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and Fe;0,(111) films studied by thermal desorption and photoelectron
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The adsorption of ethylbenzeriEB) has been studied on thin films of FEQ1) and FgO,(111)

grown epitaxialy on Rt1l) using thermal desorption spectroscogy¥DS), ultraviolet
photoelectron spectroscop§PS and low energy electron diffractiodLEED). Applying a
threshold analysis of the TDS data, desorption energigs and the corresponding frequency
factors are deduced. The UPS measurements are performed under adsorption—desorption
equilibrium conditions: The spectra are taken at varying sample temperature at constant EB gas
phase pressures. From the spectra, the EB-covefaggare deduced. From the adsorption isobars
obtained in this way, isosteric heats of adsorptigf©gg) are obtained which are compared to the
desorption energieg . deduced from TDS. On the oxygen-terminated FE) surface, two
adsorption states are observed, a physisorbed first (#EB) followed by condensatiof-EB).

Their UP spectra are almost identical and very similar to the spectrum of gas phase EB. On
Fe;04(111), a more strongly chemisorbed specieg-EB) is adsorbed first, followed by
physisorbed3- and condensed-EB. The chemisorbed phase exhibits a strong shift and split of the
highest occupiedr orbitals of the phenyl group. This indicates a strong interaction between the
substrate and the adsorbed molecules that are adsorbed with the phenyl ring lying flat on the surface.
The desorption energies, s and the isosteric heats of adsorptiqg, respectively, are 9185)

kJ/mol for y4-, 55 (58) kd/mol for 8- and 50(52) kJ/mol for a-EB and agree generally well. The
differences are discussed in terms of different coverage ranges accessible for both methods, the
nonequilibrium character of the TDS method and to the threshold analysis which yields only data for
the most loosely bound molecules desorbing first in each desorption track.99® American
Institute of Physicg.S0021-960808)50522-3

I. INTRODUCTION ferent films which were assigned to different adsorption
sites. The condensed multilayer of EB desorbs at 155 K.
The technical dehydrogenation of ethylbenz¢BEB) to  Peaks observed at higher temperature were assigned to
styrene is an important synthesis reaction. It is carried oufveakly chemisorbed EB. Upon high exposures and forma-
over iron oxide based catalysts in an EB-steam mixture ation of condensed EB multilayers an additional broad de-
temperatures around 600 °C. Leend Hirand* performed  sorption signal was observed at higher temperatures which
detailed studies on the kinetics of the synthesis reaction ancbincide for FgOj5 films with the reaction temperatu870
on the dependence of the catalyst activity on the partial presk) of the technical iron oxide catalyst. In stationary mass
sures of EB, styrene and water. Muhtgtral*® investigated ~ spectroscopic measurements it was shown that onjpFe
the nature of the active catalyst. Goodmetral®’ studied films are active for the dehydrogenation of EB. However, the
the kinetics of unpromoted and potassium promoted iron oxerder of the films could not be controlled in these measure-
ide catalysts under model conditions by infrared and Augements because no LEED system was available.
electron spectroscopy. These model catalysts were prepared In this work we investigate the adsorption of EB on FeO
by oxidizing the surface region of a polycrystalline iron disk. and FgQ, films in more detail comparing results using TDS
It has been shown in the measurements that for both praand ultraviolet photoelectron spectroscofiyPS. In the
moted and unpromoted samples the apparent activation ePS measurements, the EB coverage can be derived both
ergies are the same indicating identical active sites on thedeom the adsorbate photoemission signal and from the at-
surfaces. tenuation of the substrate emission by the adsorbate over-
In a former work ultrathin iron oxide films of different layer. As in a recent study of NHadsorption on Ge
stoichiometry were grown onto @tL1) substrates and were surfaces, the UPS measurements are performed in
investigated with thermal desorption spectroscapps). adsorption—desorption equilibrium, i.e., the stationary cover-
The experiments showed several desorption peaks on the dikge O (p,T) is measured as a function of pressure and tem-
perature. From these data, isosteric heats of adsorption

dAuthor to whom correspondence should be addressed. Electronic maigst(e) Can_ be derived which can be compared with desorp-
weiss_w@*hi-berlin.mpg.de tion energies deduced from the TDS measurements.
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Il. EXPERIMENT of 10 L EB. This is based on the assumption that the sticking
coefficient for condensation is constant and independent of

A. Sample holder and preparation
P prep the substrate surface.

As described previousff, the iron oxide layers were
prepared epitaxially on Pt11) samples by cyclic evapora-
tion of iron followed by oxidation. The oxides of different C. Ultraviolet photoelectron spectroscopy (UPS)
stoichiometry can easily be distinguished by their LEED
patterns’ The Pt substrates were clamped by tungsten wire}sQ
and molybdenum screws onto the sapphire sample holder. o . .
NiCr—Ni thermocouple was spot-welded to the Pt substratd??SS cylindrical mirror analyseCMA, Physical Electron-

Its contact to the manipulator was achieved using screws arl s), a He resonance lampie| line 21.2 eV, Hall line 40.8

contact springs of the same thermocouple material. The afﬁ ). & rtngh fr_lesolutllon_Heg;lel_rl-ztéﬂa‘éLAEliD sy::ttem swtgble
rangement is described in detail elsewhere. or spot profile analysi¢SPA- D, Ar”-sputter gun, iron

A closed Fe@L11) film up to 2 or 3 Fe—O-bilavers thick €vaporator and gas inlet system. The base pressure was about
@1y P 4 5x 10" mbar.

forms upon evaporation of Fe in portions of less than & F le rotati i tiall d feedth h
monolayer(ML) each oxidized for about 3 min at 1020 K in or sample rotation, a difterentially pumped feedthroug
was used which allowed to use a tube as manipulator shaft

10" ® mbar oxygen. When more than 2—3 ML are deposited, ' . . R .
the FeO layer does not grow further but instead quite smaIYVh'Ch can directly be filled with I|qy|d bifor cooling. In .
and high FgO, islands are forme# order to set the sample to a certain temperature, a certain

A closed FgO,(111) layer can be prepared by deposit- gmount of liquid N (usually in steps of 10 to 30)gvas filled

ing a thick iron layer(=10 Fe ML) in one run onto the in. After about 3 min, the Blis evaporated and thermal equi-
FeQ111) layer and oxidizing it for a longer timé&l0—20 librium established. The thermal drift during the following 3
min) at 870 K. In this way island formation is avoided. The min necessary for taking a specirum was always less than 3

layer can be grown thicker by further evaporation—oxidationK' The mean value of initial and final temperature during

cycles. It is stable even upon annealing up to 1020 K. Beforéak'ng a spectru_m was used as reference t(.amperatur.e. The
each measurement, the layer was reoxidized in®I@bar advantage of this method of temperature adjustment is that

oxygen at 1020 K. ?o parts are mtjhch cold.er Ithtan the satmprl]e antI:i nc:hcondensla—
Depending of the precise preparation conditigtisck- tlon occm:rs on the ma;}nlputﬁ or exgep V\; enta S0 etsam;?”e;
ness of deposited Fe, oxidation time, oxidation temperature emperature approaches the condensation temperature. the

the order of the surfaces varies. The degree of order waressure sink of a condensing surfaces is avoided and the
controlled qualitatively by monitoring the spot width and the pressure dlstrlbuthn n the chamber remains homogene(_)us.
spot to background intensity ratio in LEED. In this work we For the determination of t_he |_soster|c heat of adsorption
only show results on well ordered films 0s(O), at least three adsorption isob&$T) - const had to
Ethylbenzene from a sure sealed bot#é DRICH) un- be measured in one run in order to minimize instrumental
der N, atmosphere was sucked under vacuum into a sma ensitivity changes. The coveragewas deduced from the

glass bulb supply filled with activated molecular sieve in P spectra as descrlbeq below. First, the clean surface spec-
trum was taken several times to be sure that the spectrometer

order to reduce the level of possible water contamination. itivit tant. Then the EB it
The EB vapor from the tube between this supply and the lea ensi ',V,J y was constant. Then the presquggwas Set to
X 10™° mbar, a spectrum was taken, the sample cooled by

valve was pumped off before each experiment to remove an?; ; ; tak led : . When th
possible accumulated contaminants. The ionization probabi one Step, a spectrum taken, cooled one step, €tc. en the
ity of EB is by a factor of about 7 higher than for, The strongly increasing EB coverage indicated transition to con-
7 ; . )
pressure indication of the ionization gauge was corrected b ens:’:glon, cooling was stopped amgg mcree_lsed o 4.
10"° mbar. Now spectra were taken during stepwise

this factor. warming the sample. Finallypgg was set to 4 10~ ' mbar

and another run made again with stepwise decreakirighe

total time necessary was 4 to 7 h. Contamination by residual

gasegqwater, CO, H) was not noticed. The reason is that the
The measurements were performed in a vacuum chanexide surfaces are quite unreactive towards these gases and

ber with a base pressure 0&k2.0™1° mbar. It was equipped EB adsorption is always dominating.

with a display LEED optics with video camera and digital Above about 400 K, slight changes in the shape of the

image processing, a quadrupole mass spectronie®iS) spectra indicated beginning decomposition. After prolonged

with computer control, sample preparation facilities heating, the background in the spectra increased slightly.

(Ar*-sputter gun, iron evaporabgiion gauge, gas inlet sys- This affected the coverage determination and the measure-

tem, and sample transfer system. The chamber is describ@dents were therefore limited <370 K.

in detail elsewheré! In order to keep the short-time spectrometer sensitivity
In the TDS experiments, EB was adsorbed onto theconstant it turned out to be important to take spectra in equal

sample at 100 K. Exposuresare given in Langmuir units time intervals(6 min in our casgthroughout the whole run.

with 1 L=1.33x10 ® mbar s. The heating rate was always 5 Long time sensitivity changes of up to 4% with? h could

K/s. Variations of the QMS sensitivity were accounted for bynot be avoided. How they were considered is described in the

setting equal the total desorbing amount after condensatioresults section.

Photoelectron spectroscopic measurements were per-
rmed in a separate UPS chamber equipped with a double-

B. Thermal desorption spectroscopy  (TDS)
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FIG. 1. Thermal desorption spectra of ethylbenzéeB) from a 1-2 ML FIG. 2. Thermal desorption spectra of ethylbenz€B8) from a thick

thick FeQ111) film on P{111) after exposure to the indicated amounts in Fe;0,(111) film on P¢111) after exposure to the indicated amounts

Langmuir units (1 1=1.33x10"® mbar s) at 100 Kg: physisorbed EBp: (1 L=1.33x10 % mbars) at 100 K;y;: chemisorbed EBS: physisorbed

condensed EB. The LEED pattern is from the clean fiiip=60 eV. EB; «: condensed EB. The LEED pattern is from the clean filf,
=60eV.

Even after an irradiation of the sample covered with eth- _ _ o _
ylbenzene over a period & h with He | or Hel radiation, ~ Very high exposureg>4 L) the intensity in thes desorption
no indication of a beam-induced change of the adsorbattange decreases indicating a decrease oth® concentra-

spectra could be detected. UPS can thus be considered adi@- This is a hint that EB transforms from the physisorbed
nondestructive method for this system. B to condensedr form by the influence of the thick EB

multilayer. This is confirmed by the UPS results and will be
discussed below.

The kinetic adsorption behavior is illustrated in Fig. 3 by
the uptake curve®)(¢) for the two investigated films at the

Figure 1 shows the TDS spectra of EB after exposure ofidsorption temperature of 100 K. Shown is fh@eak area
the FeQ]_]_]_) film to Varying amounts. At low exposures from the TDS curves of FeO with its saturation value set to
only one desorption peak at 210 K is observed. The desorpt ML and the sum of thg+ y; peak areas of R©,, respec-
tion follows a first order kinetic& The intensity increases up tively. The desorption of the condensed species(onset
to 1.3 L where the species labellgHEB saturates. We de- marked by arrowsstarts only after theg+y, layer has
fine this saturation coverage as 1 monolayel). Upon reached saturation.
higher exposures an additional EB specieds observed The sticking coefficiens=dO/de is constant almost up
which starts to desorb at 155 K. The insert shows that it0 saturation. This implies the existence of a mobile precur-
desorbs with a common leading edge for different initial cov-Sor state on top of the physisorbed species. At 100 K both the
erages. It thus follows a zero order kinetics and correspondddsorbedy; and 8 species are immobile as concluded from
to condensed EB.The B species is only slightly more the fact that they are not filled sequentially. The plot of the
strongly bound and we call it physisorbed EB. The inset of
Fig. 1 shows the characteristic LEED pattern of the clean
FeO film taken at 60 eV.

The TDS spectra of EB from a well-ordered;Pg(111)
film are shown in Fig. 2. In addition to the and B peaks, a 15+
broad distribution of chemisorbed EB labeled appears
which extends up to about 400 K. With increasing exposure—
the peak maximum temperature ¢f-EB shifts from 400 K & 1}
at very low exposure to 250 K. Upon higher exposurethe @
contribution continues to grow although tiepeak begins
already to form. We ascribe this deviation from sequential 0.5
filling of sites to kinetic effects. Obviously, the equilibrium
occupation ofy; andg sites is not established at the adsorp- ok . .
tion temperature of 100 K and not even during the TDS 0 1 o 3 4
heating ramp. Both have saturated when ¢hgeak appears e (L)
after an exposure to about 2 L. An EB saturation coverage
O,:0f 1 ML for B-EB—the same amount as on Fd@1)— FIG. 3. Uptake curves coverag vs exposure: for EB on Fe@111) and
and 0.9 ML fory-EB can be derived by integration of the Fes0,(111) _films at 100 K. The coverage is evaluated from the areas of the

. L . . corresponding TDS peaks. The saturation coveragg-BB on FeO is at-

respective contributions in €h2 L curve. The desorption yipyted to 1 ML. The arrows indicate the exposure where the peak of
temperatures of- and B-EB are the same as on FeO. At condensed-EB starts to develop.

Ill. RESULTS

A. Thermal desorption spectroscopy

[ FeO
o Fez04
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FIG. 5. Dependence of the frequency prefactor for desorption of EB from
FIG. 4. Relative sticking coefficier/S, vs relative coverag®/0 . for FeO and FgO, films deduced from a threshold analysis of the TDS data.
the data of FgO, shown in Fig. 3. The solid lines represent fits to the data
points according to the theory of KisliufRefs. 15, 16 for an adsorption
kinetics with mobile precursor. The dashed line would be expected for
Langmuir like behavior without mobile precursor. dn

In nft =|n[y(n)]—[Ed94n).

KeT

To andn are the adsorption temperature and the fraction
of occupied adsorption sites amdis the reaction order for
gdesorption. A plot of the left-hand side of E@) versus 1T
gives straight lines with the desorption eneify.s as slope
and the logarithm of the frequency prefactolas intercept

2

relative sticking coefficien®/ S, versus the relative coverage
O 41 ,1/Og=n is shown in Fig. 4 for the RO, film. It is
obvious that this adsorption behavior does not obey a Lan
muir kinetics S=Sy(1—n). The adsorption kinetics via a
mobile precursor was introduced by Kislfik®

n -1 for each TDS spectrum iEg.s and v are not functions of
S=Sp| 1+ 1-n K) coverage. In case of coverage dependendejgfand v the
) ) ) interpretation of the plot is no longer straightforward and the
E(I)tis(t);r:?e plot based on this formula yield a value for the 5 jation can only be done with the first few percent of the

TDS trace where the coverage can be considered as constant

P, (threshold analys)§L7 The orderx for the desorption of the
“P+pP condensed species equals zero resulting in a coverage in-

a’td dependent desorption rate. Equati¢®) becomes more
between 0.06 and 0.02. Hetlé, is the probability of a pre-  simple and the calculation dy.sand v is easy. The mean
cursor molecule on an empty sit@ntrinsic precursorto  values for the desorption enerdges, and the frequency
transform into the chemisorbed state @glis the probabil-  prefactory, are 44 kJ/mol and 510 8 s, respectively.
ity to desorb.Pj is the probability of a precursor molecule The plot of the desorption energies versus coverage for
on an occupied siteextrinsic precursorto desorb. The prob-  the well-ordered FeO and §&, films are shown in Fig.
abilities for migration which compete with adsorption and 10(a). On FeO, the initial desorption energy f@EB is
desorption do not appear in the kinetics. At the exposureonstant at 55 kJ/mol. Beyond 1 ML it decreases abruptly to
temperature of 100 K, the sticking coefficient is near unity44 kJ/mol, the value for condensedEB. On FgO, the ini-
which means thaP,=1 andPy=0. The low observed value tial desorption energy is higher than: 90 kJ/mol and de-
of K is therefore due to a low value &;=0.02 to 0.06. The creases with increasing coverage to the same value of 55
competing migration probability of the precursor on occu-kJ/mol as found folB-EB on FeO. Also the final value for
pied sites must thus be 0.94 to 0.98 which implies high mo«-EB is the same as on FeO. As discussed above, the equi-
bility. librium distribution amongB- and y,-EB on FgO, is not

The uptake curve foa-EB (not shown is always linear  established and thg state starts to be occupied long before
without saturation. This is typical for condensation whichthe y; contribution saturates. Since desorption at the thresh-
confirms thate peak is caused by condensed EB multilayerold is then dominated bg-EB desorption, the drop d ges
on the surface. in Fig. 10 does not marky; saturation coverage. This is

In order to determine the desorption enefggisand the  different for the transition fronB- to a-desorption energies.
frequency prefactow, we start from the Polanyi—Wigner Desorption ofa-EB does not start before saturation Bf
equation which gives the desorption ré&gof molecules for  + -, (see Fig. 3.

K

a single adsorption statewith initial coverageo; The coverage dependence of the frequency prefactors of
dn —Eged ) the well-ordered films is shown in Fig. 5. The values scatter
Ri(T,0i(To))=— at v(n)exp{—k eT }nx, (1) considerably but the general shape of the curves is similar to
B

those of the desorption energies. This is called compensation
and calculate effect® and has been observed frequently.
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FIG. 6. (a) Photoelectron spectra of cleanyBg(111) and covered with EB in adsorption—desorption equilibrium at a constant preggeréx 10~° mbar

and constant temperatures between 300 and 14®)KDifference spectrécovered minus clearof the spectra ifa). The attenuation factors for the clean

surface spectrum have been adjusted to yield zero intensity of the difference spectra at the position marked by an arrow. The spectra are compared to the EB
gas phase spectrum from Getzl@Refs. 21,22

B. Photoelectron spectroscopy difference is the broadening of the adsorbate spectra which is
commonly observed in adsorbate spectra and is due to the
reduced life time of the excited states in the condensed rela-
Figure Ga) presents a set of Heexcited photoelectron tjve to the gas phase.

spectra for the F©,(111) surface measured in adsorption— At low coverage the spectra of the chemisorbgdEB
desorption equilibrium at a constant pressure of 4are modified indicating stronger interaction with the surface.
X 10" ° mbar EB at sample temperatures between 300 anghe most evident difference is the changed shape and posi-
142 K. For comparison, also the clean surface spectrum igon of the highest lying molecular orbita) (A). The main
shown. The spectra were taken at time intervals of 6 min, :_f)eak is shifted from-3.7 eV for the thick layer to-4.1 eV

min for establishing the new temperature and the new equityy jnjtial adsorption. There is also a weak shoulder&7

librium coverage and 3 min for taking the spectra. Figureays since also He spectra show the same feature we at-

6(b) shows the corresponding difference spectra obtained aE'ribute it to the highest occupied orbital in chemisorbed EB.

ter subtraction of the clean substrate spectrum. Since the ag"eak(A) originates from the highest lying occupiedorbit-

;sortbate layer reduces the substrate emission, an attenuatigg of the phenyl group. In benzene it is degenerate. In EB
actor the degeneracy is lifted but the split is small and causes only
AF=1/lg=exp—(d/l) 3 a broadening in the gas phase emission peak which is too

has to be applied to the substrate spectrum before subtractigr[pa” _to be observable in th_e_ ad_sorbate spectra. That just this
(Io, I: substrate intensity of the clean and the covered subpeak is most strongly modified in the low coverage spectra
strate:d: adsorbate thicknesk;=\ , cos # with \ ;=electron indicates that EB interacts with the surface via thelectron
. e e . . .

mean free path in the adsorbate layer ahemean escape system of the.phenyl group. Therefore, we believe that it is
angle of the electrons from the sample: for the used analysd¥ind flat. Similar peak shifts have 2%_2% observed gg;ben'
9=42°. The only region in the spectrum where the adsor-2&n€ adsorbed both on metal surf and oxides™
bate has no emission is the shoulder between 0 and abo@ifid have been interpreted similarly. Also the shape and po-
—1.5 eV in Fig. a) which originates from F& related Sition of the other peaks in the low coverage spectra are
emission'? We adjust the attenuation factor AF so that modified. Especially we would expect a change in the lowest
the difference spectra become zero at the position indicatefing 7 orbital of the phenyl group. However, it overlaps
by an arrow at—0.4 eV. Using Eq.(3), values for with other orbitals both of the phenyl and the ethyl group
d/l=In(1/AE) are calculated which are proportional to the Which together form peakB) and therefore cannot be sepa-
coverage. rated. Since the general shape of the initial adsorbate spec-

The difference spectra in Fig(l§ show the features of trum still is similar to the gas phase spectrum, we conclude
molecularly adsorbed EB. This is demonstrated by comparithat also initial adsorption is molecular. A more detailed
son with the gas phase spectrum taken from referefidds. analysis will be published elsewhet.
There is a 1-to-1 correspondence between the gas phase On the Fe@111l) film the chemisorbed/; phase is miss-
spectrum and the high-coverage EB spectra both concernirigg. Adsorption starts at a lower temperature and the UP
most peak positions and relative peak intensities. The maispectra(not shown herefor initial adsorption(8-EB) and

1. Electronic structure and coverage determination
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FIG. 7. Adsorption isobars: coverage Vsfor 4xX10°7 mbar EB on FeO  FIG. 8. Adsorption isobars: coveragja terms ofd/l,) vs T as in Fig. 7 for
and FgO,. Open symbols: coverag#|, in terms of adsorbate thickneds  different EB pressures as indicated.

in units of the electron escape defthas obtained from the attenuation

factors for difference spectra formation. Full symbols: coverage as deduced

from the adsorbate induced intensity in the photoelectron spectra and ad-

justed tod/l, aroundd/l=0.7 (1 ML). suitable measure for coverage. Only in the high coverage
region,l gg gives too low values as expected when multilayer
adsorption occurs.
the thick condensed laydw-EB) are almost identical and Even beyond 350 K, adsorption on J8g is consider-
correspond to the thick layer spectra on®gin Fig. 6. able. The species in the region updih,=0.55(T=315 K at
At least below 1 ML coverage, the area of the adsorbatehis pressureis chemisorbed¢,) and is represented by the
induced featurebzg is a measure for the coverage. Beyond 1low coverage spectra in Fig. 6. Below 320 K, the coverage
ML, the increase of gg is smaller because of self-absorption continues to increase almost linearly. The corresponding
in the adlayer. We first subtract the inelastic backgroundspectra look very much like those of condensed EB but tran-
from the difference spectra using an empirical cUm@sses  sition to condensation seems to occur only below about 170
in Fig. 6(b)]. Then the area markektg is integrated. The K where the curve increases strongly. However, even beyond
contribution of peak(A) is not included in the integration d/|,=2, an equilibrium coverage can be established which
because it is most strongly changed when going from chemimeans that the adsorption enthalpy still depends on coverage,
sorbed to physisorbed EB. although very weakly. Condensation with constant conden-
We thus have two independent measures for the covewation energy and zero-order kinetics is thus not yet reached
age:d/l, andlgg. We can use this to check the long-time there.
stability of the spectrometer. An increase of spectrometer The isobar for EB adsorption on Fél11) shows no
sensitivity would directly increase the intensity of the spectraadsorption above 250 K. In agreement with the shape of the
and thuslgg. The attenuation of the clean surface spectraup spectra, a chemisorbed species is missing. Below 220 K,
before subtraction would have to be chosen smaller leadinghe curve increases strongly with decreasifig forms a
to a too large attenuation factor AH/I,. However, inspect-  shoulder atd/l,=0.65 to 0.75 where obviously the phy-
ing Eq. (3), this causes an apparetécreaseof d/l.. The  sisorbedB-EB saturates before the transition to condensed
factor adjusting gg to d/I, would change. We have used this 4-EB occurs.
countercurrent influence of a sensitivity change on the two  In order to derive isosteric heats of adsorptipy©),
independent measures for the coverageandd/l. to cor-  isobars were taken for three pressures as described in the
rect the data if necessary. experimental section. They are shown in Fig. 8. For each
coverageO, a set of thrego—T pairs can be taken from the
three isobars. According to the Clausius-Clapeyron equation,

In Fig. 7 the isobars fopgg=4Xx10"" mbar for the two In p=—[9«(©)/R](1/T) + const., “)
investigated films are compared. The open symbols represetite isosteric heat of adsorptiap(©) can be deduced from
d/l¢ values. The filled symbols aigg values, adjusted to the the slope of the plots Ip over 1T, a few of which are
d/l¢ values in the region 0.5-1. It is evident thag and  shown in Fig. 9 for the case of adsorption on FeO. The three
d/le agree very well almost over the whole coverage rangelata points for each coverage fit quite well to a straight line
which proves that the valence emission intendity is a  which is also evident from the fact that the isobars in Fig. 8

2. Isosteric heat of adsorption
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L differs due to variations in experimental sensitivity which we
12~ EBONFeO(111) 1 have not observed, however.

: The isobars for F©, in Fig. 8 are equidistant in the low
and in the high coverage region. In the intermediate range
(d/1,=0.6—1.0), the isobar for X108 mbar which was
measured with increasing appears too low. If this were a
consequence of not waiting long enough for establishment of
adsorption—desorption equilibrium, we would just expect the
opposite: The & 10~ ° mbar curve, measured with decreas-
ing T should be too low and the>410™ 8 mbar curve mea-
sured with increasingl’ should be too high. Also the 4
. ‘ . ) . X 10"? and the 4<10" ' mbar curves, both measured with
45 50 55 6.0 65 7.0 decreasingl, seem quite near together in that range. This

T (x10° K™ leads to quite high values fag,; which even increase with
coveraggFig. 1ab)]. Therefore, we do not consider tlg,
values as reliable in the transition regidf .= 0.6—1.0. For
low coveragegs comes down from a value around 85 kJ/
mol which is a lower limit for chemisorbeg-EB. Since we
could not measure the isobars fbr-370 K, we have nag,

are equidistant for all coverages. The deduced Vmé@) values fOfd/|e<0.45. The chemisorbed phase saturates at
are shown in Fig. 1(®) together with the corresponding val- d/le=0.55, corresponding to a coverage of almost 80% of
ues from FgD,(111). For FeO, there are two regions in the the physisorbed3-EB saturation on FeO, i.e.,, 0.8 ML. At
0s(©) curve. Up tod/I,=0.5 (0.7 ML), g4 is constant58  high coverageqs decreases to almost the same value of 52
kJ/mo), then follow two values which seem too high and atkJ/mol as on FeO, corresponding to beginning condensation
d/1,=0.7 (1 ML) it decreases to a slightly lower final value (@-EB). The coverage range of the intermediate region in
of 53 kJ/mol. The initial and the final constant values corre-Fig. 1Qb) is just as wide as the thickness of the physisorbed
spond to the two steeply increasing parts of the isobars i#-EB on FeO. We conclude that adsorption of 1 MLABEB

Fig. 8 which we ascribe to physisorbe# and condensed Preceeds condensation irrespective of what is bel6aO
a-EB. In Fig. 9, the corresponding sets of lines are separategubstrate or chemisorbeg-EB layer on FgO,). Different

by a strong offset in the T/direction indicating a change in from the TDS measurements, the occupationgoénd y;

the adsorption kinetics. The data fdfl,=0.7 are halfway Sites occurs strictly sequentially in the equilibrium measure-
between both sets. This coverage corresponds thus to tH@ents.

completion of the physisorbed layer. As in the TDS measure-

ments we call this 1 ML. 3. Work function change

‘We do not know why thegg; values in the transition As can be seen from the shift of the low energy onset of
region (@/1,=0.6,0.7) are too high. The simplest explanationie spectra in Fig. 6, EB adsorption causes a strong decrease
would be that thed/l, scale for the three isobars in Fig. 8 o the work functione. The work function changée vs
coveraged/l, is plotted in Fig. 11.

On FeO, we observe an initial small decrease of about
—0.05 eV within a very small coverage range. The reason for
. P 05 10 18 20 this is not known since the spectra are otherwise not changed
(a) ETHYLBENZENE TDS (b) ETHYLBENZENE UPS apart from a slight increase of the background intengity.
ok ]l ol h then decreases more slowly t60.25 eV when the phys-

. isorbed ML is completed. The following condensation is ac-
1 k2 . . .
)\ ]l el . e ] companied by a further decrease to a final value of about
FeQut) e —0.53 eV. The curve is independent of the applied EB pres-
Tl L Bt \\Vr ] sure and equal for measurement with decreasing and increas-

Faoti A ag ing T which indicates that equilibrium is established every-
L ] where.
On Fg0O, the initial decrease is very strong and linear
o 1 = § and reaches a value df¢o=—1 V when the chemisorbed
v1-EB layer is completed al/l,=0.55(0.8 ML). If we as-
of : . 0 ; . sume (as will be discussed belgwthat each EB molecule

o ML) oML occupies two Fg0,(111) surface unit cells or about 62 A

we can use the Helmhotz equation

20

FIG. 9. Inp over T~ for different coverages in terms af/l, given as
parameters, taken from the data in Fig. 8.

Eges (kdmol ™

FIG. 10. (a) Coverage dependence of the desorption ené&gy for EB

from FeO and F¢0, as derived from a thereshold analysis of the TDS data. Ap=npuleg, 5)
(b) Coverage dependence of the isosteric heat of adsorgijdar EB from . .

FeO and F¢D, as derived from the slopes of the curves as in Fig. 9 using!© calculate the dipole moment,; per molecule in they,
the Clausius—Clapeyron equation. state(ey=dielectric constantp=adsorbate densityWe find
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the too low lying 4< 10~8 mbar isobar in Fig. 8. The cover-

e age in this range is thus strongly influenced by the transfor-
0,0 0,5 1,0 1,5 . . . .
——r————— T mation kinetics betweem- and B-EB and an equilibrium
ETHYLBENZEN coverage is not established. Consequently gh&alues are
unreliable.
00 On FeO, ndA ¢ hysteresis was observed. We are not sure
whether the initial physisorbed layer transforms into con-
densed EB or not. The observed “too high” values dgfin
" Feo(111) the transition regiord/l.=0.6—0.7 could be an indication
that a similar effect occurs which, however, is so weak that
05 \.\ no hysteresis is visible in th&e curves.

d/l

Ag (eV)
=

\ 4. Saturation coverages and surface structure

A, Fe,0,(111) On FeO we found that the physisorbed layer saturates at
d/l,=0.7. If we assume that EB is lying flat on the surface
SN and assume the same thickness 3.7 A as the van der
N ::;., Waals thickness of benzefgwe obtain[using Eq.(3)] a
** t value for the electron mean free path=6.5 A for the en-
1, SAT. b SAT. ergy E=20 eV above the valence band edge. This is a rea-
sonable value and compares well with tabulated &ata.
58 o o5 1o 15 20 25 Both TDS and UPS measurements show that the chemi-
®/ML ’ ' sorbed layer on R©, saturates at a coverage below 1 ML
(0.9 ML in TDS, 0.8 ML using UPS Fe0,(111) forms a
FIG. 11. Coverage dependence of the work function chakgefor EB 2X2 superstructurécf. LEED pattern in Fig. 2 and Ref. 33
adsorption on FeO and E@;. For details see the text. Its unit cell has an area of 30.#AConstructing a van der
Waals contour for EB from the molecular structure and the
) i van der Waals radii of the atoms we find that the molecule
51 =1.62D. (For comparison, the dipole moment of the greq is about 504 The interaction is strong and specific
free water molecule is 1.84 PThis value indicates that the 5,4 it appears reasonable to assume that all molecules oc-
molecules are polarized considerably. The negative sign Qf,upy identical sites. This would prevent a dense packing.
A, means that molecules are polarized with the positive;o\ssummg that each molecule occupies two subsif2xe)
side towards the vacuum and the negative side towards theg,;t cells, saturation would occur at a coverage of 50/
substrate or that there even is a transfer of electronic char %30.4=0.82 which fits reasonably well with the observed
from the adsorbate to the substrate. A comparable value of ¢ es.
D for the dipole moment has been observed for benzene gych a structure could give rise to a superstructure. Yet,
adsorption on transition metald. no superstructure was observed in LEED. The reason could
Beyond 0.8 ML, the shape of thip curve depends on e that the 2D packing is strongly disturbed by unoccupied
the direction of measurement and forms a hysteresis l0op fafingle (2x2) substrate unit cells. Rotational disorder of the
0.55<d/1,<1.0(0.8<O<1.4). This is the region where the 54sorbed molecules is also likely.

corresponding isobars in Fig. 8 were not equidistant and too
narrow together yielding unreliable and too high values for
gst- The shape of thA¢ curve for decreasind/l is similar IV. DISCUSSION
to the shape of the FeO curve in the ranje,>0.7. TDS measurements occur principally far from
In line with the TDS observations, we interpret this be-adsorption—desorption equilibrium. In order to guarantee a
havior as follows. With increasing coverage, first the chemi-constant heating rate in the range where desorption occurs,
sorbedy, layer is formed, on top of it the physisorb@dand  the exposure is done at a considerably lower temperature. It
finally the condensedr layer. When the condensed layer is possible that an equilibrium distribution among different
reached a certain thickness, the physisorbed layer transfornsies is not reached during adsorption if mobility is required
and adjusts its structure to the condensed layer. This starts if adsorption is activated. The deviation from sequential
probably aroundd/I,=0.7 (1 ML) where theT| measure- filling of the v, and sites of EB on FgD, illustrates this. In
ment reaches its minimum. The transformation is finisheccontrast, sequential filling is strictly fulfilled in the equilib-
aroundd/l,=1.0(1.4 ML), where theT | and theT1 curves rium measurements using UPS.
coincide. During theTT measurement, the condensed layer = The desorption rate in TDS is determined by the desorp-
desorbs. The last layer of it should convert backBt&B. tion energyEg.s and by details of desorption kinetics, ex-
This is obviously kinetically hindered and desorption pro-pressed in the reaction orderand the frequency factar. If
ceeds further. Only nead/l.=0.7 (1 ML), the rest of it adsorption is activated; 4 contains this activation energy.
transforms back to physisorbgEB. Since the heat of ad- Generally,Ey.& Qg should hold with the equality sign valid
sorption for the condensed species is smaller, desorption prder nonactivated adsorption. The advantage of TDS measure-
ceeds “too fast” in the rang®=1.4 to 1 ML which leads to ments is that they are experimentally relatively simple, that

10k
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the method is generally applicable also in cases where thBABLE I. Desorption energie&ges, isosteric heats of adsorptiayy,, fre-
establishment of adsorption—desorption equilibrium is diffi-auency prefactors for desorption and saturation coverages for chemisorbed

| . ibl bel d that the ki . v1-EB (chemisorbej] B-EB (phsisorbeyl and «-EB (condensed on
cult or impossiblgsee .e owand that the kinetic parameters FeQ(111) and FgO,(111) surfaces as determined by TDS and UPS mea-
x and v can be determined. surements.

A principal question in the measurements of adsorptior
is0barsO (T) - const USing UPS for the determination 6X is DS uPs
whether thermodynamic adsorption—desorption equilibrium FeO FgO, FeO FgO,
really is established. For this it is necessary that both adsorp-

. . . L Eges=44 kJ/mof gs=52 kJ/mol
tion and desorption are fast enough. For desorption this 50 KJ/moP
seems no problem. In order to check adsorption velocity, we v 5x108 st
have monitored the increase of the adsorbate signal upon a E. 55 kImol <Jmol
steplike increase opgg. The result was that the coverage ) e el ds:=58 kJ/mo
increases quickly with a sticking coefficient near unity and o 1 ML 1ML

H H age . . sat
saturates relatively sharpRwhich means that equilibrium is

m

established within about 3 min even at the lowest applied? E i‘?f:qzll ﬁat;?j
pressure of & 10~ ° mbar. A further check is whether mea- Y 2% 105 51 .

surements with decreasiffg(increasing®) and increasing Ot 0.9 ML 0.8 ML
(decreasing®) yield identical isobars. For adsorption on = _
FeQ(11) this was always fulfilled. For R@,(111) this was :nger"gcké gdjgsrgtr'gt?of?;‘;fgztr‘;ﬁriofzg'K_
not fulfilled in the coverage regime of the transition between
physisorption (8-EB) and condensatio(a-EB). As dis-
cussed above, this was not caused by too slow establishmegs 1o pelow 70 kd/mol with increasing coverage assuming a
of equilibrium coverage but by a structural transition®f  yepulsive lateral interaction. A repulsive interaction is also in
EB«<a-EB which obviously is slow or inhibited. agreement with the wide range of desorption in TDSFig.
The coverage has been determined in two ways by UPS) - Also the values for B-EB  agree (Egee=55 kJ/mol,
The determination ofl/l, from the substrate signal attenua- gq_=58 kJ/mol for FeO; determination afy, for Fe;0, was
tion needs a region in the spectrum where no other adsorbafft possiblg The agreement means that adsorptionygf
induced changes occur. This was given in a narrow ranggnd g-EB is not activated. The agreement for condensation
below the valence band edge. A small adsorbate inducegy-EB) is not so good, howeveiE 4{44 k/mol)is clearly
change of substrate emission was observed g@faround  |ower thatq(52 kdJ/mol). The possible reason may be that
—1.8 eV and induced a minimum in the difference curvesthe condensate in the TDS experiments was strongly disor-
[see Fig. o)]. Between 0 and-1 eV, however, no such dered(maybe even dendritic or glasslikelue to the low
effects were observed. When deducing the coverage fromdsorption temperatur@00 K) with correspondingly lower
adsorbate induced emissiofgg), difficulties may arise if E,... The applied threshold analysis considers only the mol-
the nature of the adsorbate or its orientation depends on co¥cules desorbing first which may be bound more loosely. In
erage. To minimize these influences we have not used thigrmer experiments the adsorption of EB was carried out at
spectral range where strong variations are observed, i.e., th@0 K& The value ofE 4 derived from these data was 50
range of the topmosi orbitals. Orientation effects are mini- kJ/mol which fits quite well with the value af, measured
mized by the use of an angle integrating spectrometer. Thiere. In the equilibrium measurements, the coveragewas
crucial check, however, is that the isobars ugiilg andlgg  dependent even for coverages well above 3 ML which means
coincide (Fig. 7). that the reaction was not yet of zero order as would be ex-
Further, the adsorbate must not be influenced by the irpected for condensation. Obviously even then the absorbate
radiation which was checked. If different species as, e.g./feels” the substrate and is slightly more tightly bound than
dissociated and undissociated species would exist simultda the condensate. The correct heat of condensation is prob-
neously, a separation would be difficult. Above about 400 K,ably around 50 kJ/mol.
slow spectral changes were observed on a time scale of about The UP spectra both in the- and 8-EB range in Fig.
30 min which possibly originate from dissociation. This lim- 6(b) are very similar to the EB gas phase spectrum as ex-
ited the UPS determination of the coverageTtec400 K  pected for condensed and physisorbed EB. The FeO curve in
whereas TDS principally is possible even then as long a&ig. 11 shows that the related work function changes are not
desorption again is molecular. very large and thus the polarization af and B-EB is not
An advantage of the equilibrium measurements is thevery strong. The UP spectrum of;-EB, however, is more
observation of strictly sequential saturation of hgand 8  strongly affected, especially in the highestorbital range.
species on F©,. The drop ofgy in Fig. 10b) at 0.8 and 1.8 These orbitals correspond to the,} orbitals in the benzene
ML, respectively, gives therefore reliable saturation coverwhich have a large spatial extension out of the plane of the
ages fory,- and (y,+ B)-EB. aromatic ring. A shift of the &, orbital towards higher
Table | compares the valuds,.s deduced from TDS binding energy has been observed upon adsorption and has
with g deduced from the equilibrium measurements. Forbeen interpreted as due to the strong interaction with the
1, the initial value of 91 kJ/mol from TDS fits well with the substrate when benzene is lying flat on the surficé.Be-
values from the equilibrium measurements which drop fromcause of the very similar behaviour we believe that also
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v1-EB is lying flat on the surface. The high polarization penden, 55 and 58 kJ/mol foB-EB, and 50/44depending

induced dipole moment of 1.62 D which we have found sup-on adsorption temperatyrand 52 kJ/mol fora-EB.

ports this. In the equilibrium measurements;- and 8-EB adsorb
On Fe@111), no chemisorbed,-EB was observed. Ac- strictly sequentially. At the low adsorption temperature of

cording to Refs. 31 and 32, this surface is oxygen terminatedl00 K used for the TDS measurements, adsorptios-&B

Fe;0,(111), on the other hand, is iron terminated wjthiL starts long beforey, saturation indicating insufficient mobil-

of Fe atoms in the topmost lay& We ascribe the existence ity. However, the common precursor state for them is mobile

of v,-EB to the interaction of EB with the metéton) atoms and follows a Kisliuk kinetics.
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