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A UPS STUDY OF THE INTERACTION OF POTASSIUM WITH CARBON MONOXIDE
AND BENZENE ON THE Pt(lll) CRYSTAL SURFACE

M. Kudo, E.L. Garfunkel, and G. A. Somorjai

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory
and
Department of Chemistry,
University of California, Berkeley, CA 94720 USA

ABSTRACT

The interaction of potassium with carbon monoxide and bénzene has been studied on
‘the Pt(lll) crystal surface by ultra-violet photoelectron specfroscopy (UPS). The
adsorptive changes reported in preﬁous studies for carbon monoxide and benzene when .
potassium is coadsorbed are correlated with the UPS results presented here, and are
explained with the-aid of a molecular orbital analysis. We find that the valence molecular
'orbvitals increase their binding energy slightly when the potassium is coadsorbed, implying ‘
a model in which the adsorbates sense the potassium induced changes in dipole field at the

surface.



INTRODUCTION

The physical and chemical properties of alkali metal adatoms on transition metal
surfaces are of maibr iﬁterest in surface science because of their promoting effects in
cata.lysisl.- For instance, in the ammonia synthesis potassium increases the rate of

reaction by increasing the probability for the dissociative adsorption of nitrogen6. For

-CO hydrogenetion reactions, potassium slows the overall rate of reaction, but induces a

favorable change in selectivity towards higher molecular weight species7_10. Alkali

compounds are also used as additives to catalysts for methanol synthesis,' and ethylene

epoxidation.

Despite almost a century of practical industrial use, the atomic scale behavior of

‘ alkali additives has only recently begun to be unraveledz_s. In recent studies we

1

demonstrated how potassium interacts with various coadsorbed molecules ""~. The

molecules which exhibited the most significant changes in chemisorption were carbon

monoxide end benzene. The desorption temperature of CO was increased by up to 200 K

when potassium was coadsorbed. For benzene, on the other hand, the maximum desorption
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temperature decreased by 200 K‘ upoﬁ fhe coadsorption of. A qualitati-ve molecular
orbital model was presénted explaining these results. In t'hev model we postulated that thg
positions of the adsorbaie molecular orbitals with respect to the Fermi level of the metal
substrate are very important in determining to what extent the molecule is affected by
potassium. The intergcfion was assumed to be mediate’& by the substr;te, i.e. direct
bonding interactions between ‘the pot#ssi@ and adsorbate species were less significant.
I_nstead it was proposed that a change in theibelectrostatic dipoie layer at the surface (as
evidenced by the change in work function) causes a change in the potential level of the
adsorbate orbitals relative to the Fermi energy. This in turn; causes a greater or lesser -
interaction between the free electron charge density of the m_etal ﬁnd the partially |
occupied adsorbate molecular orbitals lying xiea;r‘ tl_xe Fermi energy. In this paper we
présent new ultraviolét photoelectron spectroscopic (U?S) results whi;:h further support

this model. '

EXPERIMENTAL

The experiments were performed in a st;ndard diffusion-pumped ultrahigh vacuum
(UHV) chamber (base preésure 1x710"10 Torr) equipped with facilities for Auger electron
spectroscopy (ARBS), photoelectron spectroscopy (both UPS an& XPS), and mass
spectroscopy. A double_ pass CMA (Physical ﬁlectronics 15-155G) was used for electron
energy analysis. It also contained a LBED system, a'vpota.ssium dosing gun, an ion

sputtering gun for sample cleaning, and leak valves for gas dosing. The AES and UPS data



were obtained with the aid of a PRT-Commodore microcomputer and all the dafa
processing were carried out with this computer. ‘The details of the experimental
conditions and the thermal and structural properties of potassium monolayers on Pt(l11)

are described elsewhere12

The valence d-band in transition metals is located within 8 eV of fhe Permi level
(B f) Emission below the d- band comes from either the broad s-p band, an adsorbate
level, a core level or from “secondary electrons” (those resulting from mu.ltiple scattering
| de-excitation processes). The secondary electron edge is usually 2-3 eV wide and its
position is determined by drawing a line tangent to the inflection pointr ahd noting where
it intersects the baseline. Then the workfunction () is determined by subtracting the

'width of the emission spectra from the photon energy (21.2 eV for He(D ).

RESULTS
K on Pt(lll) '_ S o | o ’

In Fig. 1 we show the UPS spectra obtained for potassium on Pt(lll) as a function of
potassium coverage. The count rate‘at_ the secondary electron emission peak in the high
coverage potassium surfaces is about five timas that of the clean platinum surface, for
that reason we have normalized the y-axis for the display Several spectral features

should be noted. First, there is a sharp drop in electron emission at the Fermi level. Tms



drop is observed in the presence of all adsorbates on Pt(lll), as well as on other metals.
Two other features observed upon alkali adsorption are an increase in the total secondary‘
electron yield and an increase in the width, Ew’ of the spectrum. vFigure 2 shows the work
function versus potassium coverage. The potassium coverage was determiﬁed by using
AES peak intensities as calibrated with LERD and TDS elsewherelz. The coverage value
corresponding to room temperature saturation is assigned a value of 1. It correspéndes to

a (\/3x\/3)RA30° structure with an atomic ratio of 1:3.

As is seen in this figure, the work function decreases with increasing potassium
coverage and has a minimum of 1.2 eV at ek = 0.5. Beyond this coverage, the work
function begins to increase again with inéreasing K coverage and reaches a coﬁstant value
of 1.9 eV. The relation between the surface diple (u) and the initial work function change

(A¢o) is expressed by the Helmholtz equation:



where N is the coverage of the adsorbed species. Using this equation the value of 2u for
the potassiuin adsorption system was found to be 13 Debye per K atom at low coverages,

somewhat smaller than the value of 18.8 D found by other a,uthors:'S

CO+K on PtlD.

In Pig. 3 and Fig. 4 we show the He(I) UPS spectra for CO adsorbed on Pt(1ll) with and
' without coadsorbed potassium. On the clean Pt(1ll) surface, the adsorption of CO is

‘accompanied by several changes in the UPS spectra. As with potassium, CO caused a drop

in intensity'.for the peak lying just below B_. This is accompanied by the growth of two

f

peaks located at -5.3 and -9.5 eV. Por low CO coﬁerages, the:\:e is also a peak at -12 eV,

This peak is no longer detectable in the differezice sfaectra at higher coverages because:a

- broad peak resulting from increased secondary electron background emission appears near

-14.5 eV.

Whe‘n‘CO is coadsorbed with potéssium, the main features of the spectra seem to be a
combination of tllxe.resixlts ‘for cle#n potassium and clean CO overlayers. In Fig. 5 the UPS
difference spectra for 0.5 L. CO exposures are shown. The peak at -5.3 eV appears not to
shift, although by 6K=0.65 it has disappeared in the diffexfence spe’ctfum. The peak at

-9.4 eV broadens further into a doublet at -8.5 and -9.8 eV. The peak at -12.3 eV shifts to

"about -13 eV, but becomes undetectable in the more intense secondary electron cascade.

The work function upon CO exposure decreases slightly on clean Pt(lll), while it increases
at medium and higher potassium coverages. The extent of work function increase
becomes smallér at the higher potassium coverages, see Fig.l 6, corresponding to a

decrease in total coveragé of CO on the platinum surface.
. Sy



Benzene + K on Pt(111)

Figures 7-9 show the fIPS spectra for benzene coadsorbed with vatious‘coverages of
potassium on Pt(lll). Benzene adsorbed on clean platinum causes a large decrease in
emission from the peak just below _BF (Fig. 7), similar to what was observed with carbon
monoxide and potassium. Three new overlapping peaks grow up between -3 and -10 eV,
labeled #1, #2 and #3 i.n Pigs. 8 and 9. These peaks are also observed fd_r benzene on -otherv
metals such as Nil3 and Ru14, and caﬁ be associated with the o an& m levels of gas phase

benzene, as described in the discussion.

~

Several interesting changes occur as potassium is added. Peaks #1 and #3 shift to
higher binding energy; (see Fig. 9). Therg are also changes in their relative intensities:

for higher potassium coverages, peak #1 and #3 becoine much larger than peak #2.

Also note the large decrease in work function with increasing benzene exposure on
- the clean Pt(1ll) surface, supporting the idea that benzene is a donor on metals.ls. The
work fuhction on the botassium covere.d‘surface decreased upon benzené adsorption, buf .
the extent of the decrease was smallér at higher potassium coverage. This is due in part
at least to the fact that the amounf. of adsorbed b.enzene becomes less in this

circumstance.



DISCUSSION

Blyholder16 suggested that the bonding of CO to a metal involved not only a 50
orbital mixing with metal s and p orbitals, but also d-orbitals from the metal

backdonating into the 2w (CO) orbital. Since the conjugate d (M)-2w (CO) orbitals are

bonding between the metal atoms and the carbon, and antibonding between the carbon and

the oxygen , the backdonation of metal electrons into the 2w orbital leads to a
simultaneous strengthening of the M-C bond(s) and weakening of the C=0 bond.. For many

metal-CO systems, the electron orbital levels can be approximated as shown in PFig. 10.

It i3 reasonable to try to correlate the chemisorption behavior, including fhe extent

of backdonation, with electronic prop_erties of the surface. Nieuwenhuysl'7 has shown that -

by comparing CO adsorption on various metals, the extent of backdbnatioh can be roughly
correlated with the work function of the surface. The degree of backdonation has been

" monitored by several techniques including UPS (the 40—11rrseparation)18, HREELS and IR |
-(the CO stretching frvequency)z’lq, surface Penning ionization spectroscopy (SPI]?.S)Z.0 and

ELS (the w—21 and n-21) transitions)2 L.



We can explain the enhancement of backdonation upon potassium adsorption by
considering the effect that a change in work function has in the energy position of the
moiecular orbitals relative to the Permi level. 'l’ﬁe work function of a metal can be -
dgvided into two components: the bulk chemical potential, and a surface dipole ﬁotential,
22. The surfac_e dipole potential can itself be divided into two components: one arising
from the spillover of the bulk metal wave functions into the vacuum, and a second |
resulting from the dipole field created by a polarized adsérb_ate and its image charge23

In our coadsorption experiments, we change primarily the surface dipolé component of the

work function _by adsorbing potassium, an electron donor.

Upon CO adsorption a bonding d-2w orbital is created. The exact location of ‘the :
charge within this diffuse orbital will be strongly effected by fhe surface dipole. If we
assume'that the surface dipole determines the relative occupétion of the metal and 2w
parts of this new orbital, i.e. its energy position relative to the Fermi level, then in the
‘potassium free, high work function case, most of the electrons should be localized on the
platinum atoms. On the potassium cpvered, low work function surface, however, the
electrons in the d—-Zﬂ.orbital would becc_ame less localized on platinum, shifting their
charge density more ohto the carbon and oxygen positions, giving the conjugate orbital ‘
more 27 character. Others have analogously explained this by noting that the gas phase
2w reference level shoulc_i become lowered relative to the surface levels when the dipble

field is changingn, lowering the work function.

10



From molecular orbital theory, we knov.v-that. the extent of mixing between two
-overlapping orbitals is inversely proportional to their energy separation. If in our case, by
decreasing the surface dipole field we bring the 21r. gas phase levels closer to the Fermi
~ level, then the overlap between the 27 level and the metal orbitals should increase. In
- this model, the molecular orbitals of the adsorbate (at least the 2w level) are nbt "pinned"

to the Fermi level, but move as the electrostatic fields at the surface are changed.

CO adsorption

" In the UPS difference spectra we note a peak at around -5.3 eV, see Figs. 3 and 5.

This does not correspond to any molecular CO level. This feature has been observed by W

24

others for adsorption on platinum” as well as other metals, and is thought to be due to -~

changes in the d-band. The CO 2 level is known to exist at aBout -2 eV below EF’ but it

cannot be unambigubusly observed by UPS. (Its position and occupéncy on nickel however,

have recently been observed using SPIJB.Sm'25

). The first (in order of decreasing energy)

molecular orbitals of CO that are detected by Ui’S are the 1 and 50 levels which appear
as overlapping pea.ks at -9.4 eV. As potassium is addeci, the peak broadens and a shoulder
develops at -8.5 eV. This feature may be cohside_red to resuit from a shift in the 1w level

towards lower binding energyls. The 40 level, on the other hand, appears to move from

11



-12 to almost -13 eV, although its position is just obscured by the large change in the
secondary electron edge. We believe that this shift is real since it has also been seen in

18’5, the second using He(II). This means that the 4o0-1w spaéing

two other similar studies

"increases. Since backdonation into the 2w level bwill increase the distance between the
carbon and oxygen atoms, the 1w bonding level should be destabiliz.ed, mbving itupin
energyu’m. The shift in position of the 40 level to higher bmding energy cannot be
interpreted similarly, since it is ;a nonbonding level. This shift does, however; agree with
our initial state argument that the binding energy of the CO levels should increase

relative to the Fermi level when the dipole field is changed by potassium.-

For moderate potassium coverages, the work function was found to increase with
increasing CO exposure; while oh the potassiun( free surface, CO caused the Pt(lll) work
function to decrease. This behavior can be understo_od from the donor acceptor model of
CO. If the main bonding mechanism on the clean Pt(l1l) _surfaceb is'a 50 rb;)nding' donatioﬁ
into the met31 and electron tra_uisfer to the platinum exceeds backdon#tion into the 2w CO
orbital, then a slight drop in work function should occur as observed experﬁnentally. On
the lower work function potassium covered surface, electrons can be donai;ed more easily
into the 21 level. Since the 2w CO orbital is initially unoccupied, its filling will result in a
large dipole being created between the CO molecule and the surface, with the CO

behaving as an electron acceptor. It is 'interesf.ing to note that in the HREBELS

12
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'experi‘ment, vibrational frequencies as low as 1400 cm_1 were measured, similar to the gas

phase value of 1375 cm"1 for a'negatively charged CO molecule. If the CO vibrational

frequency is any indication of the charge in the 21 level, then it is not surprising that the

adsorption of CO on a potassium covered surface results in a large increase in the work

- function.

Benzene adsorption

In a previous study we.showed that upon heating.va benzene overlayer deposited on

P11, some of the benzene would desorb intact, while the remainder would dissociate

yielding hydrbgen gas and carbon layern. Much more of the adsorbed benzene was found
to désorb intact if the surface had been pre-dosed with potassium. This was demonstrated
both from the larger benzene thermal desorption peak area, asvwell as the smaller
fraction of ca;bon which remains on the surface (as detected by AES) after heating. In
addition, we observed lower t.emperaturesrfor the benzene desorj:tion peaks as potassium
was a&ded. Thus, desofption and decomposition should be viewed as competing reaction
pathways. The desorption enefgy (and pathway), however is the one most strongly

affected by potassium cbadsorption,

13



Both the decrease in desorption temperature and increased amount of molecular
desorption in:iply that the benzehe—platinum bond is weakened when potassium is present.
In the. previous TDS study we,bvffered a qualitative molepular analysis of this resﬁlt base&
on the molecular orbital diagrarh for benzene-chromium. In Fig.' 11 we présent a
corrélation diagram for benzene approaching a threefold site on a clustér or surfaﬁe. (A
moré detailed analysis of thié system is presented elsewﬁere26.) The qualitative features '
" of the two systems are similar although the exact bonding interactions are changed
somewhat. Of interest here are fhe molecular orbitals involved near the Permi level, i.e.,
_ ;he highest ogcﬁpied and lowest unoccupied molecﬁlar orbitals. All of the filled orbitals
of the benzene-metal bond are either bonding or non-bonding between f.he benzenern-ring
and metal d-orbitals. The lowest unoccupied level, however, is anti-bonding betweén the
behzene and chromiuﬁ brbitals. Consequently, .if electrons were added to the system, or
‘_7 similarly if the benzene levels were shifted down (by a change in surface dipole) relative

to the metal levels, then the E * anti-bonding level would become popﬁlated, weakening

lg

the metal-benzene interaction.

The quélitative features of the benzene-metal calculations are confirmed_by
experiments, in particular, by angularly resolved and photon polarized UPS stpdiesu_so.
In both the gas phase and adsorbed cases, there is a symmetric coordination of benzene to

the metal atom(s), and the benzene is considered as an electron donor. Two interesting

features appeared in our UPS studies. Pirst, the shift to higher binding energy of the

14



benzene peaks No. 1 and No. 3 witﬁ potas.sium._ This is consistént with the suggestion that
the benzene levels, or more preciselyv f,he benzeﬁe vacuum reference 1eve121, is moving
down relative to the potasSium free case, becaﬁse the surface dipole changes. potassium
should shift the peak§ to lower bindirig energy. That the peaks move to higher binding
energy also implies tha§ the Elg* level should now be cloéer to the Fe:rﬁi level. All of the
| gas phase benzene orbitals becozﬁe broade.m.':id when a‘dsorbed on the surface, so it is
reasonable to consider partial occupation. It is not necessary to require that the levels by
either fully occupied or empfy. Ihus, a cbntinuoﬁs decrease in the work fuﬁcti’on could
lead to an increasing occupation f the Blg* level. This would then result in a continuous

weakening of the metal-benzene bond as was observed by TDS.

'fhe second obéervation is that peaks No. 1 and No. 3 IShov.v an increa;se in intensity .«
_relative to peak 'Nb. 3. We can assign the peaks by comparison with the organometallic
complex and adsorbed phase studiesﬂ-so. - Peak No. 1 is the benzene e(lg) orbital and peak
No. 3 contaiﬁs contributions from 4 different levels, one of which is the AZu('rr) orbital
while the othgr three are og-type orbitals. Peak no. 2 is thought to represent fhe Bzg(c)

level. It is tempting to suggest that the w-derived orbital peaks might be the only ones

15



whose intensity is enhanced by potassium adsorption, while the g-level intensities remain
constant. Confirmation of this and a more complete orbital analysis will reqvuire' angularly

resolved and photon polarized UPS studies.
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FIGURE CAPTIONS

UPS spectra from potassium covered Pt(lll).
Work function change versus potassium coverage on Pt(lil).

UPS spectra from CO adsorbed on Pt(lll). The right half shows difference
spectra obtained by using the spectrum from clean Pt(l1ll).

UPS spectra from CO and potassium coadsorbed on Pt(1ll).

UPS difference spectra for CO exposure of 0.5 Langmuirs on the potassium
covered Pt(lll).

Work function change on the potassium covered Pt(lll) surface versus .
CO exposure.

UPS spectra of benzene adsorbedon Pt(1ll).
Typical UPS spectra of benzene adsorbed on the potassium-covered Pt(lil).

UPS difference spectra of be.nzene adsorbed on the Pt(lll) surface covered with
various amounts of potassium. )

~CO bonding to a transition metal surface (associatively adsorbed state).

Sketch of correlation diagram for benzene-chromium complex26. Distance,
2, is measured between the benzene and chromium planes.
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Valence Orbitals of Benzene -Cr: Ehergy levels are approximate
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