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The influence of adsorbate interactions on kinetics and 
equilibrium for CO on Ru(001). II. Desorption kinetics and 
equilibrium 

H. PfnOr, P. Feulner, and D. Menzel 

Physik-Department E 20. Technische Universitiit Miinchen. D 8046 Garching b. Miinchen. Federal Republic 
a/Germany 
(Received 10 November 1982; accepted 23 July 1983) 

A variety of methods [temperature programmed desorption via pressure rise and via work function changes 
(.:1~); isothermal desorption via .:1~: quasiequilibrium measurements via isobars monitored by .:1~. in 
combination with sticking coefficients] has been used to obtain detailed data on the coverage dependence of 
the adsorption equilibrium and desorption kinetics for CO on the basal Ru(OOI) face. While the deviation 
from reversibility varies strongly over these methods, no significant influence of the degree of irreversibility on 
the results has been found. Desorption energies and isosteric heats are constant at 160 kJ/mol for 0 < e < 0.2, 
then rise slowly up to 175 kJlmol at e = 0.33, where they fall abruptly to 120 kJ/mol and more gradually at 
higher coverage. The "first order" frequency factor (Arrhenius preexponential normalized by the coverage) is 
10'6 s-' at e = 0, rises precipitously, especially in the range 0.2 < e < 0.33, to 1019 s-' at e :::::0.33, where it 
drops abruptly to :::::10" s-'. The main conclusions drawn are: (1) The dependence on coverage of the 
desorption energies and preexponentials can be understood in terms of the equilibrium statistical mechanics of 
the chemisorption layer, governed by lateral adsorbate-adsorbate interactions. In particular, the high 
preexponentials and their strong increase close to e = 0.33 are due to strong localization in the adlayer. (2) 
No strong influence of precursor kinetics exists in desorption. (3) Possible dynamic effects have constant 
influence throughout the range of measurements and can be described by the behavior of the sticking 
coefficient. These conclusions are discussed in connection with other recent findings. 

I. INTRODUCTION 

In part I of this work1 detailed measurements for the 
dependences of the sticking coefficient of CO on Ru(OOl) 
on coverage and surface temperature have been re
ported and discussed in terms of the structural proper
ties of the chemisorbed layer (which in turn are defined 
by lateral interactions) ~d the influence of chemisorp
tion coverage on the existence and properties of precur
sor states (vertical interactions). Here we report the 
results of detailed coverage and temperature dependent 
measurements of desorption kinetics and equilibrium 
for the same system, obtained with a variety of indepen
dent methods which serve to check each other's results 
and differ considerably in their distance from reversi
bility. The main results have been published before in 
short form together with an abridged discussion. 2 Here 
we give experimental and interpretational details and 
improve the evaluation and interpretation by drawing on 
the results of paper I. 1 

From the earliest days of kinetic and equilibrium mea
surements on adsorption layers it has been realized that 
the derived parameters-enthalpies and entropies of ad
sorption, and activation energies and preexponentials of 
desorption-will, in general, be coverage dependent, 
expressing the energetics and statistics of lateral inter
actions. For instance, Taylor and Langmuir3 have 
given detailed coverage dependent data for Cs/W as early 
as 1933. Nevertheless, a large fraction of publications 
on these topics neglects this dependence. While the cov
erage dependence of the adsorption energy is more often 
observed, there are only relatively few publications 
where the coverage dependence of the desorption pre ex
ponential is considered in detail (e.g. see below). Also, 

while well-known statistical mechanical arguments lead 
to the expectation of high desorption preexponentials 
from localized adsorption, and some reports of preex
ponentials up to 1018 S·l for unimolecular desorption 
existed in the literature prior to Ref. 2, only recently 
very high values and strong coverage dependences have 
been reported. Furthermore, the possible influences 
of intermediate states (precursors) and of dynamiC ef
fects on desorption-questions which have found con
Siderable interest recently-can be examined USing our 
data. 

II. EXPERIMENTAL 

A. Experimental equipment 

The experiments were done in a standard stainless 
steel UHV chamber, pumped by an ion getter pump and 
a titanium sublimation pump. The base pressure was 
about 5 x 10-11 mb. At a later stage an additional oil dif
fusion pump was installed which made it possible to re
duce the base pressure to 1 x 10.11 mb. The chamber was 
equipped with LEED/ Auger optics, a quadrupole mass 
spectrometer QMG 111 (Balzers) and a vibrating capaci
tor. Details of this type of vibrating capacitor are de
scribed in Ref. 4. It is operated in a self-compensating 
circuit by using a lock-in amplifier. The main advan
tages over other deSigns are short time constants « 20 
ms), high accuracy for the measured work function 
changes (0.1 mV at 1 Hz bandwidth), low noise level 
(1 mV rms undamped), and the possibility to heat the 
sample during measurement. The electrOde of this 
capaCitor consisted of a small ring, 4 mm in diameter, 
made of 0.25 mm tungsten wire. A fine grid of stain
less steel (optical transmission 80%) was spanned over 
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the ring, and the assembly covered with tin oxide so 
that there were no work function changes on the elec
trode by gas adsorption at pressures up to 10-4 mb. In 
order to precisely calibrate work function changes 
against coverage1 the quadrupole, used for the reported 
Ap measurements, was replaced by a Balzers QMG 311 
with glass shield around the ionization chamber. 5 The 
crystal was prepared as reported previously. 1 It could 
be resistively heated and cooled with liquid nitrogen down 
to 80 K. An electronic temperature controller allowed 
the temperature to be held constant to better than 0.1 K. 
The temperature could be linearly swept up and down at 
heating rates between 0.01 and 50 K/ s. 

B. Experimental procedures and evaluation 

1. General 
Kinetic and equilibrium measurements of gas adsorp

tion on surfaces necessarily require a possibility to 
monitor the momentary coverage on the surface as a 
function of conditions (temperatures of gas and surface, 
ambient pressure, and possibly other parameters). For 
temperature programmed desorption (TPD)6 via pres
sure rise (Ap-TPD) which to date is the most used meth
od to determine desorption kinetics, 7-9 the ambient base 
pressure is usually negligibly small and one measures 
the change in coverage by monitoring the partial pres
sure rise Ap in the vacuum chamber caused by desorbing 
gas from the surface, and establishing a mass balance. 
The actual coverage at any given instance is then ob
tained by integration of parts of such desorption spec
tra. There are numerous methods to evaluate such 
measurements6- 14 some of which can be used to extract 
coverage dependent parameters (see in particular Refs. 
9-14). The disadvantages of this method are the limi
tations of usable heating rates, the possible interac
tions of the gas molecules with walls, pumps, and pres
sure measuring devices (reversible adsorption-desorp
tion, displacement, and reactions) which can lead to dis
turbances, and-for single crystal samples-the fact 
that contributions from differently oriented parts of the 
crystal (mainly the rim) and from the crystal mounting 
are difficult to be clearly separated from desorption 
from the well ordered sample regions. All these ef
fects limit the obtainable resolution which in turn de
grades the accuracy of the derived kinetic parameters. 
Most of these problems can be overcome by using a 
shielded quadrupole mass spectrometer which only al
lows molecules desorbing from the central part of the 
crystal to enter the ionization chamber of the QMS. 5 

A much greater variety of information is offered by 
measuring directly the changing coverage. In this way 
not only TPD is pOSSible, but measurements of sticking 
coeffiCients, isothermal desorption (ID), and equilibrium 
measurements with the gas phase can be done as well. 
Isothermal desorption has been done quite early as well 
as more recently by several workers using different 
coverage parameters15, 16; as Ap cannot be used here, 
this mode of measurement is not widespread. Measure
ments of equilibrium (or rather quasi equilibrium; see 
below) isosters also go back to Langmuir3; they are fre
quently used for coverage-dependent enthalpy deter
minations. 

For many systems a preCise and fleXible tool to re
cord coverages is given by the work function change Act> 
which is often related uniquely to coverage and big 
enough to give a precise measure of coverage. For de
termination of isosteric heats, Act> is the usual coverage 
parameter; for macroscopic single crystals this method 
has been introduced by Tracy and Palmberg. 17 

Act> is also an excellent coverage monitor for iso
thermal desorption. 16 To our knowledge, the application 
of Act> in TPD measurements was introduced by us. 2,5,18 
For CO on Ru(OOl) the saturation coverage of es =0. 68 
(relative to Ru surface atoms) corresponds to Act> = 780 
mY, and the exact coverage dependence is well known. 
Therefore the quasi equilibrium and most kinetic mea
surements described below were done using Act>. For 
comparison, Ap-TPD with the improved methodS was 
also done. 

2. Desorption experiments 

The Arrhenius equation, the baSic ansatz for all de
sorption experiments, can be rewritten (for molecular
ity 114 •19 as CO is only molecularly adsorbed on Ru(001)20 
as 

where Y d is the rate of desorption and Y do its nonexpo
nential part, Nad is the surface denSity of adsorbate, 
and kOI the normalized preexponential. 19 As the rele
vant temperature throughout this work is the surface 
temperature, we omit the suffix s in the following and 
simply write T for the variable. The gas temperature 
was always about 295 K. The effective desorption en
ergy Eeff is not necessarily equal to the binding energy 
EE, even for nonactivated adsorption, as desorption oc
curs irreversibly and precursor influences are possi
ble. 1,14,21,22 A comparison to the results of measure
ments in (or close to) equilibrium with the gas phase is 
therefore instructive and discrepancies in the results 
or their absence can give further insight into the de
sorption mechanism. In some recent theoretical work, 
where the microscopic details of the excitation process 
by phonons for a desorbing particle are studied, 23 sys
tematic deviations from the Arrhenius law are found, 
but these become obvious only if large temperature 
ranges are observed. For sticking coefficients varying 
not too abruptly with T the Arrhenius law is well ful
filled over limited temperature ranges and the deviations 
of the effective desorption energies from the barrier 
height are of the order kT. Measuring tolerances are 
of the same magnitude so that these deviations would be 
difficult to detect. 

With the assumption that for a small range of temper
ature-a variation of typically 10% of the absolute tem
perature at constant coverage is experimentally possi
ble-ko is essentially independent of temperature (see 
also discussion) the slope of the logarithmic straight 
line, In Yd vs liT, at constant coverage e (desorption 
isoster) gives Eeff and the extrapolation 1/T- 0 the pre
exponential factor. This kind of evaluation requires the 
knowledge of Yd and of the remaining coverage on the 
surface simultaneously. Both can easily be determined 

J. Chem. Phys., Vol. 79, No.9, 1 November 1983 



Pfniir, Feulner, and Menzel: CO on Ru(001). II 4615 

by L:.cp measurements, whereas in L:.p measurements the 
latter can be found only by back integration which is 
much more problematic because of the reasons men
tioned above. 

Many evaluations of desorption experiments have as
sumed a constant order of desorption, i. e., that the 
coverage-dependent part of rd is contained totally in a 
term N'" where x is an integer and constant19

; Eeff and 
ko should then be essentially coverage independent, at 
least over certain ranges (for certain states). General
ly speaking, however, both ko and Eeu have to be ex
pected to be coverage dependent, as stressed above, 
possibly even strongly, and it is the main aim of our 
work to obtain exact coverage dependences of these pa
rameters. It is necessary for this to have extensive data 
of rtf as functions of e and T. One possible way to ob
tain such data sets is to change Ts stepwise to a certain 
value where the chosen initial coverage is uns(able, and 
then to follow rd(e) at constant Ts; with different eo and 
T values a large data field can be obtained. 16 Such iso
thermal desorption runs would be very difficult if not 
impossible by L:.p measurements. A change in desorp
tion rates at constant coverage can also be achieved in 
temperature programmed desorption by changing either 
the initial coverage at constant heating ratesll or by 
varying the heating rates at constant initial coverage. 10,13 

The impliCit assumption for all these evaluations is that 
at equal residual coverage and temperature there al
ways exists the same state on the surface, independent 
of heating rates, i. e., there is internal equilibrium on 
the surface. This also means that the shape of desorp
tion curves is independent of heating rates. A special 
case of the latter method is considered by Falconer and 
Madix who use the temperature of the desorption maxi
mum Tp and vary the heating rates {3.12 A plot of In {3/rz 

vs l/T gives again a straight line with slope Eeff • In 
order to get ko in the same way as described above one 
must additionally assume here that Eeff is only slowly 
varying with coverage. 18 This method can be easily ap
plied also to L:.p-TPD as here the baCkground is no se
vere problem. The measurement via L:.cp is again more 
advantageous, however, as limitations of heating rates 
are avoided in this way. 2,18 

Use oj L:.cp as coverage indicator. The calibration 
curve L:.cp(e) obtained in adsorption1 can be checked di
rectly by desorption to exclude any temperature or 
shielding effects. If L:.cp varies linearly with coverage 
as is exactly correct up to e = 0.33 in this system, the 
rate of adsorption or desorption is simply proportional 
to d( L:.cp)/ dt which can be obtained by direct electronic 
differentiation of the lock-in output. Figure 1 shows 
comparisons of TPD spectra for medium and high cov
erages, obtained in the way just described (dashed) and 
via the partial pressure rise L:.p (full lines) using the 
shielded quadrupole mass spectrometer. These curves 
were only adjusted for equal peak maxima. A back
ground of less than 3% of the maximum desorption rate 
was subtracted in the L:.p plots, which was assumed to 
be proportional to the amount already desorbed. This 
seems to slightly overestimate the influence of the back
ground and leads to a too sharp cutoff at the high tempera
ture end of the L:.p spectra. These spectra corroborate 

~p 

~¢=400mV 

(a) 

400 450 500 550 T(K) 

c¢,,= 760mV 

(b) 

300 350 400 450 500 550 T(K) 

FIG. 1. Comparison of thermal desorption spectra obtained 
via partial pressure rise (L:.p-TPD; full lines) and work func
tion change (L:.<t>-TPD; dashed lines) for two initial coverages 
corresponding to (a) e'" 0.30; (b) e '" 0.68 (saturation). 

the strict proportionality of L:.cp and e up to e = O. 33, 
even when the temperature is changing. Clear deviations 
are found at higher coverages. These findings are con
sistent with the L:.cp vs coverage calibration1 and were 
used as additional information for this calibration there. 
Correction of the data for the different e - L:.cp relation 
in this range1 fully accounts for this effect, so that no 
measurable influence of the changed temperature on the 
L:.cp measurements exists in this range either (see also 
below, Sec. liB 3). The exact conformity of the high 
temperature peaks in these spectra (within a tolerance 
of ± 1 K on the temperature axis) also shows that shield
ing effects by the vibrating counterelectrode (positioned 
about 0.2 mm before the sample surface)1 have no mea
surable influence. This can be exactly correct only for 
measurements in equilibrium with the gas phase as there 
equal numbers of gas particles are reflected from both 
sides of the electrode. Under desorption conditions, 
where the ambient pressure is negligible, the electrode 
reflects a fraction x of the desorbing flux which can 
stick again on the surface with probability s; the mea
sured desorption rate could thus be reduced. The re
sults of Fig. 1 and similar others show that this is not 
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o 100 200 300 400 1I ~(mV) 

40 

30 

2 

10 

o 

o 0,1 0.2 0,3 e 
FIG. 2. Isothermal desorption traces at various tempera
tures for the regime below e '" 0.30. In time, the curves are 
run through from right to left. 

the case. Closer examination (see Appendix A) explains 
this finding. 

Procedures for isothermal desorption. Ideally the 
crystal should be heated stepwise and without overshoot 
to a temperature which should then be maintained con
stant during the desorption measurement. As this is, 
of course, not possible, the following procedure was 
adopted. Mter adsorption of about 0.6 of a monolayer 
at 150< T< 250 K for the investigation of the coverage 
range e < O. 33, or of a saturation layer at Tad < 170 K 
for higher coverages, the crystal was linearly heated 
to the desired desorption temperature with 35 K/ s in 
the former and with 25 K/ s in the latter cases in order 
to avoid large overshooting. Typically after 2 s, when 
the temperature had reached its end value to better than 
0.2 K, the measurement was started and d(ilcp )/dt 
against ilcp was recorded. Desorption rates between 
0.2 and 20 mV/s (corresponding to about 2XI0-4 to 

6p 

300 400 500 600 T(K) 

FIG. 3. ilp-TPD traces for various initial coverages of (a) 
0.66; (b) 0.63; (c) 0.58; (d) 0.54; (e) 0.49; (f) 0.45; (g) 0.43; 
(h) 0.38. 

290 
241 
200 
141 

m 400 500 600 

-T(K)~ 

FIG. 4. t..ct>-TPD traces for various initial coverages given 
by the initial ilct> value. 

2XIO-Z monolayer/s) could be measured to better than 
3%-5%. A set of such curves for e < O. 33 is shown in 
Fig. 2. The evaluation is then done by cuts at constant 
e and plots of desorption isosters, according to Eq. (1). 
The desorption energy can always be taken directly from 
the slope; the ko value obtained from the intercept has 
to be corrected in the range where the ilcp - e relation 
is no longer strictly linear. The correction can be 
avoided if In [d(ilcp)/ ilcp . dt] is plotted against l/T, as 
the nonlinearity of ilcp( e) then cancels out. 

TPD; variation of initial coverage. Starting with many 
different coverages, TPD spectra were taken either via 
ilp according to Ref. 4, or via d(ilcp)/dt. Figures 3 and 
4 show examples for such sets of spectra. For isosteric 
evaluation of ilp data, the reSidual coverage has to be 
obtained in each point by integration over the rest of 
the trace; in the ilcp mode, the ilcp values can be re
corded Simultaneously with their time derivative. In 
both cases, curves of In [e/(de/dt)] as a function of e 
can be constructed, with T as parameter (see Fig. 5), 
as suggested before by Bauer. 11 Vertical cuts yield 
again desorption isosters, from which E.u(e) and ko(e) 
are taken as above. 

TPD; variation oj heating rates. The special case of 
Ref. 12 was used. As many measurements with one 
initial coverage are necessary to obtain one E - ko pair, 
this type of evaluation was used for two different cov
erages only; for both, ilcp and ilp measurements were 
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200 300 ~<I>(mV) 

FIG. 5. Desorption isotherms (Ref. 11) obtained from TPD 
via the procedures described in the text. Parameter: Surface 
temperature. 

carried out. For /lP, the unshielded mass spectrom
eter was used. Because of the limitations imposed by 
the background (here about 20% of the desorption maxi
mum at (3 = 5 K/s), and the pumping speed, the usuable 
range of {3 was only between 0.2 and 20 K/s. In /lcp 
runs, these limitations do not exist, and rates from 
0.05 to 50 K/s were applied. Figure 6 shows a plot of 
In {3IT; vs liT for such a series, from which Eoff and 
ko are obtained according to Ref. 12. Curve sets ob
tained by {3 variation can also be evaluated isosterically 
(see above and13

); this has not been done here. 

10- 5 

10- 6 

10-7 

1.9L...~10--:-3:--'-"""2L...O"""""""""~2L...1""""""""""""2.L..2"""""""""""2.3 

-- 11 Tp -----+ 

FIG. 6. Evaluation of TPD peak temperatures according to 
Ref. 12, for a /lcf>-TPD series. 

64>(mV) 

600 ~~-----.-

400 -

o 

400 500 600 T(K) 

FIG. 7. Quasiequilibrium isobars monitored via /lcf>. The 
thin lines show the temperature dependence of cf> for which a 
correction is applied in evaluation. 

3. Equilibrium with the gas phase 

The determination of isosteric heats by variation of 
T and P such that a certain coverage e is maintained 
under reversible conditions, and application of the 
Clausius-Clapeyron (or Vant' Hoff) equation to these 
data goes back to Langmuir3 and has been introduced to 
Single crystals by Tracy and Palmberg. 17 To our knowl
edge, none of the many applications of this procedure 
has been done under real equilibrium conditions, i. e., 
for Tg = Ts, but the varied temperature was always Ts , 
while Tg was held constant at room temperature. Thus, 
only a steady state or quasiequilibrium is attained. How
ever, it can be shown that the effect on the determined 
enthalpy is negligibly small under normal conditions. 24 

Also, the difference between enthalpies and internal en
ergies for this case is of order kT and therefore negli
gibly small. 24 We can therefore directly compare these 
almost reversible with irreversible (activation) ener
gies; if strong influences of precursors exist, then de
viations between these energy values should be found. 14,22 

The usual procedure (Ts varied; Tg constant) was 
therefore used here as well. At constant pressures be
tween 1.3 x 10-6 and 1.3 x 10-4 mb, the sample tempera
ture was varied slowly and work function changes were 
monitored continuously. The attainment of steady state 
was checked by comparison of runs with upwards or 
downwards variation of T; heating or cooling rates of 
0.5 K/s were slow enough to eliminate any hysteresis. 
Examples for the resulting isobars are shown in Fig. 7 
which also displays the temperature-induced change of 
cp of the clean surface as base lines. In the evaluation, 
a correction for it was applied. 

From the isobars (Fig. 7), isosters were constructed 
by vertical cuts and plotting In P vs 1/ T according to 
Clausius-Clapeyron's equation. The quasiequilibrium 
isosteric heat which is equal to the equilibrium EB to 
an accuracy of the order kT (see above) is obtained 
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from the slope. If the sticking coefficient s is known in 
the range of isobaric measurement and does not vary 
too strongly with temperature there, one can calculate 
ko-which is thus assumed to be constant over the tem
perature range involved-by equalization of the rates of 
adsorption and desorption as has been done by many 
authors since Langmuir3,25: 

(2) 

Our sticking coefficient measurements1 were necessar
ily carried out at lower temperatures (100-400 K, as 
compared to 350-650 K for the equilibrium runs). How
ever, for e< O. 3 the temperature dependence of s is 
zero or weak, so that the low temperature values can 
be used directly with confidence; for higher coverages, 
the curves of Fig. 3 of Ref. 1 were extrapolated to 
measuring temperatures. Average values for those T 
ranges were then used for calculation of ko• 

III. RESULTS 

The results derived from all these measurements 
and evaluations are collected in Fig. 8. The effective 
desorption energies, EeU (open symbols), and the iso
steric heats of adsorption (full circles) are shown in 
Fig. 8(a), whereas Fig. 8(b) shows the corresponding 
preexponential factors. Despite some scatter in the 
data both within one single method and between the vari
ous types of measurements they all show the same be
havior. Near e=o, Eeff or EB are about 160±6 kJ/mol. 
This value is constant up to e = O. 2 where it starts to 
rise; it finally reaches an average value of 175 kJ/mol 
at e = O. 33. However, measurements at exactly this 
coverage with acceptable accuracy were possible only 
in equilibrium with the gas phase; the increase of binding 
energy is most pronounced there. [In the TPD runs a 
rate minimum obtains there, so that the corresponding 
values are especially inaccurate; besides, some smear
ing out seems to occur, as for the sticking coefficients 
(see Ref. 1).] At this coverage there is a sharp jump 
of EeU and Similarly of EB down to - 120 kJ/mol. Up 
to saturation coverage a further slight decrease to an 
end value of 110 kJ/mol is observed. The values of EB , 

measured in quasiequilibrium with the gas phase, lie 
for e < 0.25 slightly below, for e> 0.3 above the results 
for Eerr . This does not seem to be caused by precursor 
effects as this behavior is directly coupled to ko so that 
the rates of desorption seem to be equal in equilibrium 
and in nonequilibrium measurements. 

The preexponential factor behaves Similarly but in a 
more pronounced way. It rises with coverage from the 
beginning; from ko'" 2 X 1016 

S-l it increases to about 
1 x 1019 

S-l at e = 0.33, falling to values around 1014 at 
higher coverages, with a tendency to increase again 
near saturation coverage. 

Accuracy, as judged from linear regression analysis, 
was best for isothermal desorption and equilibrium mea
surements. Here the tolerances are ± 5 kJ/mol for 
Eerr and E B, and ± half a power of 10 for ko, but possibly 
up to a factor of 2 larger for higher coverages where s 
had to be extrapolated. The TPD data have much higher 
uncertainties (± 10 kJ/mol and ± 1 order of magnitude, 

Eeff 
or 

ES 
(KJ/mol) 

150 

100 

T 

l:. • 

~ <ir 8 (> 

~g8~()Ooo~ • 
¢ '1 • • •• () 

(a) 

0.1 0.2 0,3 0.4 0,5 0,6 e 

(b) 

• 
• 

o 

o 

0,1 0,3 Q5 e 
FIG. 8. Compilation of the results for (a) energies and (b) 

normalized preexponentials of desorption, as function of 
coverage. Full circles: EB from quasiequilibrium data, and 
ko from entropies and sticking coefficients; open symbols: 
effective desorption energies and preexponentials (circles: 
isothermal desorption; diamonds: Aq,-TPD evaluated via de
sorption isosters; triangles and squares: from peak tempera
tures inAq, and Ap-TPD). 

respectively) for several reasons. Firstly, the T val
ues are known to only ± 0.25 Kj where the peak temper
atures are used these are precise only to ± 1.5 K. 
Secondly, the desorption rates could not be varied as 
much in TPD at constant heating rate as in ro, especial
ly at high coverages. These values were not used 
therefore at e> O. 5. For TPD via variation of heating 
rates the high uncertainty in peak temperature cannot 
be compensated by a variation of the desorption rate by 
three orders of magnitude and has therefore about the 
same error bars. 

We conclude that no systematic differences can be 
derived for the results obtained with different degrees 
of approach to equilibrium, from the strongly irreversi
ble situation of the initial state of ro, via the various 
heating rates of TPD, to the reversible quasiequilibrium 
measurements. This also proves that (e, T) are suffi
cient to characterize the state of the layer, i. e., that 
internal equilibrium in the layer was always reached 
irrespective of the mode of measurement. 
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IV. DISCUSSION 

A. Comparison to other work 

When the first account of this work appeared2 the 
measured pre exponentials were very high compared to 
most values published previously. There had been a 
number of reports of high values, 11,18 and from early 
on, theoretical considerations had shown that these 
should be expected for desorption from immobile lay
ers.25 However, the prevalent view was that of normal 
preexponentials of 1013 S-l for unimolecular desorption, 
and in particular no such strong increases with coverage 
as found by us had been seen before. Meanwhile simi
lar results have been found for the system CO/Ni(l11). 26 
The present results differ from those in Ref. 2 only in 
that greater care has been applied to take into account 
all possible disturbances and correct for them, and in 
that more accurate sticking coefficients have become 
available. 1 All this shows that our results are trust
worthy within the given error limits which in turn lends 
credibility to other reports of high pre exponentials of 
molecular desorption (see the papers cited in Refs. 2 
and 26) and suggests that the frequent reports of normal 
preexponentials (of about 1013 S-l) may partially be due 
to inadequate data collection and/or evaluation. Spe
cifically, conclusions from TPD peak shapes or widths 
are not considered trustworthy, in particular if obtained 
via standard IIp measurements with their many sources 
of distortion and broadening. To give an example: our 
own early TPD measurements for the present system27 

were of (normal) low quality as well and would not have 
warranted quantitative conclusions, if considered from 
the present state of development. We suggest that the 
situation may be similar in many other reported cases. 
As a preexponential has to be assumed to deduce de
sorption energies from TPD peaks, many such energies 
in the literature are probably too low by about 25% or 
more. 

In our preliminary report,2 we used transition state 
theory (TST)28 for the discussion of the measured pre
exponentials. However, this treatment does contain 
some ambiguities, in particular with respect to the in
terpretation of the transition state. It is advantageous, 
therefore, to use a simple treatment balancing rates of 
adsorption and desorption which leads to identical re
sults. The independence of our results of the degree of 
irreversibility can then be used to draw further conclu
sions about the mechanisms involved, in particular about 
the possible role of precursor states. 22 

B. Energetics and structure 

Before discussing this briefly, we want to examine 
the connection between the existing structural informa
tion on this system, known from LEED27,29-31 and vi
brational spectroscopy,32,33 and our results. According 
to the cited work, a..f3 x..f3 R 30° structure grows from 
e= O. 08 on and reaches its maximum intenSity and sta
bility at e = 0.33; a further increase of e quickly de
stroys it. Vibrational spectra32,33 and LEED-IV analy
SiS31 have shown that on-top sites are occupied at the 
superstructure maximum. This means that a rather 
strong repulsive interaction between CO molecules on 

next neighbor (NN) sites prevents their filling. The 
jump in binding energy found at e = 0.33 gives a lower 
limit for the strength of this interaction. According to 
the model advanced in Ref. 1, one additional adsorbed 
molecule at e> 0.33 has to occupy a site in the center 
of three molecules in ..f3 configuration which are shifted 
apart by the repulsive interaction; probably further re
laxation in the neighborhood occurs as well. This leads 
to the fast destruction of the /3 structure above e = 0.33. 
In any case, the molecules do not sit on NN sites in the 
resulting configuration, so that the full NN repulsive 
interaction does not take effect; on the other hand, the 
molecules chemisorbed originally have been shifted 
from their optimal sites which weakens their surface 
bonds. The jump of about 55 kJ/mol in the isosteric 
heat at e = O. 33 gives the sum of all these effects. If 
for Simplicity we consider only the three next neighbors 
of the newly adsorbed molecule to be shifted [see Fig. 
7(b) of Ref. 1], then the pairwise repulsive interaction 
in the shifted state amounts to about 18 kJ/pair. The 
NN repulSion is certainly considerably higher than that, 
as seen from the fact that adsorption ceases at e= O. 68, 
i. e., still far from occupation of NN sites. The finding 
that isosteric heats and desorption energies are indis
tinguishable within the error limits shows that upon de
sorption the leaving molecule can pick up the energy 
gained when the neighbor molecules snap back into opti
mal sites. The rise in binding energy between e = 0.2 
and 0.33 must be due to an attractive interaction between 
NNN (near-next neighbors at distance a /3). Indeed 
island formation in adsorption at low tempera
tures27.29.30.33.34 is indicative of this. At the high desorp-
tion temperatures the order is destroyed up to e= O. 2; 
above that coverage a second order transition maintains 
partial order even up to the measurement temperatures 
used here, and around e = O. 33 the order is maintained 
rigidly up to desorption. 29 Indeed the rise of E starts 
exactly at the coverage where the phase boundary of the 
order-disorder transition begins to rise sharply in a 
temperature vs coverage plot. 29 As the energetic and 
kinetic measurements sense an average over all con
figurations, the attractive interaction is gradually turned 
on with increasing coverage: an increaSing part of the 
desorbing molecules are forced to desorb from configu
rations with many neighbors in f3 distances and there
fore with higher binding energy. At e = 0.33, desorp
tion occurs from a completely ordered layer. Consid
ering only next neighbor interactions, the pairwise at
tractive energy at distances a/3 becomes about 2.5 kJ/ 
pair. As there may be contributions from further cor
related molecules beyond the first..f3 spacing, as well 
as three-body forces, this estimate constitutes an up
per limit. 

C. Preexponentials of desorption and statistics of the 
chemisorbed layer 

We now turn to a consideration of the influence of the 
statistics of the chemisorbed layer on equilibrium and 
desorption kinetics and focus on an interpretation of the 
experimentally found high preexponentials and their 
strong coverage dependence. Under equilibrium or sta
tionary conditions, the rates of adsorption and desorp-
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tion must cancel. The preexponential of desorption is 
then given by an equation similar to Eq. (2) which can 
be rewritten as 

ko(e) = s(e) (vg/4)(Ng/Nad ) exp(EB(e)/RTs ) , (2a) 

where Vg = (SkTi rrm )1/2 is the mean velocity in the gas 
phase, Ng and Nad are the particle concentrations in gas 
(per volume) and surface (per area), and s, ko, E are 
assumed roughly T independent over the range of obser
vation. For truly reversible situations (Ts=T,=T), the 
quantity N,/Nad can be obtained from statistical mechan
ics; it will always be of the type 

(3) 

where Qg and Qad are the single particle partition func
tions in gas and adsorbate, andf(e) contains the sta
tistics of the layer. For a localized, oriented adsorbate 
(no translations or rotations excited in the layer), and 
negligible internal vibrational excitation in the molecule 
in gas or layer, we have 

ko(e) = s( e) (vg/4)(q: qr/ qv) f( e) 

= s(e)(kT/h)(r/;qr/qv)f(e) , (4) 

where qt is the partition function per translational de
gree of freedom, qr that for rotation of the gas mole
cule, and qv that for the soft vibrations of the adsorbate 
(frustrated translations and rotations). For our cases 
of quasi equilibrium (Ts"* Tg) and of irreversible desorp
tion, this treatment is not strictly applicable. However, 
our experimental results show no Significant influence 
of the various degrees of deviation from reversibility. 
We therefore feel justified to use this treatment even 
there with the only correction to use the appropriate 
temperature (Ts, T .. ) in each term. In effect, this cor
responds to the assumption that the rates of adsorption 
and desorption under irreversible conditions are equal 
to those under reversible but otherwise identical condi
tions (i. e., for desorption: for the same Ts and Nad)· 

Similar treatments have been used by several authors 
before. 14,26,35 Equation (2a) is very similar2 to the ex
pression for ko derived for irreversible desorption from 
TST28 for certain assumptions, except that the latter 
does not contain the sticking coefficient. 36 

The simplest approximation is to assume that the layer 
can be described by an ideal lattice gas. While this will 
be a bad assumption for appreciable coverages because 
of the well-known strong interactions in this system, it 
is acceptable for high dilution, i. e., for e- O. The 
equilibrium between ideal gas and ideal lattice gas is 
described by31,38 

Ng/Na = (Q,/Qa) [a/Ns(l - ae)] exp(- EB/RT) , (5) 

where a is the number of metal atoms which form a 
site. At e = 0 every metal atom can be an adsorption 
site (a = 1), so that we get 

with Ns as the number density of Ru surface atoms. 

(6) 

With the gas phase values calculated for Tg = 300 K, 
ko(0)""SX1016/qv(S-1) (the higher value given in Ref. 2 
stems from the use of Ts instead of Tg in qt,r, consistent 

with TST). Comparison to the experimental value sug
gests that qv is of the order 10. Estimates using values 
derived from data for metal carbonyls39 as well as from 
theoretical estimates40 for the soft vibrations which are 
of importance (e. g., energies of the frustrated transla
tions are expected to lie in the range 50-100 cm-1) lead 
to values between 10 and 40 (at Ts =450 K), which is on 
the high side. The most probable explanation is that 
there is also a contribution from the change of the sur
face phonon spectrum by adsorption. To account for 
this, a factor (qs.c/ qs.a), the quotient of the partition 
functions for surface phonons on the covered and the 
clean surface, has to be included in Eq. (6). Indeed, 
the adsorption induced increase of the surface Debye 
temperature, found experimentally, 29 suggests a shift 
of the surface phonon spectrum towards bulk behavior, 
i. e., a stiffening, by adsorption of CO. In view of the 
remaining uncertainties, more detailed calculations and 
consideration are not appropriate. In particular, the 
explicit extraction of the temperature dependences of 
the q's26 does not appear necessary; not only do they can
cel to a large degree for most assumptions, but the ex
perimental accuracies for both the E and ko values are 
too small to recognize the difference. It has become 
clear, however, that ko(O) values between some 1015 and 
1017 S-l can be obtained depending on the details of the 
adsorbate modes, making the estimates compatible with 
experiment. The increase over the normal value of 1013 

assumed often is seen to come from the reduction of 
mobility in the adsorbed phase in agreement with expec
tations. 25 

In order to explain the e behavior of ko, we have to 
consider the statistics of the layer. For a noninteracting 
lattice gas with constant Ns sites, 

would resu!t37.38 and a divergence at e = 1 could occur 
if not canceled by s(e). In our case the obvious exis
tence of strong NN repulsion seen in the stability of the 
,f3 structure and in the E(e) dependence suggests as a 
first apprOximation to set a = 3 in Eq. (5). This would 
lead to a divergence at e = 1/3, and indeed ko does rise 
strongly there. However, for low coverages, each ad
sorbed molecule blocks seven metal atoms (a =7), and 
in between the number of adsorption sites varies in a 
complicated manner depending on the configurations in 
the layer. On the other hand, repulsion at e> O. 33 is 
not infinite leading to additional adsorption. This does 
not take place on NN sites, however, but leads to com
preSSion of the layer; therefore a lattice gas model is 
not adequate for e> o. 33. But even for e< O. 33, no 
simple description can be given, as no exact solutions 
exist for the statistics of interacting particles in two 
dimensions, except for e = 0.5. 37 Approximations must 
be used, therefore. 

The Bragg-Williams approximation is of no use here 
as it does not consider entropy changes. The quasi
chemical apprOximation (QCA)37 is more useful. How
ever, the usual QCA only treats next neighbor pairs 
exactly; it would lead to a divergence at e = 0.5 and is 
thus not useful in our case. A reduction of the numbers 

J. Chem. Phys., Vol. 79, No.9, 1 November 1983 



Pfnur, Feulner, and Menzel: CO on Ru{O01). If 4621 

of adsorption sites, as proposed by Zhdanov,41 leads to 
the same difficulties as for the noninteracting lattice 
gas. A better representation is possible with a general
ized QCA42 which uses an enlarged basic unit of sites 
treated exactly, so that the actual symmetry and inter
actions can be accounted for, at least in principle. 
If only NN -repulsive interactions are considered, a 
triangle is sufficient as basic cell on a hexagonal lat
tice. Results of this calculation for a pairwise NN re
pulsion of 20 kJ have been obtained in ReL 42. For e 
< O. 33, the agreement between experiment and calcula
tion was acceptable, although the increase of ko was too 
small. This is partly due to the fact that the real NN 
repulSion must be much higher than that derived from 
the step in our E(e) curve (see above), and to neglect 
of attractive interactions. Improvement would be possi
ble by changes in both cases, although calculations with 
attractive interactions would be conSiderably more com
plicated. 

Even though lattice gas models break down for e> O. 33, 
qualitatively the same arguments can be applied there. 
Above e = O. 33, the localization of adsorbate should 
strongly decrease as the surface bond is weakened and 
mobility thus increased in the slightly compressed lay
er. Also, s is now strongly coverage (and temperature) 
dependent and decreases by two orders of magnitude be
tween e = O. 33 and 0.6. Both effects lead to a decrease 
of ko, as observed. On the other hand, localization be
comes strong again upon approaching saturation which 
should lead to a strong increase of ko towards satura
tion. The observations give an indication for such an 
effect although by far not as strongly as for e-0.33. 
While the measurements are much less accurate above 
e = 0.5 so that firm conclusions are difficult, it is well 
possible that part of the increase is indeed cancelled by 
the decrease of s which is not known with sufficient ac
curacy in this range. 

D. Precursor influences and dynamic effects 

In Sec. IVC we have used a treatment based on equal
ization of rates so that conSiderations of the paths of 
adsorption and desorption did not enter but only the two 
states in equilibrium (at least in principle) with each 
other-chemisorbed layer at e and gas phase at p-were 
of importance. This treatment effectively splits the 
rate of desorption into an equilibrium term (determined 
by the equilibrium statistics of the layer) and the term 
s( e, 1') which can contain dynamiC effects (i. e., effects 
of deviations from thermalization during reaction, 35,43) 

as well as effects caused by particular reaction paths 
(e. g., precursor influences22

). Recent state-resolved 
desorption and scattering measurements in similar sys
tems44

-{6 have shown the existence of dynamic effects, 
and the discussion of our sticking datal has indicated 
precursor as well as dynamic effects. We have to dis
cuss the compatibility of these findings, therefore. 

We begin with precursor effects. The analysis of 
sticking coefficients for the present system1 has shown 
that adsorption kinetics is most likely to be governed by 
direct adsorption up to e= O. 2, in agreement with the 
results reported here. At higher coverages, however, 

precursors (intrinsic throughout the T range, extrinSic 
only at T< 200 K) contribute importantly in adsorption. 

Nevertheless, the measurements reported here did not 
yield a Significant difference between equilibrium and de
sorption energies, EB and E err , at any coverage. [In 
fact, the most obvious difference of the sets of measure
ments occurs in the region below e= O. 2, see Fig. 7(a), 
where a precursor influence can be excluded; also, the 
difference is in the wrong direction. This shows that it 
is due to systematic influences in the experimental pro
cedures, not to a true physical difference.] The main 
difference between the sticking measurements of Ref. 1 
and the present equilibrium and desorption measure
ments concerns the range of surface temperatures (100-
400 K for adsorption, vs 350-650 K for equilibrium and 
desorption). An influence of the extrinsic precursor on 
the latter can therefore be discounted right away. The 
intrinsic precursor I" (adsorbed above empty chemi
sorption sites blocked interactionally), however, should 
also constitute the preferred path of desorption, at least 
above 1/3 coverage. For k;' »k~' (see Ref. 1 for the 
nomenclature and details of the model) which is fulfilled 
the better the higher Ts , the measured desorption energy 
should then be equal to the energy of the transition state 
between chemisorbed state and precursor, Eeu = ED < E B' 14 

Such a difference between EB and Eeff has been reported 
recently for Xe/W by Opila and Gomer47

; it has not been 
seen here. However, the difference EB - ED = Ed - E a, the 
energetic difference between the transition state between 
C and t', and the gas phase, was determined to be about 
7 kJ/mol in Ref. 1, so that it would barely be Visible 
with our accuracy. Our data are consistent with such 
an interpretation (EB is slightly higher than Eeff for e 
> 0.3, and if a systematic error is assumed which makes 
E B always somewhat too low, as suggested by the low 
coverage comparison, about the correct difference re
sults) but in view of the comparable errors we do not 
place confidence on this. Whether a molecule desorbed 
from the chemisorbed state C to the precursor t' is 
again fully accomodated in the latter-which is assumed 
in this treatment-or not cannot be decided from our 
data. The latter would be a true dynamic effect; it would 
bring us back to direct desorption for the medium to high 
coverage range as well. We shall address these ques
tions more generally in the following. 

This takes us to the discussion of dynamic effects. 
Our discussion of sticking at low coveragel has sug
gested that adsorption is more probable for low rota
tional excitations. According to microscopic reversi
bility, desorbing particles (strictly speaking only under 
reversible but most likely also under irreversible con
ditions) should then be rotationally cool. Indeed, such 
an effect has been seen for NO thermally desorbing from 
Ru(OOl)44 (the findings of rotationally selective molecular 
beam scattering at surfaces45 may be less relevant here 
because of the much higher energies used which may 
change the collision dynamics thoroughly). In fact, very 
recently the same authors4S even reported translation
ally cold desorbing molecules for the same system. 
Such effects may be present for high coverages also: 
if desorbing CO passes through [" quickly, its orienta
tion could be preserved. All these effects are contained 
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in the sticking coefficient. As long as s is large and not 
strongly changing with T and 8, this would not show up 
in desorption measurements or their comparison to re
versible measurements. We conclude from this that the 
agreement of data taken in irreversible and reversible 
(equilibrium) measurement situations does not imply an 
equilibrium situation (in terms of distribution over 
states), nor can the latter be implied from high and 
roughly constant sticking coefficients. 

V. SUMMARY AND CONCLUSIONS 
Measurements of desorption kinetics as functions of 

surface temperature and coverage have been conducted 
with several independent methods (isothermal desorption 
via Acp changes; temperature programmed desorption 
via Ap and Acp, using changes of initial coverages and 
of heating rates) and evaluated in Arrhenius fashion to 
yield desorption energies Eaff and preexponentials ko• 
Quasiequilibrium measurements via Acp have been used 
to derive isosteric heats EB and corresponding ko values 
for the reversible situation have been extracted uSing 
sticking coefficients extrapolated to measurement tem
peratures. No significant difference between the sets 
of parameters obtained via irreversible or via almost 
reversible measurements was found. 

The coverage dependence of the binding or desorption 
energy correlates well with the interactions in this ad
sorbate system known from other measurements. From 
a value of about 160 kJ/mol at zero to low coverage, the 
energy rises to about 175 kJ/mol between 8 = O. 2 and 
0.33, due to attractive interactions which are made ef
fective by a second order phase transition. At 8=0.33, 
E drops sharply to 120 kJ/mol due to strong repulsive 
interactions which exclude occupation of nearest neighbor 
sites and lead to compression of the v'3 layer; at the 
highest attainable coverage, a value of 110 kJ/mol is 
approached. 

The preexponential of desorption is about 1016 S-1 at 
zero coverage, rises first slowly and then very sharply 
with coverage to above 1019 S-1 at 8 = 0.33, where it falls 
stepwise to about 1014 S-I. There may be a second in
crease above 8 = 0.5, but results are less certain there. 
The results are well explained by the equilibrium sta
tistical mechanics of the layer and in particular by the 
strong decrease of the layer's phase space by localiza
tion in the region of the ordering transition. (0.2< 8 
< O. 33). An exact description is made difficult by the 
necessity to take account of interactions of more than 
two molecules, but semiquantitatively the behavior is 
well understood. 

Possible dynamiC effects are included in the sticking 
coefficient in this treatment. It is shown that the pres
ence of such effects, due to the kinematics of adsorp
tion/ desorption processes, is very probable; this is sup
ported by recent state-resolved measurements in a 
similar system. Also, our failure to detect influences 
of precursors on the desorption kinetics, even though 
sticking data show these to exist, can be understood. 
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APPENDIX A: INFLUENCE OF THE VIBRATING 
COUNTER ELECTRODE ON THE DESORPTION 
RESULTS 

As mentioned in Sec. IIB2, the reflection of desorbing 
particles by the vibrating electrode reduces the desorp
tion rate rd to a value r~ which depends on the (coverage 
and temperature dependent) sticking probability s. If 
spatial inhomogeneities of the electrode and changes of 
gas temperature by reflection (in general Ts #< 300 K) 
are neglected, the change of the rate in terms of the re
flected fraction x is given by 

r~=rd(1-x)/[1-x+xs(8, Ts)]. (AI) 

Depending on s, the actual desorption rate r~ varies be
tween rd (I-x) at s = 1 and rd at s =0. As long as s does 
not change appreciably with temperature, a constant re
duction of rd results for fixed 8, so that the semiloga
rithmic desorption isosters are simply shifted parallel, 
leaving Eerr constant and changing only ko by a factor of 
less than two. This is the case for 8< O. 3 where s 
varies very slowly with T.l The effect is thus negligible 
in this range, in agreement with the conclusion from 
comparing Ap- and Acp-TPD curves (Fig. 1). At higher 
8, s is smaller than 0.2 at desorption temperatures so 
that the change of rd by the temperature dependence of 
s becomes smaller than 3% over the experimental range 
used. For high coverages the effect becomes even 
smaller because of the very small s values. There
fore, corrections for the effect of the counterelectrode 
on the gas flux are not necessary here, contrary to the 
situation in adsorption kinetics. 1 
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