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Coverage dependent desorption kinetics of CO from Rh(111):

a theoretical analysis
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For a triangular lattice gas with up to third-nearest neighbor interactions between CO molecules adsorbed on Rh(111), we
calculate the desorption kinetics assuming quasi-equilibrium throughout the desorption process. These calculations are compared
with linearized and essentially isosteric kinetic data that were obtained using a three molecular beam scattering arrangement. The
experimental desorption rates and ordered adsorbate structure data, including phase transition temperatures, are accurately
reproduced using transfer matrix calculations. From these calculations we obtain guantitative values for inter-adsorbate interac-
tions extending out to third-nearest neighbor distances. Standard Monte Carlo simulations qualitatively show the correct trends in
the coverage dependent rate data, but are quantitatively inadequate for this system since the wrong coverage dependence of the

sticking coefficient is implicitly assumed.

1. Introduction

Measurement and modelling of the coverage
dependence of equilibrium and non-equilibrium
data for adsorbates have become essential for
understanding surface processes. Practical appli-
cations, such as catalysis or thin film growth,
occur over a wide range of coverages, and the
underlying processes such as diffusion, adsorp-
tion, desorption, or adsorbate reconstruction are
increasingly affected by lateral interactions as the
coverage increases. Such effects are already ob-
served in single adsorbate systems [1-7].

For systems in which surface diffusion is so
fast that the adsorbate rernains in quasi-equi-
librium throughout desorption, the desorption
rate is give in terms of the coverage dependent
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sticking coefficient and the chemical potential.
Thus one model for the lateral interactions in the
adsorbate should suffice to reproduce experimen-
tal data on both equilibrium and kinetic proper-
ties. This approach differs significantly from pre-
vious model calculations that typically were con-
cerned with one observable property only, i.e.,
phase diagrams or Kkinetics. To calculate the
chemical potential, the lattice gas model has been
used extensively. Whereas early calculations were
based on cluster variation schemes [8,9], there are
now essentially exact methods available based on
either Monte Carlo simulations [10] or transfer
matrix techniques [11-13]. The latter has recently
been demonstrated as a fast and efficient method
for calculating phase diagrams and equilibrium
properties for systems with both pairwise and
multi-particle interactions.

In a recent paper [14] coverage dependent
desorption measurements of CO from Rh(111)
were presented. In addition to the reported de-
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sorption rates, the measured He diffraction data,
the specular helium scattering versus CQ cover-
age, and the coverage dependent sticking -oeffi-
cient all indicated nearest neighbor repulsive in-
teractions between co-adsorbed CO molecules.
From the kinetic data and the sticking coefficient,
an express;. ‘i for the chemical potential was de-
termined. The variation of the chemical potential
with coverage suggested that additional, even
longer range adsorbate interactions significantly
affect the desorption kinetics. With the coverage
dependeat desorption data, the many studies of
ordered absorbate structures, including tempera-
ture dependent 1/3 ML diffraction data, the
coverage dependent sticking coefficient, and data
for the coverage dependence of adsorption sites,
this system is well characterized and a good can-
didate for model calculations.

In the next section we summarize experimental
results on the desorption kinetics and the struc-
tural data for CO on Rh(ili.. in secticn 3 we
present the results of the transfer matrix calcula-
tion of the desorption rates, determining the set
of lateral interaction parameters that give an
excellent overall fit to structural and kinetic data
with a 3.38 kcal / mol nearest neighbor repulsion,
a 0.338 kcal/mol next-nearest neighbor repul-
sion, and a 0.169 kcal/mol third-nearest neigh-
bor attraction. In section 4 we discuss results
from Monte Carlo simulations of structural fea-
tures which qualitatively show that nearest neigh-
bor and next-nearest neighbor interactions must
both be repulsive. However, simulations of de-
sorption Kinetics arc limited in that the standard
assumption for the sticking coefficient, namely
S(0) = S,(1 — 8), is not valid for this system.

2. Experimental results

We present here a summary of relevant experi-
mental results from ref. [14]. He diffraction scans
from the 1/3 monolayer overlayer of CO on
Rh(111) were consistent with a (V3 X V3)R30°
overlayer at surface temperatures below 325 K,
and diffraction peaks disappeared with no loss of
CO coverage for 325 < Ty <380 K (see fig. 1).
We note that these diffraction measurements
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Fig. 1. Shown are He diffraction curves for a 8; = 45°, E; = 63
meV He beam along the (011) azimuth. At Tg =130 K, peak
positions agree well with those expected from the established
(V3 xV3)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. If the
overlayer is heated quickly (in approximately 1 min) to 380 K
and immediately cooled back to 130 K, the diffraction pattern
is reproduced, demonstrating that a disordered 1,/3 ML phase
exists between 325 and 380 K. (Reproduced with permission
from ref. [14].)

confirmed the nearest top site neighbor lattice
spacing of 2.69 ,&, thg next-nearest top site neigh-
bor spacing of 4.65 A, and the third nearest top
site neighbor spacing of 5.37 A between top sites
on Rh(111). No diffraction peaks were observed
with lower coverages of CO and temperatures
down to 130 K. Combined with information from
an EELS study by Dubois and Somorjai [15],
these results indicate that CO existed in a disor-
dered phase, primarily adsorbed on top sites, for
coverages below 1,3 and temperatures above 325
K.

CO desorption Kinetics were measured with a
three molecular beam apparatus [14,16-18] which
incorporated specular He scattering with two CO
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beams, one modulated and weak, the other con-
tinuous and intense, in order to linearize the
kinetics. While the intense beam set a steady
state coverage, the weak beam perturbed that
coverage. CO coverages were calibrated as a
function of specular He scattering intensity at
several temperatures in the range 325 < Ty < 380
K. The resulting calibration function was well
characterized by a temperature independent
model that assumes CO is randomly distributed
and has a 148 A? He scattering cross section [14].
CO coverages and induced coverage modulations
were determined from the changes in He scatter-
ing intensity or reflectivity. Since the measured
first order relaxation rates were different from
the actual desorption rates, corrections were ap-
plied to the measured rates to account for contri-
butions from the first derivative of the observed
sticking coefficient, Sy(1 —360), and the first
derivative of the rate constant, with respect to
coverage [14]. We note that this three molecular
beam arrangement provides a generalized ap-
proach for measuring coverage dependent sur-
face kinetics under linearized and essentially isos-
teric conditions (see ref. [14] for details).

3. Desorption rate analysis

For systems in which surface diffusion is suffi-
ciently rapid that the adsorbate remains in quasi-
equilibrium during desorption, the desorption rate
is given by

de oo, keT
dt dcs— ( | )ash/\zth

exp(u,/kgT), (1)

S(6,T) is the sticking coefficient, a, is the area of
onc adsorption site, and A, =h/(2ormkgT)!/2,
The chemical potential, u (8,T), of the adsorbate
depends implicitly on the interactions between
the adsorbed particles, as well as their bonding to
the substrate. If u, is calculated for a given set of
parameters, eq. (1) can be employed to calculate
the desorption kinetics, e.g. in the form of des-
orption isosteres which can then be compared

directiy to the experimental plots of rate constant
versus 1/T. Such isosteres are then conveniently
parameterized according to Frenkel-Arrhenius
as

1dé

== = —v(0,T) exp(—Ey(6,T)/kgT)
0 dt |ges

(2)

defining the desorption energy, E,(8,T) and the
effective prefactor v(6,T). We note that under
quasi-equilibrium conditions the desorption en-
ergy is related to the isosteric heat of adsorption
by

Ey(6,T) = Qio(#.T) —kyT/2
e 0 In( Sa(:,T)) , 3)
where the latter can be determined independ-
ently from adsorption isotherms as
0u(8.7) =ky1? L (4)
oT

[}

where P is the gas pressure above the surface.
Note that v includes the sticking coefficient,
5(6,T). We reiterate that for CO/Rh(111), the
coverage dependence has been measured to be
S(0)=1-36 for 0 <6 <0.22 [14]). Details of the
theory underlying thermal desorption can be
found in ref. [19].

To calculate u,(8,T) we use a lattice gas model
which assumes on-top site adsorption on a trian-
gular lattice. The Hamiltonian is

N,
H=EY n,+ Vadonn; + Vi nn,

i=1 i )

+V2"Zn,~nj. (5)

Here n,=0or 1, E_is the single adparticle (site)
energy, and V,, V/,, and V,’ are the two-particle
interaction strengths between nearest (ij), next-
nearest (ij)’, and third-nearest (ij)" neighbors.
We specify

'E\ = - VU - kBT ln(q3q1'm) ) (6)
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where V,, is the (positive) binding energy of the
isolated particle on the surface; q;=4.q,, is its
site vibrational partition function with

q,=exp(hv,/2kgT)/[exp(hv,/2kgT) — 1],
(7

its component for motion perpendicular to the
surface. A similar expression applies for the in-
plane component, g, ,, in the case of a localized
adsorbate. g;, takes account of any internal de-
grees of freedom of the adsorbed particles, e.g.
frustrated rotations in the case of CO molecules.
The coverage, 0, of the system follows from the
grand canonical partition function Z(T,N,u,)
for N, sites

0=—Zn

To calculate = we apply the finite-size transfer
matrix method to a (M X ) lattice [13,20,21] in
which one correctly counts the bonds between
two adjacent columns of M sites each. For suffi-
ciently large M, the method gives essentially ex-
act results. For the triangular lattice correspond-
ing to on-top adsorption sites on Rh(111) we have
constructed the transfer matrix containing the
interaction of four neighboring columns of M
sites to properly include the bonds represented in
(5) and have chosen M = 6 for manageable com-
putations.

We now present results for isosteric plots of
the desorption rate, and E4 and v, for various
sets of parameters. The site energy parameters,
Vy and v;_. . of (6) can be found from the
experimental desorption isosteres as follows: the
slope and intercept of the lowest coverage isostere
(8 < 0.003) at the highest temperature recorded
(T, = 560 K), where CO interactions are insignifi-
cant, fixes Ef0=0,T,) and v, (8=0,T)), re-
spectively, via eq. (2). However, eq. (1) with w,
determined by E, in eqn. (5) alonc, for 8 =0, is
the proper description of this isostere at tempcera-
ture 7,. With the assumption that v_.=¢,, the
quantities V, and v; are uniquely determined. We
find Ej6=0, T=560 K)=33.6 kcal/mol and

(8 =0, T=1560 K)=4.28 x 10" s7', giving V;,
‘342 kcal/mol and v;=6.13x 10" s7', i=2z,

BT dln =
s Oy

(8)

xy. (We neglect the contribution of frustrated
rotations for simplicity - their inclusion will lower
r; above.) We note here that the above values for
E«6 =0) and v (6 = 0) are different from those
quoted in ref. [14] due to the exclusion of a single
datum at 1000/7 = 1.78 K~'. The overall rates
are essentially the same.

We start with a model with nearest-neighbor
repulsion only (i.e., VJ =V}’ =0). Although such
repulsion for CO adsorbed on fcc faces of transi-
tion metals is well known, magnitudes from ab
initio calculations are not particularly reliable.
We arrive at an estimate by associating the disap-
pearance of the (V3 X V3)R30° structure ob-
served in He beam diffraction at T =325 K and
6 = 1/3 with the disordering temperature for this
structure, which occurs at kg7.=0.34 V, [22].
This gives V, =960 K. In flg 2a we plot the
resulting first-order desorption rate constants with
the experimentally determined rate constants for
comparison. From fig. 2a, we see that this inter-
action alone gives a poor fit to the experimental
rate isosteres.

Because the model isosteres are insufficiently
spread in 1/7T, as compared to experiment, we
are lead to try a much larger repulsion. In fig. 2b
we have increased the repulsion to V, = 5400 K,
which is essentially infinite comgpared to the tem-
peratures of interest (the hard hexagon model
[22]). Now the desorption cnergy remains con-
stant up to saturation at 6 = 1/3. Again, how-
ever, the spread of isosteres is less than that of
the experiment. We emphasize that the decrease
of the sticking coefficient also controls the spread
of isosteres in the Arrhenius plot. One could
achieve a fit to the isosteres by choosing the
sticking coefficient S(0)=1-p8, 1 <p <2, but
this is of course unphysical since the sticking
coefficient has been independently determined in
another experiment [14]. Thus we conclude that
nearest neightor repulsion, however strong, i<
not sufficient to fit the desorption rate.

To increase the repulsion between the CO
molecules we must include, at a minimum, the
next-nearest neighbor term in the Hamiltonian,
Vy;>0. In fig. 3 we display good fits to the
isosteric data obtained for two choices, expressed
in terms of the ratio R =V, /V,, namely V,=
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Fig. 2. Shown in each panel as symbols are expcrimentally

determined desorption rate constants for each indicated cov-

erage following the procedure of ref. [14]. The lines in the two

panels are isosteres corresponding to the indicated coverages

and calculated according to eq. (1). In panel (a), (nearest

neighbor repulsion) V, =960 K (1.9 kcal/mol), and in panel
(b), v, = 5400 K (essentially a hard core repulsion).

1400 K, R=0.1 and V,=1200 K, R=0.2. We
will show that structural information at low tem-
peratures is sufficient to exclude parameter sets
with R = 0.2 from further consideration. We have
also performed calculations witl: ine addition of a
third-nearest neighbor attraction. For the values
V,=1700 K, R=0.1, and R' =V, /V,= —0.05,
we see in fig. 4 an improved fit to the highest
coverage data and an equally good fit to the rest
of the data when compared to fig. 3. The uncer-
tainty in the values of V, in these fits is no more
than 10%, reflecting the extent of the experimen-
tal uncertainty in the high coverage isosteres. In
fig. 5 we display the coverage- and temperature-
dependent desorption energy and prefactor for
the parameters of fig. 4. The origin of the cover-
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Fig. 3. The symbols and lines have the same meaning as in fig.

2. In panel (a), V, = 1400 K (2 78 kcal /mol) and (next-nearest

neighbor repulsion) V, = 0.1#, (0.28 kcal /mol), and in panel

(b}, V; = 1200 K (2.38 kcal /mol) and V; = 0.2V, (0.476 kcal/
mol).
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Fig. 4. The symbols and lines have the same meaning as in fig.
2. The CO interactions are V,=1700 K (3.38 kcal/mol),
Vi = 0.1V; (0.34 kcal /mol), and (third-nearest neighbor) V'
= —0.05V, (= 0.17 kcal /mol).



S.H. Payne et al. / Coverage dependent desorption kinetics of CO from Rh(111) 107

(a (b)

(kcal/mol)

Log(Prefactor)

Desorption Energy

25 L A PRy " i 1 A It — 11 L A 1 1
0 A 2 3 0 A 2 3

Coverage (ML) Coverage (ML)

Fig. 5. Here (a) desorption energy (kcal/ mol) and (b) logarithm of corresponding prefactor (as defined by eq. (2)) are plotted as

functions of coverage and temperature for the interaction parameters of fig. 4. Curves correspond to the temperatures (top to

bottom at 8 = 0.2) T = 260, 320, 380, 440, 500, and 560 K. The sticking coefficient S(8) = 1 — 36 is included in the calculation of the
prefactor.
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Fig. 6. Normalized isosteric heats of adsorption are plotted here as a function of coverage and reduced tempen:ature. T/V,.
Temperature values are (top to bottom at 8 =0.2) T/V2=0.1§, 0.20, 0.25, 0.30, 0.35, and 0.40. In (a), V, =0.1V> and
2 = —0.05V, were used to calculated AQ,,, and in (b), V; = 0.2V, was used.
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age dependence of E4(6,T) is discussed below
with reference to fig. 6. However, the partial
compensation of E4(6,T) and t.4(6,T) is note-
worthy. The variation of these quaiitities with
temperature at zero coverage arises from that of
eq. (6). We note that trio interactions, including
nearest-neighbor and next-nearest neighbor sites,
could also be included in a more general Hamil-
tonian, but they should have negligible effect
below coverages 6 <1/3.

Our conclusions concerning the sign of V, and
its probable magnitude disagree with those of
Kjoll et al. [23] for this system. They modeled the
ordered structures at low coverage (6 < 1/3) and
low temperature (T < 125 K) observed by Thiel et
al. [24] in a LEED study, namely a (V3 X v3)R30°
pattern, with maximum intensity at 6 = 1/3, and
a weak (2 X 2) pattern at coverage 1/4. (Because
of their experimental arrangement, Thiel et al.
could not definitely conclude that this was a true
(2 % 2) pattern.) Kjoll et al. [23] calculated phase
diagrams assuming infinite nearest neighbor re-
pulsion (V, =), and second and third nearest
neighbor attraction (V;, ;' <0). In particular,
they were able to produce a disordered phase,
ordered p(2x2) and (V3 X V3)R30° phases,
and/or coexistence of these for T/V, >4, and
for two ratios R'/R = 3 and 7.4. We have checked
Kjoll’s model parameters by adding these attrac-
tive interactions to the hard hexagon model and
found that the desorption isosteres cainot be fit
satisfactorily. However, we have strong evidence
that the phases observed by Thiel et al. [24] can
be obtained for finite V, and repulsive V, values
similar to those which produced figs. 3 and 4.

In fig. 6 we graph a normalized isosteric heat
of adsorption

A

1
AQiso = —67/: [Qiso(o’T) - Qiso(O’T)] ’ (9)

up to coverage unity, and for several values of
reduced temperature T/), for two interaction
sets: V, = 1700 K, R =0.1, R’ = 0.05 (fig. 6a) and
V, = 1200 K, R =0.2 (fig. 6b). We note that the
rises and sudden drops of AQIso with increasing
6, at low temperature, signal the existence of
ordered phases [25]: in fig. 6a the (V3 X V3)R30°

ordering (drops at 8 = 1/3 and 6 = 2/3) induced
by nearest neighbor repulsion occurs, in addition
to the orderings of p(2x2) (6=1/4 and 3/4)
and p(2x1) (0=1/2) induced by the next-
nearest neighbor interaction [26]. We note that
these results are consistent with the known (V3 X
V3)R30° and possible CO/Rh(111)(2 X 2) struc-
tures at § =1,/C and @ = 1/4, respectively. In fig.
6b, where the next-nearest neighbor interaction is
relatively stronger, the (2 X 2) and (2 X 1) phases
have completely supplanted the (V3 X v3)R30°
phase. However, the high temperature behavior
of the heat of adsorption, and hence E4(6,T), is
essentially the same for both interaction sets,
reflecting the similarity of the fits to the experi-
mental isosteres at desorption temperatures.
From a more detailed version of fig. 6a we esti-
mate the disappearance of the (V3 X V3)R30°
structure at 6 =1/3 occurs for T/V,=0.175-
0.200. For V,=1700 K this gives an order—dis-
order temperature at T = 300-340 K, again en-
tirely consistent with the observed value of 325 K
deduced from fig. 1.

4. Monte Carlo calculations: discussion

Here we provide a brief description of the
Monte Carlo calculations and results. In the
Monte Carlo simulation we considered a triangu-
lar lattice gas model [27-30] of N = 3600 sites
with periodic boundarv conditions. The Hamilto-
nian was the same as ¢q. (5), with nearest neigh-
bor and next nearest neighbor interactions only
taken into account (i.e., V' = 0). The root mean
square order parameter mp,, (defined in ref.
[30]) versus kzT/|V, | was calculated at  =1/3
for each R value considered in the desorption

rate calculations, and the absolute magnitudes of

V, and V, were adjusted to match the predicted

decrease in mgyg at 325 K corresponding to loss
of ordering. We obtained equilibrium configura-
tions for fixed values of & and T (canonical
ensemble) from which we calculated the total
interaction energy E, by applying a hopping algo-
rithm and convergence criteria which have been
previously described [31-36]. The final desorp-
tion rates, k, were then calculated following the
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standard procedure: the transition probability for
desorption is such that one counts the number of
occupied sites neighbouring the desorbing parti-
cle, and weights the desorption rate for this parti-
cle by the Boltzmann factor generated by the
interaction energy due to these neighbors, i.c.,

k= [Uo exp( “Eo/kBT)] exp( E;/kgT) (10)

where the factor in square brackets is the Arrhe-
nius form for the desorbing particle.

We have found that the best Monte Carlo
results (i.e., closest to experimental results) do
not demonstrate the same accuracy that has been
achieved by the use of eq. (1), combined with the
transfer matrix method. Nevertheless, both near-
est neighbor and weaker next-nearest neighbor
repulsions were required for the Monte Carlo fits
to structural data, and of relative strength similar
to that deduced above. However a caution re-
garding the application of this technique is in
order: by the principle of detailed balance, the
desorption rate (10) implies an adsorption transi-
tion rate with a sticking coefficient S(8) =1 —
{n;» = 1 — @. Thus in any system where the stick-
ing coefficient does not follow this simple law,
simulation of desorption rates by the standard
Monte Carlo procedure (i.e., employing eq. (10))
is inappropriate. Thus the inability to fit the data
for the CO/Rh(111) system is not surprising.
Clearly for other systems for which the S(6) =1
— @ assumption is valid, the two methods gener-
ate identical results.

5. Conclusion

Our theoretical analysis of desorption of CO
from Rh(111), combining a transfer matrix calcu-
lation of the adsorbate chemical potential with a
model of desorption under quasi-equilibrium con-
ditions, has met with considerable success. These
calculations have been compared with linearized
and essentially isosteric desorption rates that were
obtained using a three molecular beam arrange-
ment. We have been able to fit accurately all the
experimentally determined desorption isosteres
and, in so doing, deduce a set of interaction
parameters for the CO molecules, comprising a

strong (relative to k,z7) nearest neighbor and
weaker next-nearest neighbor repulsion, and an
attractive third-nearest neighbor attr: ction: 1/, =
3.38 kcal/mol, V, =0.1 V,, V;' = —0.05V,, with
an uncertainty of order 10%. In addition, these
parameters predict structural features for CO/
Rh(111) at temperatures well below the desorp-
tion range which are consistent with the diffrac-
tion data. In particular, we find a range of tem-
peratures for the ordering into the (V3 X v3)R30°
structure at coverage 1/3 which contains the
transition temperature observed in the He
diffraction measurements. Also, the low tempera-
ture (2 X 2) structure at coverage 1/4, observed
in the LEED experiments [24], is predicted. Pre-
vious estimates of possible interaction parameter
sets by Kjoll et al. for this system are inconsistent
with the experimental desorption data.

Sets of nearest and next-nearest interactions
were also deduced by Monte Carlo simulations of
the observed ordering temperature for the 3
X V3 )R30° structure. However, a standard Monte
Carlo calculation of the desorption rate using
these values failed to describe the desorption
data as accurately as the the model above, princi-
pally because this standard method is only appli-
cable to systems for which the sticking coefficient
has the simple form (1 — 6).

There are a number of ways that the model
parameters can be refined or confirmed. Diffrac-
tion measurements carried out at 8 <1/3 and
T < 325 K can be used to map out the rest of the
phase diagram, which can be compared with that
already already caiculated by Roelofs et al. (see
fig. 10.8 of ref. [10]) for the interaction ratios
R =0.1 and R’ = 0.05. In addition, measurements
of the isosteric heat of adsorption, which is inde-
pendent of sticking, as well ac further measure-
ments of TPD and isothermal desorption rates,
should be made to help confirm these ratios. Our
attempts to match TPD spectra above §=1/3
(which appear in ref. [24]) fail with our present
model, as we have not allowed for occupation of
an additional binding site. On Rh(111), CO com-
petes for both on-top and bridge sites [14,15,37],
with binding at lower coverages occurring at on-
top sites anc at higher coverages at both on-top
and bridge sites. Calculations to account for this
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effect and model higher coverage (8 > 0.22) des-
orption are in progress. A study of the general
features expected for desorption of particles from
a triangular lattice with predominantly repulsive
nearest neighbor interactions, as calculated using
the method of section 3, will be presented else-
where [38].
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