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Photochemistry of adsorbed molecules. V. Ultraviolet photodissociation of

OCS on LiF(001)
K. Leggett,® J. C. Polanyi, and P. A. Young®

Department of Chemistry, University of Toronto, Toronto M5S 141, Canada

(Received 4 August 1989; accepted 2 May 1990)

Dynamical studies of the UV photochemistry of submonolayer coverages of OCS physisorbed
on 116 K LiF(001) are presented. Following pulsed ultraviolet laser irradiation (A 222 nm),
translational energy and angular distributions were obtained for photolysis products by
angle-resolved time-of-flight mass spectrometry. Photolysis of adsorbates gave rise to
distributions which differed markedly from gas phase photodissociation. Energetic sulphur
and CO fragments were detected for coverages >10~> monolayers. The cross section

for photolysis in the adsorbed state was enhanced 10°~10%X relative to the gas phase. The
dynamics for these photoprocesses were found to vary with adsorbate coverage, indicative

of a catalytic influence of the surface on the photochemistry.

[. INTRODUCTION

The possibility of inducing photochemical processes
within adsorbed layers by laser irradiation has attracted
substantial attention in recent years.! This interest is mo-
tivated both by the scientific importance and by potential
applications to novel-materials fabrication and microelec-
tronics.

The scientific interest arises, in part, from the observa-
tion that certain photochemical processes in adsorbed mol-
ecules may be substantially altered relative to the corre-
sponding process in the gas phase. An example in the
realm of spectroscopy is surface-enhanced Raman scatter-
ing (SERS). Adsorption of molecules on a variety of
roughened metal surfaces is found to lead to Raman scat-
tering cross sections many orders-of-magnitude (ca.
10°-10°X ) larger than those found in the gas phase.’

In the present work, a new class of surface-enhanced
process, namely surface-enhanced photodissociation, is re-
ported. A preliminary account of this phenomenon has
already appeared;’ a more detailed study is described here.
At low coverages (~ 10~* monolayers), cross sections for
OCS photodissociation at 222 nm are found to be enhanced
~10°-10*X relative to the gas phase, and are shown to
depend on adsorption site. We propose that the mechanism
involves efficient long range electronic energy transfer from
defect centers in the crystal to the adsorbed OCS. This, and
other, mechanisms are discussed below.

This paper reports dynamical studies of photochemis-
try of the linear triatomic OCS physisorbed on single crys-
tal LiF.* Energetic sulphur and CO fragments were ob-
served in good yield under 222 nm irradiation and ascribed
to the surface-aligned photodissociation (SAPDIS, abbre-
viated to PDIS) of OCS(ad). The sulphur photofragment
angular distribution peaked around the surface normal, be-
lieved to reflect the range of preferred molecular orienta-
tions on LiF(001) at 115 K. The S and CO photofragment
translational energy distributions were consistent with a

major alteration in the dissociation dynamics as compared
with the gas phase. Possible origins of the dynamical
changes will be discussed.

In two companion publications following the present
work, the photochemical channels of surface-aligned pho-
toreaction (PRXN),’ photoejection (PEJ) and photodes-
orption (PDES)6 of OCS(ad) on LiF(001) will be de-
scribed. In particular, PDIS and PRXN are strongly
correlated, since the atomic sulphur formed in PDIS serves
as a reagent for PRXN.

Ultraviolet (UV) photodissociation of adsorbates has
been reported for an increasing number of systems. Early
studies performed at substantial gas pressures above the
surface gave persuasive, though indirect, evidence for the
UV photodissociation of adsorbates.”® Since then, photo-
chemistry has been studied in high vacuum using time-of-
flight (TOF) mass spectrometry to detect photofragments
ejected from submonolayers of adsorbates on single crys-
tals of alkali halides,>!* multilayer adsorbates and poly-
crystalline ices.!*® In addition, photolysis of adsorbates
has been followed by x-ray photoelectron spectroscopy on
dielectric substrates'”!® and metals,'”!° as well as by Au-
ger electron spectroscopy on semiconductors?®® and
metals.?!

Bourdon et al.>'° and Harrison et al.,'"'* working in
this laboratory, used TOF mass spectrometry for dynami-
cal studies of adsorbate photochemistry on a LiF(001)
substrate under ultrahigh vacuum (UHV) conditions. In
studies of CH;Br(ad) photodissociation at 222 nm, the
methyl radical translational energy distribution was found
to differ from that in the gas phase; it was sensitive to
adsorbate phase and to substrate heat treatment. Substan-
tial yields of energetic bromine atoms were detected with
translational energies in excess of that observed in the gas
phase photodissociation. These energetic atoms were at-
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tributed to secondary encounters between recoiling Br and
CHj; fragments chattering to and fro between the Br and
the LiF surface.!%!!

Photodissociation of adsorbed H,S at 222 and 193 nm
produced energetic atomic H fragments with a bimodal
translational energy distribution, corresponding to recoil
from either HS(v=0) or HS'(v~2). The photolytic
branching ratio HS'/HS from adsorbed H,S was enhanced
relative to the gas phase value and was a sensitive function
of adsorption site.!!?

Tabares et al.!® studied the 193 nm photochemistry of
CH;Br on LiF(001) in a lower temperature regime (30-90
K). The translational energy distributions they observed
using TOF mass spectrometry were substantially broader
and shifted to lower energy as compared with those ob-
tained by Bourdon et al. and Harrison et al.'%!! on 115 K
LiF(001). The lower surface temperatures in the Tabares
study were thought to result in formation of three dimen-
sional clusters of adsorbate. Dissociation occurred
throughout the cluster; hence photofragments formed
within the deposit suffered multiple collisions prior to scat-
tering into the detector. This would account for the more
relaxed appearance of the photofragment energy distribu-
tions in the Tabares experiments.

Nishi et al.'* studied the photochemistry of NH; and
H,0 ices. Both single and multiphoton dissociation frag-
ments were detected using TOF mass spectrometry. Pho-
tolysis products were also detected from actinic impurities
in doped CO, crystals.!® Very recently, Kutzner and co-
workers'® used multiphoton ionization (REMPI) to study
the 266 nm photodissociation of polycrystalline
CH;I(ad) on LiF. Formation of both I and I* could be
distinguished in the velocity distribution of the CHj; frag-
ments.

Evidence is also found for UV photodissociation of
adsorbed molecules on more chemically active
semiconductor?® and metallic substrates.!”!*?*! Photolysis
of adsorbed (CH3)3A1 on A1203, SIOZ or Si/ SlOz
substrates” produced methyl fragments characterized by
low translational energies (equivalent temperatures ~ 150
K). This was attributed to a long-lived excited state com-
plex which dissipated much of the original excitation en-
ergy to the substrate. Using TOF techniques, Domen and
Chuang'”!® found dissociation of CH,I, on Ag surfaces for
coverages greater than 1 ML produced CH,I fragments
with peak translational energies ~0.12 eV.

Harrison and Polanyi®® assessed the feasibility of per-
forming crossed molecular beam experiments employing
laser irradiated adsorbates as sources. The ablated material
could be formed by any of laser photodissociation, photo-
ejection or thermal desorption.

The present study makes use of an adsorbate, OCS,
whose UV absorption spectrum has been extensively stud-
ied in the gas phase. The 4 !A—X 'S+ system near 2237
A is a broad, structureless continuum and corresponds to a
7* — 1 excitation.?*® This transition is not as strongly for-
bidden as is normally the case for a quadrupole allowed
transition of 'A—!Z* symmetry (f = 1.8 x 1073);%*
OCS bending renders these symmetry labels approximate.

Leggett, Polanyi, and Young: Photochemistry of adsorbed molecules. V

The OCS gas phase absorption cross section at 222 nm is
1.1 107" cm? per molecule.”’

The first suggestions that photolysis of carbonyl sul-
phide in the 4 — X band resulted in CO and excited state S*
(=S('D)) appeared over fifty years ago.28 Studies of the
trapping products gave a gas phase photolytic branching
ratio R = (S*/S) of ~0.75/0.25, although this value was
controversial.”® In liquid phase photolysis, excited state S*
was also formed, but with lower relative yield. This was
attributed to more efficient relaxation of the S* to the
ground state in the condensed phase or to an intersystem
crossing correlating with ground state sulphur. Irradiation
of solid OCS/propylene at liquid nitrogen temperature was
also found to produce S*, but with diminished yield.?

Joens and Bair*® evaluated the extent of CO vibrational
excitation in the 222 nm flash photolysis of OCS(g) and
determined that for the primary photolysis, the average
state in CO was v <0.25.

The 222 nm photodissociation dynamics of gas phase
OCS have been thoroughly studied by Sivakumar et al.>!
Using laser induced fluorescence (LIF), the state distribu-
tion of both the sulphur and CO fragments were measured.
Photodissociation of OCS(g) at 222 nm led to only S*; the
quantum yield of ground state S was <0.02. The photolytic
CO was produced entirely in v=0; it populated two over-
lapping rotational distributions centered, respectively,
around J=55 and 66. The gas phase translational energy
distributions can, therefore, be deduced from momentum
and energy conservation for comparison with the distribu-
tions from photolysis in the adsorbed state, as reported in
this paper.

The two “peaks” in the CO rotational distribution
arise in the gas phase from dissociation through two com-
ponents of the 'A state. As the symmetry of the molecule in
the excited state is reduced from C_, (linear) to C, (bent),
the 'A state splits into !4’ and '4” components. The rela-
tive contributions from the ‘4’ and '4” states determine
the product CO rotational state.’! Dissociation leading to
CO (high J) occurs principally through the '4’ state. Fur-
ther, the angular distribution of the CO (high J) is sharply
peaked along the laser polarization direction. Hence, the
moment for the A’ transition is parallel to the C-S bond,
while for the A" transition, the moment is perpendicular to
the plane of the OCS molecule.

The 222 nm photolysis of OCS(ad) on LiF(001) pro-
ducing energetic sulphur and CO fragments is described in
this paper. In the following paper, we report the surface-
aligned photoreaction (PRXN) of the atomic sulphur
photofragment with co-adsorbed OCS(ad) to produce S,.
Reaction occurs in good yield. Two distinct reaction dy-
namics are evidenced in the S, translational energy
distribution.*> The observed changes in the PRXN trans-
lational energy distribution with increased coverage are
likely to reflect an altered reagent alignment in multilayer
OCS films.**

ll. EXPERIMENT
The surface photochemistry apparatus has been previ-
ously described in detail.*!®!" The ultrahigh vacuum

J. Chem. Phys., Yol 92, Ne. 5, 1 Septombor 1990
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(UHV) apparatus was equipped for cleaning and charac-
terization of the crystals and operated at a base pressure of
~6X 10! Torr. Single crystal LiF was obtained from the
Harshaw Chemical Co., cleaved in air and mounted in
vacuum on a homebuilt LN, cooled target manipulator.
Surface temperature measurement was by means of a
chromel-alumel thermocouple embedded in the crystal.

Under operating conditions the crystal was held at 116
K. The surface was dosed continuously with adsorbate by
means of directed or background sources. Adsorbate cov-
erages were maintained in equilibrium between the dosing
and efficient removal of adsorbate molecules by several
photochemical processes. Experiments were conducted
over a range of dosing from ~1073 to 37 L (where 1
L = 107% Torr s). Both the sticking probability .S and re-
moval efficiency € were close to unity for a wide range of
doses and laser pulse energies. Hence, the estimated
OCS(ad) coverages ranged from ~107° ML to several
monolayers.

Photoproduct detection was by means of a doubly dif-
ferentially pumped quadrupole mass spectrometer. The
crystal to ionizer distance was 23.6 cm. The chemical iden-
tity and corresponding translational energy distributions
were obtained from the mass selected TOF spectra. Only
positive ion signals were examined in these experiments.
Signal averaging of typically 10>-10* laser pulses duration
was performed on-line by computer.

The wavelengths employed in this study were 222 and
308 nm (KrCl and XeCl excimers, respectively) with en-
ergies ranging from ~0.5-15 mJ/laser pulse. The excimer
laser irradiated a 0.3 cm? area of the crystal at glancing
incidence. Product angular distributions, P(8), were ob-
tained by rotating the crystal about the laser beam axis.
The illumination of the target remained constant while the
surface polar angle 8 with respect to the (fixed) detector
varied. Laser repetition rates varied from 1-20 Hz.

Experiments were performed on both annealed (700 K
for 12 h in UHV) and unannealed (450 K for 8-12 h in
UHV) LiF crystals. It is believed that this annealing treat-
ment leads to the preparation of a well ordered LiF(001)
face by evaporation of surface excess Li metal and anneal-
ing of surface point defects.>> Hence, the principal distinc-
tion between annealed and unannealed LiF arose solely
from differences in the numbers and types of surface defect
sites. Unannealed LiF(001) was expected to possess a
greater number and diversity of surface defect sites than
annealed LiF(001). The characteristics of these defect sites
were not studied in the present work.

Carbonyl sulphide (purity >97.7 mole%) was
obtained from Matheson Gas Products. The major impu-
rities were reported as CO, (1.4 mole%), CO/N, (0.6%)
and CS, (0.19%).3* Of these impurities, only CS, has an
appreciable 222 nm gas phase absorption cross section
T, ~1X107% cm? per molecule ( ~10% that of OCS at
222 nm).?* Thus, the fractional contribution to the atomic
sulphur photo-fragment yield expected from CS, dissocia-
tion would be ~10~%X the OCS yield.

Reported adsorbate doses were corrected for the ion
gauge sensitivity S of OCS relative to thermal N,, as esti-
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mated by the Dushman formula:* Socs/Sy, = 1.61. As
the operating parameters of the mass spectrometer ionizer
(incident electron energy 100 eV) and a typical nude ion-
ization gauge (incident electron energy ~ 150 eV) were
similar, these estimated sensitivities were taken to give a
satisfactory measure of the ionization efficiency in the mass
spectrometer. Hence, photofragment yields were quantita-
tively determined using the corresponding gauge sensitiv-
ity; for sulphur atoms Sg = 1.07 while for CO molecules,
Sco=1.

Visual examination of the LiF crystals after exposures
to adsorbate + laser of ~ 107 laser pulses showed evidence
of slight darkening. Auger spectra taken of these “typical”
crystals showed a depletion of fluorine relative to a freshly
cleaved crystal and trace sulphur deposition. The fluorine
depletion increased with successive Auger measurements;
we believe the incident electron beam was responsible.
Quantitative determination of the concentration of sulphur
deposit was precluded due to the unstable Auger
intensities.>> The likely origin of this deposit must have
been some low probability UV initiated adsorption process,
possibly originating from a restricted precursor geometry.

The observed photodissociation described here is not a
consequence of this deposit, as photolysis could be
observed for the first laser shots on freshly prepared crys-
tals. To minimize the possible contribution of any accumu-
lating surface deposit, crystals were routinely replaced af-
ter about 107 laser pulses. Attempts to thermally evaporate
the deposit were unsuccessful, being restricted, by neces-
sity, to <870 K at which temperature the LiF softens.*

Temperature programmed desorption (TPD) was em-
ployed to provide complementary information on the
adsorbate-surface bond energy and the sticking probability
S. The adsorption energy was coverage dependent and
ranged from ca. 0.38 eV (0.03L) reaching 0.28 eV in the
region of 1 monolayer. Only a single peak was observed in
TPD; desorption temperatures ranged from 134 to 124 K.
It is noteworthy that this latter value is in agreement to the
bulk heat of sublimation for OCS(s) (0.28 eV).’” The
sticking probability S was estimated as unity for OCS(ad)
doses <4L. A monolayer of OCS(ad) was taken to com-

prise 6.5 10" molecules per cm?

ill. RESULTS AND DISCUSSION

In the course of these experiments both atomic sulphur
and molecular CO photofragments were examined. Evi-
dence from the photodissociation angular distributions at
low coverages suggest that the molecules are adsorbed ver-
tically (see below). The detected energetic fragments dis-
cussed in the following sections were thought to arise from
photodissociation of molecules for which the photofrag-
ment was initially directed away from the surface. For
photofragments directed toward the surface, collision with
the surface would be likely to produce photofragments
with a broad angular distribution,> rather than the ob-
served cos 8 distribution. Detection of these scattered pho-
toproducts and discrimination from background signals
would be less likely than that of species that do not un-
dergo surface scattering.

J.Chem. Phys., Yoi. 83, N¢. 8, T Septembar 1990



FIG. 1. Time-of-flight spectrum of
atomic sulphur photofragment from the
222 nm photodissociation (PDIS) of
OCS physisorbed on annealed LiF(001)
at 116 K. The OCS(ad) dose was
1.2Xx 1073 L, with a laser energy of 8.4
mJ/laser pulse and a detection angle of
5° with respect to the surface normal.
For these conditions, it was estimated
that the surface coverage was equal to
- the dose; that is 12x1073 ML
(monolayer == ML). The spectrum rep-
resents the average of 6000 laser pulses.
The smooth curve is the least squares fit
to the experimental data. Under the con-
ditions of the experiment, the yield of
slow-moving molecular photodesorption,
(PDES), is negligible (see text).
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A. Sulphur photofragment

Figure 1 shows a time-of-flight (TOF) spectrum for
the sulphur photofragment from the 222 nm photodissoci-
ation of OCS physisorbed on annealed LiF(001). The
smooth curve through the experimental data represents the
nonlinear least squares fit to a Maxwellian velocity distri-
bution with a superimposed stream velocity.!!"!? This fitted
TOF was transformed to give the translational energy dis-
tribution P(T") shown in a subsequent figure.

The total flux of photodissociation products (both S
and CO), integrated over the hemisphere above the illumi-
nated area of the crystal was determined to be 4.4 100
particles at the stated wavelength, energy and coverage of
Fig. 1.

A detailed calculation relating the number of photo-
fragments observed, the adsorbate coverage and the effec-
tive laser intensity at the surface to the apparent photolytic
cross section in the adsorbed state, indicated a dramatic
departure from gas phase dissociation dynamics. The 222
nm cross section in the adsorbed state, 0,,(ad), was found
to be ~1-10 A%/mol,’ as compared with a gas phase
a,n(g) of ~0.001 A?/mol.?’ The enhancement decreased
monotonically with increasing adsorbate dose. The depen-
dence of the photolytic cross section enhancement on the
OCS(ad) dose on unannealed LiF(001) at 116 K is illus-
trated in Fig. 2. As the enhancement in o,,(ad) was a
decreasing function of coverage, this suggested that the
enhancement effect originated from a limited set of active
adsorption sites on the surface. The possible mechanisms
leading to an enhanced photolytic cross section are dis-
cussed in greater detail in Sec. D.

The photolysis yield as a function of laser energy was
not measured, since under the experimental conditions the
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adsorbate coverage and laser pulse energy were not inde-
pendent. However, the S photofragment energy distribu-
tion was consistent with a single photon photodissociation.
Under the focussing conditions employed here, these laser
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FIG. 2. The dependence of the adsorbed state photodissociation cross
section o,4(ad) at 222 nm on OCS dose for unannealed LiF(001). The
gas phase cross section at 222 nm (0.0011 A2 per molecule) is presented
for comparison.

J. Them. Pnys., Val. 83, No. 3, 1 Septesnber 1930
} !



Leggett, Polanyi, and Young: Photochemistry of adsorbed molecules. V 3649

13.0
PDIS;
0CS(ad) - S(qg) ]
T 12.0 -
~
£
O
S J
S
[~
E
-] 11.0 1
o
>
44 ]
[«
a
o
o
- 1001
9.0 A L) L L] Li

-5.0 -4.0 -3.0 -2.0 -t1.0 0.0

Log Dose (L) »

FIG. 3. Atomic sulphur photofragment yield as a function of OCS dose
for the 222 nm PDIS of physisorbed OCS. The substrate was annealed
LiF(001) at 116 K. The yields were normalized to a constant laser en-
ergy. The solid line through the points represents the linear least squares
fit to the data.

powers of <4.5 MW/cm? were unlikely to initiate multi-
photon UV processes.*

Figure 3 illustrates the dependence of the yield of S
photofragments on the adsorbate dose. The photolysis
yield increased proportional to the square root of the ad-
sorbate dose over the range of 110> to 0.17 L/laser
pulse (OCS(ad) coverages from 10~° to ~0.2 ML). For
submonolayer coverages one would expect the yield to in-
crease linearly with coverage. However, the decreasing
cross section enhancement with increasing coverage will
give a smaller net rate of increase.

For coverages greater than 0.2 ML, yields of photo-
fragments could only be estimated, as photolysis products
were partially obscured in time-of-flight by the efficient
molecular photodesorption (PDES) channel; see Fig. 4.
The low photofragment translational energy resulted in
poor TOF separation between photofragments and molec-
ular photodesorbates. No reliable deconvolution of the
PDIS signal from the ~ 100X larger PDES signal could be
obtained in the coverage range >0.2 ML.

The sulphur photofragment translational energy distri-
butions, P(T"), distributions depended slightly on the crys-
tal surface. Unannealed LiF{001) was found to give a
somewhat less energetic distribution with a peak transla-
tional energy, 7, of 0.18 eV (cf. T, for annealed LiF(001)
of 0.24 eV). By contrast, in previous work the methyl
radical peak energy 7, from the 222 nm photodissociation
of CH;Br{ad) was found to decrease by ~ 1.4 eV upon
changing the substrate from annealed to unannealed
LiF(001).!! In the present instance, the effect of crystal
annealing is likely to be less dramatic since P(T") already
peaks at a low T".

Figure 5 (a) gives the atomic sulphur fragment trans-
lational energy distribution P(7") from the 222 nm pho-

Signal (arb. units) o

1 1 1

T T

PDIS
0OCS(ad) - S(g)

FIG. 4. Time-of-flight spectrum of sul-
phur photofragment from the 222 nm
PDIS and PDES of OCS adsorbed on
annealed LiFF(001). The OCS dose was
0.17 L/1aser pulse, detection angle 5° and
laser energy of 9 mJ/laser pulse. The sur-
face coverage was estimated to be 0.2
ML. The vertical arrow locates the PDIS
peak from Fig. 1. At this coverage, the
PDIS channel is substantially overlapped
in time-of-flight by the dominant PDES
channel, making deconvolution difficult.

A |
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FIG. 5. Translational energy distribution P(T") for the sulphur fragment
from the 222 nm photodissociation of OCS. (a) Gas phase distribution as
inferred from the measured product state distribution of Sivakumar et al.
(Ref. 31) (bimodal structure reflects the population of two rotational
components of the CO fragment energy distribution). (b) Adsorbed
phase distribution as determined from the TOF spectrum of Fig. 1. The
vertical arrow marks the peak of the gas phase translational energy dis-
tribution. The maximum “thermodynamic” translational energies for for-
mation of ground and excited state atomic sulphur are also shown.

todissociation of gaseous carbonyl sulphide as reported
from another laboratory.3! This distribution was inferred
from the measured state distributions of the S and CO
fragments in laser induced fluorescence (LiF) experi-
ments. The “sawtooth” pattern in the translational energy
distribution reflects the production of the CO fragment in
two rotational distributions, peaked at J=55 and 66, re-
spectively. Only $* was produced, as the yield of ground
state S was below the detection limit (quantum yield
<0.02).%!

Figure 5(b) is the corresponding sulphur translational
energy distribution P(7") obtained for OCS physisorbed
on annealed LiF(001). This is the energy distribution cor-
responding to the TOF shown in Fig. 1. The peak transla-
tional energy, 7, was 0.18 eV and FWHM (abbreviated
Trw) was 0.51 eV. The dramatic differences between the
gas phase and adsorbed phase P(7") distributions will now
be discussed.

First, there is no evidence of bimodality in the trans-
lational energy distribution of S from adsorbate photolysis,
in spite of an energy resolution sufficient in the present

work to resolve the bimodality in the gas phase photolysis.
The peak translational energies for photofragments origi-
nating from gas and “surface” photolysis were similar:
T, = 0.24 ¢V (average for annealed LiF, over our range of
coverages) versus 0.27 eV for the gas.

For OCS(ad) photolysis, 50% of the sulphur photo-
products had translational energies in excess of the maxi-
mum 7" observed in the gas phase, and a total of 25% of
the product had 7" in excess of 7"* allowed for dissociation
products correlated with excited state S* and CO(J=0).
This implies a major alteration in the branching ratio be-
tween S* and S from all S* in the gas phase to a ratio
R = (8*/S) = 3 in the adsorbed state. This ratio was cal-
culated assuming that all sulphur fragments with transla-
tional energies in excess of the 7"* correlating with S* and
CO(J=0) were ground state S atoms, and the remainder
constituted solely S* atoms. The relative yield of ground
state S atoms may well be underestimated, since for
CO(J > 0) atomic S product will have 7" < T'*. It follows
that the S*/§ value of 3 in the adsorbed state is an upper
limit.

In the gas phase the bimodality in the translational
energy distribution P(7T") was attributed to the parallel
and perpendicular transitions to the '4’ and '4” ('A)
states, respectively. The altered P(T") observed for OC-
S(ad) could not be obtained from any superposition of
these two gas phase components. The polarization of the
laser radiation at the surface varies with detection angle;
see Refs. 4 and 11. In the adsorbed state, no variation in
PDIS translational energy distribution was observed with
detection angle, evidence for a lack of a specific P(T") for
parallel or perpendicular transitions.

Since our crystal temperature is at the measured ther-
mal desorption temperaturé for CO on LiF(001), i.e. 116
K, photofragment CO recoiling from OCS in PDIS is un-
likely to be adsorbed.

Figure 6 presents the variation in translational energy
distribution peak and breadth with OCS(ad) dose for the
sulphur photofragment. The peak energy, 7, increased
from ~0.13 to 0.18 eV, while the FWHM increased from
~0.38 to 0.44 eV over a range of coverages 10™* to 0.1
ML. We find that for OCS the heat of adsorption decreases
with increasing coverage. The small increases in 7}, and
T’y for the photolytic sulphur could be linked to the less-
ened coupling of the CO “end” of the OCS molecule to the
LiF surface at higher coverages.

This sensitivity to surface forces is consistent with the
observation that the cross section for photodissociation,
aph(ad), and the PDIS energy distributions are substan-
tially altered as compared with gas phase dissociation dy-
namics.

In understanding the partitioning of product transla-
tional motion and CO internal excitation, it is noteworthy
that photolytic S was observed with high translational en-
ergies up to the allowed thermodynamic limit for gas phase
collinear dissociation to ground state SC’P) and
CO(J=0). This indicates, for a significant part of the
product, a major change in the geometry of the upper elec-
tronically excited 'A state from bent in the gas phase®' to
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FIG. 6. Translational energy peak, T, and FWHM, Ty, for the atomic
sulphur fragment from 222 nm PDIS of OCS dose on unannealed
LiF(001). The parameters of the energy distribution are only weakly
dependent on adsorbate dose (and therefore surface site). Coverages were
estimated to range from ~10~* ML to ~0.1 ML.

linear on LiF(001). Had the excited A state been similarly
bent for OCS(ad), some of the energy available following
photodissociation of the S—-CO bond would have been de-
posited in CO rotation at the expense of translational en-
ergy in the S and CO fragments. Atomic sulphur product
would then not be observed out to the allowed “thermo-
dynamic” collinear translational energy limit. The S-CO
bond dissociation energy inferred from the fastest sulphur
fragments in TOF was consistent with best estimates of the
bond dissociation energy, Dy = 3.12+0.03 ev. 4

The possible contribution of some gas phase photodis-
sociation to the observed dynamics was assessed from the
angular distribution of photolytic S. In the plane scanned
by our detector, the angular distribution P(8) of the pho-
tolytic sulphur was ~cos 8 (8= the polar angle to the
surface normal); see Fig. 7.

The peaked P(8) at 8 = 0° demonstrated that the pho-
todissociation was occurring in the adsorbed state, since
gas phase photolysis would yield an isotropic distribution
of photofragments in the plane of detection for our unpo-
larized laser beam, as indicated in Fig. 7.

0.20
PDIS;
0oCS(ad) - S(g)
(o)
T &\\\
® °°~. o T
p< oN Gas
g ° o
\
- \
2 \
& o010+ O\
\
© \
[ \
> \o
\
» \
Q \
a \
coso \
\
'8
\
\
O,
0.00 et
0 30 60 90

Detection Angle (degrees) —

FIG. 7. Angular distribution P(§) for the atomic sulphur photofragment
from the 222 nm PDIS of OCS adsorbed on annealed LiF(001). The open
symbols are the measured PDIS yields, while the dotted line is the fitted
distribution ( < cos @ in this case). The surface normal (detection angle
0°) is sketched below the graph. The adsorbate coverage was 7 10~*
ML. Yields were measured to one “side” of the crystal normal. Distribu-
tions are symmetrical about the surface normal.

There remains the possibility that the observed disso-
ciation product arises from gas phase photodissociation of
photodesorbed OCS (see Ref. 6). If adsorbates were first
promptly photodesorbed and then dissociated in the gas
phase, they would travel a mean distance of ~30 wave-
lengths in a time of 6 ns (half the laser pulse duration).
Averaging over desorbate orientation (the molecules now
freely rotating in the gas) and the locally unpolarized laser
field would again lead to an isotropic contribution to the
PDIS angular distribution, in contrast to the observations
of Fig. 7. The yield of dissociation fragments measured at
a detection angle of 90° gives an upper limit on the contri-
bution of gas phase dissociation to the total photolysis
yield. As the yield of photodissociated molecules tended to
zero as 0-90°, gas phase photolysis makes a negligible
contribution to our results.

Further, the observation of photodissociation in the
absence of molecular photodesorption (that would form a
gas cloud) at very low adsorbate doses argues strongly
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against photolysis of photodesorbates in the gas as the
source of the observed photofragments.®

Finally, the observation of translational energy distri-
butions P(7’) that differ markedly for OCS(g) and
OCS(ad) is a telling argument against predominantly gas
phase photodissociation.

The angular distribution of the photolysis product is
believed to image the instantaneous orientation of OCS
molecules on LiF(001). For an adsorbed OCS, the lifetime
of the electronically excited state (gas phase 74 ~0.1 ps)*!
allows for a molecular rotation of only ~6° before disso-
ciation occurs, based upon a rigid rotor model of OCS with
a rotational temperature equal to the surface temperature.

The 308 nm photodissociation cross section enhance-
ment at could not be determined, since no photodissocia-
tion product was detected when OCS(ad) was irradiated
at 308 nm. The gas phase absorption cross section at 308
nm is decreased by five orders-of-magnitude*’ from that at
222 nm. Had the adsorbed state 308 nm and 222 nm cross
sections for photodissociation, 0,,(ad), been similarly en-
hanced (ie. 10°-10*x ), the yield of PDIS fragments at
308 nm would still be below our detection limit.

B. CO photofragment

Figure 8 shows a TOF spectrum of the CO photofrag-
ment from the 222 nm photodissociation of OCS phys-
isorbed on unannealed LiF(001). These data were col-
lected at ~3X the coverage of Fig. 1, owing to the residual
gas pressure of CO always present in the UHV chamber.®?
The fitted distribution was transformed to give the trans-
lational energy distribution shown in Fig. 9 (b).

At an adsorbate coverage of 1 10~3 ML, the detected
yields of S and CO photofragments were identical within

(uSec) -

1000

experimental error. This leads us to infer equal numbers of
the two “vertical” orientations at low coverages. The rel-
ative numbers of the two orientations at high coverages
could not be determined due to masking of the electron
impact ionized PDIS signal in TOF by the daughter ion
cracking products from the predominant PDES channel.

Figure 9(a) gives the translational energy distribution
P(T") for the gas phase photodissociation of OCS per-
formed by Sivakumar ez al.>! This distribution was again
deduced from LIF measurements of the S and CO internal
state distributions. As mirrored in the atomic sulphur
photofragment energy distribution, the CO P(7") had a
bimodal appearance, the peaks being at 0.13 and 0.30 eV.
The origin of this bimodality was the population of the CO
fragments in rotational envelopes centered around J=55
and 66.

The adsorbed phase energy distribution is shown in
Fig. 9(b). The peak energy was 0.08 eV and the T'ky was
0.23 eV. This distribution corresponds to the photodisso-
ciation channel in the TOF spectrum of Fig. 8. The gas
phase and adsorbed phase distributions are, once again,
markedly different. As before, the adsorbed phase CO
P(T") showed no evidence of the bimodality present in gas
phase photolysis. However, the peak translational energies
of adsorbed and gas phase photolysis products were dif-
ferent: 0.08 versus 0.30 eV, respectively. The OCS(ad) CO
peak translational energy, T, appeared to correlate more
closely with the CO(J=66) channel of the gas phase dis-
tribution (0.08 versus 0.13 eV).

In contrast to the adsorbed phase P(7") distribution
for the sulphur fragment, the CO P(T") distribution does
not extend out to the expected “thermodynamic” limit for
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FIG. 9. Photofragment CO translational energy distribution P(T") for
the 222 nm photodissociation of OCS. (a) Gas phase distribution as
inferred from the measured product state distribution of Sivakumar et al.
(Ref. 31) (the bimodal structure reflects the population of two rotational
components of the CO fragment energy distribution). (b) Adsorbed
phase distribution as determined from the TOF spectrum of Fig. 8. The
vertical arrow marks the peak of the gas phase translational energy dis-
tribution. The maximum “thermodynamic” translational energies for for-
mation of ground state CO and atomic sulphur are also shown.

a collinear dissociation of 1.31 eV, but only extends to 0.9
eV. This discrepancy in energy probably arises from inter-
nal excitation, especially rotation, of the photolytic CO.

The most energetic S atoms were consistent with dis-
sociation in a collinear Su—OC-S (Su = LiF surface)
configuration. The most energetic CO (which had a trans-
lational energy well short of the thermodynamic limit), by
contrast, implied dissociation through a bent Su—S-CO.
These differing adsorbate geometries fit with the picture of
energetic S recoiling directly into the gas at € =0°, and
energetic CO recoiling from Su—S-CO.

C. Adsorbed state photodissociation cross section

The enhancement in photodissociation cross section
for adsorbed OCS molecules, ap,,(ad), was established in
three independent ways; (i)—(iii) below.

(i) First, for the previously studied system
CH;Br/LiF,"! the lowest dose for which photolysis prod-
ucts could be detected was ~3X 102 L. Detailed calcu-
lations for that system on the number of photofragments
indicated an adsorbed state photodissociation cross section
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within a factor of two of the gas phase value of
2.3% 107" cm?*/mol.** By contrast, OCS photodissocia-
tion products could be detected for the remarkably low
dose of ~1X 1073 L. The gas phase cross section for OCS
is 1.1 107! cm?/mol;?’ one half that for CH;Br. This
suggested an adsorbed state cross section on the order of
10°% the gas phase value.

(ii) Second, in all our previous studies of adsorbate
photochemistry, the photolysis yield, PDIS, was less than
the yield of molecular photodesorption, PDES.*"'? How-
ever, in the present instance, for adsorbate doses of less
than 102 L/laser pulse, the integrated yield of photolysis
products was greater than the photodesorbed product. In
the limit of very low doses (<1073 L), the photodesorp-
tion yield fell below detection limit, leaving only the pho-
todissociation channel. The extent of adsorbate dissocia-
tion at low coverages was evaluated by comparison of
PDIS and PDES yields at two wavelengths. At a coverage
of 10~* ML, the yield of PDIS (obtained at 222 nm, with
no detectable PDES) was within a factor of two of the
yield of PDES (obtained at 308 nm, where no photodisso-
ciation occurs). Therefore, it appears most likely that the
absence of 222 nm PDES for low coverages is a result of
complete photodissociation of the adsorbed layer: i.e. vir-
tually all adsorbed molecules have been photodissociated.

As the number of photons incident on the crystal was
110" cm~2 (that is, 1 photon per 10 A?), it follows that
for complete photodissociation the photolytic cross sec-
tion, 0,,(ad), must also have been on the order of 10 A?
per molecule. This assumes a quantum efficiency for pho-
todissociation of unity; for a smaller quantum efficiency
oppad) > 10 A?/mol. This estimate of the photolytic
cross section is independent of the adsorbate coverage. To
take an extreme example, even for an adsorbate “coverage”
of 1 molecule, 1 photon per 10 A? leading to unit proba-
bility of photodissociation still implies 0,,(ad) ~10 A? per
molecule.

(iii) A third approach to the estimate of o,,(ad) in-
volves detailed calculation of the cross section from con-
siderations of the radiation absorbed, the adsorbate cover-
age and the observed yield of photofragments. The
attenuation of radiation by absorption in a sample of gas is
given by Beer’s Law:

I,=1I,[1—exp(— Noy)]

where I, and I, are the incident and final intensities, N is
the number of absorbers and o, is the absorption cross
section. For an adsorbate, the yield of photodissociation
product can be given by:

Ngyis = AGI [1—exp(—SDa,,(ad)]P,

where N is the number of dissociated absorbers, 4 the
surface area illuminated and { the attenuation of the laser
field by destructive interference between incident and re-
flected radiation. N has been replaced by the product of the
sticking probability S and the adsorbate dose D in mole-
cules per unit area. The absorption cross section now ap-
plies to the adsorbed state: o,,(ad). The term @ accounts
for the quantum efficiency of photodissociation once a pho-
ton has been absorbed.
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Recasting the formula in terms of experimental param-
eters, I, is replaced by kF,/hv, where F, is the incident
laser energy in mJ per laser pulse and Av is the photon
energy. As the LiF crystal face does not intercept the entire
laser beam, k allows for this reduction in the number of
incident photons (for this apparatus, k=0.38). For a
monolayer coverage, SD is on the order of 10'4-10'°
cm™~2. Absorption cross sections for gases in the ultraviolet
are usually much less than 10~'5 cm? As the product of
SDop,,(ad) is much less than 1, the exponential term can
be expanded and simplified to give:

Nyis = ALSDX a,(ad) X PkF /hv. (1)

Equation (1) describes the relationship between the ob-
served photoproduct yield and the product of the cross
section for photodissociation in the adsorbed state and the
quantum efficiency for photodissociation. As we had no
independent method to determine &, it was assumed equal
to one. This gave a lower limit for the adsorbed state pho-
tolytic cross section o,,(ad); significant quenching would
imply a larger cross section than we report.

The following exemplifies our findings using Eq. 1. The
photolytic cross section for the TOF of Fig. 1 was calcu-
lated as o,(ed) = 85 X 1077 cm’/mol (0.85
A%/mol). This adsorbed state photolytic cross section is
~780X% the gas phase value. Hence for low coverages of
OCS(ad) on LiF(001), aph(ad) ~1-10 A2 per molecule,
in agreement with estimates by the two more approximate
methods given above.

At an adsorbate dose of 4.2X 1073 L on annealed
LiF(001), the photolytic cross section enhancement calcu-
lated from the observed CO yield was equal, within a factor
of 2X, to that obtained for the atomic sulphur fragment
under similar conditions. The yield of PDIS was consistent
with virtually complete photodissociation of the adsorbate
layer. For these conditions, the analysis used here provides
only lower limits to the adsorbed state photolytic cross
section g,,(ad); the smallest laser exposure (in photons
per cm?) at which complete PDIS occurs was not mea-
sured. Therefore, the number of photons necessary for
complete PDIS could be overestimated and o,,(ad) under-
estimated.

For higher adsorbate coverages where some PDES was
also detected, the photodissociation of the adsorbed layer
was now clearly incomplete. For these conditions, a linear
relation between laser energy and PDIS yield applied [Eq.

(D]

D. Mechanism of adsorbed state photodissociation

An apparent orders-of-magnitude increase in photo-
fragment yield from OCS(ad) as compared with that ob-
tained for OCS(g) could in principle be due to the fact that
the adsorbate coverage accumulated, being orders-of-
magnitude higher than the adsorbate dose. This was, how-
ever, disproved in three ways.

First, for the lowest adsorbate doses (~ 10—° L/laser
pulse) even assuming unit sticking probability, the dura-
tion of the experiment was insufficient for the surface (ini-
tially clean) to accumulate sufficient coverage to account
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FIG. 10. Adsorbed state photodissociation cross section ap,,(ad) as a
function of OCS dose. These data were collected from several crystals
cleaved from different boules, with varying heat treatments and degrees of
surface contamination. The extent of the variation in PDIS cross section
at a given coverage amounts to an order of magnitude in opi(ad).

for the observed photofragment yield, assuming the gas
phase photolytic cross section ,,(g). This calculation ne-
glected concurrent removal of adsorbate by any (pho-
tolytic or nonphotolytic) process; including this factor
makes the supposed high coverage still less credible. Sec-
ond, the experimental yields were stable with respect to
experiment time: Experiments comprising N or 2N laser
pulses gave identical yields of photofragments. The *“‘accu-
mulation” model would predict different yields. Finally,
experimental yields were independent of “memory effects”;
for experiments done in the sequence ‘“high” dose then
“low” dose, the yields decreased for the second experi-
ment. Again, the model that assumes an accumulation of
dosed material would predict comparable yields for the
two experiments.

We conclude that we have observed a real increase in
on(ad) of 10°-10*X as compared with opn(g)-

The sensitivity of the cross section enhancement to
variations in the substrate amounted to an order of mag-
nitude (Fig. 10 ). These variations included contributions
from crystals cleaved from different LiF boules, from de-
tection angles other than normal incidence, degrees of sul-
phur and carbon surface deposits and heat treatment. The
enhancement was not a strong function of surface deposits.
Therefore, the differences between crystals cleaved from
different LiF boules suggest bulk or surface defects.

The sensitivity of the enhancement to crystal heat
treatment is illustrated in Fig. 11. Following annealing of
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FIG. 11. Sensitivity of the adsorbed state photolytic cross section
o,4(ad) to crystal heat treatment. The cross section is 0.1 X as great on
the annealed crystal at doses <1072 L. The annealed and unannealed
curves converge for doses > 1072 L.

the crystal, o,,(ad) for a given coverage (<102 ML)
decreased by an order of magnitude. This would be ex-
pected if heat treatment (i.e. annealing) reduced the num-
ber of “active sites” responsible for the enhancement. That
the cross section enhancement was greatest at low cover-
ages suggested that surface defects are important. The sen-
sitivity of the enhancement to heat treatment further sug-
gests the involvement of bulk or surface defects.

Among the possible candidates for defects are F-
centers. The F-center absorption band of LiF encompasses
both the KrCl and XeCl excimer wavelengths used in this
study.*’ Stokes-shifted radiation characteristic of F-center
de-excitation was observed from the laser-irradiated crystal
employed in these experiments.*® Defect F-center concen-
trations commonly reported for alkali halide crystals are
on the order of 10'® cm™3 (equivalently ~10~* ML on a
surface).®” As the enhanced PDIS cross sections could be
observed up to coverages ~0.2 ML, this implied an effect
not solely due to adsorption in proximity to a surface F-
center, perhaps involving F-centers in the crystal bulk.

Proximity of the OCS to the LiF surface was necessary
for the enhancement effect. Interposing an “ice” of H,O
between the OCS and the LiF was found to reduce the
photodissociation yield to below detection limit. This
marked decrease of photolysis yield implied a decreased

cross section enhancement due to the separation of the
OCS(ad) from the LiF surface. Such a decline in
o,4(ad) is consistent with the other evidence for the im-
portance of defect sites at and near the LiF surface in
giving rise to the enhanced ops(ad).

In the following paragraphs we consider several mech-
anisms that might account for the observed large increase
in 0,,(ad) relative to 0,,(g).

(1) Adsorption on LiF could reduce the symmetry of
the OCS molecule from C_, to C,. The optical transition
would then become electric dipole allowed, with a corre-
sponding increase in photolytic cross section. However,
even a fully allowed transition in this wavelength region
would have 0,,(g) only on the order of 10~ to 10"
cm?/mol. Enhanced UV absorption coefficients for mole-
cules in the adsorbed state relative to the gas phase have
been reported for several systems, including dimethylcad-
mium on fused silica,” solid OCS at 53 K,** and
Fe(CO); on Si(111).* However, these enhancement fac-
tors only varied over the range from 4.4 up to 12, reflecting
in part spectral shifts upon adsorption.” In connection with
this model it may also be worth noting that if a substantial
fraction of OCS has its symmetry in the adsorbed state
reduced from C_, to C,, i.e. from linear to bent, then as the
photodissociation occurred, torque would be imparted to
the CO fragment, resulting in some degree of rotational
excitation. Consequently photolytic S would not be ob-
served out to the allowed thermodynamic limit for a col-
linear dissociation, as is found to be the case.

(2) If adsorption in the neighborhood of a surface
defect site brought about a change in the molecular geom-
etry (comparable to vibrational excitation), then the ad-
sorbed state dissociation cross section could exhibit an en-
hancement relative to the gas phase. In the case of
OCS(g), excitation of 2v, has been shown to lead to a
dissociation enhancement relative to the ground vibra-
tional state of ~20X.% Selwyn and Johnston have re-
ported similar absorption cross section enhancements, on
the order of 4.5 X, for excitation of the v, mode of N,O in
the A — X band.* It would appear necessary to postulate a
surprisingly large distortion of OCS(ad) upon physisorp-
tion in order to account for the three to four orders-of-
magnitude increase in g, that we observe. It is not known
whether there exists any distortion that could result in
such a large change in g,

(3) Enhanced Raman scattering cross sections
(~10°-10°x ) have been detected for a variety of mole-
cules adsorbed on roughened metal surfaces, including
lithium.? The dominant mechanism leading to surface en-
hanced Raman scattering (SERS) is the electric field en-
hancement in the vicinity of small metallic features. On
resonance or near resonance with the external laser field,
the surface plasmons of small roughness features lead to an
increased effective field at the particle surface.’

It is possible that a small quantity of metallic lithium
as a surface impurity on the LiF could lead to a SERS-like
enhancement in intensity. These lithium adatoms could
form in clusters, though the sizes would be much smaller
than the >100 A diameter features typically observed
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from silver surfaces.? Moreover, the observation of sub-
stantial enhancements for coverages approaching 0.1 ML
and larger, implied a mechanism not restricted exclusively
to a small subset of surface sites.

(4) An alternative mechanism for the enhancement in
the photodissociation cross section would involve photoin-
duced charge transfer from the substrate to the adsorbate.
The dissociative electron attachment cross section for
OCS +e -»S~ + CO has been measured in the gas
phase; o, ~ 0.1 A2/mol (Ref. 51) (cf. 1-10 A? per mole-
cule for surface-enhanced photodissociation). The phe-
nomenon of enhanced photoconductivity of LiF under UV
irradiation has been well established,*’ and could serve as
the source of the electrons. Once in the conduction band,
these delocalized electrons can move to defects at the sur-
face or adsorbates. Trapping of some photoelectrons in
vacancies at or near the surface could result in a higher
local density of electron-rich defects adjacent to the adsor-
bate.

However, it is unlikely that these electrons could in-
duce dissociative attachment in OCS since the peak cross
section for dissociative attachment in the gas phase is ~1
€V.5! The thermalized photoelectrons would have a peak
energy ~1 meV (at 115 K), an energy for which there is
negligible dissociative attachment cross section. Therefore
dissociative attachment in OCS(ad) is unlikely to be initi-
ated efficiently by electrons generated photolytically from
LiF.

The observation of similar yields of S and CO neutrals
in this work also argues against OCS + e~ -S~ + CO.
Our mass spectrometer is not configured for negative ion
detection. Only if the departing S~ returns its electron to
the surface would the yields of neutral S equal neutral CO.
Temporary negative ion formation following molecule-
metal surface collisions has been proposed for some sys-
tems, analogous to that observed in gas phase inelastic
electron scattering.”> However, such long range charge
transfer appears improbable in the present case of a dielec-
tric substrate; it would have to occur with almost unit
probability for this charge-transfer mechanism to apply.

(5) A further model for the observed enhancement in
o,, would make use of F-centers in the crystal as an ex-
tended absorber of UV and as a source of electron energy
in electronic-to-electronic (E- E) transfer. This E— E en-
ergy transfer could occur from F-centers in the region of
the surface to the adsorbed OCS molecule. Strong coupling
between the excited state of F-centers and OH~ defects has
been observed in KCI crystals.>® The coupling occurs for
low defect concentrations, over long ranges, ~ 300 A,S“ SO
that F-centers below the surface could contribute to the
energy transfer.

Moreover, there is evidence for mobility of F-centers in
LiF.* The illuminated bulk LiF would then also serve as a
collector of the incident energy. Hence, the efficiency of
conversion of the incident energy into dissociation prod-
ucts would be high as compared with that in the absence of
substrate. In effect, the substrate would become an antenna
for collecting photons. The measured timescale for this
energy transfer was rapid;>> ~ 100 ps for the analogous
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F-center to OH™ E-E transfer. It follows that a single
F-center could be involved in many E— E energy transfers
during the ~10~% s duration of the laser illumination.

To assess the possible role of surface F-centers in the
observed enhancement, photolysis experiments were per-
formed concurrently with electron beam irradiation (400
eV, 3 uA total current broadly directed toward the crystal
for 30 min). Production of F-centers under electron beam
irradiation has been observed in LiF.® No significant
change in o,,(ad) was detected. This would be under-
standable if energy transfer from F-centers within the bulk
of the crystal made the major contribution to o,,(ad).

Of the possible enhancement mechanisms described
above, we favor the long range F-center mediated E—E
transfer (#5) or perhaps the dissociative electron attach-
ment mechanism (#4).

IV. CONCLUSIONS

The 222 nm photodissociation of OCS physisorbed on
LiF(001) was investigated by angle-resolved TOF mass
spectrometry of both the atomic sulphur and CO photo-
fragments:

OCS(ad) + hv-S(g) + CO(g).

For low coverages (~10* ML), the 222 nm cross
section for photodissociation in the adsorbed state,
o,4(ad), was found to be enhanced by 10°-10*X relative
to the gas phase, and was a decreasing function of increas-
ing adsorbate dose, and hence coverage. Annealed LiF was
~0.1X as effective in catalyzing photodissociation as was
unannealed LiF. Only an upper limit of <10°X could be
set on the enhancement in the absorption cross section at
308 nm.

At 222 nm, photolytic sulphur was observed with
translational energies up to the thermodynamic limit for a
collinear gas phase dissociation, suggestive of an altered
upper excited state geometry for some of the dissociation
product. The translational energy distribution P(T") of the
sulphur fragment showed no evidence of the bimodality
present in gas phase photodissociation. The P(7") distri-
bution was weakly dependent on adsorbate coverage and
crystal surface. The photolytic branching ratio, R = (S*/
S), between excited state and ground state sulphur shifted
from o in the gas phase to an upper limit of 3 in the
adsorbed state. The peak translational energy for
OCS(ad) + hv-S(g) for a coverage of ~0.1 ML was
T[v = 0.24 eV with a FWHM, Ty, of 0.54 eV. The corre-
sponding quantities for gaseous photodissociation are T,
= 0.27 eV and T}y =0.12 €V.

These changes in the magnitude of o,,(ad), the
branching ratio R, and the translational energy distribu-
tion as compared with the corresponding quantities for the
gas phase were indicative of markedly altered dissociation
dynamics in the adsorbed state.

For low adsorbate coverages of < 10~3 ML and mod-
est laser energies of ~8 ml/laser pulse, the extent of dis-
sociation of the adsorbed OCS layer appears to be com-
plete; virtually all adsorbed molecules are photo-
dissociated.
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The angular distribution P(€) of the sulphur photo-
fragment was peaked around the surface normal ( ~cos 8),
representing the average orientation of OCS on LiF(001)
at 116 K. This angular distribution was invariant over the
coverage range 10~ % to ~0.1 ML.

The CO translational energy distribution for
OCS(ad) + hv—CO(g) did not extend to the “thermody-
namic” limit for collinear dissociation. Internal excitation
of the CO is the most probable sink for this missing energy.
The peak translational energy was 7, = 0.08 eV with a
FWHM, Ty, of 0.24 eV as compared with 7, = 0.30 eV
and Ty = 0.13 eV for gaseous photodissociation. The 222
nm cross section for photodissociation leading to photo-
fragment CO was enhanced (as in the case of the sulphur
photofragment) by ~ 10°X relative to the gas phase value;
i.e. the yields of sulphur and CO fragments were compa-
rable.

The observations of greatly enhanced adsorbate pho-
todissociation cross section were indicative of a catalytic
influence of the LiF crystal. This “photocatalysis” may
originate in efficient £— E electronic energy transfer from
LiF defect sites (F-centers) to the adsorbate. Excited F-
centers within a “skin depth” of the surface corresponding
to hundreds of A could transfer their excitation to the
adsorbed OCS, leading to dissociation with high efficiency;
in this case the substrate constitutes an antenna for collect-
ing photons that give rise to photodissociation. Other pos-
sible contributing factors are discussed.
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