FACULTY OF SCIENCE

DEPARTMENT OF CHEMISTRY

Adsorbate Photochemistry of
Small Molecules

Thesis submitted in Accordance with the requirements of the
University of Liverpool for the degree of
Doctor of Philosophy

Stuart Michael Reeman

June 1996



UNIVERSITY OF LIVERPOOL
FACULTY OF SCIENCE
DEPARTMENT OF CHEMISTRY
Doctor of Philosophy

Adsorbate Photochemistry of Small Molecules

Stuart Michael Reeman

Thesis Abstract

The photochemistry of three different adsorbed species is reported in this
thesis, with a view to investigating changes in photochemical response
with changing substrate. The photoinduced charge-transfer dissociation of
CClg adsorbed on Cu(100) was investigated for 266 and 193 nm laser
irradiation. The dominant reaction observed for CCly/Cu(100) was
photochemical chlorination of the metal surface, for which the cross-
section was estimated to be of the order of 1019 cm2. In contrast with a
previous published study of CCls/Ag(111), photodesorption of CI- ions was
not observed for the copper substrate. This was interpreted as a substrate
dependent change in reaction mechanism.

The 355 nm photochemistry of CH3Br adsorbed on Cu(100) and on
ice/Cu(100) was studied. On both the bare copper and ice surfaces, laser
fluence dependent photodesorption of molecular CH3Br was observed,
with desorption of HpO also occurring with the ice surface. Analysis of the
leading edge of the time of arrival traces revealed essentially the same
signal onset and point of maximum slope for both species. Desorption of
CH3Br was found to result from laser heating of the underlying metal
surface in both cases.

The photochemistry of N2O4 adsorbed on ice/Cu(100) and on Cu(100) was
investigated. For ice/Cu(100), 355 nm laser irradiation resulted in
photodesorption of NO;, with measured cross-section ca. 3x10-18 cm2 and
peak translational energy of the NO; fragments of ca. 0.017 eV. A direct
excitation mechanism was identified for desorption of NOj. For
N204/Cu(100), 355 nm laser irradiation resulted in photodesorption of
NO3, with a cross-section of ca. 1x10-18 cm2. TOF spectra were bimodal,
with peak translational energies of ca. 0.06 eV and 0.01 eV for the fast and
slow channels, respectively. The excitation mechanism was tentatively
described in terms of temporary attachment of photoexcited electrons to
adsorbed N7Oj4.
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1. Introduction.

Despite the fact that surface photochemistry is a relatively new area of
scientific research, it is still beyond the scope of this chapter to present a
comprehensive review of the subject. What follows, therefore, should be
viewed, as the above title suggests, as a brief introduction to the field,
presenting the majority of the relevent concepts with the minimum of
detail. The discussion is further limited (for the most part) to the
photochemistry of adsorbates on metal surfaces initiated by continuous or
nanosecond light sources. The interesting area of femtosecond surface
chemistry is beyond the scope of this chapter. For a more exhaustive
coverage of the subject, the recent reviews by Zhou et all and also

Zimmerman et al? are highly recommended.

1.1. Historical Perspective.

One of the earliest collections of surface photochemical studies appeared
in a Faraday Discussion published in 1974 entitled "Photoeffects in
Adsorbed species™ which discussed photoeffects at both the gas/solid and
liquid/solid interfaces. The effect of the surface in photochemistry was
probed mainly through investigation of shifts in the ultraviolet (uv)
absorption of organic dyes, where it was suggested that charge-transfer
was occurring between the adsorbate and the surface. However, none of
the studies presented had been undertaken in ultra-high-vacuum (UHV)
conditions, and hence it was impossible to control the coverage of species
at the surface, resulting in rapid growth of multi-layers. The lack of UHV
conditions also meant that photoeffects taking place either in the gas-

phase above the sample or in the adsorbed phase could not be



distinguished.  Theoretical studies presented in the discussion

concentrated mainly on photoemission and 1:3ht:}1:0de50rption.5

At this time, the only available generally light sources were spectral lamps.
However, at around the beginning of the 1980's, the availability of lasers
gave important impetus to the field of surface photochemistry. Many of
the initial studies were performed using infra-red (ir) lasers, and it was

6 This was

observed that irradiation could cause adsorbate desorption.
interpreted as being due to the excitement of internal vibrational modes
followed by flow of energy into the adsorbate-surface bond. Other
pioneering studies investigated the importance of heat and incident
electrons/photons for adsorbate decomposition.” At about this time, the
first evidence testifying to the importance of photogenerated charge-

carriers being important for photoreactions at conducting surfaces was

presented.s' ?

The introduction of lasers was soon followed by dynamical studies in true
UHV conditions. The first studies were performed on ice surfaces'” and at
low coverage on “inert” single crystals,'! and were able to distinguish
between photodissociation in the adsorbed state from that occurring in the
gas-phase. Expansion in the range of substrates used, from insulator
through semiconductor to metal was rapid. Most studies were performed
using UHV conditions and standard surface science equipment (LEED,
Auger, XPS, etc.). Insight into the dynamics of surface photoreactions
aided greatly in the formulation of surface photochemical theories. The
observation of non-Boltzmann photoproduct energy distributions was
direct evidence of the presence of non-thermal pathways, while altered
energy and angular distributions relative to those in the gas-phase,

together with variation of products with substrate and coverage,



demonstrated that the observed photoprocesses were occurring in the
adsorbed state as opposed to the gas-phase immediately above the

surface, 11 12

1.2. The Metal/Adsorbate System.

It is perhaps an obvious statement that the difference between
photochemistry in the gas-phase and that in the adsorbed phase is the
presence of the surface. It is therefore important to understand the
changes that occur within a molecule when it is located at a metal surface.
These changes occur as a result of interactions between the energy levels,
or orbitals, of the adsorbing species and those of the metal. The nature of
these interactions and their consequences for surface photochemistry are
discussed later. First we will briefly examine the electronic structure of the

metal substrate.

1.2.1. Substrate Electronic Structure.

The Hamiltonian, H, describing the electronic structure of a metal of mass

m is given by

e b abs

N is the number of electrons in the metal
R is a set of vectors representing the positions of all metal atoms
r is the position vector for electrons

p is the electron momentum



Unfortunately, the final term describing electron-electron repulsion
cannot be solved exactly, and hence approximations must be made. A
popular approach in solid state physics is known as the Local Density
Approximation (LDA),'3 in which the conduction band electrons are

represented by an inhomogenous distribution function while the

- exchange-correlation energy is taken to be that of a homogenous electron

gas. However, while the LDA works well for bulk metal properties
(where the crystal lattice can be treated as being of infinite extent),
treatment of cases where surface electronic properties are important are
much more difficult as the crystal must now be treated as a semi-infinite

lattice.

The electronic structure of semi-infinite crystals has been described in

terms of two main theories - the jellium model and band structure theory.

1.2.1.1. The Jellium Model.

The crystal lattice of a metal is transparent to conduction electrons since
the wave describing the electrons propagates freely in a periodic lattice and
since there is little electron-electron scattering due to the Pauli exclusion
principle. The Jellium model approximates this situation by representing
the metal ion cores as uniform positively charged background filling half-
space.

n z<0

n+(r)={0 z>0 @)

The positive charge background density, T, is often expressed in terms of

an inverse sphere volume (4n/3)rs3=1/1, where rs ranges from ca. 2 (Al) to



5 (Cs). Calculated electron density profiles for these two surfaces are

shown below, figure 1114

Electron
Density ts=5 (Cs)

Positive Background

— ke

-1.0 0.5 0.0 0.5
Normal to Surface (Fermi wavelengths)

14

Figure 1.1 Electron density profiles vs z for jellium surfaces.

There are two important features in the profiles which should be noted:

(i) the electron density n(z) spills out beyond z=0 (the last plane of metal
ions) into the vacuum. This separation of charge at the surface is the
cause of the surface dipole layer.

(ii) the oscillations in n(z) (known as Friedel oscillations) arise due to the
inability of the electron gas to screen out the discontinuity in the positive

background which occurs at the surface.

The jellium model is a good approximation for metals in which the
conduction band is comprised of s or p electrons, i.e. those with totally
empty or totally filled d bands (e.g. Na, K, Cs, Al etc.), and is useful in
descriptions of, for example, the optical (or electrodynamic) properties of
metals. However, especially in the case of transition metals, the jellium
model is far too simple to provide a good description of the detailed

electronic structure of metals.




1.2.1.2. Band Theory.

The solutions to the Schrodinger equation for a periodic crystal lattice are
given by Bloch's theorem, where the eigenfunctions are products of a
plane wave multiplied by a function, Ujk(r), which has the periodicity of

the crystal lattice itself,

Wik(r)= ei(k'r)Uik(r) ©)

where k is a reciprocal lattice vector, while r is a position vector.

In chemical terms, this means that the wavefunction describing a periodic
crystal lattice is given by a symmetry-adapted linear combination of the
localised atomic wavefunctions.!® Since solids contain ca. 1022 atoms/cm3,
the huge number of atomic wavefunctions results in system

wavefunctions where the energies form a continuum or energy bands.

-2 e~
Energy | ”'
(eV) / '
E / ‘

-61 /

i)
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— =z /’_ -

A /\/\ NN
-14
r X M r

Figure 1.2 Band structure of Ni(100).16




In the figure above, the energy eigenvalue is plotted as a function of k
across a 2-dimensional Brillouin zone (the k-vector has a range such that
if k is increased beyond a maximum value a repeat of an old wavefunction
is obtained instead of a new one - this range of k is called the Brillouin
zone, covering k<m/a, where a is the lattice spacing). The number of lines
in the band structure is equal to the number of orbitals in one unit cell of
the crystal. The bands in a metal are spread out around a "centre of
gravity" which corresponds to the energy of the orbitals giving rise to the
band. Hence the 3d bands lie below the 4s and 4p for Ni. The steepness, or
dispersion, of each band is determined by the degree of orbital overlap
between unit cells in the crystal (the more overlap, the steeper the band),
while the bandwidth is controlled by the degree of intra-unit cell
overlap15. The bandwidth is defined as the difference in energy between

the highest and lowest points in the band.

An alternative presentation of the electronic structure of metals is the

density of states, p(E), defined as
p(E)= number of states lying between E and E+dE,

i.e. the density of states (DOS) counts the number of levels in each energy
interval. Electrons fill these levels according to the Aufbau and Pauli
Exclusion principles, with the highest occupied electronic state of the
system at 0 K being defined as the Fermi level (Eg). At higher
temperatures, thermal excitation of electrons means that some levels
above Ep are filled while some below are empty. In general, the density of
states is inversely proportional to the slope of E(k) versus k, i.e. the flatter
the band, the higher the density of states at that point. Shown below is the

density of states corresponding to the band structure of the Ni(100) slab.
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Figure 1.3. Density of states of Ni(100)®,

In many solids, there is an energy gap E; between the valence band
(highest energy completely filled band) and the conduction band (lowest
energy empty or partially filled band). The size of Eg distinguishes metals,

semiconductors and insulators, as shown in figure 1.4.

METAL SEMI INSULATOR
CONDUCTOR

Figure 1.4 Variation of band gap energy Ep from metal to insulator.

In metals, the conduction band is partially filled at all temperatures, while




for semi-conductors the conduction band is empty at 0 K, but has
increasing population at higher temperatures. In the case of insulating
materials, Eg is large and hence there is no thermal population of the

conduction band for relevant temperatures.

It should be noted that the band structure at a metal surface can change
from that seen in the bulk crystal, giving rise to electronic surface states.
These surface states differ from bulk states due to the different boundary
conditions present (bulk states essentially 'see' the crystal as infinite, those
at the surface as semi-infinite). Hence caution should be observed when
applying bulk band structures to surface problems as adsorbed species will

be strongly influenced by the presence of surface states.

1.2.2. Elementary Excitations.

The interaction of light with a metal surface can result in the transfer of
energy into the electronic and vibrational modes of the substrate. This
deposition of energy in the crystal can be described in terms of three
different forms of excitations:'> 17

(i) single-particle (electron-hole pair formation)

(ii) plasmons (collective electronic excitations)

(iii) phonon (collective vibrational excitations)

1.2.2.1. Single-Particle Excitations.

A photon absorbed by a metal surface can cause the excitation of an
electron from an occupied to an unoccupied state lying above the Fermi

level, resulting in the formation of an energetic electron and a hole.



Charge screening by conduction band electrons ensures that there is
essentially no interaction between the electron and hole. (This is not the
case for semiconductors and insulators, where the interaction is screened
only by the dielectric constant of the substrate. The coulomb attraction
between the electron-hole pair can lead to the formation of a hydrogen
atom-like bound state called an exciton). In the case of metals, the initial
electron state is spatially extended, which means that the removal of an
electron does not significantly change the effective screening potential
experienced by the remaining electrons. The excitation can hence be

treated as a single particle process described by Fermi's Golden rule,

e
imhv

Rjf = ( )(¢'f |E- Ll|¢i)2 8(AEj¢ — hv) (4)

where
Rjf is the transition rate
E is the electric field vector of the absorbing light
u is the transition dipole moment vector for the transition
AEj¢ is the energy difference between the initial and final states
hv is the photon energy
e and m are the charge and mass of an electron respectively

8(AEj-hv) is the delta function which enforces resonant absorption

! S(Eif = h\’) =1, ﬁEif = hv
"% | 8(Bi —hv) =0, AEg=hv |

When the incident photon energy is greater than the workfunction of the
system, the final state lies in an energy continuum above the vacuum
level. From equation (4) above, the transition rate is approximately
proportional to the number of states available at a given energy, and hence
the energy distribution of the photoelectrons is an image of the initial

filled density of states from which it arose since the distribution of free

10



electron states is essentially continuous.

Biin

hv

Intensity

density of states

Figure 1.5 Energetic distribution of photoelectrons.

It should be noted that this general rule may be modified strongly by
selection rules or the electron escape process, and that the density of states
from which the electrons are excited does not necessarily correspond to
that for the bulk metal band structure but may well include contibutions

from surface states.

For incident photon energies less than the system workfunction, the
distribution of initial or nascent "hot" electrons is again calculated using
equation (4), where ¢f are unnoccupied states above the Fermi level. The
figure below shows the calculated nascent hot electron energy

distributions in a platinum cluster for different incident wavelengths.!®
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Figure 1.6. Photogenerated hot electron distribution for a platinum
cluster.1®

It is important to point out that the above distributions are calculated for
hot electrons in the bulk of the metal. For the energy distribution of hot
electrons at the surface it is strictly necessary to consider the effect of
surface states, the surface dipole layer and inelastic scattering during the

transport of the electrons from the bulk to the surface.

1.2.2.2. Plasmons.

Electrons oscillating in a metal lattice can be excited in quantised energy
increments known as plasmons, the excitement occurring resonantly by
interaction with either incident electrons or photons.19 Within the
jellium model discussed earlier, if a perturbation is applied to the balance

of the free-electron gas (e.g. absorption of a photon) oscillations in the
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electron gas are expected to be set up. These osillations propagate in the
solid as longitudinal waves with frequency vp (characteristic of the bulk
electron density) and quantised energy hv,. The frequency of a bulk

plasmon, Wp, is given by

2 1/2
ne
o, = [—] (5)
80['[1
where
@p =27Vp

n is the conduction band electron density
e and m are the charge and mass of an electron respectively.

g0 =107 /4nc2, the permittivity of free space

For most metals, n~1022-1023 cm-3, and hence the energy of bulk plasmons

is typically in the range 1-10eV.

The presence of the surface (and hence semi-infinite boundary conditions)
results in a difference between surface and bulk plasmons, where surface
plasmons propagate along the surface boundary and decay away very

rapidly into the metal bulk.

1.2.2.3. Phonons.

Phonons are quanta resulting from the collective vibrations of the crystal
lattice. The energy of a phonon is given by hvph, where vph is the
frequency of its wave. Phonon excitation can be instigated by infra-red
photons, low energy electrons and also by atoms or molecules impinging

on the surface.



The presence of approximately Avogadro’s number of lattice urits in the
crystal results in a distribution of phonons, where the phonon dispersion
relation is expressed as the phonon energy versus the magnitude of its
wavevector q, i.e. E(q) vs q (analogous to the electron dispersion relation
E(k) vs k). Phonon dispersion is discontinuous at the Brillouin zone
boundary due the fact that lattice vibrations with wavelengths shorter

than the interatomic spacing are forbidden.

As in electronic band structure, the presence of the surface introduces
surface vibrational modes (surface phonons) which are forbidden in the
bulk. Such phonons propagate with their wavevectors parallel to the
surface, with q decaying exponentially into the bulk. Energetic surface
phonons can couple to adsorbates, causing desorption. This has been
observed experimentally for non-metal surfaces. Conversely, phonon
excitation is the final step in relaxation, with excited electrons or holes
losing energy to phonon modes within ca. 1012520 Quenching of excited

adsorbates can also lead to phonon excitation.

1.2.3. The Adsorbate.

1.2.3.1. Gas Phase Photochemistry.

Gas and condensed phase photochemistry is generally used as a guide
when considering molecules which may be suitable for adsorbate
photochemical studies. What follows is a brief discussion of the gas phase
process. For a more in-depth treatment, a number of excellent books

exist.21-23
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A photochemical reaction is made up of a number of events leading from
the initial absorption of the photon to the final products. These steps are
usually defined as primary (the absorption of the photon and all events
before a collision occurs) and secondary (collision induced reactions of the
primary products). Photochemistry usually occurs from the absorption of
one photon and via an excited electronic state. Multiphoton vibrational
excitation reactions can occur, but only with the use of very high laser

fluences.

The electronic excitation which follows photon absorption obeys the
Franck-Condon principle, which states that since the photon frequency v
(ca. 1015-1016 Hz) is much higher than that for molecular vibrations (ca.
1013 Hz) there will be no change in molecular geometry or nuclear
positions during photon absorption. Hence only vertical excitations

contribute. The possible fates which await the excited species are shown

below.
A+B (dissociation)
AB +e- (ionisation)
BA (isomerisation)
AB*
AB + hv (luminescence)

intermolecular energy transfer ¢ reaction
intramolecular energy transfer

Figure 1.7 Fates of excited species in gas-phase photochemistry.

We shall only discuss dissociation and luminescence here.
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The excited states formed by the absorption of a photon can be classified

into three categories, shown in figure 1.8 below.

ks

(i) Repulsivestate (i) Bound state . -(iii) Bound state
(energy<De) (energy>De)

Figure 1.8 Classification of excited states.

Case (i) is dissociative, and occurs when absorption causes the transition of
an electron from a bonding orbital to one which is antibonding. The

13 5,24, 25 while the absorption

lifetime of the excited state is typically ca. 10
spectrum is continuous beyond a threshold wavelength. Case (ii) is non-
dissociative, with quenching of the excited state generally occurring by
transitions to lower levels, accompanied by the emission of light
(fluorescence). Chemistry can only occur through vibrationally or
rotationally excited ground states formed by quenching. For case (iii), the

excited state can either decay radiatively or cross-over to a repulsive curve

and dissociate (predissociation).
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