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Abstract

Selected examples of non-thermal activation of adsorbate—substrate systems are reviewed. Photon and electron activation
leads to a variety of interesting surface chemical reactions, sometimes quite selective. Comparisons of photon and electron
excitation are emphasized in this paper that focuses on work in our laboratory involving small hydrocarbons, sulfur dioxide,
trifluoromethyl iodide and methyl nitrite adsorbed on either Pt(111) or Ag(111). © 1998 Elsevier Science B.V.
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1. Introduction

Over the last decade, non-thermal activation
of chemical reactions at adsorbate—substrate
surfaces has become a subject of great interest
among surface scientists and engineers. Using
photons, electrons and hyperthermal particle
beams, researchers have explored the details of
molecular level events that lead from adsorbed
reactants to products, both adsorbed and ejected.
This paper focuses on activation using photons
and electrons. Compared to gas phase, adsor-
bate—substrate systems are richer because of the
roles played by the substrate. The examples
selected for emphasis in this paper illustrate this
added complexity both in the excitation and the
subsequent non-thermal chemistry.

* Corresponding author.

! Dedicated to the memory of Brian Bent whose work stimu-
lated much of our own and whose pleasant encouragement never
failed.

While non-thermal surface reaction chemistry
has numerous potential technical applications
(e.g., harvesting solar energy, photocatalytic
degradation of pollutants in water streams, and
selective growth of electronic materials and de-
vice structures), we continue to have a keen
interest in understanding fundamental questions
about excitation, energy transfer and lifetime
characteristics of excited states, adsorbate—sub-
strate charge transfer, the minimum energy
needed for bond dissociation, and the overall
process dynamics.

Historically, early studies of adsorbate photo-
processes focused mainly on semiconductor and
insulator surfaces. While these substrates con-
tinue to be explored, numerous non-thermal
photochemical reactions have also been ob-
served on metal surfaces. Photon-driven chem-
istry at adsorbate substrate interfaces has been
examined using continuous and pulsed sources,
both coherent (laser) and incoherent (arc and
filament) sources. With the advent of reliable
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femtosecond laser sources, an important body of
literature has emerged describing novel adsor-
bate chemical processes, many of them involv-
ing multiple photons [1]. These lie outside the
scope of this paper.

For electrons, much of the early work fo-
cused on aspects other than chemical reactions.
One example is the elegant use of electron-
stimulated desorption as a tool to revea the
local structure of adsorbates [2]. More recently,
and a topic of discussion here, electrons have
been used to synthesize catalytically interesting
adsorbed fragments, sometimes very selectively.

The purpose of this paper is twofold—first,
to overview some key concepts that guide the
interpretation and understanding of non-thermal
activation and relaxation events and, second, to
present illustrative examples where photon- and
electron-stimulated data are available for com-
parison. Among the examples, we discuss ad-
sorbed hydrocarbons where electron irradiation
leads to very selective bond breaking in some,
but by no means all, cases. For methane, com-
parisons of photon- and electron-stimulated pro-
cesses provide vauable insights. We aso dis-
cuss akyl halides, particularly adsorbed CF;l,
which on Ag(111) exhibits a striking array of
photon- and electron-driven reactions. Sulfur
dioxide is used to illustrate that, for a fixed
adsorbate coverage, the method of preparing
that coverage can have a major influence on
cross-sections for various processes. Methyl ni-
trite, CH;ONO, is used to illustrate the value of
angular-dependent desorption measurements.
Finally, and for reasonable completeness, other
examples are listed.

2. Key concepts

Before undertaking the discussion of some
specific cases, we present an overview of some
key concepts involved in thermal, photon and
electron activation of an adsorbate—substrate
system. In this overview, the roles played by the
degrees of freedom in the separate components

are indicated, for example, absorption of a pho-
ton by the isolated adsorbate or substrate. In
addition, emphasis is given to the coupling be-
tween the adsorbate and substrate degrees of
freedom before, during and after either photon
absorption or theinitial electron-scattering event.

2.1. Thermal activation

Chemical reactions activated thermally typi-
caly involve only electronic ground-state reac-
tants. This simplifies treatment of the results but
at the same time limits the accessible configura-
tions that can lead to products. To meet the
activation energy requirements and reach the
activated complex configuration, sufficient en-
ergy, E,, must accumulate and be localized in a
reaction coordinate. Typicaly, this coordinate
involves a small number of molecular coordi-
nates, often simplified to a single coordinate,
e.g., stretching a bond or rotating around a bond
axis. The probability of realizing this configura-
tion is governed by Boltzmann statistics, includ-
ing the factor exp{ — E,/RT}, and can be thought
of on the individual molecule or coordinate
level as activation by means of statistical energy
flow among the coordinates. This flow is the
result of couplings between modes. For exam-
ple, within a given molecule, the anharmonicity
of vibrational modes couples them and leads to
energy flow. Collisions between species aso
transfer energy between coordinates. Such cou-
plings aso control energy flow in adsorbate—
substrate systems. Increasing the temperature
increases the probability that, at any given in-
stant, the requisite energy will momentarily ac-
cumulate in the reaction coordinate. When this
occurs, the system can pass through the acti-
vated complex region to products. The probabil-
ity of doing so depends upon the shape of the
potential energy surface around the activated
complex region and the momentum vector de-
scribing the trajectory along which the system
enters this region.

In this description, dynamics associated with
coordinates other than the reaction coordinate
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are not individually or explicitly treated; rather,
they are folded into a single statistical factor, a
factor typicaly estimated by assuming thermal
equilibrium between the reactants and the acti-
vated complex. To compute the pre-exponential
factor at this level of approximation requires the
vibrational and rotational partition functions of
the reactants and the activated complex. With a
potential energy surface (theory), these factors
are calculable, but experimental data, while of-
ten available for the reactants are generally not
available for the activated complex.

2.2. Non-thermal activation

Escaping the limitations of averaging associ-
ated with thermal activation requires directed
and controlled energy input. For more than three
decades, this has been emphasized in the gas-
phase reaction dynamics community. More re-
cently, it has become an active area in the
surface chemistry community with the utiliza-
tion of hyperthermal molecular beams and pho-
tons. Even earlier, the use of electrons to stimu-
late surface chemistry in adsorbates, particularly
stimulated desorption, was being explored and
has led to a series of international DIET (de-
sorption induced by electronic transitions) con-
ferences and a valuable series of publications
[3,4]. Through 1990, the literature on electron-
stimulated desorption has been thoroughly re-
viewed by Ramsier and Y ates [2].

While the focus of this paper is electronic
excitation using incident electrons and photons,
we briefly comment on the general attributes of
hyperthermal molecular beams [5,6]. For surface
collisions of hyperthermal molecular beams, the
incident momentum and center of mass tranda-
tional energy are controlled and have magni-
tudes much higher than the averages charac-
terizing other degrees of freedom. Thus, the
relevant potential energy surface(s) are typically
the same as for thermal activation; but the dis-
tributions of energies and moments in the inci-
dent tranglational coordinates are altered.

2.3. Photon irradiation

Describing photon activation of surface pro-
cesses, excellent and detailed reviews are avail-
able to which the reader is referred. 2 Briefly,
photon activation involves at least two potential
energy surfaces—the initial ground state and
the electronic excited state accompanying pho-
ton absorption. As in gas and condensed phase
photochemistry and photophysics, additional ex-
cited states of the adsorbate often become in-
volved as the system relaxes. And the presence
of the substrate often plays a centra role by
absorbing photons and transferring energy
and/or charge to the adsorbate. Furthermore,
because the adsorbate and substrate can be
strongly coupled electronically, particularly, in
the excited states of the system, the optical
properties can differ significantly from those of
the separated adsorbate and substrate. As an
example, for an adsorbate chemically bonded to
a meta substrate, descriptions in terms of an
organometallic species adsorbed on the metal
may be better approximations than descriptions
in terms of the metal and a perturbed adsorbate.

Compared to the typical adsorbate, there are
orders of magnitude, more degrees of freedom
in the typical adsorbate—substrate system. For
an electronic excitation initially localized on the
adsorbate, the substrate electronic degrees of
freedom can quench the excitation and return
the adsorbate to its ground electronic state, and
this can occur on a time scale that limits chemi-
cal events associated with the initial electronic
excitation. In the redistribution, total energy is
conserved. As one example, suppose the initial
electronic excitation is localized on the adsor-
bate and is followed by adsorbate nuclear mo-
tion on the excited state potential energy sur-
face. Further, suppose that quenching occurs by
electron-hole pair formation in the substrate.
Then a fraction of the initial excitation energy
will be retained as vibrational and rotational

2 For recent reviews, see Refs. [7-12].
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excitation of the adsorbate, the remainder ap-
pearing, temporarily at least, in the electronic
coordinates of the metal. This process would
leave a vibrationally excited ground state adsor-
bate that is not thermally equilibrated with the
other degrees of freedom. This can be thought
of as ‘top down’ non-thermal vibrational excita-
tion whereas normal thermal activation would
be * bottom up’ and thermally equilibrated.
Experimentally, the distinction is often criti-
ca. For coinage metals like silver, thermally
activated, ‘ bottom up’, bond dissociation within
an adsorbate often requires average energies
exceeding those required for molecular desorp-
tion. Thus, dissociation does not occur when a
cold adsorbate layer is heated. On the other
hand, photon irradiation and quenching of the
adsorbate—substrate system can direct energy
into just a few vibrational coordinates that lead
to dissociative surface chemistry because des-
orption coordinates remain at low temperature.

2.4. Electron irradiation

Against the backdrop of extensive work in
the surface physics community dealing with
electron-stimulated desorption, controlled elec-
tron irradiation is beginning to emerge as a tool
for synthesizing surface fragments, among them
species proposed in catalytic schemes but never
independently and cleanly prepared for study in
spectroscopically significant concentrations.

Compared to monoenergetic photons, elec-
trons are much less expensive to generate—a
major advantage. On the other hand, especially
for organic adsorbates, electrons have often been
regarded as causing too much damage to be
useful. There are good reasons. First, inelastic
scattering cross sections for electrons are much
larger than for photons of the same energy.
Thus, the effective penetration depth for elec-
trons is much shorter than for photons and, in
turn, the energy deposited per unit volume is
often much higher. Second, areal incident flux
densities (particles cm™2 s™!) are typicaly
much higher for electron sources. The combina-

tion of both factors often leads to unselective
pyrolysis of the adsorbate. However, since the
electron flux density can be easily reduced and
the electron energy controlled over a very wide
range, the effects of photon and electron irradia-
tion can be compared at equivalent areal energy
densities (joules cm~2 s™1) or, even better,
equivalent energy deposition rates per unit vol-
ume (joulescm™3 s71).

One way of establishing reasonable ared
electron fluences (electrons cm~2) for such
comparisons, is to consider that the process
occurs with a geometric cross section, i.e., be-
tween 10 and 10~ cm? With this cross
section, a monolayer would be consumed with a
fluence of about 10 electrons cm™2. For a
current of 1 pA (6.24 X 10*? electrons s~ 1)
distributed over 1 cm?, an irradiation of 100 s
would be required to consume a monolayer of
material. This is tolerable since controlled re-
producible exposures for a few seconds are
experimentally feasible with typical instrumen-
tation and since the measurement would involve
activation of a fraction of a monolayer. On the
other hand, in Auger electron spectroscopy,
beam currents often exceed 1 uA and irradiated
areas are less than 1 mm?. For this situation the
time to consume a monolayer drops below 1 s.
Thus, it is easy to understand how conditions
typical of electron spectroscopy must be changed
to make it possible to limit the activation to
submonolayer amounts of adsorbate.

The question of selectivity in electron activa
tion of adsorbates remains open for study. As
discussed below, we have examined several sys-
tems with electron energies less than 50 eV and
find that selectivity varies widely, but can be
very high.

The mechanistic aspects of electron activa
tion, relevant to both gection and retention, are
thoroughly described in a recent review [2].
Because of the small mass relative to nuclei, ca
5% 10~*, direct momentum transfer is gener-
aly negligible in collisions between electrons
and nuclei. For example, a 1 keV electron would
transfer less than 1 eV to a H atom, insufficient
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to cleave atypical C—H bond (3to 4 eV). In the
work described below, incident electron ener-
giesare typically 50 eV or less and, yet, thereis
clear evidence for bond cleavage, including
C—H. Consequently, models involving excita-
tion of electronic degrees of freedom must be
involved.

2.5. Temporal evolution

A very general scheme for nonthermal pro-
cesses, and one which uses concepts familiar to
the photochemist, is attributed to Menzel, Gomer
and Redhead (MGR) [13,14]. Assuming only
one coordinate (x) is important, the idea is
modeled using typical diatomic molecule poten-
tial energy curves, V(x), in Fig. 1. In this
model, the incident electron causes a very gen-
eral vertical Franck—Condon quantum mechani-
cal electronic transition from the ground state
(A) to an excited state of the system (B, C, or

Potential Energy, V(x)

Fig. 1. Single coordinate, x, model description of electronic
excitation and relaxation. Franck—Condon excitation to state B
occurs within the vibrational envelope (between x =aand x=b)
of the ground state (A). While in state B, the coordinate x
changes, in this case the potential is repulsive, so x lengthens
gathering momentum. Quenching occurs, in this case at ¢ return-
ing the system to the electronic ground state with significant
momentum in x. Curves C and D represent other electronic
excitations.

D). This occurs for x in the range a<x<b.
The nuclear motion that follows on the heels of
the electronic excitation depends on the shape
and placement of the excited state potentia
energy surface. In Fig. 1, state B is reached with
the lowest energy excitation and is repulsive for
al x, state C is energetically nearby but bound
and state D, while unbound, is accessible only
for much higher energy input. One easily under-
stood example is illustrated; excitation to state
B, when the x coordinate is compressed with
respect to its equilibrium value, places the sys-
tem on very repulsive portion of the excited
state. This kind of excitation occurs, for exam-
ple, in the prompt photodissociation alkyl halide
(X) molecules. In this case, a nonbonding or-
bital is partially emptied and an antibonding
orbital localized on the C—X coordinate is par-
tidly filled. In this excited configuration, the x
coordinate stretches, bold portion of Curve B,
and accumulates significant momentum on a
femtosecond (fs) time scale. This stretching cor-
responds to just the elongation half of a typical
vibrational period, so dissociation would, in the
absence of quenching, occur on the time scale
of 107 ** s (100 fs). Coupling to the substrate
electronic degrees of freedom (not explicitly
shown) provides a relaxation channel operating
on the same time scale that can return the
adsorbate to its ground electronic state at, for
example, x = c. Quenching of dissociation will
prevail unless the previously accumulated mo-
mentum in coordinate X exceeds that required
for dissociation along the ground state potential.
As pointed out by MGR [13,14], this simple
model contains an interesting prediction for iso-
topically labeled systems involving light atom
gjection: since the time scale for accumulating
the required momentum is longer for the heavier
of two isotopes, the dissociation yield should
drop as the mass increases. This effect has been
observed and modeled in numerous cases [15—
18].

Antoniewicz extended these ideas, particu-
larly for ionic adsorbate states on metal sub-
strates [19]. For example, assume that the exci-
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tation involves transforming a neutral adsorbate
to an anion, e.g., electron attachment. The nega-
tive adsorbate charge will be accompanied by
an image charge of opposite sign in the sub-
strate. The attractive force between these two
charges causes the adsorbate—substrate separa
tion to shorten until either the attractive
Coulombic forces are balanced by the Pauli
repulsive forces that operate in the adsorbate—
substrate coordinate or until the anion is re-
turned (quenched) to a neutral state. During this
time, the internal coordinates of the adsorbate
can be undergoing elongation as in the MGR
model. The predictions of the Antoniewicz
model are similar to those of MGR except that
the center of mass of the adsorbate aways
moves toward the substrate. If sufficient mo-
mentum accumulates in the adsorbate—substrate
coordinate during the anion lifetime, quenching
will place the neutral ground state at a very
repulsive point on the potential energy surface
and ejection of the adsorbate (undissociated)
will follow unless there is strong coupling (effi-
cient energy transfer) to the phonons of the
substrate or to the vibrational modes of neigh-
boring adsorbates.

3. Examples
3.1. Alkyl halides

3.1.1. Overview

Alkyl halides, RX, were among the first ad-
sorbate—metal systems for which monolayer
photodissociation was shown to be competitive
with quenching [20-22]. These experiments
launched a broad range of activities in many
labs around the world. The optical properties of
the alkyl halides, e.g., CH;Br, play a key role;
the lowest lying gas phase absorption involves
excitation from a nonbonding orbital on the
halogen to an antibonding C—X orbital. In this
excited state, the C—X bond breaks on a 10 fs
time scale. It is this short time scale chemistry
that makes C—X bond breaking compete effec-

tively with the quenching by the metal. Another
property of these molecule—-metal systemsis the
potential for avoiding thermally activated bond
breaking, e.g., CH ;Br adsorbs and desorbs from
Ag(111) with negligible C—Br cleavage. Thus,
nonthermal photon and electron-induced effects
are readily distinguished.

The nonthermal chemistry, particularly pho-
ton-induced, of monoalkyl iodides, bromides and
chlorides has been extensively reviewed and
will not be repeated here [7-12,23]. The pho-
ton- and electron- driven chemistry of multi-
halogenated C, species containing fluorine have
received less attention in the surface science
community athough such species impact the
environment negatively while, at the same time,
possessing very desirable technological proper-
ties, eg., lubrication [24] and semiconductor
etching [25,26]. In polymer chemistry, low-en-
ergy electrons or UV-induced photoelectrons
are used to initiate crosslinking in fluorocarbon
polymer chains [27-29]. Here, we focus on a
prototype, namely, CF;l.

3.1.2. Properties of CF;|

Like its monohalogenated analogs, isolated
CF;l, photo-dissociates by breaking the C-I
bond on a short time scale [7-12]. Electron
interactions are even more pronounced. Among
gas phase molecules, CF;l has an enormous
electron attachment cross section, > 10~ cm?
for electrons near zero eV [30,31]. There is a
long range attractive charge—dipole force be-
tween the electron and the neutral molecule. As
the separation shortens, the lowest unoccupied
orbital of the system moves to lower energy and
readily accommodates the electron, i.e., a posi-
tive electron affinity. ® This state is dissociative,
the C—I bond ruptures and CF; and |1~ are
formed. The molecular crystal structure of CF;l
is interesting, it packs in layers in which all the
| atoms are oriented in the same direction but
from layer-to-layer aternate in an ‘up’ and

% The electron affinity of isolated CFl is 1.57+0.2 eV [32].
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CF;l as an adsorbate
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Substrate?  Activation

Key observations

Ref.

Ag(111)  Thermal

Ag(111) Electrons

Ag(111) Photons

Pt(111) Thermal

Ru(0001)  Thermal

Ru(0001)  Electrons

Ni(100) Electrons

Ni(111) Thermal

Ni(100) Thermal

Some C—I dissociative adsorption at 105 K (10% of first layer). Two parent TPD peaks at 118
and 126 K (later interpreted as two monolayer orientations™). Some thermally ejected CF,. The
only TPD products are CF; (310 K) and | (830 K). Preadsorbed atomic | inhibits dissociation.
Dosing between 80 and 85 K, multilayer TPD peak at 100 K. Electron irradiation (100 eV)
destroys multilayer with cross-section = 1.1 X 10~ ¢ cm?. For multilayer, C,F;| desorbs at 155
K, CR,l, at 180 K, and C,F; at 340 K. Atomic | inhibits C,F; but alows C,F;1 and CF, 1, to
formin first layer of CF;l.

C—I, but no C—F, bond bresking at all coverages. Wavelength dependent | ~, | and CF; gjection
from multilayers. CF; time-of-flight indicates direct and substrate-mediated processes. AT 193
nm, evidence for intermolecular charge transfer.

Nondissociative adsorption at 85 K. Multilayer TPD peak at 100 K. During TPD, significant
thermal dissociation of monolayer along two paths. C—I cleavage to form adsorbed CF; and |
and C—F cleavage to form CF, and IF. CF; radicals desorb at 625 K and atomic | at 830 K. CF,
giected as it forms (150 K).

Some C—I dissociation during dosing at 100 K. During TPD, C—I and C—F bond breaking
below 200 K. CF, desorption at 605 K and CF; at 750 K. Atomic | desorption above 900 K,
CF, at 1165 K and F at 1225 K.

ESDIAD study monitoring F*. A central beam and three different hexagonal F* patterns.
Attributed to tilted CF;, to F adsorbed at step and defect sites, to two large C, orientations and
to asmaller pattern of CF; generated by electron-induced decomposition.

Thermal dissociation during dosing or TPD; complete dissociation only at low coverages.
Parent desorption at 150 K. NiF, peak at 885 K. Atomic | desorbsat ~ 1100 K. 110 eV
electron irradiation destroys parent TPD peak with cross section of 1.5 X 10~ *6 cm?. Atomic F
dominates gjected fragments and indicates defluorination. Some CF; and CF, desorption. C—-C
bonds are formed and lead to TPD of C,, C; and C, products at 400 K. C, F; is proposed as
key intermediate.

| desorbs at 975 K, NiF, at 820 K, CF, at 780 K, parent peaks at 162 and 122 K. Large fraction
of monolayer dissociates into atomic C, | and F bound to Ni.

Approximately 90% of monolayer decomposes. CF; desorption at 316 K, parent peaks at 168
and 136 K, | at ~ 1000 K, NiF, at ~ 800 K.

[34,35] [36]

[37]

[38,39]

[40]

[24]

[41]

[42]

[43]

[44]

@Substrates all below 110 K during adsorption.

‘down’ configuration [33]. The molecular axes
are tilted with respect to the crystal axes so that
the | atom of one molecule interacts with the
CF; group it neighbor.

The thermal, electron- and photon-driven
chemistry of adsorbed CF;l have been studied
on several substrates—Ag(111), Ni(100),
Ni(111), Ru(001) and Pt(111). Table 1 summa-
rizes the experiments and observations.

3.1.3. Thermal chemistry on Ag(111)

Of the metals, Ag(111) exhibits the least
capacity for thermal activation and has been the
focus of work in our lab. For adsorption be-
tween 84 and 90 K, the first layer is saturated at
a CF;l-to-surface silver atom ratio of 0.30, here

this is defined as 1 ML. * Of this, 0.10 ML
dissociates, forming CFy(@ and I(a), and the
remainder is molecularly held. For 6 < 0.50 ML,
the nondissociatively adsorbed CF;l is oriented
with the C—I bond paralel to the surface, while
at higher coverages all the CF;l reorients with
the C,, axis tilted toward the surface normal.
Upon heating, there is some additional dissocia-
tion. Multilayers desorb at 100 K, two orienta-
tions in the first layer desorb at 110 and 128 K.
When dissociation occurs the iodine is retained

“In the cited references, quoted coverages are sometimes nor-
malized to the surface atom density of Ag(111). Multiply the
numbers quoted in those papers by 3.33 to convert to values
quoted here.
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but some of the CF; is gected, depending on
the CF;l orientation. Retention occurs for low
coverages, where the CF;l adsorbs with the Cj,
axis paraléel to the surface [45].

3.1.4. Photochemistry of CF;1 on Ag(111)

Detectable photochemistry of adsorbed CF;l
occurs at al coverages from submonolayer
through multilayers thick enough to remove all
interactions with the underlying metal. One of
the very interesting properties of the CF;l—
Ag(111) system is the observation of 1~ ejec-
tion during irradiation, but only in multilayers,
Fig. 2. The coverage dependence is strongly
dependent on wavelength (248 vs. 193 nm). For
both wavelengths, no |~ is detected below
monolayer coverage. For higher coverages up to
about 3 ML, the yield grows nearly linearly and
is ~ 10-fold larger a 193 nm. Above 3 ML, the
yield at 248 nm decays sharply while that at 193
nm continue to rise approaching saturation be-
tween 5 and 10 ML.

These results are described using two chan-
nels for the formation of |~. The first,
substrate-mediated charge transfer, is important
a both wavelengths and occurs only near the
interface, <3 ML. The yield at 248 nm drops
above 3 ML because substrate-mediated events

3.0

2.5F

I" Yields

2 4 6 8 10
Coverage (ML)

Fig. 2. Ejected |~ yield accompanying 193 nm and 248 nm
excimer laser excitation of CF;1 on Ag(111) as a function of CF;l
coverage. The coverage axis is defined in terms of the amount of
CF;l required to cover the Ag surface (from Ref. [38]).

are attenuated by inactive overlayers of CF;l.
The second channel, important only at 193 nm,
is independent of the substrate. Charge transfer
within a (CF;l), complex is proposed. Schemat-
icaly,

hv + CFil + CFl —# {CF3l " CRyI" )
|—> CE+1"

+e” —p CFyl

where {CF;1* - - - CF,;1 7} denotes a molecular
charge transfer complex. Process la will in-
crease with CF;l coverage until both the short-
and long-range effects of the Ag substrate be-
come negligible and until the |~ escape depth is
exceeded. Direct evidence for process (1b) is
lacking. Photoionization, followed by electron
capture, is ruled out on energetic grounds (the
ionization potential of CF;l, 10.23 eV, exceeds
the photon energy, 6.4 eV).

The anionic portion of the ion pair CF;l™*
-+ - CR;l ™ is very dissociative [46-50]. In fact,
the dissociation is known to be ‘impulsive,
with the magjority of the excess energy deposited
into the trandational energy of the fragments.
This enables measurable desorption of 1~ even
though the polarization force between | = and its
image charge in the metal must be overcome.
Unlike substrate mediation, where only one CF;|
molecule is required, process (1) requires clus-
ters. Upon direct excitation of such donor—
acceptor clusters, an electron is directly excited
from the HOMO of the donor molecule to the
LUMO of the acceptor molecule. The plausibil-
ity of the idea has been established in recent
calculations [51].

In addition to |-, neutra CF; and | are
detected by TOF, confirming photodissociation
of the C—I bond. The tempora distribution of
CF; is noteworthy and can be adequately de-
scribed as the superposition of two channels.
The first, a broad, low velocity peak, varies
with wavelength and coverage, just like I ~, and
is attributed to the CF; produced in reaction
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(1a) [38]. The second channel, detected as a
higher velocity peak, is attributed to direct pho-
todissociation of CF;l. At 248 nm, where direct
absorption involves A band (5pm—a, o
transition) excitation, gas phase dissociation
produces two electronic states of the atomic |
[52-54]:

CF,l + 248nm — CF, + 1(°P, ) (2)
CF,l +248nm — CFy + 1" (*P, , | (3)

The energy disposal in these two reactions leads
to two fast CF; peaks, that from Eq. (2) being
faster than that from Eg. (3). Confirming the
role of direct dissociation of adsorbed CF;l at
248 nm, we find two peaks in the fast portion of
the CF; TOF spectra [38], Fig. 3. Similar evi-
dence for direct photodissociation has been re-
ported by Garrett et al. [55] using CH,l on
insulator substrates.

The evidence for adsorbate—substrate cou-
pling makes alteration of the substrate become
interesting. For the CF;1-Ag(111) system, we
have followed two strategies: (1) place a photo-
chemically inert spacer layer (hexane) between
the metal and the substrate, and (2) cover the
Ag(111) with an ordered overlayer of atomic I.
The effect of hexane is to inhibit the influence

TOF Intensity

0 100 200 300
Time (us)

Fig. 3. Time-of-flight distributions measured for CF; radicals
gected from a 3 monolayer coverage of CR;l during 248 nm
pulsed laser excitation. The time-of-flight distribution is ade-
quately fit by three modified Boltzmann distributions. The two
fastest distributions correspond to direct photolysis forming ground
state and electronically excited | (see text) (from Ref. [38]).
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Fig. 4. Time-of-flight distributions for CF; radicals ejected during
193 nm irradiation of monolayer CF;| adsorbed over a monolayer
of hexane or atomic I.

g
250

of Ag on CF;l. In these experiments—~ 25
ML hexane + 2 ML CF;l,—I " is gected at 193
but not 248 nm confirming a role for direct
absorption a 193 nm and the dominance of
substrate-mediated |~ production at 248 nm
[39,56].

The effects of atomic | on the yield of low
velocity (charge transfer mechanism) CF; are
very interesting (Fig. 4)[57]. Controlled | cover-
ages were produced by either thermal- and/or
photo-dissociation CH;l and subsequent re-
moval of residual parent and CH, at higher
temperatures ( ~ 450 K) [58,59]. For iodine cov-
erages below first-layer saturation, the photoin-
duced charge transfer dissociation follows the
substrate work function change; the yields de-
crease as the work function increases. However,
for higher | coverages, the opposite occurs; the
work function continues to increase but the
yield of CF; increases. This increase is substan-
tial and reaches as much as 20—30-fold when
the total | coverage increases to 10 layers or
more. At this coverage, the low-velocity compo-
nent of the CF, TOF distributions (charge trans-
fer) is about eight times larger than the high-
velocity component (direct photodissociation).



80 J.M. White / Journal of Molecular Catalysis A: Chemical 131 (1998) 71-90

This enhancement depends on the wavelength;
it is observed at 193 and 248 nm, but not at 308
nm [57].

For a surface reaction mediated by hot sub-
strate carriers, increasing the work often reduces
the yield [60]. This observation is generaly
attributed to the smaller number of hot carriers
that have sufficient energy to reach and attach
to the adsorbate. While this will account for the
lower yield found here at low coverages of |,
other means must be found to account for the
rising yield at higher | coverages.

We propose that the enhancement is related
to the increased charge transfer excitation within
an adsorbate/surface complex formed between
| and CF;l. With this model, although the work
function increases with |, and lowers substrate-
mediated charge transfer, excitation of the pro-
posed | /CF;l complex, which depends on local
properties can still occur and account for the
enhanced yield.

lodine is a known charge-transfer agent; its
ionization energy is much smaller than the CF;l.
We assume that 193 and 248 nm, but not 308
nm, photons can promote an electron from the
HOMO of the complex, localized on atomic I,
into the LUMO of the complex, antibonding in
the C-l coordinate and largely localized on
CF;l. This transition can lead to C-I bond
cleavage. This charge transfer reaction, in which
atomic | or molecular I, plays the role of the
substrate, differs from conventional substrate-
mediated charge transfer reactions in that the
excitation and charge transfer is a localized, we
could say, direct, excitation. For conventional
substrate-mediated charge transfer paths, i.e,
most metal or semiconductor substrates, delo-
calized charge transport and relaxation pro-
cesses intervene between nascent hot carrier
excitation and adsorbate excitation.

3.15. Electron chemistry of CF,1 on Ag(111)
Contrasting to the photochemistry on Ag(111)
where C—I| bonds are broken selectively, thereis
clear evidence for much less selectivity when
electrons are used to activate adsorbed CF;l.

Both C-I and C—F bond breaking occurs on
Ag(111) [37], Ni(100) [42,44] and Ru(0001)
[41]. Jensen and Thiel studied the thermal and
electron-induced chemistry of CF;l on Ni(100)
[42,44]. Thermal activation led to C—I and C—F
bond breaking at low coverages, but near-
saturation CF; desorption began in TPD as C-F
cleavage became inhibited. Electron-induced
chemistry involved C—I and C—F bond scission
with a cross-section of the order 10~ cm?
CF, I, species desorbed at 200 and 240 K; there
was evidence for radical (CF) and molecular
(CF,) desorption at 250 K and CF, desorption at
350 K. For the first time, carbon—carbon bond
coupling of adsorbed fluorocarbons was aso
seen in the form of C,F;l, C,F;, C;F;, C,Fg
and C,F; desorbing from 340 to 500 K. Fig. 5,
based on Jensen and Thiel’s work, illustrates.
Clearly, this electron-driven chemistry proceeds
with a large cross section and is not selective.
For Ag(111) the conclusions are similar [37].
After electron irradiation there is C,F;, CF,l,
and C,F;| desorption. Reflection absorption in-
frared spectroscopy (RAIRS) suggests that ad-
sorbed CF,l, has C,, symmetry with both |
atoms bound to Ag. C—C coupling to form C,F;
is attributed to insertion of CF,” or CF,, formed

Intensity (Arbitrary Units)

300 400 500 600
Temperature

Fig. 5. Desorption of C,, species after electron irradiation of CF;l
on Ni(100). Modified version of Fig. 12 from Ref. [42].
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by impact ionization of parent, into previously
formed CF;. At 2.5 ML, the cross section for
loss of CF;l by all removal processes is 1.1 +
0.2 X 107'® cm?, while that for CF,l, forma-
tionis ~ 10~ cm?

The post-irradiation TPD spectra for elec-
trons and photons have several qualitative simi-
larities. Loss of parent CF;l molecules is ob-
served as well as reduction of the thermally
formed 300 K CF; radical peak. A new lower
temperature CF; radical peak, attributed to CF;
desorption from sites destabilized by 1(a), is
seen for both types of excitation. For photon
irradiation, however, only C—l bond cleavage is
observed, while 100 eV €lectrons cleave both
C—I and C—F bonds, as evidenced by CF,l,
formation. C—F bond breaking in the photo-
chemistry experiments is not expected; direct
absorption of 248 and 193 nm photons is a
5pll * — o * transition that induces dissocia
tion of the C—I bond. The photoelectrons that
are produced, < 2.4 eV, do not have sufficient
energy to access the 3.8 €V C—F bond breaking
resonance. Another important difference is C-C
coupling; neither C,F;, nor C,F;l is observed
following photon irradiation. C—F bond break-
ing is required to form both of these products
and does not occur upon photolysis or subse-
guent relaxation.

3.2. Qulfur dioxide

Among the systems we have studied, SO,—
Ag(111) exhibits the most interesting depen-
dence of parent photodesorption on preparation
method. We focus on that topic here and smply
summarize some of the other fascinating details
of the photodissociation and photon-driven bi-
molecular reactions.

As for many adsorbates, there is negligible
thermal dissociation when SO, is adsorbed at
100 K and subsequently desorbed [61,62]. TPD
spectra exhibit evidence for local structura al-
terations as adsorbates accumulate, i.e., previ-
ously adsorbed SO, tends to change its structure
as more SO, is added. What has been termed a

‘compressed layer’ desorbs at 155 K after satu-
ration of a peak at 176 K (defined as mono-
layer). Thick multilayers desorb with a peak
near 130 K that moves, typical of zero-order
kinetics, to dlightly higher temperature as the
layer thickness increases [62,63].

To summarize, the surface photochemistry,
like the gas phase counterpart, is very complex
and exhibits wavelength and coverage-depen-
dent properties. In the gas phase, SO, exhibits
wavel ength-dependent UV photochemistry (uni-
molecular and bimolecular excited state reac-
tions) and photophysics (photon emission) [64—
71]. There are no one-photon electronic transi-
tions in SO, for energies less than 3.2 eV.
These various processes occur with different
characteristic lifetimes and probabilities; for ex-
ample, photodissociation along a very repulsive
surface is intrinsically faster than a bimolecular
reaction between ground state SO, and a triplet
excited state of SO,. The latter is often formed
by excitation to a singlet state and conversion to
a triplet state. For adsorbed SO,, these time
scale variations are reflected in the coverage
dependence. As outlined in the literature, thicker
layers of SO, or inert spacer are required to
observe events that require longer-lived elec-
tronically excited SO,. Roughly, there is no
chemistry, other than parent desorption in
monolayers, unimolecular processes begin to
emerge for two or three layers and a bimolecu-
lar reaction leading to SO, is only observed
after five layers are present.

Likewise, for coverages up to one monolayer,
the only electron stimulated desorption (ESD)
process is parent desorption, which has a cross-
section of 3.6+ 0.8 x 10~ cm? using 54+ 1
eV electrons [72] This ESD process has an
electron energy threshold of 18.0 + 1.0 eV cor-
responding to ionization of the 6a, molecular
orbital of adsorbed SO, [73-76]. This threshold
is high enough to rule out any important contri-
butions from known low-energy electron attach-
ments in isolated SO, [77,78]. For coverages
greater than one monolayer, ESD is accompa
nied by electron-induced decomposition (EID)
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and the total cross-section for loss of SO, is
~ 10~ ® cm?, independent of coverage up to 8
ML. The difference between chemisorbed and
physisorbed layers is attributed mainly to
metal-induced quenching of electronically ex-
cited adsorbates, which is less important for
those SO, molecules further from the metal.

3.2.1. Local orientation

We now turn to the influence of the prepara-
tion method on the simplest process—parent SO,
photodesorption. Near the surface, this process,
for which there is no direct gas phase analog,
makes a major contribution above a threshold
photon energy, 2.3 €V [62], which lies 0.9 eV
below the gas phase photon absorption cutoff.
This is taken as evidence for substrate-mediated
charge transfer to form SO, the desorption of
which illustrates operation of the Antoniewicz
mechanism; when the electron is recaptured by
the substrate, the SO, finds itself in a repulsive
configuration with respect to the substrate and is
gjected. This process, like cocking and trigger-
ing a gun, leads to photodesorption. For multi-
layers thick enough (>3 ML) to remove the
influence of the substrate, SO, photodesorption
is initiated by direct excitation. One operative
mechanism is similar to the ‘caging’ observed
in liquids, where the electronic excitation re-
laxes into the trandational modes of nearby
solvent [70,71,79,80].

Fig. 6 makes one of the mgor points; the
adsorbate preparation temperature has an enor-
mous impact on the desorption yield of SO.,.
These yields were determined from integrated
SO, time-of-flight (TOF) distributions, two of
which are shown in the inset. If 0.97 ML is
dosed at 160 K and then cooled to 100 K for
photodesorption, the TOF signal is 10 times
larger than if the dosing and irradiation are done
at 100 K. But the translational energy distribu-
tions are characterized by the same temperature,
650 + 50 K. As shown by the circles and trian-
gles, this distinction does not disappear until the
coverage reaches about 2.5 ML. For the lower
curve, adsorption and photolysis were done at

| Fixed initial coverage
50 5 ML

P

Dose at 160 K

Flux

40| y \ L .
Dose at 100 K

30 | ® . ~
A 0 400 800
1.35 ML Time (s)

20t

Integrated SOo Photodesorption Yield
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0.0 1.0 2.0 3.0
Coverage (ML)

Fig. 6. Integrated time-of-flight signals for photodesorption of
SO, from Ag(111) as a function of coverage. Monolayer coverage
is defined in terms of saturation of a TPD peak attributable to SO,
bound to Ag. Open triangles correspond to doses and irradiations
carried out at 100 K. The upper curve involves annealing the first
layer to 160 K (see text). The inset depicts time-of-flight distribu-
tions for 0.97 ML of SO, prepared by dosing and irradiating at
100 K (low intensity) and by doing at 160 K and irradiation at 100
K (high intensity) (from Ref. [63]).

100 K. For the upper curve, some annealing was
involved in the preparation, but the photodes-
orption was done at 100 K. Submonolayer cov-
erages were dosed at 160 K, monolayer (1 ML)
and compressed monolayer (1.35 ML) cover-
ages were prepared by flashing 2.5 ML SO, to
160 K and 130 K, respectively. Even higher
coverages were produced by dosing SO, on top
of the annealed monolayer surface. We attribute
these yield differences to the detailed structure
of the adsorbed SO, with respect to the Ag. In
separate TPD experiments [63], we showed that
dosing at 100 K produces a metastable adsorbed
structure. Apparently, this structure is not as
readily excited as the equilibrated structure pro-
duced at 160 K.

Turning to the upper curve, annealed adsor-
bates, the formation of a compressed monolayer
between 1 and 1.35 ML drastically decreases
the photodesorption yield (more than threefold
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with an increment of 0.35 ML). This is at-
tributed to a structural rearrangement of the
SO,. TPD and SO, adsorption on iodine-
covered Ag(111) demonstrate that the com-
pressed monolayer is in intimate contact with
the substrate, and that there are strong indica
tions of adsorbate restructuring upon formation
of the compressed monolayer [62,63]. As a con-
sequence of this restructuring, the photodesorp-
tion yield decreases. That the difference disap-
pears above 2.5 ML is taken as evidence that
substrate-independent processes are taking over.
Not shown, the coverage dependence above 3
ML continues to rise sharply up to about 7 ML,
above which, saturation is slowly approached
up to 12 ML, the highest coverage tested. This
high coverage behavior is attributed to direct
excitation followed by the collisional energy
exchange processes described above. Saturation
occurs when the escape depth of excited SO, is
reached.

It is not surprising that substrate-mediated
hot electron tunneling into the empty SO, or-
bitals is sensitive to molecular orientation. As-
suming Franck—Condon electron transfer from
Ag to SO, (i.e, during the time required for
electron transfer, the nuclel do not move), the
transition probability that connects the initia
and final states will depend on the instantaneous
configuration of the participating atoms and their
vaence (filled and empty) electron orbitals.
Variations with local structure of the Franck—
Condon factor can account for order of magni-
tude variations in the excitation probability and,
thus, the desorption probability. It is interesting
that the thermodynamically stable monolayer
structure is more active than the metastable
state. This may not be coincidental, because the
thermodynamically most stable state selects the
optimal ground-state orbital interactions be-
tween the SO, and Ag(111). According to UPS
and A® measurements [62,63], and theoretical
calculations [81], SO, in its most stable config-
uration is adsorbed through S at an atop-Ag site;
there is net transfer of electron density from the
substrate into the 3b, orbital of SO,; and the

lowest unoccupied orbital, very important for
electron attachment, is 6b,.

3.3. Adsorbed hydrocarbons

To develop an atomic level description of
heterogeneous metal-catalyzed reactions, very
labile intermediates are often proposed. It is of
interest to isolate and study the proposed inter-
mediates in order to verify their structure and
reactivity. As noted in Section 2, nonthermal
routes offer one means of doing so. In this
section, we focus on hydrocarbon intermediates
of catalytic interest.

3.3.1. Methane on Pt(111)

3.3.1.1. Adsorbate and substrate properties.
Methane, the simplest saturated hydrocarbon,
provides interesting comparisons of photon- and
electron-induced surface chemistry. Pt(111) has
been used for both. Compared to other metals,
platinum possesses intermediate ability to acti-
vate chemical bonds. Compared to the coinage
metals, it is much more active but, with respect
to Fe, Ru and early transition metals, it is less
active. Thus, it activates some but not all bonds
and reassembles the fragments into products
that can be desorbed leaving Pt atoms exposed
for another reactant-to-product cycle. This be-
havior is one key reason for its widespread use
in heterogeneous catalysis. Adsorbed CH, is
weakly and reversibly held on Pt(111); mono-
layers desorb between 70 and 80 K while multi-
layers desorb between 40 and 50 K [82]. This
weak ground-state attraction to Pt is nonetheless
important as we show below. For isolated CH,,
there are no low-energy electron attachment
states, and the lowest energy optically accessi-
ble excited electronic state lies deep in the
vacuum ultraviolet (< 145 nm) [83]. Optical
excitation into the lowest excited state leads to
C—H bond breaking.

3.3.1.2. Qurface photochemistry. Based on the
above information, it is not surprising that ultra-
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violet irradiation of adsorbed layers with wave-
lengths > 250 nm leads to no evident chemistry
(D.J. Alberas-Sloan, JM. White, unpublished).
It is striking, however, that irradiation of mono-
layer CH , with 193 nm photons produces CH 5,
and H, and is characterized by a non-negligi-
ble cross-section of order 10~° cm? [84]. There
is good evidence that only CH , in direct contact
with the metal is involved; there is strong inhi-
bition if alayer of Xe lies between CH, and Pt.
These results evidence the importance of cou-
pling between the adsorbate and substrate elec-
tronic states (see below). One note of contrast:
in analogous experiments in which cyclo-
propane, C,H 4, adsorbed on Pt(111) was irradi-
ated with 193 nm radiation, the cross-section for
loss of parent was less than 102! cm? [85].

First-layer symmetry changes are significant.
Isolated CH , has T, symmetry, highly symmet-
ric. In the first layer, this symmetry is lowered
to C,,, detectable using reflection absorption
infrared spectroscopy (RAIRS) [86]. In C,,
electronic degeneracies are lifted and the ener-
gies of some electronic states increase while
others decrease. These considerations apply to
both occupied and unoccupied states.

In this system, absorption occurs mainly in
the metal and energetic electrons are produced.
These cannot account for the observed chem-
istry for the following reasons: (1) in the direct
electron irradiation studies (see below), there is
no evidence for dissociative chemistry below 10
eV [82]. Thereis evidence for a resonance at 2.5
eV in solid films of CH, [87] and a conduction
band located between —0.2 and 2 eV with
respect to the vacuum level [88], but there is no
evidence for dissociative chemistry associated
with these excitations.

Thus, the most likely interpretation of the
photochemistry is as follows: CH, in direct
contact with Pt(111) possesses an electronic
structure due to mixing of CH, and Pt orbitals
that makes direct excitation of the adsorbate—
substrate complex energetically accessible. The
initial and final electronic states, while still
dominated by CH, character, contain non-

negligible Pt character. CH, not in contact with
Pt and CH, surrounded by fragments is less
strongly adsorbed and retains T, symmetry and
is not excited.

3.3.1.3. Surface electron chemistry. Fig. 7 shows
how 50 eV electrons changed the character of
the subsequent methane TPD spectra. In each
case, 1 ML of CH, was dosed on a Pt(111)
surface at 55 K and then exposed to the fluence
of electrons indicated in the figure [82]. The
uppermost curve, no electron irradiation, shows
a single methane desorption sharply peaked at
78 K. This 78 K desorption feature decays
rapidly, nearly vanishing after an exposure of
9.2 X 10™ electrons cm 2. A new peak appears
a 250 K and, based on independent work
[89,90], is attributed to hydrogenation of surface
methyl groups. The small signal around 150 K
is a background effect. The cross-section for
decay of the 78 K CH, peak is of order 10~ ¢
cm?, three orders of magnitude larger than for
6.4 eV photons. As the incident electron energy
is lowered, the cross-section drops and has an
extrapolated threshold near 8 eV. For compari-
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Fig. 7. Effect of electron irradiation on the TPD of monolayer
CH, adsorbed on Pt(111) (from Ref. [82]).
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son, the first ionization potential of CH, is 13
ev.

These results have been interpreted as fol-
lows. Incident electrons directly excite electrons
in orbitals localized on the adsorbed CH,. This
leads to electronic excitations to form both neu-
tral and ionic states of adsorbed CH , that disso-
ciate in competition with quenching. From a
synthesis perspective, there are two important
results. First, so long as the fluence is con-
trolled, the process is very selective, breaking
only one C—-H bond to form strongly
chemisorbed H and CH,. Second, the primary
product, CH,, is very stable with respect to
further electron-induced degradation; the cross-

section for removal is less than 10~%° cm?.

3.3.2. Cyclohexane on Pt(111)

In a related work also exhibiting selectivity,
cyclohexane adsorbed on Pt(111) and Sn-
covered Pt(111) was irradiated with 50 eV elec-
trons [91,92]. The cross-section for loss of
monolayers was negligible, < 108 cm?. How-
ever, multilayers were destroyed with a cross-
section of order 10~ ** cm? and the dominant
retained product was cyclohexyl bound to the
metal. Two possible paths leading from multi-
layer cyclohexyl to chemisorbed cyclohexyl
were suggested—(1) migration of cyclohexyl
out of the multilayer displaces cyclohexane at
the Pt surface and (2) cyclohexyl abstracts H
from cyclohexane located at the Pt surface. To
distinguish between the two, cyclohexane was
adsorbed over a chemisorbed layer of n-butane.
Chemisorbed cyclohexyl was formed, and there
was no evidence for H-abstraction by cyclo-
hexyl to leave chemisorbed butyl species.

Compared to monolayer methane, monolayer
destruction of cyclohexane occurs much less
readily. Since the electron excitation cross-sec-
tion will be at least as large, and likely larger
for cyclohexane, we ascribe this difference to
the quenching portion of the overall process. It
appears that, for monolayers, the guenching of
CgHi, is much more competitive with C—H
bond breaking than in the case of CHj.

3.3.3. Benzene on Ag(111)

3.3.3.1. Photons. Even though benzene absorbs
[93], no photoeffects were observed with ultra-
violet light from a high-pressure Hg arc lamp
(< 5.3 eV photon energy). This is attributed to
the relatively long times involved in the pho-
todissociation of benzene. Bound excited states
are involved, as in curve C of Fig. 1, making it
more difficult to compete with substrate quench-

ing.

3.3.3.2. Electrons. The interaction of electrons
with C¢H adsorbed on Ag(111) illustrates the
feasibility of bond selective chemistry in weakly
chemisorbed layers [93,94]. On Ag(111) at 100
K, C¢Hg adsorbs molecularly, and it desorbs
between 208—220 K with no decomposition [93].
After exposure to electrons, only C,,H,, and
H, are observed as reaction products in TPD,
indicating selective decomposition of CgHg
(Fig. 8). By irradiating C4Dg with electrons,
heating to 300 K to remove parent benzene, and
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after cooling to 100 K, dosing with iodobenzene
(CgHs!) we demonstrated that biphenyl was not
formed during electron irradiation or heating to
300 K; the resulting TPD spectrum (Fig. 5) was
dominated by C,,H;D;, not C;,D;,. The de-
composition cross-section is of the order 10~/
cm? between 30 and 50 eV. Since the EID
threshold is > 11 eV, an electron impact ioniza
tion process, i.e, CgHq @ — C,H{(@ —

CeH (@ + H(a), was proposed. Electron impact
ionization occurs above 9 eV [95,96].

The selectivity indicatesthat C4H () is much
less vulnerable to electron-induced decomposi-
tion, i.e., compared to the parent ion, C;H¢ (a),
neutralization of ionized product CsHZ(a), is
significantly faster because of stronger coupling
to Ag. As a result, C—H and C-C dissociation
of CgH(a) occurs with relatively low probabil-
ity compared to C—H dissociation of C4H 4(a).

3.3.4. Ethylene on Ag(111)

After electron irradiation of 1 ML of C,H,
on Ag(111), the only TPD reaction products are
H, (m/e=2) a 197 K [97] and C,H4 (1,3
butadiene, m/e=54) at 325 K [94]. There is
good evidence that vinyl, C,H,, is the only
hydrocarbon precursor formed, and it leads to
C,Hg by recombination. The reactions of vinyl
with methyl and ethyl fragments, derived from
thermal dissociation of CH,l and C,H¢l [98],
lead to propene and butene, respectively. As for
methane, cyclohexane and benzene, the selectiv-
ity for breaking one C—H bond is quite high.
Other experiments show that the vinyl fragment
C,Hy,), is very stable with respect to electron-
induced decomposition. Thus, on Ag(111) it is
possible to prepare spectroscopically significant
concentrations of adsorbed vinyl species in the
absence of other coadsorbates—dose ethylene,
irradiate with low-energy electrons, warm (~
300 K) to remove residual parent and H, and,
finally, cool to 100 K for further experimenta
tion.

3.3.4.1. Ethane on Pt(111). By contrast with the
selectivity of these experiments, the formation

of C,H, from C,H, adsorbed on Pt(111) is
much less selective; there is evidence for both
C—C and C-H bond breaking induced by elec-
trons (D.J. Alberas-Sloan, JM. White, unpub-
lished).

3.4. Methyl nitrite on Ag(111)

The therma chemistry of methyl nitrite,
CH,ONGO, is simple; it adsorbs molecularly at
93 K to form monolayers and multilayers which
desorb at 122 and 103 K, respectively [99]. °
Infrared measurements indicate a coverage-de-
pendent molecular orientation in the first mono-
layer. Near saturation, the C plane of CH,ONO
lies near the surface normal and the internal
N—O bond is tilted about 45° with respect to the
surface normal [100].

The surface photochemistry induced by ultra-
violet radiation is very selective for breaking the
internal N—O bond to form adsorbed methoxy,
CH O, and eject NO [99]. The cross-section is
wavelength-dependent and of the order 10718
cm? between 193 and 350 nm. Using pulsed
excimer laser radiation at 248 nm and angle-re-
solved detection of NO, there is fast NO which
peaks 23 + 10° away from the surface normal
[101]. This is qualitatively consistent with the
orientation calculated from the infrared results,
and supports a mode! involving direct CH,;ONO
photo excitation followed by the prompt disso-
ciation of CH;ONO aong a very repulsive tra-
jectory. There is a slower NO gjection channel
that probably contains species formed by elec-
tron attachment.

The surface chemistry induced by 50 eV
incident electrons is aso dominated by N-O
bond cleavage, but with an effective cross-sec-
tion two order of magnitude higher than for
photons, ca. 10~ cm? [99]. The electron-driven
process is less selective than the photochem-

® Ref. [99] gives dlightly different monolayer and multilayer
peak temperatures. The revised peak temperatures were assigned
(see Ref. [100)) using data in which the base substrate temperature
was lowered to 93 K. This allowed the multilayer to be more fully
developed.



J.M. White / Journal of Molecular Catalysis A: Chemical 131 (1998) 71-90 87

istry, i.e, measurable amounts of C—O and
C—H bond breaking occur.

From the perspective of cataytic chemistry,
irradiating the CH,ONO—-Ag(111) system with
photons provides a clean route to adsorbed
methoxy. Adsorbing a monolayer of CH;ONO,
irradiating with photons and annealing to 150 K
leaves methoxy species. Future experiments will
characterize these species structurally and kinet-
icaly.

3.5. Other systems

Space precludes detailed discussion of nu-
merous other metal—adsorbate examples includ-
ing work that focuses on physical aspects rather
than chemical reactions. For example, thereis a
large body of low-energy electron activation
work on many adsorbates in which the focus is
on the excitation events, including ion forma
tion [102—107]. But there is also an additional
number of adsorbate—substrate systems for
which the reaction channels have been explored
using both photons and electrons. These in-
clude, among others, Fe(CO) on Ag(111) [108],
NH, on Pt(111) [109-111] and Ag(111)
[112,113], CH,COCOCH, on Ag(111)
[114,115], NF; on Ag(111) [116], CH,COCH,
on Ag(111) [117] and CH,OH on Ag(111) [118].

4. Summary

Nonthermal excitation of adsorbate—substrate
systems with photons or electrons is arich area
of surface chemical science. The chemical rich-
ness is demonstrated by the examples used here.
As exhibited by the adsorbed hydrocarbons and
methyl nitrite, electron irradiation sometimes
very selectively breaks a single bond. Weakly
adsorbed hydrocarbon monolayers are good
candidates, particularly when C—H fragmenta
tion forms strongly chemisorbed fragments.
Compared to the weakly held parents, these
strongly chemisorbed fragments are much less
susceptible to electron-induced dissociation,

probably because quenching of excited frag-
ments is much faster. Another displacement
synthesis strategy, illustrated by the work on
cyclohexane, emerges when the first layer does
not readily dissociate because of rapid quench-
ing. Electron irradiation of multilayers may se-
lectively break a C—H bond and the resulting
hydrocarbon radical, making use of its high
chemical potential, can displace weakly held
monolayer parent.

The contrast between photon and electron-
driven processes is interesting. Electrons with
energies high enough to ionize or dissociate the
adsorbate, exhibit cross-sections that are typi-
caly two orders of magnitude or more higher
than for photons up to 6.4 eV. This underscores
several important points. First, the distribution
of nascent excited states differ; unlike photons,
the incident electrons used here deliver much
higher energies and, thus, access many more
possible reaction channels. Particularly impor-
tant among these are impact ionization, as in
conventional mass spectrometry, and direct ex-
citation to very highly excited neutral states of
the adsorbate. For photons, direct excitation is
typically limited to one, or a few, low lying
excited electronic states of the adsorbate; for
example, an electronic excitation from the high-
est lying occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital
(LUMO).

Second, incident electrons and photons both
couple to the metal substrate and scatter inelas-
tically through electron-hole pair excitations.
These adsorbate-independent hot carriers scatter
and, with some probability, migrate to the
metal—substrate interface where they can attach
to the adsorbate and promote nonthermal chem-
istry, eg., CF;l on Ag(111). The scattering is
very strong so the distribution of arriving carri-
ers will be dominated by low-energy species
with energies just above the Fermi level and
faling away exponentialy towards the maxi-
mum dictated by the energy of the incident
photon or electron. Since electron attachments
depend on resonances with the adsorbate, the
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intensity and the energy distribution of the arriv-
ing secondaries will impact the cross-section. In
addition, the cross-section will be strongly in-
fluenced by overlap of the empty adsorbate
orbitals with metal orbitals populated with hot
carriers. This overlap will depend on the local
position and orientation of the adsorbate with
respect to the metal atoms. As a result, and
illustrated by the SO,—Ag(111) system, the
method of preparing a fixed adsorbate coverage
must be examined. Such secondary, metal-medi-
ated processes, must always be considered for
both photon- and electron-driven processes.

Adsorbate orientation, often coverage depen-
dent, is reflected in other aspects of nonthermal
chemistry. This is illustrated by the angular
distribution of gjected NO that peaks well away
from the surface normal when CH;ONO on
Ag(111) undergoes direct excitation.

Multilayers often exhibit unique nonthermal
chemistry reflected in events monitored at the
adsorbate—vacuum interface. This is illustrated
by CF;l that shows substrate-independent wave-
length-dependent photochemistry, gjection of | ~,
which requires involvement of multiple adsor-
bate molecules and cannot be attributed to sin-
gle molecule excitation.

Of relevance to heterogeneous catalysis, non-
thermal methods of activation provide potential
selective avenues to catalytically interesting in-
termediates. From this starting point, detailed
spectroscopic and kinetic characterization stud-
ies of these intermediates become possible.
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