peak is observed
consistent with previous studies on methylamine, cyanogen and hydrogen cyanide adsorption

on platinum.

Dimethylamine decomposes on both Pt(111) and Pt(331) to form H,, HCN and CHa.
No C;N, desorption is observed, in contrast to methylamine decomposition. Methane
production is in direct competition to H, production. The decomposition pathway involves
cleavage of the C-N bond, at which point either decomposition of the methyl group occurs to
give H,, or the methyl group picks up a hydrogen to form methane. Trimethylamine
produces the same desorption products as dimethylamine on platinum and undergoes
decomposition in a similar manner. The decomposition processes for both chemicals are
essentially the same on both Pt(111) and Pt(331). However, HCN desorbs at lower

temperatures on Pt(331) than on Pt(111), as was noted for methylamine decomposition.

Ethylenediamine decomposition on platinum is a dehydrogenation process, forming H,
and C;N,, with C-C bond cleavage to form HCN providing a competetive process. CoN»
desorbs at low temperatures, the result of dehydrogenation. No high temperature C,;N,
desorption event occurs. XPS results indicate that there are no CN,q4s. species on the surface.
Adsorption and decomposition of ethylenediamine on Pt(331) occurs at step sites, producing

C;N; at a higher temperature than on Pt(111).
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CHAPTER ONE

INTRODUCTION



CHAPTER1 INTRODUCTION

1.1 GENERAL INTRODUCTION

In order to develop a clear understanding of the fundamental processes involved in
catalysis and corrosion it is necessary to study the chemical composition and atomic
arrangement of solid surfaces and to investigate the mechanisms of adsorption and reaction
on these surfaces. In the case of catalysis, for example, more active and selective catalysts
may be designed once a detailed knowledge of the interaction of the reacting species with

the surface of the metal catalyst can be ascertained.

The development of ultra-high vacuum technology made possible the preparation and
maintenance of clean surfaces on a time scale sufficient to carry out surface characterisation
and surface-adsorbate interaction experiments. The adaptation of Auger -electron
spectroscopy [1-4] and X-ray photoelectron spectroscopy [5] to surface studies in the late
1960’s provided a reliable means of determining the surface composition of clean and
adsorbate-covered surfaces. Over the intervening years numerous techniques have been
developed or adapted to probe the geometry and electronic structure of surface systems,
including low energy electron diffraction [6-9], ultraviolet photoelectron spectroscopy 5,
10, 11], high resolution electron energy loss spectroscopy [12], reflection absorption infra-
red spectroscopy [13-15], molecular beam studies [16, 17], secondary ion mass spectrometry
[18], photoelectron diffraction [19] and normal incidence X-ray standing waves [20].
Thermal desorption spectroscopy [21-23], or temperature programmed desorption as it is
also known, provides information on the number and nature of adsorbed species as well as
on the thermal stability of the species and the kinetics of their evolution.

Surface chemistry experiments are generally performed on single crystal surfaces,
usually of low Miller indices, in order to minimise surface heterogeneity and allow the effect

of a limited number of adsorbate binding sites to be determined.

The surface chemistry of platinum has been the subject of extensive research, due to its
catalytic activity [24]. It is one of the most versatile heterogeneous catalysts, used for

hydrocarbon conversion reactions and for hydrogenation in the chemical and petroleum-



refining industries [25, 26], as well as in the oxidation of ammonia during fertiliser
preduction, and CO and unburned hydrocarbons in the control of car emissions [27, 28].
Pt(111) is one of the most studied crystal surfaces. It is an atomically flat, face-centred cubic
surface in which each atom is surrounded by six near neighbours. Its lack of steps and kinks
gives it minimum heterogeneity and is therefore ideal as a starting point in surface chemistry
studies. Few investigations have been made of the (331) orientated surface [29-31]. The
(331) surface consists of three atom wide (111) terraces with one-atom high (111) steps. As
such the (331) provides the opportunity to examine the effect of introducing a systematic
‘defect’ to the (111) plane. It is well established that steps, kinks and defects play an
important part in surface reactions [32-37]. The change in the electronic density at step sites
results in different adsorption sites, different lateral interactions between adsorbed species
and different reaction probabilities. Adsorbed atoms and molecules generally have higher

heats of adsorption at defect sites [38].

In this work the thermal decomposition of simple organic amines - methylamine,
dimethylamine, trimethylamine and ethylenediamine - on Pt(111) and Pt(331) is studied.
Organic amines are known for their poisoning effect in catalysis and are used to control the

selectivity in hydrogenation reactions [39].

The adsorption and decomposition of ethylenediamine on Pt(111) have been
investigated using thermal desorption spectroscopy, X-ray photoelectron spectroscopy and
high resolution electron energy loss spectroscopy [40-42]. Kingsley et al. proposed that
ethylenediamine undergoes dehydrogenation of the amine groups to form an
ethylenedinitrene surface species at or above the adsorption temperature of 285K. This is
followed by sequential removal of hydrogens from the methyl groups at higher temperatures
to produce a mixture of partially hydrogenated species on the surface, resulting in the
desorption of cyanogen and hydrogen at 430K followed by hydrogen cyanide. An alternative
model was proposed by Lloyd and Hemminger [41] following HREELS investigations and
Lindquist er al. [42] from XPS studies. They suggested that a di-imine rather than a dinitrene

species is formed between 273K and 373K.

Methylamine has been the subject of a number of investigations on platinum [43-46].
The main desorption products noted have been H,, HCN and C,N,. There is general

agreement that methylamine thermal decomposition occurs through a pathway of



dehydrogenation and that the N-C bond is not broken. Discussion now centres on the nature

of the intermediate or intermediates formed during the decomposition process.

Few investigations have been carried out on di- and trimethylamine adsorption on
single crystal surfaces. Pearlstine and Friend [47] examined trimethylamine adsorption on
clean, carbide and oxide covered W(100). The main desorption products from these surfaces
were trimethylamine, methane, hydrogen and nitrogen. Nunney et al. [48] found that
trimethylamine adsorbs molecularly through the nitrogen lone pair on Ni(111) at 110K.

Erley et al. [49] found that it decomposes completely into atomic species on Pt(111).

Work carried out by Walker and Stair [50, 51] on Mo(100) resulted in the formation of
HCN and CO (on oxidised Mo(100) surfaces only) as well as methane, hydrogen and
nitrogen. No molecular trimethylamine was detected as a desorption product from
molybdenum. They concluded from their research that trimethylamine undergoes complete
dissociation into atomic surface species upon adsorption at low coverages at 333K. These
products ‘partially passivate’ the surface allowing molecular adsorption of trimethylamine at

higher coverages which decomposes to form HCN and CHj4 desorption products.

The techniques used in this work were Auger electron spectroscopy, low energy
electron diffraction, X-ray photoelectron spectroscopy and thermal desorption spectroscopy.
The remainder of this chapter is devoted to a brief description of the theory behind each of

these techniques. Their application is described in chapter 2.



1.2 LOW ENERGY ELECTRON DIFFRACTION

In the LEED experiment, a beam of energetically well-defined electrons is directed
onto the crystal surface, and the angular distribution of elastically back-scattered electrons is

monitored to yield information on the periodicity of the surface.

The theory of low energy electron diffraction has been discussed and reviewed in
detail [6-8, 52]. Only a brief description of LEED and the information attainable from it will

be given here.

An incident beam of electrons of energy between 10 and 200eV produces electron

wavelengths of 3.9 to 0.93A, given by:
A =1 (150.4/E) (1.2.1)

where X, the wavelength, is in A and E, the energy, is in eV. The possibility of diffraction
arises at these electron energies because the corresponding wavelengths are similar to the
interatomic distances in the crystal lattice. The electrons have a high elastic back-scattering
cross-section resulting in a high probability of being back-scattered before penetrating any

great distance into the bulk.

az- az:
¢ ) o |
ah an ! au
Rectangular Centred Rectangular
Square |a,, | =]a,|
|a,|#]a.] ¢=90°
¢ =90°
Hexagonal
¢=120° Oblique
|a.|#]|a.] 0#90°
Fig. 1.1 Unit meshes of the five possible surface nets.



The periodic two-dimensional arrangements of atoms at the surface can be grouped
into five types of surface nets, which describe all possible diperiodic surface structures. The

unit areas or unit meshes of these fivez possible nets are shown in figure 1.1.

The periodicity of the surface is described by the two vectors a; and a,. In reciprocal

space, the corresponding vectors are a;* and a,*, defined by:
ai*.aj = 21'[6ij (122)

where &;j is the Kronecker delta (§; = 1 for i = j; 8 = 0 for i # j ). The 2 in the equation
replaces the value of unity conventionally used in X-ray diffraction, allowing the wave
vectors k to be drawn on the reciprocal crystal lattice diagram. The energy E of the incident

electron is given by:
E = (h*/2m) k> (1.2.3)

where h = h/2m (h is Planck’s constant) and m is the mass of the electron. The wave vector is

related to the wavelength of the electron by:
k =2/ (1.2.4)

Diffraction occurs when the conservation of energy and momentum selection rules are

satisfied. These rules are given by:
|k |= |kl (1.2.5)
k| =Ko| + 8u (1.2.6)

where k’ and kg are the wave vectors of the diffracted and primary electrons respectively.
Since there is a loss of periodicity in one dimension, only the component of the momentum
parallel to the surface is conserved, hence the || subscript. g. is a general reciprocal lattice

vector, which lies in the plane of the surface, and is given by
gu = h.a* + kay* (1.2.7)
where h and k are integers.

It is possible to derive the symmetry and dimensions of the clean surface unit mesh and

also the symmetry and dimensions of ordered adlayers relative to the clean surface from a



knowledze of the direction of the diffracted beams and the primary beam energy. The
relationship between the surface unit mesh and that of a monolayer of some adsorbed species

can be described by using a transformation matrix M:

|: my, mll]
M =
My, m,,

(1:2:8)
such that:
ajs = mypam, + Mp2azp (1.2.9)
Axs = Myjap + Mp2a2p (1.2.10)
or, in matrix notation:
as = May (1.2.11)

where a; represents the translation vectors of the adsorbed layer unit mesh, and a, represents

those of the substrate unit mesh. The areas of the two unit meshes are given by:

A=|apxay| (1.2.12)

B =|a;,xay (1.2.13)
It can be shown that:

A = BdetM (1.2.14)

The type of superposition of adlayer upon substrate czn be defined by reference to the values

of detM:

(a) if detM is an integer, the structure is referred to as a simple lattice;
(b) if detM is a rational fraction, the structure is a coincidence lattice;
(¢) if detM is an irrational fraction, the structure is incoherent.

(a) and (b) are illustrated in figure 1.2.



(a) SIMPLE det MI integer

aj = 2ay,

s = Ay

x 1 overlayer

(b) COINCIDENCE det M a rational fraction

. -
“an 32 0
O S M=
0 1/2
e ™
‘ 2a;5 = 3ay,
® 2ay5 = ay,
Fig. 1.2 Relationship between surface and bulk meshes. The simple and coincidence meshes are

illustrated by the cases of deposit atoms (filled circles) on the bulk exposed (110) plane of an

f.c.c. material (open circles).

A simple notation has been proposed by Wood [53] where the relationship between the
unit meshes is described by the ratio of the lengths of the translation vectors and by a
rotation R expressed in degrees. This notation is illustrated in figure 1.3. Unfortunately,
Wood’s notation is inadequate in describing certain surface structures, for example
incoherent structures. However, its simplicity and suitability for very many structures means

that it is widely and frequently used.



}Ni(} 0)c QXQ Deposit
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e.g. Pt(100) (V2x2V2) R 45°- O

(b)

Fig. 1.3 Two notional examples of Wood’s notation for structures compared with the matrix notation. In
example (a) for a Ni(110) face exposed to oxygen, the notation can be shortened to Ni(110)c2-O

because the deposit mesh is rectangular.

In this work, LEED has been used for the determination of surface and overlayer

symmetries and dimensions as described above.



1.3 AUGER ELECTRON SPECTROSCOPY

Auger electron spectroscopy involves analysis of the energy of the secondary electrons

emitted by the Auger process [1] from a surface.

Irradiation of the surface with a 2-3keV electron beam or X-ray photons in a similar
energy range results in the ionization of an atomic core level (E;). This then relaxes by an
electronic transition such as E; to E;. The energy released by this deexcitation process is
transferred by a radiationless mechanism to a third electron in E; which is emitted from the
atom (see figure 1.4). This emitted electron is the Auger electron and has a characteristic

kinetic energy Ex given by:
Ek=E1 -Ez’-E3/ (131)

where E,” (~E) and E3” (~E3) take account of the shifts in energy of these levels due to
ionization of the atom. Therefore, the kinetic energy imparted to the electron is independent
of the primary radiation. The ionization cross-section of the core level, however, is
dependent on the energy of the primary radiation (E,), rising from O for E,< E; to a
maximum for E/E;, ~ 3, followed by a slow decrease at higher values, but with little

variation in the range 2 < E,/E; < 6 [54].

Although the primary electron can penetrate deep into the bulk of the specimen and
produce secondary electrons within the bulk (due to an inelastic mean free path of ~ 2004,
for a typical beam energy of 2 - 5keV), the short escape depth (4 - 10A) for secondary
electrons means that only those electrons at or near the surface escape without scattering and
are detected. Furthermore, by decreasing the angle of incidence of the primary electron beam
to near grazing incidence, a greater number of surface atoms are sampled, thus increasing the
surface sensitivity. Experimentally, the optimum angle lies between 10 and 15° from grazing

incidence.

Electronic differentiation of the signal from the retarding field analyser during AES
analysis yields the secondary electron distribution (N(E)) curve. Auger electrons are

observed as weak perturbations on this total secondary electron distribution; however,

10



further differentiation of the N(E) curve to give dN(E)/dE results in greater sensitivity and

resolution, such that the lower limit of the detection is in the range of 1 - 5% of a monolayer.

It is important to note that de-excitation of the ionized atom can also result in X-ray
emission, a competitive relaxation process to Auger emission (again, see figure 1.4).
Following the ionization of a K-shell, for atomic numbers (Z) < 19 more than 90% of the
relaxation is by Auger emission; at Z = 32 (Ge) there is an equal probability of relaxation via
these two competing processes; and for Z > 33 X-ray emission becomes the dominant
process [55]. Thus, the Auger yield is maximised for the first and second row elements,

making AES most useful for the study of these elements adsorbed on surfaces.

Auger electron spectroscopy is used primarily as a means of monitoring the chemical
composition at the surface. However, it may also be used to measure relative coverages,
diffusion coefficients [56], rates of adsorption [57] and desorption [58], and depth profiles

[59], as well as a monitor in NEXAFS experiments [60].

Key:
E,or X-ray\ / . - - Filkii
acuu & tole
V [ [T ATIITIT] v e Tavel
ks B E 5 Core Energy Levels
Ez Ep Electron Beam
, -

De-Excitation

iy & /‘ / \ /‘ o
[
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V L7ZTTTTTTTITIT Vg LTI

Fg. 14 Schematic diagram of Auger and X-ray processes.
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1.4 THERMAL DESORPTION SIPECTROSCOPY

This technique involves heating the sample at a controlled heating rate and monitoring

the partial pressure of a species desorbing from the surface as a function of temperature.

Analysis of desorption spectra yields information on the nature and number of
adsorbed species, the number of various desorbing phases for each species and their relative
populations; the activation energies of desorption (Eg) of the individual phases and the order

of the desorption process.

Thermal desorption has been the subject of a number of articles [21-23] and only a

brief dliscussion of the technique will be presented here.

'When the pumping speed to volume ratio is large, the partial pressure at any time is
proportional to the rate of desorption. The rate of desorption from unit surface area is given

by:
-do/dt = v,.0".exp(-E4/RT) (1.4.1)

where 0 is the surface coverage, n is the order of the desorption reaction, v, is the rate
constant, R the gas constant and T the temperature. With linear heating rates, the integral of
the partial pressure change over the temperature range is proportional to the coverage.
Redhead showed [21] that, in the absence of any coverage dependence on Egy, the peak

temperature (T,) for a first order desorption process is independent of coverage:
Ed/RTp2 = (vi/B)exp(-E«/RT,) (1.4.2)

where B is the heating rate and v; is the pre-exponential (frequency) factor. Thus Eq can be
determined directly from a measurement of T, provided a value of v; is assumed, using the

Redhead formula:
E«/RT, = In(viTy/PB) - 3.64 (43)

The relation between E4 and T, is very nearly linear and for 108 > i/ > 108, the error

induced is small (approx. 2%).



In(T,’/B) = EyRT, + In(Ey/R) (1.4.4)

A plot of ln(szlB') versus 1/T, yields a straight line with a slope of E4/R. No value of v,
need be assumed using this equation, but can be calculated subsequently by substituting E4

in the rate equation (1.4.1).

A more general expression, valid for all desorption orders, n, greater than zero has

been derived by Falconer and Madix [23]:
In(BIT,’) = In (R.vy.0"'/Ey) -E4/RT, (1.4.5)

Plotting ln(B/sz) versus 1/T, for a number of heating rates yields a straight line of slope

-E4/R.

In general, T, increases as the heating rate is increased, but since the dependence of T,
on f3 is small, changes in 3 of several orders of magnitude are necessary to obtain reasonable

accuracy in the determination of E4 from heating rate variation methods.

"The desorption activation energy can be determined for any n without recourse to
heatinig rate variation methods, by direct analysis of the desorption profile. From (1.4.1) it

can be: shown that:
In(-d6/dt /6™) = -E4/RT (1.4.6)

By using the partial pressure change as a measure of the rate and the area under the
remaining higher temperature portion of the curve as a measure of the coverage, a plot of

In(-d6/dt /6") versus 1/T should yield a straight line of slope -E4/R for the appropriate order.

When analysing thermal desorption spectra, consideration must be given to the
possibility of lateral interactions between adsorbed species, changes of bond strength with
coverage and the interconversion of states in the adlayer. These can complicate spectral
interpretation. In the case of lateral interactions, the activation energy and peak temperature
become dependent on coverage. Repulsive interactions can result in a first order desorption
process displaying a second order peak shape and T, versus 6 behaviour [61]; and a second
order desorption process showing a much greater shift of T, with 6. Also, lateral interactions
can result in the appearance of multiple desorption peaks from a single desorbing state, due

to sharp decreases in Eq at, for example, 6 = 0.5 [62].
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Fig. 1.5 Thermal desorption spectra of H, following exposures of H; to various platinum surfaces.
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1.5 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) provides information about the elemental
ccomposition and chemical environment of a surface. The process involves the excitation of

eelectrons in an atom or molecule into the vacuum by means of X-rays.

A photon with sufficient energy hv (where A is Planck’s constant and v is the
ffrequency of the electromagnetic radiation) will ionize an electronic shell, imparting to an
eelectron enough energy for it to escape into the vacuum. The kinetic energy of this

rphotoelectron is given by:
E,~hv - By (1.5.1)

where E, is the calculated binding energy of the electron. The kinetic energy may be
modified by several atomic parameters associated with the electron emission process, such
ais relaxation of orbitals and core level screening. Therefore, equation (1.5.1) represents a

Mmighly simplified relationship between Ey and E,.

Incident photons with energies in the ultra-violet and X-ray regions of the
e:lectromagnetic spectrum provide sufficient energies to produce photoelectrons. In ultra-
violet photoelectron spectroscopy (UPS) the energy of the incident radiation (21.2 eV using
a. helium discharge lamp) is insufficient to eject deep core electrons. UPS is therefore
grenerally used to study electrons in the valence band of the solid. X-rays on the other hand
h:ave energies capable of ionizing core electron levels. Since core level energies are element

sipecific XPS provides a powerful tool for identifying surface species.

In XPS the sources of radiation are usually aluminium or magnesium anodes which
giive K, lines at 1486.6 eV and 1253.6 eV respectively. Combining these two sources in a
switchable twin-anode can enable the separation of those photoelectrons whose kinetic
emergies are directly dependent on the incident photon energy from Auger electrons, which
are also produced during core level ionization, and whose energies are fixed, regardless of

thie energy of the incident beam (see section 1.3).

In addition to Auger peaks, many other features appear in an XPS spectrum along with

thie core electron lines, adding a degree of complexity to the spectrum. The most obvious
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feature 1s the step like background, the steps occurring at the low Kkinetic energy (high
binding energy) side of the photoelectron lines. These steps are generated by cascades of
inelastic collisions undergone by those photoelectrons generated at depths below the surface

much greater than the mean-free-path for inelastic scattering.

As stated earlier, equation (1.5.1) represents a simplistic picture in which the electrons
remaining after ionization are assumed to be in the same initial state as before the ionization
event. However, as an electron is ejected from a core level, the other electrons relax in
energy to lower energy states to screen this hole and so make more energy available to the
outgoing photoelectron. This is called a relaxation shift. Furthermore, an outgoing
photoelectron may interact with a valence electron, either promoting it to a higher energy
level (a process referred to as a shake-up), or even promoting it above the vacuum level
(known as a shake-off). In doing so the outgoing photoelectron loses kinetic energy. This
process results in satellite peaks at the high binding energy side of the photoelectron peak.
Another potential source of spectral features are plasmons, which are collective density

fluctuations in the electron cloud in a solid.

Finally, the X-ray source itself contributes features to the XPS spectrum. Both Al-K
and Mg-K,, have K, 34 satellites some 10 eV below the main K, ; > lines, with around 10%

of their intensity.

Overall, these features essentially reflect the difference in energy between the initial

(unexcited) state and the final state.

In addition to identifying surface species XPS allows information about the chemical
environment of an element to be deduced. This is because the binding energy of a core
electron is influenced by electrostatic interaction with the valence electrons. The
contribution of the valence electrons to the energy of the core levels depends on the type of
bonding in which the valence electrons are involved. In simple terms, the greater the
electronegativity of the surrounding atoms that are involved in chemical bonding, the more
the electronic charge is redistributed away from the atom and the higher the observed
binding energies of the core electrons. These ‘chemical shifts’ may be as large as 10 eV and
provide information on the valence states of the surface elements and consequently their

bonding.
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In XPS the energy resolutiom is limited by the line width of the photon source.
Therefore, if an element exists in two different chemical environments on the surface, the
difference between their respective chemical shift values must exceed the line width of the
source to be fully resolvable in the spectrum. The line width of the AI-K, and Mg-K,

sources are about 0.85 eV and 0.7 eV respectively.

Sometimes, the peaks in X-ray spectra are labelled by conventional X-ray notation
where the principal quantum numbers (n = 1, 2, 3, ...etc.) of the orbitals are assigned the
letters K, L, M, N, O, ...etc., with the orbital and total angular momentum quantum numbers
I and j of the hole left after photoemission assigned respective suffixes. However, it is not
tncommon for atomic notation - 1s, 2pi, 2p3n, etc. - to be used. It is this notation that is

wsed in thhis work.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES

2.1 THE EXPERIMENTAL SYSTEMS

2.1.1 The LEED/Auger System

This is a bakeable, 12 inch diameter, stainless steel chamber constructed by Vacuum
Generators Ltd.. A number of ports were later added to the chamber by Vacuum Science
Woirkshop Ltd.. These ports were positioned so as to give line of sight to the centre of

curwature of the LEED optics.

The ports and flanges on the chamber are sealed using high purity copper gaskets; the

main chamber is sealed using gold wire as a gasket.

A section through the experimental level of the chamber is shown in figure 2.1.

AG Argon Ion Gun
EG1 Auger Electron Gun
EG2  LEED/Auger Gun
GD Gas Doser

LV Leak Valve

QMS  Quadrupole Mass
Spectrometer

RFA  Retarding Field
Analyser

EG1

S Sample
A% Viewport

Eig. 2.1 Schematic diagram through the experimental level of the LEED-Auger system.

(not to scale)
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The chamber was fitted withh a quadrupole mass spectrometer (VG Supavac) for
residual gas analysis and thermal desiorption spectroscopy; a display type three grid retarding
field analyser (RFA) (Vacuum Generators Ltd.) which could be used for LEED or AES
experiments; a normal incidence electron gun (LEG2) for LEED and a glancing incidence
electron gun (Vacuum Science Workshop Ltd.) for AES; and two ionization gauges (Bayard-
Alpert type), one for pressure measurement in the 10°-10"° torr pressure range, located
below the experimental level of the chamber, the other for argon ion bombardment (see

section 2.3.3), located in the line of sight of the sample.

The main chamber attained pressures of below 2x10™'° torr. This was achieved by use
of a 50 litre per second diode ion pump in conjunction with a titanium sublimation pump.
The diiode ion pump works by ionizing the gas in the system by means of an electrical
discharge which, under the influence of a magnetic field of a few thousand Gauss, follows a
flat helical path, thus maximising the path length and resulting in a high efficiency of ion
formation. The gaseous ions are then captured or chemisorbed at the electrodes. The
titanium sublimation pump is located below the main chamber and is separated from the
chamber by a steel plate. Electrical resistance heating of titanium/molybdenum alloy
filaments results in the sublimation of titanium. This condenses on the chamber walls and

reacts chemically with the active gases to form low vapour pressure solid compounds.

An auxiliary pumping system was also employed to pump the chamber to less than
10” torr, at which pressure the ion pump could be started. This system consists of a liquid
nitrogen trapped oil diffusion pump and a rotary pump with a liquid nitrogen cooled foreline
trap. The rotary pump is an oil-sealed mechanical pump which traps and compresses a
sample of gas to slightly above atmospheric pressure with each rotation of the vane. The gas
is then expelled via an exhaust valve. Once the rotary pump has reached a pressure of about
10 torr, the oil diffusion pump can be started. A jet of oil vapour from a heated well of
liquid is directed downward and radially across a space within the pump. Gas particles are
carried downwards with the jet and compressed until they can be removed by the rotary
pump. Meanwhile, the oil vapour is cooled back to liquid as it descends, to be reheated again
in the well at the base of the pump. This auxiliary system was also used to pump the gas

handling lines and it can be isolated from the main chamber by means of an isolation valve.



The system contains two gas handling lines both of which can be pumped to less than
10 torr by the auxiliary pumping system. One line is constructed mainly of stainless steel.
Gas dosing from this line is achieved by filling the chamber to the required pressure. The
other line is constructed of glass, for handling gases which react in the steel line. Gas dosing
its achieved by means of a doser attached to the leak valve. A block diagram of the entire

pumping system is shown in figure 2.2.

X

Main

5
5

Chamber
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Pump TSP *: 2 @)

Key:
e e T
TSP  Titanium Sublimation Pump
ODP  Oil Diffusion Pump
P Pirani Gauge oDP
T Liquid Nitrogen Trap E’:l
A Air Inlet
T
X Leak Valve
A —@—
® Isolation Valve
O Gas Bottle Inlet Rotary Pump
Fig. 2.2 Block diagram of the vacuum ard pumping systems.
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2.1.2 The ESCA System

The ESCA (Electron Spectroscopy for Chemical Analysis) system is a three-
chambered system constructed by VSW Scientific Instruments Ltd.. The three chambers are:
a sample preparation chamber (SPC) which was used to clean and dose the sample; a sample
anzlysis chamber (SAC), used to carry out the XPS experiments; and a fast entry chamber

(FEC) which was not used in this work.

The SPC and FEC are each separated from the SAC by means of a gate valve. The
SPC and SAC are both pumped by their own liquid nitrogen trapped, water cooled 2001/s oil
diffusion pumps. Each pump is backed by a two-stage rotary pump (Edwards). Additionally,
the SPC is pumped by a standard TSP whilst the SAC is pumped by a water-cooled TSP.

A sketch of the experimental level of the SAC chamber is shown in figure 2.3.

FEC Fast Entry Chamber UPS
IG Ion Gauge

S Sample XPS

(T i i —> To FEC

SPC  Sample Preparation Chamber

1G
UPS  Ultraviolet Photon Source
v Viewport V
XPS X-ray Photon Source
Fig. 2.3 Sketch of the experimental level of the SAC on the ESCA system (analyser not shown).

(not to scale)



Gas dosing (i.e. exposing it to the adsorbate) is achieved by filling the chamber from a
gas handling manifold. Admission of the gas is via a leak valve (VG MD6 series). The
manifold is pumped by a rotary-backed diffusion pump. A block diagram of the entire

pumping system is shown in figure 2.4.

The SAC is fitted with an X-ray photoelectron source (VSW TA10 Twin Anode), an
ultra-violet photoelectron source, an ion gauge (Bayard-Alpert type) and a hemispherical

electron analyser (VSW HA 100) (not shown).

Crystal cleaning and dosing was carried out in the SPC. The XPS experiments were

carried out in the SAC.
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Fig. 2.4 Block diagram of the ESCA pumping system.
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2.2 EXPERIMIEENTAL TECHNIQUES

2.2.1 Low Energy Electron Diffraction

The apparatus consists of a display-type 3-grid LEED optics and an axial LEG2

electron gun, shown schematically in figure 2.5.

£
Electron Gun ///

Yol of
[ Sample
F S aral
G1 A1 ] Y13
A2 A3 A4 \\\\\ —?_.
Screen \\\}\ Key:
G2 G3 G4 F Filament

A1-A4 Anodes

G1-G4 Grids

Fig. 2.5 Schematic of the LEED optics.

Electrons from the directly heated filament emerge as a divergent beam into the anode
Al as a result of field penetration from Al at 1000V through the grid G1. The beam is
focused by the electrodes Al, A2 and A3. The beam current is trimmed down to a few
microamps from an initial current of approximately 0.5 mA by means of an aperture at the

end of Al.



The incident beam strikes tme sample, producing elastic, inelastic and secondary
electrons. The imelastic and secondary electrons are filtered out by a retard potential on grid
G3. The anode A4 and grids G2 and G4 are held at earth; A4 and G4 to ensure that the
electrons of the incident beam and the back-scattered electrons travel in a field free zone;
and G2 to prevent field penetration from the screen to G3. This set-up is known as a

retarding field analyser.

The screen is coated with fine grain phosphor with no organic binders. Electrons
elastically diffracted from the sample are accelerated to the screen by a SkV potential on the
screen. The accelerated electrons produce excitation of the phosphor to display the LEED
piteern. The pattern can be viewed and photographed through the viewport opposite the

IEED optics (see figure 2.1).



2.2.2 Auger Electron Spectroscopy

Auger spectra are recorded by energy analysis of the secondary electrons emitted from
the crystal upon irradiation with an electron beam of energy between 3 - SkeV. The source of
the electron beam is an electron gun with focusing and deflection electrodes. Adjusting the

intensity of the primary electron beam alters the intensity of the secondary electrons.

In the LEED/Auger chamber Auger electron spectroscopy was performed using a VG
LEGI electron gun (EGI in fig. 2.1) and the VG LEED optics as a retarding field analyser
(RFA). A field free zone was maintained around the sample by holding the sample, the
outermost grid (G4) of the RFA and the final anode of the electron gun at earth. The
collector of the RFA was held at +250V to ensure high collection efficiency by preventing
losses due to secondary electron emission. Grid G3 (see fig. 2.5) was used as a high pass
filter by placing a retarding potential (-E) upon it, so that only electrons with an energy
greater than E were collected. Sweeping this retarding potential from E = 0 to E = E,, ( the
energy of the primary electron beam) produced a retarding potential curve. By differentiating
this curve, a secondary electron energy distribution curve (N(E) versus E) was obtained.
Further differentiation of the N(E) curve to give the dN(E)/dE curve provided greater
sensitivity. The spectra were recorded on computer. A detailed discussion of the electronic

instruments used for data analysis is given in reference [63].
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2.2.3 Thermal Desorption Spectroscopy

In the thermal desorption experiment the partial pressure of a particular species is
monitored as a function of crystal temperature. A block diagram of the experimental

arrangement is shown in figure 2.6.

m
Sampl Quadrupole Mass
) P [ ool S e el o
() Spectrometer
Thermocouple
Mass Spectrometer
Control Unit
Multimeter
Chart
Recorder
Fig. 2.6 Block diagram of the thermal desorption experiment.

Prior to dosing the crystal the mass spectrometer filament is degassed and the crystal
flashed to 1000K. Once the crystal had cooled to the desired temperature it was exposed to

the gas under investigation by preferential front face dosing from a capillary tube. The
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degree of exposure is measured in Langmuirs, L, where 1L = 10 torr s exposure. The

sample was then rotated to the line of sight of the mass spectrometer.

The mass spectrometer itself was set to the required e/m value by tuning the first mass
control on the control unit. The partial pressure output was fed directly into the y-axis of an
X-Y recorder, whilst the crystal temperature was measured using a chromel/alumel
thermocouple which drove the x-axis of the X-Y recorder. For calibration purposes the

thermocouple voltage was also displayed on a digital voltmeter.

By passing a current through the crystal support wires at a constant applied a.c.

voltage, a linear heating rate of 13Ks™ in the 300 - 800K region was obtained.

The data was collected directly onto the chart recorder. The thermocouple voltage
could then be converted into a temperature scale by means of a standard conversion table,

with the appropriate correction made for room temperature.



2.2.4 X-ray Photoelectron Spectroscopy

X-rays are produced by the acceleration of thermally emitted electrons from a hot
filament at ground potential towards an anode. This anode is typically held at a potential
between 12kV and 20kV. The anode used was a twin anode configuration of aluminium and
magnesium (VSW TA 10). The aluminium anode provides a K radiation energy of 1486.6
eV with a line width of 0.85 eV. The magnesium generates K, radiation energy of 1253.6 eV
with a line width of 0.7 eV.

The X-ray spectrometer and the sample under investigation are connected electrically,

ensuring that their Fermi energy levels are at the same energy.

The analyser is a concentric hemispherical sector analyser. This is a dispersion
analyser, and is normally operated in a mode in which a constant potential difference, called
the pass energy (Ey), is applied across the inner and outer hemispheres so that electrons with
energies close to Eg (within a range AE) are focused on the exit slit of the analyser by means

of electrostatic deflection between these hemispheres.

In order to scan through a range of photoelectron energies, the electrons are retarded
before they enter the analyser. This is achieved by means of a retarding lens system. By

ramping the retarding field potential, electrons of different energies can be analysed.

Pre-retardation of the electrons also has the important advantage of improving the

resolution. This is because the resolving power, p, of the analyser, given by:
p = Ey/AE 2.2.1)

is fixed by the geometry of the system. Consequently, a decrease in Eg results in a decrease

in AE, i.e. a decrease in the spread of energies that arrive at the exit slit.

A channeltron (channel electron multiplier) detects the electrons that exit the analyser.
It consists of a cone like opening and a continuous tube of high resistivity semi-conducting
glass. When a high electric field is applied along the tube, electrons from the analyser
striking the channeltron create a shower of secondary electrons. These in turn strike the tube

walls, resulting in further secondary electrons. The signal produced by these electrons is
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amplified and then counted by a ratemeter. The output is displayed and stored on computer.

A schematic of the photoelectron detector/analyser set-up is shown in figure 2.7.
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Multiplier Power Ratemeter
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Key:

CHSA Concentric Hemispherical
Sector Analyser DAC Computer

RP Retarding Plate

L Lens
C Channeltron
S Sample
Fig. 2.7 Schematic of the X-ray source and photoelectron detector/analyser set-up.
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2.3 CRYSTAL PREPARATION

2.3.1 The Platinum Crystals

The Pt(331) sample was cut from a 99.99% pure single crystal rod at the Material
Science Centre of the University of Birmingham. This rod was mounted on an X-ray
goniometer, oriented to within 0.25° of the (331) direction and a disc, 9mm in diameter and
Imm thick, was cut in a spark cutting machine. The crystal was then polished with 0.25u
diamond paste. The Pt(331) surface consists of three atom wide (111) oriented terraces

divided by one atom high (111) oriented steps (see figure 2.8).

The Pt(111) sample was supplied by MaTech (Jiilich). It was cut on both sides to the

above specifications and polished on one side to 0.03um.

fec(111)

Fig. 2.8 Representations of the (100), (111) and (331) surfaces of platinum. The (100) diagram represents

a bulk truncated surface. In reality, reconstruction occurs.

2.3.2 Crystal Mounting

Each platinum crystal was spot-welded between two tantalum wires of diameter 0.25
mm, positioned opposite each other on the edge of the crystal. The wires were then clamped

between the two plates of a copper holder.
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To the edge of each crystal was spot-welded a chromel/alumel thermocouple of
diameter 0.05 mm. This assembly was treated in an ultrasonic acetone bath to remove any

residues of grease that might be a source of contamination.

In the case of the LEED/Auger system the arms of the copper holder were screwed to a
ceramic block to provide the connections for the heating wires and a channel for the

electrical feed-throughs to the thermocouple wires (see figure 2.9).

Attached to the top of this ceramic block was a steel driving rod which in turn was
attached to the sample manipulator, allowing the crystal to be manipulated through the x, y,
z plane. The manipulator used was a standard Vacuum Generators sample manipulator

(UMDI).

Heating the crystal was achieved by passing an a.c. current through the copper holders

and tantalum wires.

Al |
Drive Rod % Chromel/Alume
g Thermocouple

Ceramic Blocks

Copper Cooling Braid

Mica Sheets Copper Plates
CopperHolder Platinum Crystal
Fig. 2.9 Diagram of crystal mounting for the LEED-Auger system.



In the ESCA system the copper holder was attached to a copper ‘L’ piece. This in turn
was screwed into the horizontally positioned stainless steel probe (see figure 2.10).
Positioning the sample relative to the X-ray source was achieved by means of an x, y, z

manipulator.

A liquid nitrogen well running through the core of the probe enabled cooling of the
crystal. The end of the stainless steel probe is thick to allow the sample to be screwed into
place. This, however, results in low thermal conductivity. To overcome this a copper sleeve
was fitted tightly around the probe and the copper ‘L’ piece attached to the probe through the

sleeve [32]. With this arrangement the crystal could be cooled to 83K.

Probe and Liquid Chromel/Alumel Platinum
Nitrogen Well Copper Rod Thermocouple Crystal
1 0 O] @ |
o
Q
——D |0
o Q

Teflon Insulated Thermocouple Tantalum Heating Copper Holder
Heating Wire Clamp Wires

Fig. 2.10 Diagram of crystal mounting for the ESCA system.
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2.3.3 Crystal Cleaning and Characterization in Vacuo

Mere exposure to the atmosphere alone is sufficient to produce considerable surface
contamination of a crystal sample. Once such a sample has been mounted in the UHV

chamber this surface contamination must be removed.

Volatile surface contaminants such as CO, CO, and SO, were desorbed from the
surface simply by heating. The main non-volatile contaminants of the platinum samples
detected by AES were carbon, calcium and sulphur. Removal of these substances was
achieved by heating the crystal at 1000K in 5x107 torr of oxygen, producing volatile oxides.
Following oxygen treatment, bombardment of the crystal surface with argon ions was
necessary to remove the oxygen incorporated into the specimen as well as any stubborn
contaminants left behind. This procedure was repeated until a clean surface was established,
as ascertained by AES and by comparison of the CO desorption spectrum to that from a

previously established clean surface.

500V dc
+

Leak

Valve ———Sample

Ion Current
Meter
Ion Gauge
(producing Ar* ions)
Fig. 2.11 Set-up for argon bombardment.

34



Argon ion bombardment was performed using an ion gauge as the ionizing agent. The
crystal surface was set facing the ion gauge and the ion gauge emission controller was
switched to 10mA. The pumps were then switched off and the chamber back-filled with
argon to a pressure of ~5x10™ torr. In the case of the LEED/Auger system, a bias of about
-500V was placed on the crystal sample, resulting in an argon ion current of 6uA recorded at
the sample (see figure 2.11). Argon bombardment leaves the surface in a heavily damaged

condition and it is therefore necessary to anneal the sample to restore the order.
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Fig. 2.12 X-ray photoelectron spectra of the Pt(331) crystal; spectrum (a): initial surface condition upon

placement in the ESCA system; spectra (b) — (d): surface condition following progressive

cleaning cycles; spectrum (e): clean Pt(331) crystal.

Following the cleaning procedure, the Pt(111) crystal displayed a sharp (1x1) LEED
pattern, as expected (see figure 2.14). The LEED pattern of Pt(331) should show a pseudo-

hexagonal pattern with a series of extra spots along the [103] direction. However, a perfect

35



LEED pattern was not attained in this work, but rather some streaking of the spots was
observed (see figure 2.15). This effect was also observed for Pt(331) by Cong et al. [29],
who suggested that this was due to multiple step heights on some parts of the (331) surface.
Y. Seimiya et al. [30, 31] reported a sharp (1x1) pattern from Pt(331), although they did not
mention observing double spots. Davies and Lambert [64] observed the expected LEED

pattern for Pd(331) but with diffuse spots indicating poor long range order.

Immediately prior to adsorption of the specimen gases the crystal was flashed to 600K,
a temperature sufficient to drive off any CO and H, that may have adsorbed from the
background. As soon as the crystal cooled to the required temperature it was exposed to the

adsorbate under study.

All of the adsorbates studied in this work left carbon and nitrogen residues on the

crystal surfaces. Consequently, it was necessary to argon bombard the surfaces between each

exposure.
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Fig. 2.13 XPS of clean Pt(331) surface (Mg K, source).
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Fig. 2.14 Photograph of LEED of clean Pt(111) crystal. Primary beam energy = 75eV.

Fig. 2.15 Photograph of LEED of clean Pt(331) crystal. Primary beam energy = 90eV.
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2.4 THE ADSORBATES

Methylamine and dimethylamine were prepared in this laboratory. They were prepared
by addition of a solution of the corresponding HCI salts of these compounds to solid NaOH.
Collection and purification of the resultant gases was achieved by fractionation on low and
high vacuum gas-handling lines. The CH3NH,.HCI and (CH;3),NH.HCI] were supplied by

Aldrich Chemical Co. and were of reagent grade.
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Fig. 2.16 Mass spectrum obtained for methylamine.

The mass spectrum of each compound was recorded (see figures 2.16 - 2.19) and
compared to those published in the ‘Eight Peak Index of Mass Spectra’ (MSDC) and “The
Wiley/NBS Registry of Mass Spectral Data’. The cracking pattern of a chemical can vary
depending on the mass spectrometer and differences in experimental conditions.
Consequently, the ‘Eight Peak Index of Mass Spectra’ contains up to a maximum of three
spectra for any one compound, selected to reflect differing experimental conditions. In the

case of the Wiley/NBS registry, a single spectrum is presented in the form of a bar graph. In
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figures 2.16 - 2.17 the peak at mass 40 is due to the presence of small amounts of argon in

the gas-handling line.
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Fig. 2.17 Mass spectrum obtained for dimethylamine.

Trimethylamine was supplied by Fluka Ltd. with a purity > 99%. It was liquified and
transferred to a glass gas bottle, after which it was subjected to a number of freeze-pump-

thaw cycles.
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Fig 2.18 Mass spectrum obtained for trimethylamine.
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Ethylenediamine was supplied by BDH Ltd. with a purity >98.5%. At least three

freeze-pump-thaw cycles were applied to the ethylenediamine sample to ensure complete

degassing.
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Fig. 2.19 Mass spectrum obtained for ethylenediamine.

Deuterium and argon were supplied by Messer Griesheim GmbH with purities greater

than 99.7% and 99.997% respectively. They were used without further purification.
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CHAPTER THREE

METHYLAMINE ON Pt(111) AND Pt(331)
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CHAPTER3 METHYLAMINE ON Pt(111) AND Pt(3:1)

3.1 RESULTS

3.1.1 Methylamine on Pt(111)

The main thermal desorption products observed upon exposure of the Pt( 11) surface
to methylamine at 300K were HCN, C,N;, N, and H,. Sets of thermal desorptior spectra for
these products are shown in figures 3.1 - 3.5. A number of minor product: were also

detected. These are presented in figure 3.6.

Thermal desorption spectra for HCN reveal three peaks, two at ~396K and -447K, and

a main peak at ~492K. In addition, there is a high temperature shoulder between~527K and

S90K.
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Fig. 3.1 Thermal desorption spectra of HCN following exposures of methylamine to Pt(111).
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Fig. 3.2 Thermal desorption spectra of HCN following low exposures of methylamine to Pt(111).

A broad feature between 600K and 800K is produced at 52 amu, corresponding to
C,N: desorption. Within this feature there is a suggestion of a §; peak at ~672K anc a P,

peak at ~720K.
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Fig. 3.3 Thermal desorption spectra of C,N; following exposures of methylamine to Pt(111).

43



The H, desorption spectra exhibit a main peak at ~394K, along with a shoulder

betveen ~442 - 503K and a second shoulder at ~508 - 543K.
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Fig. 34 Thermal desorption spectra of H; following exposures of methylamine to Pt(111).
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Fig. 3.5 Thermal desorption spectra at 28 amu following exposures of methylamine to Pt(111).
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Peaks for 16 amu (~417K), 17 amu (~460K) and 30 amu (~382K) were also observed.

Fig. 3.6
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Thermal desorption spectra of minor products following 10L exposure of methylamine t

Pe(L11).
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The XPS data for Pt(111) exposed to MA at 140K were recorded for a set of annealing
temperatures corresponding to the desorption processes of the various decomposition
products (see figure 3.7). The electron analyser was set at a pass energy of 90eV. The photon
source was the Al-K, anode. Measurements were taken in the C;s and Njg regions. One
hundred scans per C;; and N;; window were recorded, with a range for each window of
25eV. All peaks were referenced to the Fermi level. The results are shown in figures 3.8 and
3.9. Interpretation of the data is complicated by the fact that all spectra were taken after the
crystal had been allowed to cool back to adsorption temperature. It is possible that some re-

adsorption of MA may have occurred during the cooling process.
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Fig 3.7 Diagram of annealing temperatures employed during the XPS experiments on Pt(111) following

MA adsorption.
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Fig. 3.9 Cls XPS following MA adsorption on Pt(111):

(a) 132K; (b) 273K; (c) 447K; (d) 597K; (e) 847K.
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}.1.2 Methylamine on Pt(331)

The main thermal desorption products observed upon exposure of the Pt(331) surface
© methylamine at 300K were HCN, C,N,, H, and 28 amu. Sets of thermal desorption

spectra for these products are shown in figures 3.10 - 3.12.

Two peaks are noted for HCN at ~439K and ~396K. The desorptior temperatures are

significantly lower than for Pt(111) and clearly indicate the influence of the (331) steps.
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Fig. 3.10 Thermal desorption spectra of HCN following exposures of methylamine to Pt(331).

A single peak is produced for C;N; desorption. This peak shifts to lower temperatures
upon increasing exposure of methylamine. This shift is from ~722K for a 0.02L exposure to

~696K for a 1L exposure.

The H, desorption spectra exhibit two peaks, a main peak at ~386K and a lesser peak

at ~437K.
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Fig. 3.11 Thermal desorption spectra of C;N, following exposures of methylamine to Pt(331).
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Fig. 3.12 Thermal desorption spectra of H, following exposures of methylamine to Pt(331).
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Measurements taken at 28 amu produced three desorption signals at ~434K, ~523K
and ~855K. Minor products were detected at ~450K for 16 amu, ~445K for 17 amu and
~383K for 30 amu.
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Fig. 3.13 Thermal desorption spectrum of 28 amu following exposure of methylamine to Pt(331).
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Fig. 3.14 Thermal desorption spectra of minor products following exposures of methylamine to Pt(331).
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XPS spectra were collected under the same conditions as outlined in section 3.1.1.
However, the Pt(331) crystal attained a lower temperature of 119K. The results are shown in

figures 3.15 - 3.17.
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Fig 3.15 Diagram of annealing temperatures employed during the XPS experiments on Pt(331) following

MA adsorption.
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3.2 DISCUSSION

3.2.1 HCN desorption

The most striking difference between the HCN desorption spectra obtained from
Pt(111) and those obtained from Pt(331) is the temperature of the main desorption peak (see
Table 3.1). On Pt(111) the main peak is at 492K, whereas on Pt(331) it is at 439K,

corresponding in temperature to the second desorption feature on the Pt(111) spectra.

Pt(111)" Pt(331)° Pt(110)°
(a) O (©)
H, 394 (M) 420 (M) 375 386 464
442 - 503 480 385 437 538 - 611
508 - 543 520 410 625 - 738
>460
HCN 396 390 (low 0) | 383 396 400
447 443 439 (M) 434 (M)
492 (M) 480 (M) 471
527 - 590 520 513(M) 515 - 642
560 (high ©) | 565
CaN; 611 - 800 700 - 1200 722 - 696
~672 (B)) 696
~720 (B,) 710 751 75 730
810 765
1150 840
16 amu 320
417 420 420 450 425
17 amu 460 445 449
28 amu 386
458 420 434 434
500 ~500 530 523 512
~780 >800 855 826
30 amu 382 ~380 380 383
1 (a) this work

(b) Hwang et al. [75]

(c) Bridge and Somers [43]
2 this work.
3 E. Timothy, work in progress.

(M) = main peak.

Table 3.1 Peak temperatures of desorption products following methylamine adsorption.
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There is no evidence of a peak at 492K on Pt(331) (although at higher coverages its
presence may be obscured by the presence of a long high temperature tail). Chrysostomou
[32] obtained similar results for HCN desorption following HCN adsorption on Pt(111) and
Pt(331) — a peak at 460K on Pt(111) and a peak at 430K on Pt(331) (see Table 3.2).
Furthermore, by exposing pre-adsorbed CN,4s species on Pt(331) to H,, he was able to
reproduce the 430K peak. Similar experiments carried out by Hagans et al. [94] on Pt(112)
and Levoguer and Nix [95] on a polycrystalline platinum foil yielded similar results, as did
studies by Bridge and Lambert [96] of C,N; co-adsorbed with H; on Pt(110). Pt(112) is a
stepped crystal surface with three atom wide (111) terraces separated by a single atom step
similar to Pt(331), but with a (100) step. The platinum foil used by Levoguer and Nix was
found to contain a large concentration of step-like defects and comparatively few (111)
terrace domains [97]. Clean Pt(110) exhibits “missing row” reconstruction, in which
alternate rows of platinum atoms along the [110] direction are removed completely from the
surface giving a stepped surface consisting of (111) oriented terraces. From these
experiments it is reasonable to assume that the HCN peak at 439K on Pt(331) is the result of

H.4s + CN,4s recombination.

As stated earlier, the HCN peak at 439K on Pt(331) corresponds in temperature to the
second feature on the HCN spectrum obtained in this work and that of Bridge and Somers
[43] following MA adsorption on Pt(111). It is possible, therefore, that Hag + CNuygs.
recombination is the source of this peak on Pt(111). A question arises, however, as to
whether this peak is a product of the (111) surface or a product of defects on the surface. In
the spectrum of Bridge and Somers the 443K peak, along with a peak at 510K,
predominates. However, the corresponding features in this work do not predominate and are
in fact merely low and high temperature shoulders to a dominant 492K peak. Hwang et al.
[75] detected no peak or shoulder around 445K following MA adsorption on Pt(111) at room
temperature and, as in this work, only a high temperature shoulder to a predominant 480K
peak. As part of the same study Hwang er al carried out CNug + Hy coadsorption
experiments on Pt(111). They detected no significant HCN production. Chrysostomou
repeated this experiment during his study of HCN adsorption on Pt(111) and again no HCN
desorption was detected, in contrast to the results obtained for Pt(331), as mentioned earlier.
Furthermore, the peak at 510K in the work of Bridge and Somers corresponded to a peak at

the same temperature in the HCN spectrum following HCN adsorption on the same crystal
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[98]. Subsequent polishing of this particular crystal by Chrysostomou [32] resulted in the
complete disappearance of this peak in the resulting HCN/HCN/Pt(111) spectrum.
Chrysostomou concluded that this peak was generated at defect sites. The same conclusion
was drawn by Hagans er al. [94]. The overall conclusion that can be drawn from these
results is that the presence of the 447K feature and the high temperature shoulder to the

492K peak in this work are probably the result of surface defects on the Pt(111) crystal.

MA/Pt(111)! HCN/Pt(111)° MA/Pt(331)" HCN/Pt(331)? MA/Pt(110)° HCN/Pt(110)*
H, 394 (M) 395 386 380 464 ~410
442-503 460 437 430 538-611
508-543
HCN 396 shoulder 396 ~370 400 ~420
447 439 430 434
492 (M) 460 (M)
527-590 515-642
CaN, 611-800 > 600 722-696
~672 (B1) 696 730
~720 (B2) 722 765 ~760
840 ~845
16 amu 417 450
17 amu 460 445
28 amu 458 434
500 523
855
30 amu 382 383
1 = this work.
2 = D. Chrysostomou, Ph.D thesis (1997).
3 = E. Timothy, work in progress.
4 = Bridge and Lambert [96].
(M) = main peak.

Table 3.2 Comparison of HCN and MA desorption products and peak temperatures (K).

Since no H,g, + CN,4 recombination has been detected on Pt(111) [32, 75] these
peaks have both been assigned to decomposition processes in which the H-C-N bonds of the
desorbing molecule remain intact. The high temperatures of desorption have been attributed
to the formation of a stable intermediate species or complex. The results presented in this
work offer mo direc: evidence as to the nature of any intermediate state formed during the

adsorption/desorpticn process. However, various models have been proposed by others:

57



Following the adsorption of MA on Pt(111) at 85K Erley and Hemminger [45] found,
using IRAS and HREELS, that upon heating the MA covered surface to temperatures in the
range 350K to 390K new IR bands were observed in the spectrum. Bridge and Somers [43]
found that heating the surface to 380K produced a change from a diffuse (1x1) LEED pattern
to a (2x2) pattern. Simply by adsorbing HCN onto Pt(111) at 300K without any subsequent
heating, Jentz et al. [100] obtained an IR spectrum identical to that obtained by Erley and
Hemminger above, as did Chrysostomou er al. [106], who also obtained a (2x2) LEED
pattern. This led Chrysostomou to conclude that the same or very similar species acts as the
intermediate in both HCN and MA adsorption. In the case of MA, the crystal clearly needs to
be heated to 380K in order to initiate dehydrogenation before this intermediate can be

formed.

Jentz et al. [100, 46] suggested the formation of aminomethylidyne (see figure 3.18) as
the intermediate species in the decomposition pathway of HCN, MA and azomethane. In this
proposed pathway decomposition to Hygs. + CNygs occurs, upon heating HCN (molecularly
adsorbed at 85K) above 100K. Further heating to >250K results in rehydrogenation of some
of the CN,qgs species to form HNC initially, followed by HoNC (aminomethylidyne). At
300K this species coexists with CN,q,. RAIRS and XPS studies [93] indicates that HNC

forms two-dimensional hydrogen-bonded aggregates on the Pt(111) surface.

Fig. 3.18 Aminomethylidyne intermediate surface species proposed by Jentz et al. [100].

This HoNC species fits the FT-IRAS spectral data very well [100]. However, a

difficulty arises in reconciling this structure with TDS experiments [32, 94] in which no
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HCN desorption was detected following H, + CN,g co-adsorption. If the
aminomethylidyne model is correct an H-C bond must be formed. It may be that the
aminomethylidyne intermediate formed below 300K allows intra-molecular transfer of
hydrogen from the nitrogen to the carbon atom, whilst the orientation of the CN,qs species
with the flat (111) surface either prevents H,ss, + CN,q recombination or produces a
hydrogenated intermediate which dehydrogenates in preference to HCN desorption. This
explanation is not entirely satisfactory since Jentz et al. [100] detected the deuterated
equivalent of aminomethylidyne following D, + CN,qs co-adsorption experiments similar to

the Ho+ CN,q4s. experiments of Hagans et al. [94] and Chrysostomou [32].

Erley and Hemminger proposed a cis — HCNH species as the intermediate formed
during MA decomposition (see figure 3.19). Chrysostomou suggested that the same IR data
could also be explained in terms of a HCN/HNC mixture, and proposed the formation of a
hydrogen-bonded complex involving HCN,q,, HNC,q4s, and upon heating, dehydrogenated
CN,4s. moieties, in which hydrogen-bonding provides stability for ‘HCN’ on the surface.
XPS experiments by Lindquist et al. [42] on HCN/Pt(111) produced two clearly resolved N
signals of equal intensity, with a separation of 1.6 — 1.7 eV, in the temperature range in
which a (2x2) LEED structure was observed [32]. Lindquist et al. proposed a partially
dissociated mixture of HCN,q. + Hags. + CN,gs.. The IR data obtained by Chrysostomou et al.
[106] did not support the presence of CN,q. However, the presence of a 50/50 mixture of
two separate nitrogen-containing species could be explained by the HCN/HNC model if
isomerization of alternate molecules occurs. Whatever the intermediate formed, the evidence

suggests that it forms a hydrogen-bonded complex.

Fig. 3.19 Formimidoyl intermediate surface species proposed by Erley and Hemminger [45].
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In the case of Pt(331), the introduction of a step to the (111) plane drastically alters the
actvity of the surface. HCN desorbs at a significantly lower temperature on Pt(331) than on
Pt(L11). Hagans et al. obtained a similar reduction in HCN desorption temperature following
HCN adsorption on Pt(112). They suggested that HCN desorption from both Pt(111) and
Pt(112) was the result of H,qs + CNags recombination. To prove this they carried out Ho+
CN,4s. coadsorption experiments on Pt(112) and found that they could reproduce the HCN
peak for that surface. However, they seem to have made the assumption that the desorption
process on Pt(111) is similar. As already mentioned on page 57 the HCN peak was not
reproduced following Hp+ CN,qs co-adsorption experiments carried out by both Hwang et
al. [75] and Chrysostomou [32]. However, Chrysostomou was able to reproduce the
HCN/HCN/Pt(331) peak by repeating the co-adsorption experiment on Pt(331). Therefore
H.4. + CNygs does indeed seem to be the pathway for HCN formation on Pt(331) following
HCN adsorption, but is clearly not the pathway for the production of HCN from Pt(111). It
may be that the tendency to form hydrogen-bonded ‘chains’ or aggregates may be limited or
lost upon the introduction of steps to the (111) surface. As a result, dissociation may be
favoured. This possibility of associative HCN formation also exists for MA adsorbed on a
stepped surface. Both MA and HCN are believed to form the same intermediate on Pt(111),

it may be that their response to the Pt(331) environment is similar.

The low temperature desorption feature in the HCN desorption spectra is present in all
HCN spectra from MA and HCN adsorption on Pt(111), (331), (110), and (112), either as a
peak or a low temperature shoulder to the main peak. This low temperature peak coincides
with the main H, desorption peak, and is likely to be a decomposition product in which the

original H-C-N bonds remain intact.
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3.2.2 ;N desorption

The C,N, thermal desorption spectra on both Pt(111) and Ft(331) exhibit broad
features, in which there are probably the B; and [, desorption states obtained following
adsorption of various CN containing compounds on the (111), (110), and (100) surfaces of
palladium and platinum [40, 67, 69-74]. The 3 desorption state is atributed either to the
recombination of CN,qs. or the decomposition of a polymer-like CN,y surface complex [42,
68, 74, 91, 92]. Netzer [67] proposed a polymer-like overlayer of CN,q., suggesting that this
would explain the apparent insensitivity to surface structure of the CN,qs. species. Kingsley
and Hemminger [68] supported the proposition of a surface polymer, suggesting the
formation of a ‘triazine-like’ polymer. However, Kordesch et al. [101] found no evidence for

such a polymer following HREELS investigations on Pd(111) and Pd(1:0).

CN,gs. recombination is regarded as the most likely alternative tc complex formation.
At low coverages high temperature [, predominates. At such covereges, CNyy, moieties
would be expected to have few near neighbours. It is probable, under these circumstances,
that surface diffusion of CN,q, occurs prior to association. Such a process would be expected
to display second order kinetics, and indeed, the behaviour of the 3, peak is consistent with a
second order thermal desorption process [21]. Furthermore, Hoffman et al. [69] observed
isotopic exchange in the 3, peak after both simultaneous and consecutive exposures to CoN»
and "’C,"N,, consistent with the suggestion of surface migration. In contrast, only
simultaneous exposures to C;N; and 13C,N, resulted in isotopic exchange in the low
temperature 3; peak. They proposed the formation of CN,qs islands with increasing coverage
which prevent isotopic exchange upon subsequent adsorption of 13¢,N,. Bridge and
Lambert [96] suggested that ‘island’ formation is not necessary to explain the lack of
isotopic exchange in the low temperature (3; peak, but rather that associative desorption of
CN,gs. occupying adjacent sites occurs. This is in keeping with the first-order characteristics
observed for the B, peak. Regardless, at least some degree of surface migration is likely,

prior to association to produce the 3, desorption peak.

On Pt(331) the P, peak rapidly dominates the C,N, desorption spectrum upon
increasing coverage, whereas on Pt(111) the 3, peak remains a significant presence even

after a 10L exposure of MA. It can also be seen in figure 3.20 that the amount of C2N»
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produced relative to HCN is greatly increased on Pt(331). This was found to be the case for

other stepped surfaces.

@Pt(111)
B P1(331)

H2 HCN C2N2 x 100

Fig: 3:20 Percentage increase or decrease in products desorbed from Pt(111) and Pt(331). The values
presented are uncorrected for mass spectrometer sensitivity, and therefore do not reflect the

absolute amounts of each product, but only the relative increase/decrease.



3.2.3 H:desorption

The main hydrogen desorption peak on Pt(111) is at 394K and spans a temperature
range from 330K — 430K. Work done by Bridge and Somers [43] on CD3NH, adsorption on
Pt(111) produced desorption peaks for H, (375K), HD (385K) and D, (410K). The
temperature spans for all three peaks are within that of the main H, peak for MA, indicating
that dehydrogenation of both carbon and nitrogen atoms contributes to this peak. Based on
these experiments, Bridge and Somers proposed a three-step dehydrogenation mechanism to

form DCN, as shown:

<375K 385K 410K
CDsNHzags. ——p CD3sNHagss ———p CD2Nag,. ——p» DCNaas.

However, the dehydrogenation process may not be so straightforward since this
mechanism suggests that from about 385K to 410K the primary species is a CHoN,qs. moiety,
whereas HREELS and IRAS studies [45, 100] of the intermediate formed at this temperature
indicate that the nitrogen atom is bonded to at least one hydrogen atom, as discussed in

section 3.2.1.

The high temperature tails to the H, spectra on Pt(111) coincide with the main HCN
desorption feature and its high temperature shoulder. As the intermediate HCN complex

breaks up, some dissociation occurs resulting in H, formation.

The peak at 437K in the H; spectra from Pt(331) is the result of recombination of Haqs

species in competition to Hygs, + CN,gs. recombination.
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3.2.4 28 amu desorption

The 28 amu desorption spectra for MA on both Pt(111) and Pt(331) exhibit two peaks.
Two peaks are a characteristic of CO desorption from stepped Pt(111) surfaces [79, 89].
Since in both cases the desorption temperatures of the peaks correspond to desorption
temperatures for CO on Pt(331) [32] they are assigned to CO adsorbed from the background.
The low temperature peak is associated with desorption from (111) terraces, whilst the high
temperature peak is associated with desorption from step edges. The Pt(111) crystal used in
this work has been shown in section 3.3.1 to contain defect sites which produce HCN
desorption features similar to those found on Pt(331). These same defect sites are clearly

responsible for the appearance of the high temperature CO peak.

3.2.5 Minor Products

Minor products at 16 amu corresponding to methane, 17 amu corresponding to
ammonia and 30 amu corresponding to molecular methylamine were detected following MA
adsorption on both Pt(111) and Pt(331). They were also detected in the work of Somers and
Bridge [98] on Pt(111) and that of Timothy [102] on Pt(110). However, the amount of these
products generated in the desorption process is insignificant compared to the amount of main
products formed, even when compared to the CO produced from background adsorption.

These products can therefore be considered the result of defect sites.

3.2.6 XPS Experiments

The XPS data for methylamine are preliminary in nature, and further work will be
undertaken in this laboratory in the future. The Nls spectra provide the most reliable
information, since adsorption of background CO may complicate interpretation of the Cls
data. The Nls peak for MA on Pt(111) exhibits the high binding energy associated with
amines [104, 105]. On heating to 447K there is a shift to a higher binding energy of
400.5eV. This is prior to desorption from the main HCN peak and represents the formation
of the intermediate species. The high binding energy suggests the amine character persists.

Pt(33 1) seems to exhibit similar behaviour.
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3.3 CONCLUSIONS

The introduction of a step to the Pt(111) surface does not alter the nature of the
products formed following MA adsorption. However, it does alter the reaction mechanism
and relative amounts of product formed, reducing the amount of HCN formed relative to H,

and CN,, and the temperature at which the bulk of the HCN desorbs.

Methylamine decomposition on Pt(111) seems to involve the formation of a hydrogen-
bonded intermediate complex which stabilises the ‘HCN’, resulting in HCN desorption at an
elevated temperature. HCN formation 1is therefore a decomposition rather than
recombination process on Pt(111), in which the H-CN bond in the original molecule remains
intact. A schematic representation of the thermal reaction mechanism for MA adsorbed on

Pt(111) is shown in figure 3.21.

Adsorbed Species Desorbed Species
2 CH;NH
3| . <375K
l s
2 CH3NH s,
’ | ¢ 396K
l > 3H,+HCN
Intermediate Species
| 492K
l 3 H, + HCN
CN
I 611K
l > oN
Cgruphi[e a5 Nnilride residue
Fig. 3.21 Schematic of reaction pathway of methylamine on Pt(111).
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The decomposition of methylamine on Pt(331) occurs at lower temperatures than on
Pt(111). It appears that complete dissociation into Hygs and CN,qs species may be favoured.
Asa result HCN formation may include a process involving recombination of H,qs + CNygs .
Ths recombination process is in direct competition with H,q + H,g4s recombination.
Coasequently, the amount of HCN produced relative to H, and C,N; is smaller than that
obtaiined from the stabilised intermediate on Pt(111). Figure 3.22 outlines the reaction

mechanism for MA adsorbed on Pt(331).

Adsorbed Species Desorbed Species

CH;NH,

< 386K

v
&

Huds. s CNuds.

439K
> H, + HCN
\4
CNuds.
696K
> CN,
v
Cgmphilc B Nnitride residue
Fig. 3.22 Schematic of reaction pathway of methylamine on Pt(331).
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Disparities between the thermal desorption spectra presented in this work and previous
studies [43,75] of MA adsorbed on Pt(111) can be explained in terms of surface defects.
Peaks present in this work and that of Bridge and Somers [43] but absent in the work of
Hwang et al. [75] correspond in temperature to peaks obtained from Pt(331) and other
stepped surfaces, and can therefore be assigned to step-like defects on the Pt(111) crystal

surfaces used in this work and that of Bridge and Somers.
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CHAPTER FOUR

DIMETHYLAMINE & TRIMETHYLAMINE
ON Pt(111) AND Pt(331)
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CHAPTER 4 DIMETHYLAMINE AND TRIMETHYLAMINE ON
Pt(111) AND Pt(331)

4.1 RESULTS

4.1.1 Dimethylamine on Pt(111)

HCN, CHy4 and H, were the main thermal desorption products recorded following
exposure of Pt(111) to dimethylamine (DMA) at 300K. Figures 4.1 - 4.4 show the
desorption spectra obtained for each of these products. Peaks were also detected following

measurements at 28 amu. No generation of C,N, was observed.

HCN thermal desorption spectra show a peak at ~550K, a shoulder at ~570K, and a

long high temperature tail.

27 amu HCN/(CH;),NH/Pt(111)
E
<
=
2
R
s
=
=
z
E 20.0L
= 10.01]
L]
5.0L
2.0L
S R T Rt Bl
1 ] ] ] | H ] | | | ]
1 T T T T T T T 1 T |
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 4.1 Thermal desorption spectra of HCN following exposures of dimethylamine to Pt(111).



A broad methane peak at 446K was observed which saturated at 5L.

16 amu CH,/(CH,),NH/Pt(111)

INTENSITY (arbitrary)

TEMPERATURE (K)

Fig. 4.2 Thermal desorption spectra of CHy following exposures of dimethylamine to Pt(111).

Three features are present in the hydrogen desorption spectra of DMA on Pt(111).
Peaks at ~466K and ~527K predominate, whilst a small peak at ~371K is apparent at low

coverages, becoming a shoulder to the 466K peak at higher coverages.

Measurement at 28 amu results in a peak at ~442K and a small rise in intensity

between 550K and 650K.
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2 amu H,/(CH,),NH/Pt(111)

INTENSITY (arbitrary)
S
(=]
=

TEMPERATURE (K)

Fig. 4.3 Thermal desorption spectra of H, following exposures of dimethylamine 10 Pt(111).

28 amu 28 amu/(CH,),NH/Pt(111)

INTENSITY (arbitrary)

Il } ! ! | I
U

T
300 400 500 600 700 800

TEMPERATURE (K)

Fig. 4.4 Thermal desorption spectra at 28 amu following exposures of dimethylamine to Pt(111).



XPS spectra for DMA/Pt(111) were collected under the same conditions as outlined in

section 3.1.1. The results are shown in figures 4.5 — 4.7.

e

INTENSITY (arbitrary)

: CN
|
[
|
|
|
|
|
|
|
|
|
|
|
|
|
| CH,
| N
|
|
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 4.5 Diagram of annealing temperatures employed during the XPS experiments on Pt(111) following

DMA adsorption.
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Fig. 4.6

N1s XPS following DMA adsorption on Pt(111):

(a) 136K; (b) 273K; (c) 514K; (d) 659K; (e) 854K; (f)>1000K.
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Fig. 4.7 Cls XPS following DMA adsorption on Pt(111):

(a) 143K; (b) 273K; (c) 507K; (d) 659K; (e) 854K, (f)>1000K.
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4.1.2 Dimethylamine on Pt(331)

Dimethylamine adsorption on Pt(331) produced HCN, CH,, and H, as the major
thermal desorption products. In addition, two small peaks were detected following
measurements at 28 amu. These desorption spectra are presented in figures 4.8 — 4.11. As in

the case of DMA adsorption on Pt(111), no C,N; desorption was observed.

A main peak at ~488K was obtained for HCN desorption, with a high temperature

shoulder at ~572K developing at higher exposures.

27 amu HCN/(CH;),NH/Pt(331)

INTENSITY (arbitrary)

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig. 4.8 Thermal desorption spectra of HCN following exposures of dimethylamine to Pt(331).

A single peak is observed at ~473K at 16 a.m.u. corresponding to CHy. This is a broad
peak spanning about 300K with desorption commencing at ~360K and ceasing above

~645K. Close examination of the spectra indicates a low temperature shoulder.



16 amu CH,/(CH,),NH/Pt(331)
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Fig. 4.9 Thermal desorption spectra of CH, following exposures of dimethylamine to Pt(331).

Two peaks were detected for H, desorption, the main peak at ~460K and a second,
lower temperature peak that shifts from ~386K for a 0.2L exposure to ~395K for a 1.0L,

becoming a shoulder to the main peak at 10.0L.

Two peaks are present in the spectra recorded at 28 amu, at ~452K and ~491K.
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2 amu H,/(CH,),NH/Pt(331)

INTENSITY (arbitrary)
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Fig. 4.10 Thermal desorption spectra of H, following exposures of dimethylamine to Pt(331).
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Fig. 4.11 Thermal desorption spectra at 28 amu following exposures of dimethylamine to Pt(331).
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XPS spectra for DMA/Pt(331) were collected under the same conditions as outlined in

section 3.2. The results are shown in figures 4.12 — 4.14.
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Fig. 4.12 Diagram of annealing temperatures employed during the XPS experiments on Pt(331) following

DMA adsorption.
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N1s XPS following DMA adsorption on Pt(331):

(a) 114K; (b) 273K; (c) 553K; (d) 687K; (e)>1000K.
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4.1.3 Trimethylamine on Pt(111)

Thermal desorption experiments following trimethylamine adsorption on Pt(111)
generated the same products as observed for dimethylamine. HCN, CH4 and H, were the
muin desorption products detected, along with features in the 28 amu spectra. The spectra

are shown in figures 4.15 - 4.18.

Spectra taken at 27 amu exhibit a peak at ~574K with a low temperature shoulder

beween 450 and 500K.

27 amu HCN/(CH,);N/Pt(111)
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Fig. 4.15 Thermal desorption spectra of HCN following exposures of trimethylamine to Pt(111).

A peak very similar to that obtained from DMA on Pt(111) was detected at ~447K for
methane. A sharp peak at ~458K was generated at 28 amu, with a high temperature shoulder

at ~570K.
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Fig. 4.17
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Two main peaks at ~413K and ~497K are observed for
temperature side of the 413K peak is present at ~370K.

H; desorption. A shoulder on the low
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Fig. 4.18
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XPS spectra for TMA/Pt(111) were collected under the same conditions as outlined in

secion 3.2. The results are shown in figures 4.19 — 4.21.

INTENSITY (arbitrary)
P
i

HCN

N2
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 4.19 Diagram of annealing temperatures employed during the XPS experiments following TMA

adsorption on Pt(111).

84



399.26V
16800 : 17800 400.68V |
17600
16600 -
| 17400
16400 il
1 LA | 17200
12} | g I
- i 5 12
62004 I "I L | £ 170004
3 3
o : o 3
16000 ; 16800
16600
15800
16400
15600
16200
i 4 Y 5 A . T T T T T T
38s 390 395 400 405 410 D A e e e s
Binding/Energy (eV) Binding Energy (eV)
() (®)
18400
18200 4 401.8eV: 401.9eV :
H 18200 - ;
18000
18000
17800 L[] :
A LA AL ) 17800
f | |
17600 | 0
L | T 17600
5 I 3
Q 174004 8
O 17400
17200 4
17200
17000 4
17000 4
16800
T T T T T T 16800 T T T T T T
385 390 395 400 405 410 385 390 395 400 405 410
Binding Energy (eV) Binding Energy (eV)

() (@

18800

399,50V

18600

18400

18200

18000

17800

Counts

17600

17400

172004

17000 T T T T T T
385 3%0 395 400 405 410

Binding Energy (eV)

(e)

Fig. 4.20 N1s XPS following TMA adsorption on Pt(111):

(a) 140K; (b) 273K; (c) 553K; (d) 709K; (e) >1000K.
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Fig. 4.21 Cls XPS following TMA adsorption on Pt(111):

(a) 136K; (b) 273K; (c) 534K; (d) 706K; (e) >1000K.
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4.1.4 Trimethylamine on Pt(331)

Exposure of the Pt(331) surface to trimethylamine (TMA) produced the thermal
desorption products HCN, CH4, N»/CO and H,. They are shown in figures 4.22 - 4.25.

The HCN desorption spectrum has a main peak at ~498K with the suggestion of a

second, higher temperature shoulder at ~548K.

27 amu HCN/(CH,),N/Pt(331)
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Fig. 4.22 Thermal desorption spectra of HCN following exposures of trimethylamine to Pt(331).

A single broad peak at ~467K is produced for CHy4 desorption whilst N, desorption

exhibits two peaks; a main peak at ~458K and a high temperature shoulder at ~492K.
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Fig. 4.23 Thermal desorption spectra of CH, following exposures of trimethylamine to Pt(331).
28 amu 28 amu/(CH,),N/Pt(331)
[
£
5
=
=
z 10.001
=
&
5.00L4
1.0044
0.50L4
0.0514
t Tl bt = TR 1
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 4.24 Thermal desorption spectra at 28 amu following exposures of trimethylamine to Pt(331).
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Two peaks are observed for H,, a main peak at ~469K and a lower temperature peak at

~385K.
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Fig. 4.25 Thermal desorption spectra of H, following exposures of trimethylamine to Pt(331).
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XPS spectra for TMA/Pt(331) were collected under the same conditions as outlined in

section 3.2. The results are shown in figures 4.26 — 4.28.
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Fig. 4.26 Diagram of annealing temperatures employed during the XPS experiments following TMA

adsorption on Pt(331).
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Fig. 4.27
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Fig. 4.28 Cls XPS following TMA adsorption on Pt(331):

(a) 114K; (b) 273K; (c) 563K; (d) 654K; (e) >1000K.
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4.2 DISCUSSION

4.2.1 Trimethylamine on platinum
4.2.1.1 H, desorption

The initial step in TMA decomposition appears to be at least partial dehydrogenation
of a methyl group. H, desorption commences at a temperature below that of all the other
desorption products. Close inspection of the low temperature peak at low coverages
indicates the presence of a feature on the low temperature side of the peak, which seems to
become part of the peak at higher coverages. This feature may represent H, desorption
following partial dehydrogenation of the first methyl group. It occurs in a temperature range
associated with H,ys + H.gs recombination [65, 66]. It is not clear whether initial
dehydrogenation occurs upon exposure of the surface to TMA, or early in the thermal

process.

The thermal desorption spectra give little information about the manner in which the
TMA molecule binds to the surface. Three possibilities were suggested for TMA on
molybdenum [51] (see figure 4.29), all of which are possible on the platinum systems. The
most likely of these, based on XPS measurements, was considered by Walker and Stair [51]
to be (a). However, they acknowledged the possibility that it may be a mixture of the three

species, the relative concentrations of each being dependent on the surface temperature.

|CH3 CHz  H <|2H3
H3C\N/CH3 H3C\L—¢{_H H3C\N_C/H
Pl FL LI E PA LTI H LA LSS
(@) (b) ©
Fig. 4.29 Three possible initial binding states of trimethylamine on platinum.
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HREELS and FT-IRAS experiments carried out by Erley er al. [49] on TMA/Pt(111)
indicated that TMA adsorbs molecularly at 85K in a tilted geometry with at least one of its
C-N bonds closer to the surface than the others. They suggested that a methyl-nitrogen bond
is broken at 280K forming (CH3);Nyas. and CHjags. species, the methyl group then rapidly
dissociating into Cygs. + 3Hags. In support of this, they note a sharp H, peak at 328K and no
CHy4 in their TDS spectra. This is in contrast to the TDS results obtained in this work in
which CHy is a significant product in the decomposition process and the H, desorption event
below 350K is a minor feature, rather than a significant peak. However, these results
followed adsorption at 300K. Furthermore, the XPS spectrum obtained in this work for
TMA/Pt(111) adsorbed at 136K and annealed to 273K (figure 4.21 (b), p.87) indicates the
presence of two Cls peaks, at 283.4 eV and 288.9 eV. This seems to lend support to the
suggestion of a break in the methyl-nitrogen bond. It may be the case that room temperature
adsorption results in immediate dehydrogenation of the first methyl group and desorption of

H> during the adsorption process.

Hydrogen is formed primarily in competition to methane formation. XPS analysis
indicates a residual carbon surface species following thermal desorption, so some methyl
groups clearly undergo complete dehydrogenation. In the case of Pt(111), the two H»
desorption features peak at temperatures above that for Hygs. + Hags. recombination [65,66],
indicating that these two peaks are generated as a result of decomposition limited processes.
The most probable source of the two hydrogen desorption peaks is consecutive
dehydrogenation of the remaining methyl groups. These two peaks were present in the
hydrogen desorption spectra obtained by Erley e al. [49]. In addition, they noted a peak
between these two at 444K which they attributed to the loss of a single hydrogen from the

remaining methyl group:

2 CH3NadS‘ » i CHZNads. + HZ g

leading finally to complete dehydrogenation at 495K and scission of the C-N bond to give

Caas. and Nygs. The absence of this peak in the hydrogen spectra presented in this work may
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be due to the faster heating rate applied. Erley et al. used a heating rate of 1Ks™', whereas a

rate of 13Ks™ was applied in this work.

On Pt(331) the low temperature peak saturates at lower coverages. This suggests that
the stepped environment inhibits dehydrogenation of the second methyl group at higher
coverages. This seems to favour CH, production, as would be expected from a competitive
process. A chart of relative increase or decrease in products on going from Pt(111) to

Pt(331) shows an increase in CH4 production (figure 4.30).

Despite the lower intensity of the low temperature peak on Pt(331) figure 4.30 shows a
moderate overall increase in the relative amount of H, produced. This may be explained by
the decrease in HCN production, reflecting a greater tendency for the first methyl group to

dehydrogenate completely.

BPt(111)

B Pt(331)

Relative Amounts (%)

H, x 0.1 HCN CH,

Fig. 4.30 Percentage increase or decrease in products desorbed from Pt(111) and Pt(331). The values
presented are uncorrected for mass spectrometer sensitivity, and therefore do not reflect the

absolute amounts of each product, but only the relative increase/decrease.
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4.2.1.2 HCN desorption

Two possibilities exist for the formation of HCN, either decomposition of the parent
molecule or intermediate species, or recombination of Hygs. and CN,q surface species. In the
cases of TMA and DMA adsorption, the thermal desorption data suggest that HCN
desorption is the product of decomposition only. There are a number of reasons for this
conclusion. Previous studies of C;N,, HCN and MA adsorption on platinum [40, 41, 67-69,
70-74], including the results presented in chapter 3 of this work, have shown that the
presence of CN,q species results in the formation of C,N; at temperatures between 600-
900K. No C;N; desorption was detected following either DMA or TMA adsorption on
platinum. The possibility that all CN,4, species are used up in the formation of HCN can be
discounted since it would be expected that H,qys + CN,gs recombination would be in
competition with Hygs. + Hags. recombination. However, the bulk of HCN formation occurs at
temperatures above that of H, formation. It is reasonable to assume therefore that there is no
H.qs. available for recombination at the temperatures at which most of the HCN is formed.
Furthermore, it has been shown [32, 75] that H,4s. + CNags. recombination does not produce
HCN to any significant extent on Pt(111). It can therefore be assumed that no CN,qs species

are formed during decomposition.

HCN desorption occurs at significantly higher temperatures on Pt(111) than on
Pt(331). This is a common feature of HCN desorption following adsorption of various CN

containing compounds including HCN itself.

4.2.1.3 CHydesorption

It is clear from the TDS spectra of methane that the first C-N bonds are broken by
350-370K. Molecularly adsorbed methane desorbs <100K [76]. It has been shown [77, 78]
that surface methyl groups on Pt(111) desorb as methane at 250-290K by recombining with
background hydrogen and/or from partial decomposition of other methyl moieties, and that
further dissociation of CH, fragments to produce H, occurs at 350K and 550K [77]. It is
likely, therefore, that in the case of DMA and TMA adsorption methane formation occurs
immediately upon scission of the methyl-nitrogen bond, with the methyl group immediately
picking up a hydrogen atom. In thermal desorption studies on the adsorption of TMA on

Mo(100) Walker and Stair [51] demonstrated, by pre-exposure of the surface to deuterium,
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that the methyl groups pick up a hydrogen atom from the surface rather than through
intramolecular transfer. It is reasonable to believe that this process is similar on platinum.
Hydrogen thermal desorption spectra indicate that H,qs species are readily available to the
methyl group from the outset of methane desorption to the completion of the desorption

process.

4.2.1.4 28 amu desorption

The peak at 435K for 28 amu/TMA/Pt(111) corresponds to the desorption temperature
for adsorbed CO on Pt(111) [32, 78, 79]. Likewise, the peak and shoulder for 28
amu/TMA/Pt(331) correspond to the desorption peaks for adsorbed CO on Pt(331) [32] (two
desorption peaks for CO are a characteristic of stepped Pt(111) surfaces [79-89], the lower
temperature peak associated with desorption from terrace sites, the higher temperature peak

with step sites). These peaks are therefore assigned to CO adsorbed from the background.

The small feature between 500K and 600K in the 28 amu spectra of TMA on Pt(111)
corresponds to three peaks observed by Erley ez al. [49] at 500K, 548K, and 595K following
TMA adsorption on Pt(111). Since they also observed identical peaks following (CDs);N
adsorption, the formation of ethylene was discounted as a source of these peaks. Appearing
above the desorption temperature established for CO [32, 78, 79], they were consequently
assigned to N> formation [90]. A small amount of TMA must, therefore, completely
decompose into atomic species on Pt(111). No corresponding features are visible in the

desorption spectra for Pt(331).

4.2.1.5 XPS Experiments

The Nls spectra for TMA on both Pt(111) and Pt(331) are very similar, and exhibit an
almost constant binding energy of 399.5eV for Pt(111) and 401.4eV for Pt(331). The results
are preliminary in nature. The peaks are broad and of low intensity making them difficult to
interpret. Further experiments using ARUPS are currently being designed for the
TMA/platinum system. It is hoped that more useful information may be obtained from this

technique.

97



4.2.2 Dimethylamine on platinum

Three desorption features are present in the H, desorption spectra for DMA on
Pt(111). The small, low temperature peak at 371K may be due to recombination of Hygs
species originating on the nitrogen atom. It is not clear whether the H-N bond is broken upon

adsorption or whether it is initiated by the heating process.

This is followed by a competitive process between methane formation and methyl
group dissociation to form H, and C,q4. It is likely that the H, peaks at 446K and 527K
represent dehydrogenation of consecutive methyl groups. HCN production requires only
partial dehydrogenation of one of the methyl groups. It is not clear from the H, spectra which
peak represents partial dehydrogenation, but the lower intensity of the 527K peak and the
fact that it corresponds in temperature to the onset of HCN desorption suggests that this may

be the HCN forming process.

The process of methane production is identical to that for TMA decomposition. The
peak shape and temperature matches that of CHy/TMA/Pt(111). This process is one in which
the rate limiting step is scission of the C-N bond. The methyl group then immediately picks
up a surface hydrogen [51]. It is possible to detect a slight shoulder to the low temperature
side of the methane peak, particularly on the Pt(331) spectra. There are two possible sources
for the fourth hydrogen atom, the amine hydrogen and the hydrogens initially bonded to a
methyl group. Since H-N bond cleavage is the likely initial step in DMA decomposition it is
possible that this low temperature shoulder represents CH4 formed by picking up the amine

hydrogen.

The peak at 442K in the 28amu spectra corresponds to the desorption temperature for
adsorbed CO on Pt(111) [32, 78, 79], and is therefore assigned to background CO
adsorption. The feature between 550K and 650K corresponds to N, formation [90] and

indicates that complete dissociation occurs to a small degree.

Adsorption and thermal decomposition of DMA on Pt(331) produces the same
desorption products as on Pt(111). As in the case of TMA on Pt(331), the HCN and H;
desorption features peak at lower temperatures than on Pt(111), whilst CH4 peaks at a higher

temperature.
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The stepped surface favours CHy and HCN production over H,, as is evidenced by a
decrease in intensity of the 395K peak relative to the corresponding peak on Pt(111). A chart
of relative change in the amounts of products between Pi(111) and Pt(331) (figure 4.31)
clearly shows a relative increase in CH4 and HCN production and decrease in H, production

on Pt(331).

The two peaks present in the 28 amu spectra on Pt(331) can be assigned to CO

adsorbed from the background [80, 89].

’Pt(lll)

B Pt(331)

Relative Amounts (%)

Fig. 4.31 Relative increase or decrease in products desorbed frcm Pt(111) and Pt(331). The values
presented are uncorrected for mass spectrometer sensitivity, and therefore do not reflect the

absolute amounts of each product, but only the relative inciease/decrease.

The XPS results obtained for DMA on platinum are similar to those for TMA. The

N1s binding energy remains constant throughout the annealing cycles.
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4.3 CONCLUSIONS

4.3.1 Dimethylamine on platinum

Dimethylamine decomposes on platinum to form H,, HCN, CH,4 and small quantities
of Ny. The initial step in DMA decomposition is removal of the amine hydrogen. The first
methyl group then undergoes C-N bond cleavage followed either by hydrogen take-up to
form CH4 or dehydrogenation to form C,gs and 3/2H2 ¢. The final step involves partial
dehydrogenation of the remaining methyl group to give HCN and H, (see figure 4.32). In
addition to this pathway, some of the DMA experiences cleavage of all the C-N bonds to

produce a small amount of N».

Adsorbed Species Desorbed Species
(CH,),NH
~325Kl
(CH,),N +H
> CH,
350 - 600K
—» H,
v
CHJN ¥ Cre.\’iduc + Nrcsidut
520K > s
v
HCN +C,sisiet Nicsivie
550K l B HEN
(@ +N

“residue residue

Fig. 4.32 Schematic of reaction pathway of dimethylamine on Pt(111).
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Adsorption on Pt(331) does not alter the desorption products. However, the stepped

surface favours HCN and CH,4 formation over complete decomposition to form Cj,gs. + Nygs.

+H2g.

4.3.2 Trimethylamine on platinum

Trimethylamine produces the same desorption products as dimethylamine. It initially

undergoes limited C-H bond breaking on one of the methyl groups. This is followed by C-N

bond cleavage on the other methyl groups forming either methane, by picking up a surface

hydrogen, or decomposing to form hydrogen and C,qs, as indicated in figure 4.33.

Adsorbed Species Desorbed Species

(CH,),NCH,

~320K

v
(CH;),NCH +2H

350 - 600K

v

NCH + C +N

residue residue

574K l >

&

residue + Nrcsiduc

Fig. 433 Schematic of reaction pathway of trimethylamine on Pt(111).
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Pt(331) favours CHy4 production over H, formation. In contrast to DMA on Pt(331),

HCN production decreases on the stepped surface.
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CHAPTER FIVE

ETHYLENEDIAMINE ON Pt(111) AND Pt(331)
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CHAPTER S ETHYLENEDIAMINE ON Pt(111) AND Pt(331)

5.1 RESULTS

5.1.1 Ethylenediamine on Pt(111)

Following exposure of the Pt(111) surface to ethylenediamine (EDA) at 300K, the
thermal desorption products detected were C,N,, HCN, NH;3, CHy, H, and 28 amu. A set of

thermal desorption spectra for each of these products is shown in figures 5.1 - 5.6.

The C,N, desorption spectra (52 amu) display a narrow, well-defined peak at ~425K,

with high temperature shoulder between 450K and 540K consisting of two features.

52 amu C,N,/NH,(CH,),NH,/Pt(111)
T
£
Z
g
o
o
7
Z
& ’J
E 20.01
10.014
5.0L
1.0L
0.5L
t f t t t f I toaal f f
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 5.1 Thermal desorption spectra of C,N, following exposures of ethylenediamine to Pt(111).
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The spectra for HCN (27 amu) exhibit three features - a peak at ~470K; a peak at
~520K; and a high temperature shoulder between 540K and 660K.

27 amu HCN/NH,(CH,),NH,/Pt(111)

INTENSITY (arbitrary)

20.0L
10.0L
5.0L,
1.0L
B } | } } i, | — ¢ } I \
I T T T T T T T T T T
300 400 500 600 700 800 900
TEMPERATURE (K)
Fig. 5.2 Thermal desorption spectra of HCN following exposures of ethylenediamine to Pt(111).

The thermal desorption spectra for 16 amu and 17 amu both show a major peak at

~420K and ~425K respectively, with a lower temperature peak on both at ~385K.

The H, spectra show a main peak at ~375K with a broad, high temperature shoulder,

which appears to consist of four desorption features.
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17 amu NHy/NH,(CH,),NH,/Pt(111)
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Fig.9':8 Thermal desorption spectra of NH; following exposures of ethylenediamine to Pt(111).

16 amu CH,/NH,(CH,),NH,/Pt(111)
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Fig.5.4 Thermal desorption spectra of CH, following exposures of ethylenediamine to Pt(111).
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2 amu H,/NH,(CH,),NH,/Pt(111)
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Fig. 5.5 Thermal desorption spectra of H, following exposures of ethylenediamine to Pt(111).

At 28 amu a peak was observed which shifts to lower temperatures from ~442K to ~423K

with increasing exposures. A small feature was also noted at 526K.
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