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Linearized measurements of the coverage dependent desorption rates of CO from Rh(111)
were made with a novel three molecular beam apparatus. To measure these isothermal and
essentialy isosteric rates we introduce a new kinetic response amplifier, namely time-resolved
specular helium scattering, which makes use of the large attenuation cross section that CO has
for specular helium scattering. The measurements are made by using one intense and
continuous CO beam to establish a specific adsorbate coverage while another low intensity and
chopped CO beam is used to weakly modulate the adsorbate density around the selected steady
state. The transient helium reflectivity waveforms we measure during the modulated CO
scattering contain the desired kinetic information, and are typically one to almost two orders of

magnitude more sensitive to the desorption kinetics than are the signals arising from direct
detection of desorbing CO. Desorption rates are reported for 08,5 <0.22 and 440 K
<Ts<3555 K. He diffraction measurements revealed that the CO overlayer was disordered for
all conditions for which kinetics were measured, and that the sticking coefficient varied with
coverage as S, (1 — 30). At least a second order expansion of the chemical potential in terms
of CO coverage was needed to explain these rates. The experimentally determined desorption
rates can be fit equally well by placing the coverage dependence in either the pre-exponential
factor or in the activation energy: k(6,Ts) = 1.33Xx 10" exp[0.3449 4 48.897

— (32.3 kecal/mol)/(k,Ts)]s ™}, or k(6,Ts) = 1.33X10™ exp[ — (32.3 — 1.624

— 38.302 kcal/mol)/(k, Ts) ]s~ !. The measured He diffraction data, sticking coefficient,
specular He scattering attenuation vs CO coverage, and increase in CO desorption rate with
increasing coverage imply nearest-neighbor repulsive interactions. The use of time-resolved
specular He scattering for studying coverage dependent reactions is also discussed.

1. INTRODUCTION

Although chemisorption on surfaces is dominated ener-
getically by the adsorbate—surface interaction, interadsor-
bate interactions can cause dramatic changes in surface
structure and adsorption—desorption kinetics as adsorbate
coverage is increased."” Modulated molecular beam meth-
ods have been utilized to a great extent in the past to study
the kinetics and dynamics of low coverage single adsorbate
systems. Reactive scattering experiments using single crystal
surfaces have revealed much about the fundamental interac-
tions between molecules and surfaces.® Until recently, few
molecular beam experiments have addressed high coverage
systems where adsorbate interactions have significant effects
on the kinetics and dynamics of the system.*”’

Temperature programmed desorption (TPD)? and iso-
thermal desorption®*® measurements of high coverage sys-
tems have demonstrated the dramatic effect that higher ad-
sorbate coverages can have on desorption kinetics.
Unfortunately, rapidly changing surface temperatures (Ty)
and adsorbate coverages (8) lead to measured desorption
rates for irreversible desorption, not necessarily the equilib-
rium desorption rates. Steady state and equilibrium mea-
surements,'® made with a constant incident gas flux density
and constant surface temperature, have also revealed the
strong coverage dependence of molecular desorption kinet-
ics. However, extracting exact rates depends strongly on un-
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confirmed assumptions about the coverage and temperature
dependence of the molecular sticking coefficient at desorp-
tion temperatures. Detailed measurements of the coverage
dependence of equilibrium desorption rates, as well as the
coverage dependence of the sticking coefficient and adsor-
bate ordering, are necessary for understanding interadsor-
bate interactions''"'* and manifestations such as the com-
pensation effect.!’

Here we present a study of CO adsorption—desorption
on Rh(111) which utilized a novel three molecular beam
scattering technique. Incorporating modulated CO and He
scattering, a highly sensitive in situ surface structure and
coverage probe, we measured coverage dependent isother-
mal desorption rate constants for a range of well-defined CO
coverages approaching } monolayers (ML). By using three
alternative methods of measurement and analysis, we con-
firmed these as isosteric desorption rate constants and con-
firmed the coverage dependence of the sticking coeflicient.
We also used He diffraction to establish the approximate
order—disorder phase transition temperature for this adsor-
bate system.

The current study was motivated by two goals. The first
was to develop the coverage perturbation technique for ex-
tracting kinetic information using time-resolved He scatter-
ing to probe coverages and kinetics. These techniques can
then be extended to examine coverage dependent reactive
systems (e.g., CO oxidation, hydrogen recombination, thin
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film growth, etc.). The second was to increase our under-
standing of the coverage dependent desorption kinetics of
CO on Rh(111), a system previously studied by Thiel ez
al.'® using conventional TPD methods.

The CO/Rh(111) system has been studied extensively
in the past due to the important role rhodium plays as a
primary component in automobile catalytic convertors. It
has also attracted attention since it supports the presence of
two ordered phases of CO. At low coverages and tempera-
tures, electron-energy-loss spectroscopy (EELS) work has
shown that CO occupies top sites on the Rh(111) surface.!”
Low-energy electron diffraction spectroscopy (LEED) has
confirmed that, up to a coverage of { ML, CO will occupy top
sites and ultimately form a (v3Xv3)R30 pattern.'® Above }
ML, CO will start to occupy twofold bridge sites, eventually
converging to a (2X2) pattern of mixed, offset top and
bridge sites'® at a saturation coverage of § ML.'®?° Efforts
have also been made, utilizing TPD, to establish the cover-
age dependent activation energies, pre-exponentials, and
sticking coefficients.'® Although a significant change in ki-
netics as a function of coverage was measured, large uncer-
tainties in the magnitude of the coverage dependent rate con-
stants still exist.

Experimental modulated molecular beam techniques
and methods of kinetics analysis in the zero coverage limit
are well known.* In contrast, only recently has work in our
lab,?'?%2% a5 well as time-resolved EELS measurements,*®
demonstrated that kinetic rate constants for complex non-
linear and coverage dependent reactions can be determined
by measuring the relaxation rates for small coverage pertur-
bations around a steady state coverage. Utilizing traditional
single modulated molecular-beam techniques, we deter-
mined the near zero coverage rate constants for CO on
Rh(111) by measuring the direct time-dependent desorp-
tion flux of modulated CO from Rh(111). Extensions of the
single beam technique to higher coverages, equivalent to iso-
thermal adsorption and desorption measurements, result in
data that cannot be reliably analyzed for isosteric rate con-
stants due to nonlinear effects.?’?*?* In order to determine
accurate isosteric desorption rate constants, we used multi-
ple beam techniques for higher coverage measurements.

The most straightforward way to determine higher cov-
erage desorption rate constants is to use a high intensity,
continuous beam to establish a steady state coverage and a
low intensity, modulated beam to induce small coverage per-
turbations and collect a CO product waveform. However,
there are several problems associated with collecting a prod-
uct waveform for these higher coverages. Given a constant
incident beam intensity, the steady state coverage increases
as the rate constant is decreased by decreasing the surface
temperature. As the rate constant decreases, though, the de-
sorption flux will eventually become undetectable (i.e., the
response is spread out over too long a time period to be de-
tected in the usual way). Also, as the coverage increases, a
significant portion of the incident beam is diffusely scattered
into the detector and is difficult to separate from the de-
sorbed flux. Clearly, direct desorption flux measurements
are most informative in the low coverage regime.

Specular He scattering, however, is extremely sensitive
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FIG. 1. Triple-beam arrangement for CO desorption measurements. One
continuous, high intensity CO beam establishes a CO coverage at at set T
while a second, low intensity beam weakly modulates coverage. A third
specularly scattered helium beam monitors changes in the CO coverage.
The detector can be rotated to measure helium diffraction from the
Rh(111) surface and the ordered CO overlayers.

to surface coverage, and can readily be used to amplify the
response from changes in surface coverage over a wide co-
verage range. Poelsema and Comsa®* have shown that, due
to the large scattering cross section of adsorbates, the specu-
lar He signal is rapidly attenuated as coverage increases on
low index surfaces. By carefully calibrating this attenuation
as a function of adsorbate coverage, the specular helium
scattering signal may be used to probe coverages directly.
The high sensitivity of the resulting coverage measurements
allows us to measure very small coverage modulations
around a wide range of similarly measured steady state co-
verages. Utilizing the scheme outlined above, with the ex-
ception that, instead of measuring desorption flux, we direct-
ly measure coverage changes via He scattering due to a weak
modulated CO beam (Fig. 1), we were able to linearize and
measure the kinetic response to a weak intensity CO beam
and, subsequently, extract rate constants at well-defined CO
coverages. Since much of the kinetic analysis has been out-
lined in previous papers,*'%?!"2> we present here an over-
view of the three methods of measurements and analysis
used to extract and confirm coverage dependent rate con-
stants.

Il. METHODS OF RATE-DATA ANALYSIS

A. Rates from steady state measurements

A gas in equilibrium with a surface can be described by
the mass balance equation:

S(Ts,0)1 = k(T5,0)0, (1

where S(7T,0) is the temperature and coverage dependent
sticking coefficient, I is the incident gas flux density,
k(Ts,0) is the temperature and coverage dependent desorp-
tion rate constant, and 6 is the coverage of the gas on the
surface, defined as the number of gas molecules per number
of surface atoms. For CO on most noble metal surfaces, S is
temperature independent and isotropic,® so the temperature
dependence is assumed to be negligible and will be dropped.
Assuming a modified Langmuir form for the sticking coeffi-
cient below § ML, the sticking coefficient can be expressed as

Downloaded 14 Sep 2004 to 128.196.212.217. Rk B FBYS QLS8 NR: 8. I Mavember 399 g ht, see hitp:/jcp.aip.org/icp/copyright.jsp



6974

S(6) =S5,(1 —36), where S;=S5(0). (2)

We have confirmed the validity of this form for the tempera-
ture range 325 K <7, <390 K using thermal desorption
calibration procedures discussed below {see Sec. V B).
When we establish a steady state coverage 8 with beam
flux density I, we extract k(7,0) from Egs. (1) and (2):
So (1 —-36)1
5 .
If we can determine I, S;, and establish the form for the
coverage dependence of the sticking coefficient, our He scat-
tering measurements of the steady state coverages can be

used to determine the isothermal, isosteric desorption rate
constants.

k(Ts,0) = (3)

B. Rates from modulated coverage and incident beam
flux density measurements

The kinetic analysis for the linearized modulated beam
experiment was recently formalized by Hinch and Dubois*
for the case of a pulsed molecular beam. Here we add the
contribution of the weak time dependent incident beam flux
density, I(¢), to the measured first-order desorption rate
expression [see also Egs. (7) and (8) of Ref. 4]:

dAG(1)

dt
where 6, (8 in Ref. 4) and A6(¢) are the steady state and
weakly modulated surface coverages, respectively. S(6,) is
the coverage dependent sticking coefficient at the steady
state coverage, and k,, (7,0,) is the measured relaxation

rate constant. In our experiment, we use a square wave mod-
ulation,

=5(6,)1(2) — k,, (T5,0,)A0(2), (4)

o= {0 5)
“lo 7'<t<27"
|
dk(T,0
k(Ts,eo)+00—dg—) — s + 1)
k, (Ts,0,) = ’
dk(Ts,0) 6
K(T00) + 05— 2| — 1, diz(e)

which can be used to extract k( T,6, ) from &, (Ts,6, ) (see
also Ref. 4). Aslong as I, €I, the second half solution can
be used for both halves of the modulation period. From Eq.
(1), we note Iy = k(T,6,)6,/5(6,), and, from Eq. (2),

ds(6)
o= —35,.

do e 0 &)
These lead directly to a final solution for k(Tg,6, ):
dk(Ts,0

k(Ts,0,) = (1 — 360)[k,,,(TS,60) — ao)#_l ]

do 6
(10)

The derivative of the rate constant cannot be deter-
mined independently from the rate constant itself, but Eq.
(10) can be used to fitaset of &, (T’s,6, ) measured at differ-
ent T and 6, to an arbitrary functional form for k(Ts,6, ).
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for which 27 is the modulation period, and I, and I (o5 in
Ref. 4) are the weak and strong beam flux densities, respec-
tively (I, <€I). Square wave modulation enables us to ver-
ify the linearity of the kinetics (as discussed below in Sec.
IIT). Noting that k,, (7,6, ) is not the true desorption rate
constant k(T,d, ), we can still obtain the true rate constant
by allowing the perturbed coverage AG(¢) to reach a steady
state [i.e., 7> 4/k,,(Ts,0,)].

In the steady state limit, Eq. (4) assumes the same form
as Eq. (1):
SOy =k, (Ts,0,)A0(7)y lim 7-4/k,,(Ts,0,).

(6)

The desorption rate can be expressed independently of
the sticking coefficient by dividing Eq. (6) by Eq. (1) and
solving for k(7%,0,):

Ag(r) Is
(4] IW
lim 7-4/k,,(Ts,6,). (N

Here we obtain a form for the rate constant that uses only the
measured rate constant, the measured molecular-beam in-
tensities, and the measured steady state and changing cover-
age. The only assumption is that the sticking coefficient de-
pends only on coverage and temperature. However, the
sticking coefficient may depend on the beam velocity and
incident angle as well; in this experiment the incident angles
for both CO beams were the same, and differences in beam
velocities will be addressed later.

k(Ts,6,) =k, (Ts,0,)

C. Rates from modulated coverage measurements,
sticking coefficients known

If incident beam flux densities are not known, one can
still give an explicit solution for all the first order contribu-
tions to k,,,:

ds(8)
dé

o
, (8)
T<t<2T

&

G

r
So, assuming that we know the coverage dependence of the
sticking coefficient, we still must acquire a large number of
rate measurements over a wide coverage range to fit the cov-
erage dependence of k,, (T,6,) to a proposed coverage de-
pendent form of k(Ts,6,). However, we do not need any
measurements of incident beam flux densities.

Ili. FOURIER ANALYSIS: MEASURING RATES AND
LINEARIZATION OF KINETICS

We utilized discrete Fourier analysis to extract the first-
order rate constants, k,,,, from our measured modulated cov-
erage and modulated CO desorption flux waveforms. The
advantages to this method include the ability to easily decon-
volute instrument and time-of-flight (TOF) contributions
from our measurements and the ability to quickly and easily
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assess whether or not the kinetics have been linearized. The
deconvolution process has been described well by Brown
and Sibener,?* and we only note here that our incident beam
TOF distributions were measured directly, and we assume
the same thermal TOF distributions that Brown did.
Sawin*® has shown that the mapping of the complex
Fourier components of a waveform to the complex plane can
be used to characterize the underlying kinetics. For our sys-
tem, the discrete Fourier transform of Eq. (4) is expressed in
terms of the discrete components for A6(¢), Af;, and I(¢),
I;
o
—1i Z w,; A6, exp( — iw;t)

j=0
2" 2"

=S z I exp( —iw;t) — k,,, 2 AB; exp( — iw;1),
i=0 i=0

(11)

where w; = 277j/27. The transform for /(#) contains no even
components (j even), so the remaining odd harmonics
(jodd) are used to determine the rate constant. Solving Eq.
(11) for the individual components:

— iw;A6; = SI, — k,,AG. (12)

In practice we normalize I(z) and Af(r), so
S§=1, =6, = 1. By solving Eq. (12) for A6, and dividing
A8, by I;, we solve for the kinetic response function P;:
A, Kk, +io;
L kLt
We recover k,, by noting that k,,, = w; Re(P;)/Im(P,), us-
ing the j = 1 components, since they are least sensitive to
high frequency noise in the data.

We used the transform to characterize the linearization
by first noting that a linearized rate should result in a single
exponential response in the response function P;, which has
a semicircular shape in the complex Fourier plane. We illus-
trate this with the simulated waveforms shown in Fig. 2. As
the modulation amplitude is increased for waveforms with
an exponentially increasing rate constant with coverage in
Fig. 2(a), the increasingly nonlinear response is reflected in
the shape of the transfer function in Fig. 2(c). Equation (8)
predicts that, if I, is not small enough, the rate constant will
change in the middle of the modulation period, resulting in
an asymmetric response function as reflected by the increase
in the amplitude of the j = 2 harmonic in Fig. 2(b).

Problems can arise if the modulation period is too short
for the measured rate constant. This is illustrated with simu-
lated waveforms in Fig. 3. In practice, the transform is car-
ried out by subtracting a base line from each discrete point in
the waveform and then applying a fast Fourier transform
(FFT) routine to the normalized modulated part of the sig-
nal [Fig. 3(a)}. An explicit solution and subsequent trans-
form of the kinetic response function reveals that, if the mod-
ulation period is not long enough with respect to k,,,, the odd
components produced this traditional way will not fall
on the semicircle; however, the explicit solution also pro-
duces a correction factor c¢=[1+4exp(—k,7)]/
[1 —exp(—k,7)] that when divided into each real and
imaginary odd component, will put the truly first order com-

=Re(P) +iIm(P). (13)
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FIG. 2. Here we demonstrate the problem of overmodulation. (a) Four
simulated waveforms at increasing modulation amplitude for the experi-
mentally determined desorption rates at the indicated coverages and
Ts = 490 K. Analysis of these waveforms shows the corresponding increas-

ing deviations of the j = 2 harmonic from zero (b) as well as deviations of
the odd harmonics from a semicircle (c). The calculated rate constants for
the 0.3% (circle), 0.6% (diamond), 2.0% (square), and 3.6% (triangle)
are 1.41, 1.44, 1.64, and 1.92 s~ !, respectively.

ponents on the semicircle [see arrows in Fig. 3(b)]. With
these corrections, the transform was used to calculate rate
constants and assess whether or not those rate constants
were truly first order rate constants.

IV. EXPERIMENTAL

The apparatus, described elsewhere, consists of a
three molecular-beam source, an ultrahigh vacuum (UHV)
chamber with rotatable quadrupole mass spectrometer, and
the controlling computer system. The molecular-beam
source contains three quadruply differentially pumped mo-
lecular beams horizontally coplanar and aligned and colli-
mated to a single scattering center in the UHV chamber.
Each beam has a computer-controlled beam shutter, and the
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FIG. 3. Fora given k,, = 3.95s -, reducing the modulation period 2+ will
result in reduced modulation amplitudes A6, for simulated perfect first-
order waveforms (a). Since only the modulated part of the waveform is
Fourier transformed, if k,, <, (@, = 7/7), the resulting j = 1, 3, 5 har-
monics (filled symbols) will incorrectly indicate nonlinear kinetics, al-
though an accurate first order rate constant is obtained from the data. By
dividing the real and imaginary coefficient by the correction factor
¢=[1+exp(—k,7)]/[1 —exp( — k,,7)], the odd harmonics will cor-
rectly indicate whether or not the rate is a first-order rate (open symbols).
Both uncorrected and corrected j = 1 harmonics can be used to calculate
k,,, which is proportional to the ratio of the real to imaginary part of the
J =1 harmonic (solid lines).

center He beam has a 10-400 Hz chopper 21.21 ¢cm from the
scattering center. The intensities of the two CO side beams,
axially 15° from the center beam, were varied either by rais-
ing and lowering the backing pressure or by using two mix-
tures, 20% and 90%, of CO in He. The UHV chamber con-
tained the Rh(111) crystal, oriented to within 0.5° on a fully
rotatable mount which also allowed for 140° azimuthal rota-
tion and tilting of the crystal about the scattering plane.

The UHV chamber, pumped with a 400 / /s ion pump,
also contains an Auger-sputter gun assembly that is moved
under the crystal for argon ion sputtering and Auger spec-
troscopy. The quadrupole mass spectrometer, with electron
bombardment ionizer 14.45 cm from the scattering center, is
rotatable from — 5°to 135° from the three-beam plane. The
crystal is rotatable from — 135°to 135° from the three-beam
plane.

The computer system, an AST 286 interfaced to a com-
puter-aided measurement and control (CAMAC) crate and
a Eurotherm temperature controller, was used to control
shutter timing, temperature, and mass spectrometer rota-
tion as well as to collect kinetics, TPD, reflectivity, and dif-
fraction data. The product waveforms were collected with 2”
(n=6,7,8,9, or 10) channels.

Surface preparation consisted of heating the Rh(111)
crystalin 10 ~° Torr O, for 2-3 h at 500~900 K, sputtering in

5% 10~ *Torr of argon at 3 uA for 1.5-2 h at 500-900 K, and
annealing to 1300 K. Cleanliness was checked with Auger,
and cleaning procedures were repeated until S, C, and B, the
only detectable contaminants, were no longer detectable.
The magnitude of the He reflectivity was also used to check
the surface quality. The Debye—Waller factor, 83, is given by

Iiye,, (Ts) = Iy, (Ts = 0)exp( — BT), (14)
where Iy, (T = 0) is the zero coverage He intensity at 0 K
and Iy, (Ty) is the reflected zero coverage He intensity at
T. B was determined by temperature dependent He reflec-
tivity measurements each day varying between 0.0030 and
0.0032 for the room temperature (63 meV) 45°incident He
beam. The surface temperature was maintained and mea-
sured to within 0.1 K with the Eurotherm temperature con-
troller. The day to day consistency of B was used to indicate
surface cleanliness, and values of Iy, (Ts) extrapolated
from these high temperature measurements were used when
IHeoo (Ts) could not be directly measured due to adsorption
of background CO at lower surface temperatures (e.g.,
Ts <600 K).

The crystal was cooled for diffraction and low tempera-
ture kinetics measurements via a liquid nitrogen cold finger
electrically insulated from the resistive heating system con-
trolled by the Eurotherm. Typically, in order to maintain
1300 K, we required a current of 40 A. For diffraction, the
crystal was azimuthally oriented along the (011) and
(112) directions to within 0.5° using H, diffraction. Since
the surface layer is hexagonally symmetric, with the symme-
try broken only by the second layer, there are six azimuthal
orientations which produce H, diffraction peaks at the same
6, (for 8, = 45°), but at different intensities. Throughout
our He diffraction measurements, we always chose the crys-
tal orientation which produced the most intense H, diffrac-
tion peaks. All He diffraction was done with a 45° incident
He beam which was produced by supersonic expansion of 40
psig He behind a 100 u pinhole. The chamber pressure rise
due to this beam was typically 310~ ° Torr, and the
straight through (unscattered) beam has a full width at half-
maximum (FWHM) of 1°. All gases and gas mixtures were
purchased from Linde, with the He being ultrahigh purity
grade.

V. RESULTS
A. He diffraction
1. (2x2)-CO/Rh(111)

He diffraction measurements were made for a number
of CO coverages and surface temperatures in order (i) to
characterize the CO overlayer for the CO desorption kinet-
ics measurements and (ii) to measure the approximate order
to disorder phase transition temperature. As mentioned, all
diffraction was done with a 45° incident room temperature
(63 meV) He beam. For the saturated (2 x2) CO overlayer,
the sharpest He diffraction peaks were obtained by dosing
the Rh(111) surface continuously with the highest intensity
possible ( ~ 1 ML/s) CO beam as the surface was first heat-
ed to 600 K, then cooled to T < 170 K and dosed for 5-10
min more. Diffraction scans along the (1 1 2) [Fig. 4(a)]
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FIG. 4. Shown are He diffraction curvesfora 8, = 45°, E; = 63 meV helium
beam scattered along the {0 1 T) azimuth at 140 K (a) and the {1 12) (b)
azimuth at 190 K. Peak positions agree well with the those expected from
the established (2% 2)-CO/Rh(111) 0.75 monolayer ordered overlayer.

and (0 11) [Fig. 4(b)] azimuths were consistent with the
(2% 2)-CO overlayer. The diffraction peaks disappear rap-
idly if the surface is heated to ~260 K, or ~285 K if the
surface is continuously dosed with ~ 1 ML/s of CO. Castner
and Somorjai'® note that the (2X2) LEED pattern is pro-
duced at 300 K only by raising the CO pressure to 1 X 107
Torr. Comparisons of relative CO coverages measured with
TPD confirm that the disappearance of the (2 X 2) overlayer
occurs when CO desorbs.

2. (J3x3)R30-CO/Rn(111)

The (V3 X Vv3)R30° overlayer was also studied with He
diffraction. Two overlayer growth procedures were used
which produced optimal (v3Xv3)R30° structures. In one
procedure we dosed the crystal with an excess of CO (~200
L) at T, =380 K and then cooled the crystal without
further dosing. CO in excess of § ML quickly desorbed at 380
K while coverages of } ML and less remain constant over
many minutes at that temperature. In a second procedure we
produced comparable overlayers by heating a (2X2) over-
layer to 380 K. Heating the sample any higher would result
in a loss of the diffraction peak due to, as confirmed by TPD
measurements, partial desorption of the overlayer.

He diffraction scans for the (v3xXVv3)R30° overlayer,
taken as the crystal was first heated then cooled, reveal that
the diffraction peaks, including the specular (0,0) peak, de-
crease in intensity and ultimately disappear around 325 K
(Fig. 5). There was no measurable change in the diffraction
peak widths. The subsequent reappearance of the specular
peak at higher temperatures is believed to be specular dif-
fraction or reflection from the Rh(111) surface associated
with desorption of the overlayer, as will be discussed later.
However, unlike the (2X2) overlayer, the (v3XVv3)R30°

J. Chem. Phys., Vol.
Downloaded 14 Sep 2004 to 128.196.212.217. Redistributi)c/)n suokl)jgg

6977

T 6. =13ML <011>
S CcOo

130K

150K

2 250K e N, snomtors

300 K 31

05K xN-M

350K xzwwnﬁwwwmw
360 K x3

370K WMWWM

380K

il

0 10 20 30 40 50 60 70 80 90
Angle (Degrees)

TR TERVE FERWE RSRNE SN B by

FIG. 5. Shown are He diffraction curves for a 9, = 45°, E, = 63 meV He
beam along the (0 1 1) azimuth. At Ts = 130 K, peak positions agree well
with those expected from the established (v3 X v3)R30° CO/Rh(111) 1/3
ML ordered overlayer, with the (0,0) peak at 45° and the larger (1/3,2/3)
peak at 59°. As the surface temperature is increased, the diffraction pattern
disappears until at 325 K no diffraction is visible. At higher temperatures,
the specular peak starts to grow, indicating some loss of CO coverage as the
helium starts to scatter from the Rh(111) substrate. If the overlayer is heat-
ed quickly (in ~ 1 min) to 380K and immediately cooled back to 130K, the
diffraction pattern is reproduced, demonstrating that a disordered §{ ML

phase exists between 325 and 380 K.

overlayer’s diffraction peaks disappeared without CO de-
sorbing. Comparison of the desorption intensities for the
(2x2) and (V3xV3)R30° show a ratio of 0.42 4- 0.03, or,
assuming that the (2X2) coverage is 0.75 (monolayer), a
coverage of 0.32 + 0.02 for the (V3 XV3)R30" overlayer.

Using He reflectivity measurements while dosing with
CO to establish and measure lower CO coverages, as will be
discussed, we also attempted to observe ordering of lower
coverage overlayers. The results, shown in Figs. 6(a) and
6(b), indicate little or no ordering for the 0.09 and 0.18 ML
overlayers even at the lowest temperatures accessible. This
behavior is characteristic of repulsive nearest-neighbor in-
teractions. There is a broad, unresolved peak centered at
specular, presumably due to diffuse scattering from the ad-
sorbate, and the much narrower specular peak from the
Rh(111) surface. There is no evidence for ordering or is-
landing at any measured CO coverage (8o <3} ML) above
380 K, the temperature at which CO starts to measurably
desorb below  ML.

B. CO coverage calibration

Having established the relevant relationships between
coverage, temperature, and ordering for the CO overlayer,
we next established the relationship between coverage and
He reflectivity. We define reflectivity as the ratio of specular
He intensity at some CO coverage to the intensity for the
bare surface at the same temperature. Between 325 and 380

K, where there is no diffraction from the overlayer, there is a
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FIG. 6. With scattering conditions the same as in Fig, 7, there is no evidence
for helium diffraction from a 6, = 0.18 ML CO/Rh(111) overlayer from
above 380 K until perhaps 130 K, where a small shoulder is seen in the
diffraction signal (a). As coverage is decreased from 10 0.085 over a small

temperature range around 160 K (b), there is, again, no evidence for order-
ing at coverages below | of a monolayer.

monotonic relationship (Fig. 7) between specular intensity
and CO exposure or, equivalently, CO coverage, since CO
does not desorb significantly in this temperature range. Since
we extrapolate this relationship to higher temperatures
where CO desorption rates are significant, we note that there
is no evidence for a temperature dependence of specular He
scattering vs coverage. We can therefore unambiguously
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FIG. 7. He reflectivity (specular helium intensity divided by zero coverage
specular helium intensity) is plotted as a function of CO dosing time at six
different surface temperatures within the disordered regime. Since there is
no significant CO desorption over the 12 s dosing period at the indicated
surface temperatures, the CO coverage increases at the same rate for all
indicated T. The close agreement between all of the attenuation curves
indicates that there is little temperature dependence in the relationship
between helium reflectivity and CO coverage for the disordered CO over-
layer.
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FIG. 8. Helium reflectivity is calibrated against CO coverage by monitoring
helium reflectivity for a CO adsorption isotherm. The CO coverage for a set
of constant CO flux density exposure or dosing times onto 380 K Rh(111)
is determined by the CO intensity for a flash desorption [squares (a)].
From previous measurements, the terminal coverage is }. The sticking

behavior fits Langmuir adsorption  kinetics  (solid line)
d@/dt = SyIco (1 — 36), with S,1, = 0.0122 ML/s and 1 ML = 44 880
counts CO. Helium reflectivity is measured for exposure to the same CO
beam flux density (b). The 0.51 s delay before the onset of a nearly linear
decrease in the helium reflectivity is shown [(b) inset] and may be due to
adsorption at defects or a change in the sticking behavior (see text).

calibrate He reflectivity reliably for coverages up to { ML.

The calibration was accomplished by monitoring the He
reflectivity during a CO adsorption isotherm. In an effort to
keep the crystal clean during calibration, the highest tem-
perature where terminal CO coverage is §, 380 K, was used.
The coverage for the adsorption isotherm was determined by
flash desorbing CO from the crystal after each exposure. The
integrated intensity for each flash desorption is plotted
against dosing (or exposure) time and fitted to a Langmuir
adsorption isotherm with } ML as the terminal coverage [see
Fig. 8(a)], solid curve]. From this fit, we see that the cover-
age dependent sticking coefficient is well described by Eq.
(2). Wenote that we saw the same type of Langmuir adsorp-
tion for both CO-He beam mixtures, indicating that the cov-
erage dependence of the sticking coefficient is independent
of our beam velocities (v,,, = 8.0X 10* and 12. X 10* cm/s,
respectively, for the 90% and 20% CO in He mixtures).
Also, the S; (1 — 36) form fits the whole adsorption iso-
therm and is not just the limiting case as 6—4 ML.

Figure 8(b) shows the attenuation in He reflectivity for
a63meV, §;, = 45° He beam during the same CO beam expo-
sure. Thereisa 0.51 s delay between the beginning of the CO
dosing and the onset of a steady, exponential attenuation of
the reflectivity as a function of time [Fig. 8(b), inset]. For
systems like the disordered CO overlayer on Rh(111), the

J. Chem. Phys., Vol. 95, No. 9, 1 November 1991
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FIG. 9. He reflectivity is plotted as a function of coverage using combined
data from Figs. 11(a) and 11(b). The Comsa—Poelsema model (solid line)
fits up to 0.22 ML using the following parameters: X, = 148 A%, 7 =0.13
A "2 (known from rhodium lattice constants), and m = 3.163.

He attenuation can be analyzed using a Comsa—Poelsema?®
model for adsorbates with repulsive nearest-neighbor inter-
actions (see Fig. 9, solid curve):

T
He = (1~ mﬂco)z“’"/m, (15)

[Hcm

where 2., = 148 A? is the best-fit value for the He-CO
scattering cross section (Fig. 10), 7=0.13 A~2 is the
known Rh(111) surface atom density, and m = 3.163 is the
best-fit value for 6 & at saturation. Although this model is
useful for understanding the origin of the attenuation, the
coverages in this paper come from the calibration data, not
the model.

8, = 45°

I
| e Zeo 09)=105 A%
’ " §

1
e—— Z(45°) = 148 A’—>
]

FIG. 10. This figure, adapted from Ref. 28, indicates that the origin of the
large attenuation cross-section CO has for specular He scattering is due to
the long range attractive part of the He-CO/Rh(111) potential. The
Comsa-Poelsema model predicts a cos ~ ' (8, ) dependence for the cross sec-

tion, which predicts a 104 A? cross section for a 0° incident helium beam.

The 0.51 s delay may be due to adsorbed CO filling in
defect sites before filling in top sites; CO at defect sites on
Pt(111) has a 42 A2 cross section compared with 123 A for
CO on top sites.”® Assuming that, initially, CO sticks and
migrates to defect sites, an upper limit to the defect density is
0.006, and, from the initial slope of the He attenuation, a
lower limit on the scattering cross section for CO at defects is
~20 A% All coverages quoted are coverages in addition to
defect adsorption.

Another possible explanation for this delay is that, as
Menzel notes,! S =S, (1 — 78) as 60 for adsorption sys-
tems with nearest-neighbor repulsive interactions. Assum-
ing the initial cross section is 148 A2, the initial slope of the
adsorption isotherm comes within 10% of the predicted
sticking behavior, with the behavior “switching” to
So (1 — 36) at 6., = 0.006.

The sticking coefficient reveals much about the nature
of the basic interactions between adsorbates. As noted
above, the S = S, (1 — 70) form for the sticking coefficient
results from nearest-neighbor repulsions because adsorption
is excluded not only from the adsorption site itself [as with
8§ =S, (1 - )], but also for the six surrounding sites. The
S =S,(1 — 38) form reveals that the average number of
unoccupied nearest-neighbor sites per occupied site is 2, the
smallest number possible for adsorbates with no nearest-
neighbor occupancies. As noted, we observe this form for the
sticking coefficient for the lowest coverages we have studied.

C. CO desorption kinetics
1. Direct CO desorption

Near-zero coverage kinetic measurements were made
by directly measuring desorbing CO. The incident angle for
the CO beam was 45°, and the desorbed CO was collected at
0° (crystal normal). We measured rates for coverages up to
0.003 (ML) and rate constants from 60 to 3000 s~ ! over a
temperature range from 580 to 650 K. Beam modulations
times (27) were from 6 to 100 ms. With these low coverage
measurements, the desorbed CO flux density is proportional
to CO coverage, and k = k,,. The rate constant is extracted
by deconvoluting both the incident square wave function
and the CO TOF function from the waveform.?® Incident
CO TOF’s were measured directly, and crystal to detector
TOF’s were assumed to be thermal.>® Figure 11 shows the
Arrhenius plot for this data and a typical waveform. The
activation energy was 32.8 kcal/mol, and the pre-exponen-
tial was 2.54 X 10 s~ 1,

2. He reflectivity

The CO desorption kinetics measurements made with
He reflectivity ranged in coverage from <0.003 to 0.219
ML, with k,,, ranging from 0.35 t0 25s ~ ! over a temperature
range of 440-555 K. Beam modulation periods were from 1
to 40 s. Data were collected by first selecting a specific reflec-
tivity, which corresponded to a specific adsorbate coverage,
at a selected surface temperature. The continuous (intense)
beam flux was adjusted by raising or lowering the backing
pressure until this reflectivity was achieved. Next the modu-

lated (low intensity) beam flux was adjusted until, at low
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FIG. 11. Shown is an Arrhenius plot of desorption data taken in the high
temperature limit for extremely low coverage. Rate constants were mea-
sured using conventional waveform analysis of the CO desorption flux (in
contrast to He reflectivity measurements). Measurements were made at
two incident beam intensities differing by approximately a factor of 2. Both
data sets fit an Arrhenius model with parameters v, = 2.54 X 10" s~ ' and

E, = 32.8 kcal/mol. A typical waveform is shown in the inset.

coverages, the weak beam induced a 5%-10% drop per
modulation cycle in He reflectivity, and, at high coverages, a
20%—30% drop in reflectivity. This corresponds to a 0.2%—
0.8% (ML) modulation in CO coverage (Fig. 12).

The waveforms were analyzed by first converting the
reflectivity change upon adsorption and desorption to a cov-
erage response [ —In(1/1,) is linear for small coverage
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FIG. 12. This figure clearly demonstrates the remarkable “kinetic response
amplification” properties that time-resolved specular He reflectivity has for
measuring surface kinetics. Coverage dependent kinetic data is collected by
measuring the change in helium reflectivity as a function of CO modulation
time (a). From the reflectivity vs coverage calibration (see Fig. 12), the
reflectivity response is converted to a coverage response (b) with, in this
case, a 20% modulation in helium reflectivity corresponding to a 0.6%
modulation in overall coverage. From the base line of the waveform the
steady state coverage 6, = 0.72 is determined. Analysis of the CO coverage
waveform yields a measured rate constant &, = 1.16s~ "
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FIG. 13. Fourier analysis of all waveforms indicates whether kinetic re-
sponses are symmetric (2) [see Fig. 2(b) ] and linear (b) [see Fig. 2(c)].
Waveforms that did not look symmetric or linear from this analysis were
scrutinized further and discarded if they were, indeed, not symmetric or
nonlinear.

changes] and transforming the waveform. The j = 2 har-
monic was used to check the symmetry of each waveform
[Fig. 13(a)], and thej = 0, 1, 3, and 5 harmonics were used
to check the linearity of each waveform [Fig. 13(b)]. Al-
though our simulated waveforms (see Fig. 2) suggest that
the asymmetry and nonlinearity of the waveforms are cou-
pled, there are examples of kinetic mechanisms, such as dif-
fusion limited kinetics, for which the resulting waveform is
symmetric but the response function is nonlinear. Also,
there exists the possibility of a compensation between the
two halves of a waveform that produces a linear response
function for an asymmetric waveform. We therefore must
check for both symmetry and linearity. Since noise and tim-
ing errors can lead to transform errors, all waveforms whose
transforms seemed nonlinear or asymmetric were checked
and the data discarded if the waveforms turned out to actual-
ly be nonlinear or asymmetric. The j = 1 harmonic was then
used to determine k,, from the remaining good waveforms.

ko (Ts), the zero coverage rate constants, are equal to
k. (Ts,0 = 0). From an Arrhenius plot (Fig. 14, 6., =0),
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FIG. 14. Shown are isosteric Arrhenius plots for measured CO desorption
rates (k,, ). Measured rate constants are grouped such that §, was within
0.5% of the indicated coverage, except for g, = 0.190. Due to changing
detector sensitivity, the upper four data points for 6, = 0.190 are at a slight-
ly different coverage from the lower two data points. Solid lines are best fits
to the data for k(8,T), the actual CO desorption rates, assuming that (a)
only v, changes with coverage or (b) only E, changes with coverage.

vy = 1.33% 10" s~ 'and E, = 32.3 kcal/mol. We note that
the experimental conditions for these lower temperature,
near-zero coverage measurements produce higher coverage
modulations than for our higher temperature, near-zero cov-
erage measurements. Although defects can dramatically al-
ter desorption rates as coverages approach zero,” these mea-
sured rates agree well with the higher temperature
desorption rates from Sec. VC 1.

Ideally, for a surface reaction one should be able to lin-
earize the kinetics such that k,, is the reaction rate for all
coverages. For desorption, as shown in Eq. (8), the coverage
responds not only to the desorption rate but also to the
change in rate and the change in sticking coefficient as a
function of coverage. Questioning the necessity of including
these terms, i.e., are these terms inherently coupled to the
desorption rate, we intentionally analyzed the data without
accounting for these factors. We found that the exclusion of
either of the derivative terms in Eq. (8) will yield rate con-
stants that, using Eq. (4), do not reproduce the waveforms,

TABLE 1. Coverage dependent Arrhenius parameters.

Oco E, Yo E, Yo
(kcai/mol) (s™h (kcal/mol) (s™")
0.000 32.3 1.33x 10" 32.30 1.33x 10"
0.026 32.3 1.39x 10" 32.23 1.33x 10"
0.072 32.3 1.76 10" 31.98 1.33x 10"
0.165 32.3 5.32x 10" 30.98 1.33x 10"
0.190 32.3 8.27% 10" 30.61 1.33x 10"
0.219 32.3 1.49x 10" 30.11 1.33 10
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FIG. 15. Shown is an Arrhenius plot of the desorption rate constants
k(6, Tg) calculated from the measured rate constants assuming either con-
stant v, or constant E, [see Figs. 17(a) and 17(b)]. We note no significant
differences in the resulting rate constants.

our original data. We therefore conclude that the derivative
terms in Eq. (8) must be included in the kinetic analysis of
experiments in which the overall change in coverage is mea-
sured.

With the measured k,, (6,T) [Figs. 14(a) and 14(b) ],
we could use either Egs. (7) or (10) to determine k(8,Ts).
Beam intensities were not routinely measured. We therefore
analyze the rate constants first with Eq. (10). This approach
requires that we first choose a form for the coverage depen-
dence of k(6,Tg) and check that the form
is self-consistent with Eq. (10). Assuming an Arrhenius
form for the coverage dependent rate constant,
k(6,Ts) =v,(O)exp[ — E(8)/k,Ts], we tried several
forms for v, (8) and E(8).

Pfniir, Feuler, and Menzel> saw an almost constant
quasi-equilibrium E, for CO on Ru(001) for coverages from
0 to 0.25, with a change of almost two orders of magnitude
for v,. Assuming here that only v, changes with coverage,
the data is isosterically fit to E, = 32.3 kcal/mol [Fig.
14(a)]. We find that

v, (0) = 1.33X 10" exp(0.3440 + 48.80%) s~ . (16)

If we assume that v, = 1.33 X 10"* for all coverages, then we
find from the isosteric data [Fig. 14(b)] that

E(6) =32.3 — 1.620 — 38.30* kcal/mol. amn

Table I summarizes the Arrhenius parameters for each
measured coverage as predicted by each of the assumed
forms for the rate constants. If we apply Eq. (10) to each
individual rate constant for any of the assumed forms for the
rate constant, we see in Fig. 15 that there is no distinct differ-
ence for the predicted rates. We note that a triangular lat-
tice-lattice gas approach by Lelithauser® fits our data well
for a repulsive nearest-neighbor interaction energy € = 2.52
kcal/mol, but his assumption of a coverage independent
sticking coefficient is physically unreasonable for our sys-
tem. In general, though, the fact that desorption rates in-
crease with increasing coverage is a strong indication of re-
pulsive nearest-neighbor interactions, which result in a
decrease in total adsorption energy with increasing adsor-
bate coverage.
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FIG. 16. In this figure, the relationship k(6, T)
=k, (Is/1,)[A6(T)/6,] is used to extract rate constants for 8, = 0.165
(triangles), which are compared with rates for §, = 0.165 predicted from

Fig. 17(a) (solid line) as well as rates for other measured coverages (dotted
lines).

Another way to check our rates is to apply the other rate
measurement methods, which require fewer assumptions to
extract rates. Although we could not measure incident CO
flux densities with precision (this problem has since been
corrected by installing ion-gauge fluxmeters), we used two
methods to indirectly measure flux densities. The first
method utilizes our measurements of the near-zero coverage
rate constants and the steady state equation at near-zero co-
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FIG. 17. In this figure, the relationship k(6, Tg) =S, (1 — 38)L /6, is
used to extract rate constants for §, = 0.026,0.115, and 0.190, as indicated,
in (a) and 6, = 0.072, 0.165, and 0.219, as indicated, in (b). These rate
constants are compared to rates predicted from Fig. 17(a) for these cover-
ages, with solid lines for the indicated coverages and dashed lines otherwise.
Since two different methods were used to determine 7, (see text), the result-
ing calculated rates are differentiated by larger symbols for 7, from isosteric
desorption rate measurements and smaller symbols for 7, from direct de-
sorption flux measurements.

verage, SoI = ko (T)6. For each incident flux density, I, we
adjusted the crystal temperature until we saw a 5% drop in
He reflectivity, corresponding to a CO coverage of 0.0027.
Since we knew k, ( T)) at each temperature, we readily deter-
mined S, I for a range from 0.052 to 0.6 ML/s. Note that the
measurement combines the beam velocity dependence of S,
and the flux density into a single measurement. With intensi-
ties determined by this method, we apply Eq. (7) to
00 = 0.163 ML data (Fig. 16), for which we have reasona-
bly accurate values for I, as well as &,,,, I, AB, and 6,.

With values for I from the first method, as well as val-
ues from a second method for which we scattered CO from a
600 K crystal and collect the desorbed flux at normal, we
applied Eq. (3). We determined quasi-equilibrium rate con-
stants (7T,,,#Ts) for 6., = 0.026, 0.072, 0.115, 0.165,
0.190, and 0.219 at several surface temperatures [Figs.
17(a) and 17(b) ]. We compare these new rate constants to
those predicted by Eq. (16) and find that all three methods
produce rates that are in good agreement, indicating that ail
our assumptions about sticking coefficients and the forms
for the rate constants were valid.

VI. DISCUSSION
A. Thermodynamic approach

At equilibrium, the coverage dependent desorption rate
constants can be expressed as a coverage dependent chemi-
cal potential which, in turn, can be related directly to the
interaction energies of CO on the surface. Equilibrium
between the gas phase and the adsorbed phase can be charac-
terized by two different equations, one thermodynamic, the
other kinetic. The thermodynamic equation equates the ad-
sorbate chemical potential, u,, to the gas phase chemical
potential, u,:*°

(18)

h 2 3/2 1 1
2rmk, T) k,T f.f,
with E, the ground state energy for the gas phase, p the
pressure, T the gas and surface temperature, and £, and f,
the rotational and vibrational partition functions for gas
phase molecules. The kinetic equation, basically a restate-
ment of Eq. (1) for an equilibrium gas, states that the rate of
adsorption equals the rate of desorption:

P

s(6.T) N, Qmmk, T)'/?
with N, the density of rhodium atoms on the surface and
5(6,T) the sticking coefficient for an equilibrium gas phase
sample.

By combining these two equations, we arrive at a rela-
tionship between the measured quasi-equilibrium desorp-
tion rate and the adsorbate chemical potential:

k, T 27mk, T (,ua —Eg)
exp .
h® 6N, k, T

(20)

At the limit of zero coverage, where there is no interac-
tion between adsorbates, the adsorbate chemical potential
approaches the Langmuir lattice gas limit:

:ua =Aug = Eg + kalnp(

= k(6,10 (19)

k(e’T’) = S(Q’T)f;f;
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for which E, is the energy for each adsorption site. Assum-
ings, = 1,f, = T/(2.77 K),andf, = 1 this lattice gas mo-
del predicts v, = 6 X 10'”s~'at 500 K and a T3 temperature
dependence for v,. Although the temperature range for our
data is too small to determine the exact temperature depen-
dence for v,, v, is several orders of magnitude smaller than
the model prediction, implying that either S, is several
orders of magnitude smaller or that more terms must be
added to the adsorbate partition function. Since the only
measurements of S, place it between 0.5*! and 1,'® we con-
clude that the adsorbates have more degrees of freedom than
predicted by the Langmuir lattice gas model.
The two-dimensional (2D) gas model,!” given by

g kT 1 (L—E)
6’ rJu £
Rk S T e

k(6,7 =

(21)

k(e,T) =

(22)

with 4 the hard-core area per adsorbate, allows for a much
higher entropy for the adsorbed gas. This model predicts
vy = T 10"s~"'at 500K (assuming the ratio of the area of
a rhodium atom to a CO molecule at the surface, AN, is 3).
If we further consider the effects of low frequency frustrated
rotational degrees of freedom®? on this value, we find a
further reduction of v,,. For example, using two frustrated
rotations at 30 meV yields v, = 3 10" s~ !, We note that
the temperature dependence of v, is 7% in the 2D gas model,
but is independent of T in the Arrhenius formulation. We
could not explore this temperature dependence due to the
small temperature range of our measurements.

Since our objective was to determine the coverage de-
pendence of the desorption rate, we relate the coverage de-
pendent rate to the zero coverage rate

ko (T)
s, (8o
where A , (6,T);, 9.0 = ¢ and is equivalent to the activity
for the adsorbed molecules normalized to the activity at zero
coverage for each temperature 7. This approach leads di-

rectly to an additive form for the coverage dependence of the
chemical potential:

k(@,T) =S(6,T) /{a»(gyni (23)

1, (6,1 =po (T +p,, (6,1), (24)
where
3 N, k
(D) =E; + k,Tln h - o{D 1 (25)

kT 2amk, T so(T) f.f,

is the zero coverage chemical potential minus the coverage
dependent term and

u, =k,,Tln[/Ia,(9,T)] (26)

is the coverage dependent part of the chemical potential that
represents the contribution from the adsorbate partition
function and adsorbate interaction energies.

Ibach et al.*® point out that several approaches to for-
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FIG. 18. Shown are isosteric chemical potentials calculated from the experi-
mental rate measurements as a function of temperature assuming constant
E, (solid line) or constant v, (dotted line). The coverages, from bottom to
top, are 0.026, 0.072, 0.165, 0.190, and 0.219. The measured sticking coeffi-
cient, S(8) = 1 — 36, was used in this calculation.

mulating a chemical potential based on repulsive interac-
tions between adsorbates can lead to a A, term that may
assign the coverage dependence to the effective activation
energy or pre-exponential. Our results reflect this and, in
fact, there is no apparent difference between assigning the
coverage dependence to the activation energy or the pre-
exponential. The Leiithauser®® formulation illustrates an ex-
ample for which coverage affects both the effective activa-
tion energy (although weakly) and the -effective
pre-exponential. Using Egs. (16) or (17), we can formulate
@, as either

p,, =k, T{In[s,(T)6/5(6,T) ] + 0.3446

+ 48.862} kcal/mol 27N
or
p, =k, Tln[s,(T)0/s(6,T)] + 1.626
+ 38.38? kcal/mol. (28)

These equations can be related back to a virial expansion
of the chemical potential [see Eq. (2) of Ref. 14] by Taylor
expansion of In[s, (7)/5(6,T) ] in powers of T and 6, once
5(6,T) and 5, (T) are known. We note that expansion of the
chemical potential to include only first-order coverage terms
in Eq. (27) or (28) will not describe our data. Expansion to
higher than second-order coverage terms does not signifi-
cantly improve the description of our data, and neither does
expansion with both temperature dependent and tempera-
ture independent first and second order coverage terms.

Values for 2, (6,T) based on the temperature indepen-
dent form for the sticking coefficients, s, (1 — 36), and the
two forms for the chemical potential from Egs. (27) and
(28) are presented in Fig. 18.

B. Adsorption sites: Bridge versus top

In determining how to describe the adsorbate interac-
tions, there are two important aspects of the adsorbates to
consider. One is the type of site that the adsorbate sits on,
which determines both the fundamental adsorbate energy

and what types of interactions are likely at higher coverages.
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The other is the ordering of the adsorbate on the surface,
which determines with how many adsorbates a particular
adsorbate interacts. Clearly there are at least two regimes for
CO desorption. The low temperature desorption regime, as
noted, is a compressed, mixed phase. There is strong evi-
dence from EELS work'’ that, starting with a compressed
(2X2) overlayer, which contains both bridge bonded and
top bonded CO adsorption sites, heating the surface to 370 K
causes desorption leading to only top bonded molecules.
The high temperature desorption regime, which we con-
centrated on, consists of CO primarily on top sites. The
EELS spectra presented in Fig. S of Ref. 17 [taken with
Rh(111) in 1 X 10~ Torr CO] show no evidence for bridge
bonded species at T = 530K and above. Applying our mea-
sured adsorption and desorption rates for these conditions to
estimate coverages, we conclude that there is no bridge
bonded species below 0.1 ML and below 530 K. Since the He
scattering cross section 2 and coverage factor m are con-
stant up t0 0.22 ML (see Fig. 9), we conclude that the same
relative nearest-neighbor spacing of CO to CO persists up to
0.22 ML at 380 K even with an incident CO flux. Migration
to bridge sites at higher temperatures (up to 530 K) and
coverages (0.1 <0<0.22) seems unlikely since the total
number of repulsive interactions between top and bridge spe-
cies is even greater than at € =0.1 ML. These results
strongly indicate that up to 0.22 ML, for our experimental
conditions, virtually all sites populated are top sites.

C. Application to reactions

One of the primary objectives of this experiment was to
determine how to routinely measure adsorbate coverages
and coverage dependent kinetics with He scattering for the
simple case of a single adsorbate. With this accomplished, we
can use the knowledge gained from such measurements to
further study the coverage dependence of reaction mecha-
nisms, including the determination of energy disposal path-
ways®® as a function of adsorbate density.

In this paper we observed the effect of increasing the CO
coverage on CO desorption kinetics. It is reasonable to ex-
pect that repulsive CO-CO interactions will lead to similar
effects on the kinetics of the CO oxidation reaction. Zhan-
dov, for example, has presented lattice-gas models for both
desorption'! and reactions** that have similar terms for the
dependence of the kinetic rates on coverage and interaction
energies. Also, Kang er al. have recently explored the effect
of interadsorbate interactions on reaction rates."

We have recently carried out preliminary experiments
which confirm the utility of conducting concurrent He
specular scattering and reactive scattering measurements.
Here CO oxidation rates were measured in the limit of high
oxygen coverage.”> Time-resolved specular He reflectivities
were used during reactive scattering to probe adsorbate cov-
erage, modulation depth, overlayer structure, and reaction
kinetics. We have therefore demonstrated the feasibility of
extending the techniques presented in this paper to study
coverage dependent heterogeneous reactions.

VIl. SUMMARY AND CONCLUSIONS

(1) Measurements of the coverage dependent desorp-
tion rates of CO from Rh(111) have been made utilizing

time-resolved specular He scattering to amplify small cover-
age changes for isothermal, nearly isosteric conditions and
allow linearization of kinetics.

(2) Three different ways of determining the desorption
rate constant from the CO coverage data were explored.
Each led to almost identical rate constants for the desorbing
CO.

(3) For the modulated coverage measurements, the
measured rate consists of derivative terms for the sticking
coefficient and the desorption rate constant in addition to
the actual desorption rate. These additional terms are signifi-
cant and must be included in the kinetic analysis.

(4) The CO sticking coefficient hasa (1 — 30) coverage
dependence.

(5) The CO overlayer is disordered for all conditions for
which kinetics were measured. He diffraction peaks for the §
ML (v3XVv3)R30° overlayer decrease steadily as the crystal
is heated and disappear entirely at 325 K.

(6) He reflectivity attenuates monotonically with CO
coverage for the disordered overlayer below { ML. The
Comsa—Poelsema equation, consistent with nearest-neigh-
bor repulsive interactions, predicts the relationship between
attenuation and coverage well for coverages from 0 to 0.22
ML, with a cross section for a room temperature 45° incident
He beam of 148 A2 and a saturation coverage of 1 ML.

(7) For temperatures from 450 to 550 K. and CO cover-
ages from > 0.003 to 0.22, the CO desorption kinetics are
described equally well by

k(6,Ts) = 1.33x 10" exp[0.3440 + 48.84°2
— (32.3 kecal/mol)/(k,Tg)] s™*

or

k(6,Ts) = 1.33 10" exp[ — (32.3 — 1.6268
—~ 383692 keal/mol)/(k,Ts)] s~

Desorption rates which increase with increasing coverage
are consistent with nearest-neighbor repulsive interactions.
A Monte Carlo approach that accounts for the observed cov-
erage dependent rates will be presented in a forthcoming
paper.>’

(8) A Langmuir lattice gas formula does not accurately
predict the near-zero coverage desorption rates and predicts
rates that are three orders of magnitude too high. A 2D gas
model with two low energy (30 meV) frustrated rotational
modes predicts rates well.

(9) Coverage dependent chemical potentials are calcu-
lated from the kinetics data. The coverage dependence of the
rates can be explained equivalently by a second-order expan-
sion of chemical potential that is either temperature depen-
dent, as shown above, or temperature independent, corre-
sponding directly to a coverage dependent desorption
energy.

(10) The time-resolved helium reflectivity techniques
described in this paper are applicable to studies of surface
reactions as well as simple desorption, thus allowing investi-
gation of density dependent effects in surface chemical reac-
tions.
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