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The vibrational spectrum of CO on Pt(111) was monitored over 13 orders of magnitude
in CO pressure by using infrared-visible sum frequency generation. Surprising results at high
pressures indicate a pressure-induced major reorganization of CO on Pt(111). At low pressures
(1071°-10"! Torr) CO bonds at atop and bridge sites, but above 10 Torr new features appear, and by
700 Torr they dominate the spectrum. They suggest the presence of an incommensurate CO overlayer
together with some terminally bound CO at atop defect sites. [S0031-9007(96)01551-7]

PACS numbers: 68.45.Kg, 33.20.Tp, 82.65.My

The bonding geometry of CO on Pt(111) has beenron carbonyls and other contaminants. On-line mass
shown to vary as a function of coverage and temperaturepectroscopy, gas chromatography, and Auger electron
under ultrahigh vacuum (UHV) conditions [1-4]. How- spectroscopy were used to check the cleanliness of the
ever, for heterogeneous catalysis and many other surfag@s and the surface before and after the experiments.
phenomena, it is more important to explore the locatioNo contaminants were found in all the experiments
and bonding geometry of surface species on transitioeonducted. SFG spectra were taken at 295 K fiém'°
metals at near atmospheric pressures, but such expete 700 Torr of CO.
ments have not yet been reported because techniques wereA 20-picosecond passive/active mode-locked Nd:YAG
not available for surface studies in that pressure regimkaser system was the source for our optical measurements.
until recently. We can now bridge this pressure gap usPart of its output was frequency doubled to 532 nm and
ing infrared-visible sum frequency generation (SFG) specused as the visible input for the SFG. The other part was
troscopy [5]. In this Letter we report the adsorption of used to pump an optical parametric system to generate an
carbon monoxide on Pt(111) in tH@®~'°-700 Torr pres- infrared beam tunable betwe@h00-2400 cm™'. These
sure range. Dramatic changes in the vibrational spedwo beams were focused and overlapped on the Pt(111)
trum of surface species were observed with increasingrystal with near grazing angles. Both visible and IR
CO pressures. At pressured0 Torr, the results indicate beams wer polarized. Thep-polarized sum frequency
the presence of an incommensurate CO overlayer togethsignal reflected from the Pt surface was detected by a
with CO adsorbed on distorted atop sites of Pt(111) or ophotomultiplier and a gated integrator.
dislocated surface platinum atoms. Figure 1 shows SFG spectra of ¢@t(111) under vari-

The SFG technique permits surface studies under atm@us CO pressures ranging fror~’ to 700 Torr. When
spheric pressures and has been described in detail eldke clean Pt(111) surface was exposedi®’ Torr of
where [6—8]. Briefly, SFG is a second order nonlinearCO, two peaks at 1845 ar)95 cm™!, characteristic of
optical process in which a tunable infrared beam is mixedtretch vibrations of CO adsorbed at bridge and atop sites,
with a visible beam to generate a sum frequency outputespectively, were observed. The spectrum is identical
This process is allowed only in the electric dipole approxi-to that of a Pt(111) surface exposed to 1QLL =
mation in a medium without centrosymmetry. As a re-10"° Torr se¢ of CO. Low energy electron diffraction
sult, in the present case of the gBs$ system, the SFG revealed ac(4 X 2) structure, in which an equal number
signal is dominated by contribution from the Pt(111) sur-of carbon monoxide molecules occupies atop and bridge
face, where the inversion symmetry is necessarily brosites [3]. Such results are in agreement with previous high
ken. Both the surface platinum atoms and the adsorbegksolution electron energy loss (HREEL) and reflection-
molecules contribute to the SFG output. However, for theabsorption infrared spectroscopy (RAIRS) studies [1-4].
CO/Pt(111), the signal from the surface platinum atoms isThe relative intensity ratio of the two peaks in the SFG
much weaker than that from the CO adsorbate in the C@pectrum (Fig. 1), however, is very different from those
stretch region. of HREELS and RAIRS. This is because of the different

The Pt(111) single crystal was cleaned by conventionaselection rules of SFG as it involves both Raman and IR
surface science procedures in an UHV chamber. Thé&ansitions [9].

CO gas used was purified by passing through a liquid- Raising the pressure to 1 Torr, the bridge-bonded CO
nitrogen-cooled molecular sieve to remove traces ofvas no longer observable and the frequency of atop
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FIG. 1. Pressure dependence of the SFG spectra of carbdrlG. 2. Reversibility of the CO pressure-induced changes of
monoxide on Pt(111). The spectral change indicates that nedhe SFG spectrum of adsorbed CO on Pt(lll) The spectrum
surface species appeared at high pressures. taken with the clean Pt(111) exposed 1@ ’ Torr is identical
to t7hat taken after evacuation of the chamber from 700 to
1077 Torr.

species shifted to a higher valugl05 cm~!. This has
been found on the same system with high CO exposure ift1], 2095 cm™!, with increasing pressure. The high
UHV studies [1,10]. The frequency shift is the result of pressure spectrum was again dominated by2@dé cm!
enhancement of dipole coupling between CO moleculepeak superimposed on a broad background, but these
on the surface as their packing density increases at higieatures became clearly visible only beyond 150 Torr.
coverage [11], thereby weakening their bonds to the metalhe relative strength of thz045 cm™! peak to the overall
[12]. Further increases of the pressure decreased thwoad background seemed higher for the ion bombarded
intensity of the atop CO without further frequency shift or surface than that for the annealed Pt(111) surface because
broadening. At the same time, a new peakR@®5 cm~!  the broad background extended onlytd 850 cm™! at
together with a broad background became visible. By700 Torr.
700 Torr of CO, the spectrum was dominated by the new The higher carbon monoxide pressure should lead to
feature and the broad background extended7@® cm~!.  more adsorption of CO on the Pt(111) surface and, hence,
The spectra were completely reversible and reproducibla more compressed CO monolayer. This would form
with variation of the gas pressure. The reversibility wasan incommensurate overlayer of CO molecules on the
demonstrated in Fig. 2, in which the spectra taken aftesurface as the adsorbed CO would lose registry with
exposing a clean Pt(111) samplelw ’ Torr of CO, then the platinum surface atoms. The randomly adsorbed CO
to 700 Torr, and finally back td0~7 Torr, are presented. distribution explains the broad background in the CO
In Fig. 3 the spectra were taken under the sametretch spectra.
conditions as that of Fig. 1 but the sample used had The presence of th@045 cm™' peak in the high-
a larger concentration of surface defects resulting fronpressure spectra is intriguing (Fig. 1). The frequency
argon ion bombardment. In UHV the atop bonded CQis characteristic of terminally bonded (Pt-CO) molecules
dominated the spectrum and appeared at a frequency {ff4]. Therefore the peak that was observed only at high
2084 cm~!, which is at leastl0 cm™!' lower than the CO coverages could be associated with CO squeezed onto
equivalent spectrum at the well ordered Pt(111) surfaca Pt atom at defect or distorted atop site causing the
[13]. This may be due to the stronger bonding of COfrequency shift to the lower value. Higher CO coverages
to the metal surface near or at the defect sites [12]would increase the number of CO at such sites. Indeed,
The atop CO stretch shifted again to higher frequencyt is seen in Fig. 1 that the intensity of atop CO decreases
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We have shown in this Letter that the adsorptions of
700 Torr o0 B CO on Pt(lll) below 1Q Torr and at higher pressures
% are very different. At high pressures, incommensurate

0 CO overlayers and CO adsorbed at defected or distorted

ol atop sites resembling terminally bonded CO to Pt atoms

300 Torr ) .,-,,a.« can be stabilized. There is reversibility between the ad-
SRR & sorbed CO species observed in the two pressure regimes.
B Our observation should have important consequences for

6 catalytic surface reactions involving CO (oxidation or hy-

o drogenation), since in practice these reactions are often
1ot et carried out under high reactant pressures. Moreover, these

P pressure-dependent changes could be expected for many
other systems. We shall report catalytic CO oxidation re-
action studies in the high-pressure range using SFG spec-

IR Normalized SFG Signal (a.u.)

H troscopy in a separate publication.
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FIG. 3. SFG spectra of adsorbed CO as a function of CO
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