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The Application of High Resclution Electron Energy Loss
Spectroscopy to the Characterization of Adsorbed Molecules
on Rhodium Single Crystal Surfaces

L. H. Dubois and G. A. Somorjai

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

The scattering of low energy electrons by metal surfaces has
been studied for many years now (1, 2). The electron's ease of
generation and detection and high surface sensitivity (low penetra-
tion depth) make it an ideal probe for surface scientists (1, 2).
The impinging electron can interact with the surface in basically
two ways: it can either elastically reflect (or diffract) from
the surface without losing energy or lose a portion of it's
incident energy and inelastically scatter. In this paper we will
be concerned with only one of many possible inelastic scattering
processess the loss of the electron's energy to the vibrational
modes of atoms and molecules chemisorbed on the surface. This
technique is known as high resclution electron energy loss
spectroscopy (or ELS, EELS, HRELS, HREELS, etc.)

A. Overview
A.1. The Scattering Process. Evans and Mills (3) and Ibach
(4) showed that the photon-surface oscillating dipole and the
long range electron—surface oscillating dipole interactions are
similar and therefore, to first order, infrared spectroscopy and
high resolution ELS provide the same information. Furthermore,
due both to the long range nature of this interaction (3, 4)
and to the large dielectric constant of the substrate, the same
selection rules should apply. Specifically, only vibrational
modes which contain an oscillating dipole woment with a component
perpendicular to the surface can be excited (3, 4). Sokcevic
et al. (5, 6, 7) showed that for ELS this normal dipole selection
rule can break down under certain conditions, however. Further-
more, for the case of short range "impact' scattering, both theory
and experiment indicate that all possible normal mode vibrations
are observed (8, 9, 10). A more detailed discussion of the theory
of the inelastic scattering of low energy electrons by surface
vibrational modes is presented elsewhere in this volume (11).




The beginning of high resolution electron energy loss
spectroscopy can be traced to the ploneering work of ¥F. M. Propst
and T. C. Piper in 1967 (12). Credit for the expansion of this
technique, however, must be given to Harold Ibach and his graduate
students (2, 13) who played a key role in both the advancement
of spectrometer design and in the performance of outstanding
experiments. At present there are almost a dozen working systems
throughout the world and more are being built every month.

To study this very low energy inelastic scattering process
in the limit of a long range electron~dipole interaction, a colli-
mated beam of monochromatic electrons is incident on a surface
and the energy distribution of the specularly reflected beam is
recorded. A typical spectrometer for this type of experiment is
shown in Figure 1. Electrons are emitted by a hot tungsten fila-
ment and are focused onto the slit of a wonochromator by an
electrostatic lens system. In our spectrometer the monochromator
consists of a 1279 cylindrical sector although 180° hemispheres
(14, 15, 16) and cylindrical mirror analyzers (17, 18) have also
been successfully used as energy dispersing elements. For an
excellent review of the various types of electrostatic energy
analyzers and their advantages and disadvantages, see reference
19. A monoenergetic beam of electrons is then focussed onto the
sample by another series of lenmses. A 0.1 to 1 nanoamp beam of
electrons reaches the crystal with an incident energy between
2 and 10 eV. The specularly reflected electrons are collected
by a pair of lenses and focussed onto the slit of the analyzer.
The energy analysis of these inelastically scattered electrons is
carried out by a cylindrical sector identical to the moncchromator,
The electrons are finally detected by a channeltron electron multi-
plier and the signal is amplified, counted and recorded ocutside
of the vacuum chamber. A typical specularly veflected beam has
an intensity of 105 to 100 electrons per second in the elastic
channel and a full width at half maximum between 7 and 10 meV
(60-80 cm™ !y 1 meV = 8.065 cm™1), Scattering into inelastic
channels is between 10 and 1000 electrons per second. In our
case the spectrometer is rotatable so that possible angular
effects can also be studied. This becomes important for the
study of vibrational excitation by short range "impact™ scattering
(8, 9, 10).

A.2. The Advantages of High Resolution ELS. The advantages
of this technique for studying the vibrational spectra of chemi-
sorbed molecules are numerous: a) The entire infrared region
of the spectrum (from 300 to 4000 ecm™!) can be scanned in less
than twenty minutes without changing windows or prisms. b) These
studies can easily be extended to the visible portion of the
electromagnetic spectrum (20). <) For strong scatterers, high
resolution ELS is sensitive to less than 0.1% of a monolayer (13),
far more sensitive than most other techniques. d) Because of
both this surface sensitivity and the nature of the inelastic




scattering process (2} 4y 5, 6, 7), single crystal metal surfaces
make ideal targets. Thus, studies can be carried out on clean,
well characterized substrates. Furthermore, e) a variety of
complementary surface sensitive probes (such as low energy
electron diffraction (LEED), Auger electron spectroscopy (AES),
thermal desorption mass spectrometry (TDS) and X-ray and ultra-
violet photoelectron spectroscopy (XPS and UPS)) can now be
applied to the study of a given chemisorption system. Through
this combination of techniques located in a single ultra~high
vacuum chamber, a complete picture of the structure, bonding and
reactivity of adsorbed monolayers can be obtained. £) Unlike some
other techniques, both disordered (21) and optically rough (22)
surfaces can readily be studied. g) Also, because of this surface
sensitivity ELS can be used to detect hydrogen both through its
vibration against the substrate and against other adsorbed atoms.
Finally, h) due to the low incident beam energies and beam
currents, high resolution electron energy loss spectroscopy is

a non~destructive technique which can be used to probe the
structure of weakly absorbed molecules.

While discussing the advantages of high resolution ELS,
mention should be made of two of it's major disadvantages. First,
by optical standards the terms "high resolution" are a misnomer
since the resolution is limited, at present, to about 60 cm™1
(the full width at half maximum of the elastic scattering peak).
Peak assignments can be made much more accurately (*5 cm"l),
however. This limits the use of isotopic substitution and the
analysis of closely spaced vibrational modes. The second major
" drawback is that the maximum pressure under which experiments
can be carried out is approximately 5 x 1072 torr due to electron-
gas collisions inside the spectrometer., High pressure catalytic
reactions and chemisorption at the solid~liquid interface cannot
be readily studied. Nevertheless, a tremendous number of studies
on the adsorption of atoms, diatomic molecules and large hydro-
carbons on transition metal surfaces have been performed.

A.3. The Application of High Resolution ELS. 1In the
remainder of this paper we wish to show the power of high resolu~
tion ELS by discussing in detail its application to two chemi-
sorption systems. Specifically, we will deal with the adsorption
of carbon monoxide on the Rh{1ll) single crystal surface (23) and
the adsorption and subsequent reactions of acetylene and ethylene
on Rh(111) (24). The vibrational spectra of chemisorbed CO
indicate two distinct binding sites (most likely atop and
bridged) whose relative populations and vibrational frequencies
are determined as a function of both the substrate tempervature
and background pressure (coverage). Thermal desorption mass
spectroscopic measurements show the bridge bonded €O to have an
approximately 4 kcal/mole lower binding energy to the surface
than the species located in the atop site and therefore this
species can be selectively removed from the rhodium crystal.




Surface pretreatment also has a wmarked effect on CO adsorpiion:
oxygen and carbon both inhibit carbon monoxide chemisorption and
weaken the metal-adsorbate bond strength., Co-adsorbed hydrogen
has no observable effects.

Below 270 K wvibrational spectroscopic measuvements indicate
that acetylene chemisorbs on Rh{(111) with its C-C bond oriented
parallel to the surface forming an approximately spz hybridized
species. LEED investigations show that both CpHg and CoHy form
metastable (2x2) structures on this surface below 270 K. An irre-
versible order~order transformation occurs between 270 and 300 K
to a stable c¢(4x2) hydrocarbon overlayer in both cases. High
resolution ELS and TDS studies show that the stable szpecies
formed from both molecules are identical. Hydrogen addition to
chemisorbed acetylene is necessary to complete this conversion,
however. The structure of the adsorbed ethylene species does
not change during this transformation. This stable hydrocarbon
species 1s identical to the hydrocarbon species formed from the
chemisorption of either CoHy or CoHyp and hydrogen on Pr(l1l)
above 300 K. Decomposition of these molecules to surface CH (CD)
species occurs on Rh{111) above ~420 K.

B. Experimental

Experiments are carried out in an all stainless steel ultra-
high vacuum (UHV) chamber built in two levels. The upper portion
contains the standard sinpgle crystal surface analysis equipment
(four grid LEED/Auger optics, glancing incidence electron gun
and quadrapole mass spectrometer). After dosing, the samples
are lowered into the high resolution electron energy loss spectro-
meter by an extended travel precision manipulator. The spectro~
meter is described in detail above (see Figure 1). The design
is similar to that of Froitzheim et al. (25). In the present
series of experiments the angle of incidence is fixed at 70° to
the surface normal and electrons are collected in the specular
direction. The elastic scattering peak has a full width at half
maximum between 60 and 100 cm™! and a maximum intensity of 1 x 10°
counts per second. The vacuum chamber is lined with layers of
umetal and silicon-iron shielding to reduce stray magnetic
fields. The upper and lower levels are also separated b{ U metal.
The base pressure in the system is maintained at 1 x 107 O torr
with twe sputter ion pumps and a titanium sublimation pump.

This combination of techniques allows us to determine the
structure of the adsorbed species while on the metal surface and
after desorption into the gas phase. Furthermore, molecular
rearrangements in the adsorbed overlayer as a function of both
the substrate temperature and background pressure can be studied,

The procedures for sample preparation, mounting and cleaning
have been described previously (26). Briefly, the rhodium single
crystal rod was oriented to *1/29 using X-ray back reflection and
a 1 wn. thick disc was cut by spark erosion. After mechanical



polishing the sample was spot welded to etched tantalum foil and
mounted inside the UHY chamber. The Rh(111l) crystal was cleaned
by a combination of argon ion bombardment (1000-2000 eV) followed
by annealing in vacuum (~900 K) and 05/Hy cycles to remove carbon,
sulfur and boron,

Gas adsorption 1s studied at pressures between 5 x 1079
and 1 x 107° torr and at temperatures between 210 and 530 K.
Surface structures are observed both with increasing exposure
and after the gas is pumped away. Neither gas exposures nor
background pressures are corrected for ion gauge sensitivity.

C. The Chemisorption of €O on Rhodium

C.1. Background. The bonding of carbon monoxide to transi-
tion metals is one of the most extensively studied chemisorption
systems in surface science (27, 28). The interaction of CO with
metal atoms or with clusters of metal atoms is also well studied
by inorganic chemists (29, 30, 31). As 2 result of these detailed
investigations of €O, comparisous between surfaces and metal
cluster carbonyls can now be made (32, 33, 34). The bonding of
carbon monoxide to rhodium is of special interest to us since
this metal catalyzes the hydrogenation of CO in both heterogeneous
(35, 36) and homogeneous media (37). Because of this importance
we chose to explore the high resolution electron energy loss
spectrum of carbon monoxide chemisorbed on a Rh(111l) single
crystal surface (23).

Much effort has gone into understanding the vibrational
spectrum of CO chemisorbed on rhodium (38). More than 20 years
ago Yang and Garland performed the first infrared studies using
highly dispersed rhodium particles supported on an inert alumina
substrate (39). They provided convincing evidence for 3 species
of the formmih(CO)29 a gem dicarbonyl, whose IR spectrum showed
a doublet at 2095 and 2027 cm”l. The presence of linear (~2060

1y and bridge bonded (1925 em™1) forms were also demonstrated.
More recent investigations (38, 40, 41, 42, 43, 44) agree
extremely well with these eagfy g%@e??ﬁeggé Z§be§§ that the C = 0
vibration of the multiply coordinated species was found to lie
near 1860 cm™! in most cases, Supported rhodium cluster carbonyls
of known molecular structure have also been studied and analogous
stretching frequencies in the 1800 to 2100 em™ ! reglon were
reported (45,46). Substrate absorption below 1000 em” ! masked all
Rh—-CO vibrations. Both transmission and reflection IR studies
employing evaporated rhodium films yield similar results (38).

Due to the high density of Rh atoms, no species of the form
Rh(CO)y were formed, however. This is expected to be the case

on the (111) surface as well. Weak absorptions between 400 and
575 cm™1 were seen and are indicative of metal-absorbate stretch-
ing and bending vibrations. Inelastic electron tunneling
spectroscopic (IETS) measurements on alumina supported rhodium
particles (47, 48, 49) add little new structural information




except that peaks in the 400-600 em™) region have been definitely
assigned to Rh-CO bending and
stretching modes.

C.2. CO Chemisorption on Clean Rh(111) (23). The vibra-
tional spectra of carbon monoxide chemisorbed on Rh(111) at 300 K
as a function of exposure are shown in Figure 2. At very low
exposures (Less than 0.1 L; 1 L = 1 Langmuir = 1076 torr « sec)
only one peak at 1990 em™} is observed in the C = 0 stretching
reglion and no ordered LEED pattern is found. By comparison with
the infrared spectra of relevant organorhodium compounds (50,

51) and with matrix isolated metal carbonyls (52), one can assign
this loss to the carbon—-oxygen siretching vibration of a linearly
bonded species. This peak shifts to higher frequency as the
coverage is increased. Possible causes for this ianclude local
field effects (53, 54), vibrational couplxﬂg (54), dipole-dipole
interactions (55) or simply a decrease in the total metal-carbon
backbonding due to the increased number of adsorbate molecules
(2@)9 Currently one lacks a completre understanding of the changes
of the forces involved and the individual effects of each perturba-
tion cannot be completely decoupled. Recent infrared studies
on single crystal platinum (57) and copper (58) surfaces have
attempted to sort out these effegts7 but due to the extent of
the shift here, a combination of all of these mechanisms is most
likely present. A result of these effects is a decrease in the
rhodium~carbon stretching frequency and possibly a weakening of
the metal adsorbate bond. Figure 2 clearly shows a shift in the
rhodium~carbon stretching vibration for this linearly bonded
species from 480 em™! to lower frequency with increasing CO
exposure. This is consistent with the weakening of the metal-
adsorbate bond observed with increasing gas dosage in CO thermal
desorption spectra from the Rh(111) surface (23, 26, 59). ©MNo
other vibrations corresponding to Rh~C = 0 bending modes were
observed in the specular direction and by invoking the normal
dipole selection rule (3, 4) we conclude that the carbon-oxygen
bond is oriented perpendicular to the surface.

At larger than 0.4 to 0.5 L €O exposures a small shoulder
pear 1870 cm™! appears. Again by comparison with relevant
model compounds (50, 51, 52), one can assign this peak to the

carbon~oxygen streﬁghwgf a bf;dga bonded species. Unlike the
logs near 2000 cm 17 this peak grows at essentially constant
frequency, never varying more than %5 em™ L. By a CO exposure

of 1.0 L the rhodium~carbon stretch has significantly broadened
The new low frequency shoulder appearing slightly above 400 em!
corresponds to the metal-carbon stretch of the bridge bonded
species. This weaker bond to the substrate for the new species
can be correlated with a low temperature desorption peak appear—
ing at high CO exposures in the TDS spectra of reference 23.
These measurements show the bridge bonded CO to have an approxi-~
mately 4 kcal/mole lower binding energy to the surface than the




species located in the atop site. Again the bridge bonded species
is oriented perpendicular to the surface since no bending or
asymmetic stretching modes are observed in the specular direction.

The vibrational spectra of CO chemisorbed on Rh(11l) as a
function of background pressure at 300 K are shown in Figure 3.
Once again the carbon-oxygen stretch for the atop site continues
to shift to higher frequency as a function of coverage and veaches
a limiting value of 2060 to 2070 em™l, The rhodium-carbon stretch
of the linear species simultaneously decreases to 420 em™!. The
1870 cm™! loss due to the bridge bonded species remains at a con-
stant frequency with increasing coverage, however. The presence
of gem dicarbonyl species cannot be ruled out here due to the
limited resolution of ELS, but seem unlikely because of the high
density of metal atoms on the (111) surface (38) that would lead
to extreme crowding of CO molecules in the dicarbonyl configura-
tion.

The chemisorption of carbon monoxide on Rh(111) is completely
reversible. As the background €O in Figure 3 is pumped away the
carbon-oxygen stretching vibration for the more weakly bonded
bridged species decreases in intensity and the metal-carbon and
carbon~oxygen stretching vibrations for the atop site shift back
into their original positions. The bridge bonded species can
be selectively removed from the substrate by slowly heating the
crystal to approximately 360 K in vacuum (23). Finally, no CO
decomposition is detected under any pf the conditions euployed
in our experiments (p< | x 1073 torr Co, T< 600 K),

By combining the present ELS studies with previous TDS (23,
26, 59) and LEED (23, 59) experiments we can now present a fairly
complete picture of CO chemisorption on Rh(111). At very low
exposures a single species is present on the surface located
in an atop site Wypoco = 480 em™!, Vo= = 1990 cm™1).  As the
coverage increases, the bonding to the surface becomes weaker
(Vpp-c decreases, ve=g increases, TDS peak maximum shifts to
lower temperatures) (23, 26. 59). This process continues until
an approximately 0.5 L exposure vhere a (/3%x/3)R30° LEED pattern
is seen and all of the adsorbed CO molecules ave linearly bounded
to individual rhodium atoms (Figure 4a). This has now been
confirmed by a low energy electron diffraction structure analysis
(60). Above this coverage a second C = 0 stretching vibration
corresponding to a bridge bonded species is observed (Vgp-co ~
400 cm™t, Ve=g = 1870 em™ 1), A Ysplit" (2x2) LEED pattern is
seen indicating a loosely packed hexagonal overlayer of adsorbate
molecules. This overlayer structure compresses upon further
CO exposure, Throughout this intermediate coverage regime there
is a mixed layer of atop and bridge bonded CO species and we
see a continuous growth of all ELS peaks and a shift in the loss
above 2000 cm™!. Two peaks are also visible in the TDS spectra
with the bridge bonded carbon monoxide having an approximately
4 kcal/mole lower binding energy to the surface than the species
located in the atop site. Finally, by a background pressure



of approximately 1 x 1070 torr €O at 300 K, a (2x2) LEED pattern
forms whose unit cell consists of three carbon monoxide molecules——
two atop and one bridged (Figure 4b), in reasonable agreement

with the two-to-one peak intensily ratio found in the ELS spectra
(Figure 3).

C.3. CO Chemisorption on Pretreated Rh(111) (23). Sexton
and Somorjai showed that surface pretreatment had a marked effect
on the rate of hydrocarbon formation from Hy/CO mixtures over
polycrystalline rhodium foils (36): oxidation enhanced the
methanation rate while surface carbon inhibited product formation.
We studied the effects of hydrogen, oxygen and carbon on the CO
on Rh(111) vibrational spectra in the hope of understanding the
effects of pre-adsorption. An extensive discussion of these
findings is presented in veference 23 and we only summarize our
results here., Hy pre-adsorption or post—adsorption on Rh{111)
at 300 X had no significant effect on the CO vibrational spectra.
Furthermore, no room temperature rhodium-hydrogen stretching
vibrations were observed, even at Hy exposures up to several
thousand Langmuirs. Finally, no changes were seen after heating
the crystal to 600 XK in 1 x 1072 torr of a 3:1 H9/CO mixture for
30 minutes (61).

Oxygen had a significant effect on the carbon monoxide
vibrational spectrum, however. 09 chemisorption on Rh(111) is
dissociative at 300 K yvielding a single metal—oxygen stretching
vibration at 520 cm” (23) and a second order thermal desorptxon
maximum (26 62). The formation of bridge bonded carbon monoxide
was strongly inhibited in the presence of chemisorbed oxygen and
the atop sites seemed to saturate with CO by an exposure of only
1 L. 1t appeared that pre—adsorbed oxygen blocked some of the
surface sites so that CO could not adsorb in many of the atop and
bridged positions. Since oxygen is strongly electron withdrawing,
the extent of rhodium-carbon backbonding decreased and the C-0
stretch shifted approximately 50 em™! to higher frequency. The
strength of the metal- adsorbate bond is determined by the electron
density in both the 50 and 271" molecular orbitals of carbon
monoxide and should therefore decrease as well. Consistent with
this was a decrease of at least 30 cm™l in the frequency of the
metal-carbon stretching vibration and a lowering of the €O thermal
desorption temperature by approximately 40 K (23). He found a
smaller CO thermal desorption peak area (23) and this is in
agreement with fewer CO molecules on the surface in the presence
of chemisorbed oxygen.

The Rh(11l) surface was covered with carbon by decomposing
5 x 1077 torr of either acetylene or ethylene at 1100 ¥ for 10
minutes and subsequent flashing to 1200 K (23). Pre-adsorbed
carbon had a very strong inhibiting effect on carbon monoxide
chemisorption. This is the same effect it had on the methanation
rate (36). The low inelastic scattering intensity indicated
relatively small CO coverages while the broad elastic peak and




high background level were indicative of poor ovdering. Consist-
ent with this was a high background intensity in the LEED pattern
and a decrease in the CO thermal desoxption peak area. The carbon
overlayer covered most of the crystal face so that there were only
a few sites open for CO chemisorption. There was also an elec-
tronic interaction between the carbon overlayer and the adsorbed
carbon monoxide molecules, since the vibrational peaks shifted
slightly and the maximum CO thermal desorption temperature dropped
about 10 K (23).

Thus wew§éy conclude that the pre-adsorption of hydrogen had
no effect on CO chemisorption on rhodium while both oxygen and
carbon blocked many sites for CO chemisorption and weakened the
metal-adsorbate interaction (Vgph.¢ decreased, Vpmg increased,

TDS peak maximum shifted to lower temperature).

C.4. Correlation Between Structure and C = 0 Vibrational
Frequency. The accepted picture of carbon monoxide bonding to
metals is by electron transfer from the 50 orbital of CO to the
metallic d orbitals and by backbonding of the metallic electrons
into the empty 27" orbital of the adsorbate (38). This scheme
has been used by both surface scientists and inorganic chemists
to explain the infrared spectra of chemisorbed carbon monoxide
and of metal carbonyls. Since the electron density in the CO
antibonding orbital is increased, the carbon—-oxygen stretching
frequency should decrease below the gas phase value of 2143 cm™ b,
Furthermore, as the CO is bound to an increasing number of metal
atoms this frequency should drop even further as shown in the
IR spectra of model organometallic compounds of known molecular
structure (38).

It is generally assumed that species with C-0 stretching
frequencies above 2000 em™ 1 correspond to linearly bonded CO,
frequencies between about 1850 and 2000 em™} belong to bridge
bonded species and those below approximately 1850 em™! are for
face bridging or three-fold coordination (38). Although, the
validity of this rule has not been well tested on single crystal
surfaces, some preliminary data to support these divisions has
been obtained (see Table 1), This correlation of the structure
of carbon monoxide (determined by low energy electron diffrac-
tion) with the C = 0 stretching frequency (from both IR and high
resolution ELS studies) is very limited at present. Clearly more
work needs to be done before any simple interpretation of carbon-
oxygen vibrational frequencies can be used to infer the structure
of chemisorbed €0. One must also recall that the presence of
other either electron donating or withdrawing substituents on
the surface can alter the CO electron density and will certainly
shift the observed stretching frequencies (23, 69, 70).

Finally, LEED, TDS and UPS studies on the interaction of
carbon monoxide with the hexagonally closest packed faces of
the group VIII metals show numerous similarities. This is not




true of the vibrational spectroscopic data. These results are
sumarized in Table IT. CO almost always forms a (v3x/3)R300

Table 1. Correlation of structure and vibrational frequency
for CO chemisorbed on transition metal surfaces.

Overlayer Position Vibrational
Surface Structure from LEED Frequency (em™1)
Ni(100) c(2x2) atop (63, 64) 2069 (17)
Cu(100) c(2x2) atop (64) 2079 (65), 2089 (66)
Rh(111) (/3x/3)R300 atop (60) 2020 (23)
Pd (100) ¢ (4x2)RA5° bridge (67) 1949 (68), 1903 (67)

surface structure at low coverages (26, 59, 71-79). This LEED
pattern compresses through a number of intermediate steps into a
hexagonal closest packed overlayer of carbon monoxide molecules.
This is the case despite varying electronic configurations and
different metal-metal distances (80). The metal-adsorbate bond
energies derived from TDS measurements vary by only %3 kcal/mole
on the surfaces where no CO decomposition is detected (26, 59,
73, 76, 78, 79, 81). Furthermore, the binding energy difference
between the 40 and 50 carbon monoxide molecular orbitals, A(4o-
50), varies by only #0.3 eV (77, 82-88). The vibrational spectra
show tremendous differences, however. Both nickel (89) and palla-
dium (68) form multiply coordinated carbonyl species at low CO
exposures and the atop species are only seen at high coverage.
The CO chemisorption behavior on Rh(111) (23) and Pt(111) (90,
91) are the opposites here the atop sites populate first and
predominate at low CO exposures. Bridge bonded species begin to
form at intermediate coverages. Ruthenium is totally different:
only a single carbon-oxygen stretching vibration is present at
all coverages (11, 92). The reasons for these differences in the
nature of CO bonding to the various transition metal surfaces
will have to be explored further in the futuve.

D. The Chemisorption of Acetylene and Ethylene on Rh(111) (24)

D.l. Introduction. The structure of acetylene and ethylene
adsorbed on transition metal surfaces is of fundamental importance
in catalysis. An understanding of the interaction of these simple
molecules with metal surfaces may provide information on possible
surface intermediates in the catalytic hydrogenation/dehydrogena-
tion of ethylene. High resolution ELS is a particularly useful
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Table IT. Chemisorption of CO on the group VIII metals.

Vibrational Spectra (cm™!)

Nearest
neighbor
Surface distance LEED Eg{keal/mole) L{Lo-50) Vo N
(&) (80) M=C co
Fe(111) 2.48 (1x1) (71} 24 (71) 3.2 (823
decomposed
(V3 x/3)R30° (72, 73) 443 1984 (92)
Ru(0001) 2.65 (2/3x2/3)R30° 28 (73) 3.1 (83, 84) 2080
(5+3x5/3)R30°
(/3x/3)R30° (74)
Co(0001) 2.50 hexagonal 25 (74)
(V3x/3)R30° (26, 59) 480 1990
Rh(111) 2.69 split (2x2) 31 (56, 59) 3.2 (85) 1870 (233
(2x2) 420 2070
(/3x/3)R30° (75)
Ir(111) 2.71 (2/3x2/3)R30° 29.5 (81) 2.7 (86)
split (2/3x2/3) '
(/3x/3)R30° (76, 77) 400 1810
Ni(111) 2.49 c{4x2) 26 (76) 2.8 (77>
(/Tx/7)R19.2° 1910 2050 (89)
(V3x/3)R30° (78) 1823
Pa(111) 2.75 c(4x2) 30.1 (78 3.3 (87
split (2x2)
(2x2) 1946 2092 (68)
{(/3x/3)R30° (79) 476 2089
Pe(111) 2.77 c(4x2) 28 (79 3.0 (88) 380 1856 (90, 91)

hexagonal

1872




probe for studying the hydrocarbon-metal interaction because of
both its sensitivity to hydrogen and its broad spectral range
{which includes M~C stretching vibrations, C-C stretching
vibrations and C~H stretching and bending vibrations). Here we
demonstrate the power of this technique by reviewing the results
of a detailed investigation on the chemisorption and reactivity
of CoHy and CyH, on the Rh(111) single crystal surface (24).

D.2. LEED Studies of Acetylene and Ethylene Adsorption on
Rh(111). Exposing the clean Rh(111) surface between 230 and 250 K
to either CyHo oxr C9Hy results in the appearance of sharp half
order diffraction spots in the LEED pattern from a {(2x2) surface
structure. The new diffraction spots from the ordered hydrocarbon
structures are sensitive to surface coverage. Although the spots
are visible after a 1 L gas exposure, they do not become sharp
and intense until 1.5 L and then immediately begin disordering
above 1.5 L.

A diffraction pattern corresponding to a c(4x2) surface
structure can be generated from the (2x2) surface structure
without additional hydrocarbon exposure. For adsorbed CoHy, the
transformation occurs in vacuum by slowly warming the crystal to
300 K over the course of several hours. Rapid heating results
in the formation of a disorderd c(4x2) structure (broad, diffuse
diffraction features and some streaking). For adsorbed CoHy even
this slow warm-up results in a disovdered overlayer. To form a
well ordered c(4x2) structure from adsorbed acetylene the crystal
is annealed for ~4 minutes at 273 K in 1 x 1078 torr of Ho with
the mass spectrometer filaments on. These filaments are located
approximately 5 cm. from the crystal and provide the surface with
a good source of atomic hydrogen (93).

In the transformation from the (2x2) to the c(4x2) structures
the ovientation and shape of the unit cell change (94), but the
areas of the primitive unit cells of these two structures are
the same (25 A2 on Rh(111)). Thus, no variation in the surface
coverage occurs. Furthermore, AES shows that the carbon coverage
from the (2x2) structures produced during CyHy and CyH, chemi~
sorption are the same and remain constant during the conversion
to the c(4x2) structures (24). Thus, changes in binding site and
adsorbate geometry are probably taking place without any change
in the adsorbate coverage. The transformation from the (2x2)
to the c(4x2) surface structures is irreversible; once the
c(4x2) structure forms, the crystal can be cooled to 210 K with
no visible changes in the diffraction pattern. The c(4x2)
structures can only be altered by heating the crystal above 420 K
which causes the surface to irreversibly disorder.

D.3. BLS Studies of Acetylene Chemisorption on Rh(111). The
vibrational spectrum of the (2x2) hydrocarbon surface structure
formed from the chemisorption of CoHgy on Rh(111) between 210
and 270 X is shown in Figure 5a. The peak positions and their




relative intensities (95) are listed in Table III. Although some
of the peaks are not readily visible in this figure, their posi-
tions and intensities are obtained from the analysis of at least

Table IIT. Vibrational modes for the metastable (2x2) ~
CyHg (C9Dy) species observed on Rh(111) at
T <270 K (all frequencies in cm™!),

CoHy (C9D9)/Rh(111) Assignments

3085 (~2320) w
§ c-H (C-D)
2984 (2230) m

a. C=-C stretch
887 (686) m
Cc-H (¢-D) bend
706 (565) m
323 (~300) w M-C stretch
Iantensitys s = strong m = medium w = weak

a. Small broad peak in the 1300-1400 en™! region is
observed in several spectra (24).

six spectra. A complete analysis of the low frequency region in
this spectrum is hampered by a "spurious background peak’ near

800 cm™!. This apparvent loss, first observed by Froitzheim

et al., may be caused by electon reflection from the outer half

of the analyzer (25). The dashed lines in Figures 5 through 8
indicate the approximate location and magnitude of this peak.

As a result of this experimental artifact, both the position and
intensity of all loss features between 650 and 900 em™) are rather
unicertain. Isotopic substitution is of some help in assigning the
observed vibrational frequencies to normal modes of the adsorbed
species. The ELS spectrum of the {(2x2) CoD9y surface structure

is shown in Figure 5b.

The vibrational spectra of the (2x2) acetylene overlayer in
Figures 5a and 5b do not change up to 270 K in vacuum. Further-—
more, the positions and relative intensities of the observed
energy loss peaks are independent of the acetylene exposure (from
»>0.2 L to <50 L) and, more importantly, are independent of surface
order (as determined by observation of the LEED pattern). Thus,
using high resolution ELS we conclude that the bonding of the
adsorbed molecules do not change upon disordering.
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The frequencies of the carbon~hydrogen (carbon-deuterium)
stretching vibrations can be used to characterize the state of
hybridizarian of the adsorbed species. Acetylene, CqoHy (CyDy),
is sp hybridized in the gas phase and has C-H (C-D) str@tcthg
vibrations between 3289 and 3374 (2439 and 2701) cm™! (98);
ethylene, CoHy (CoD4), is sp? hybridized and has C-H (C-D)
stretching vibrations between 298% and 3106 (2200 and 2345) cm™
(98); while ethane, CoHg (CoDg), is sp3 hybridized and has C-H
(C D) stretching vibrations hetween 2896 and 2985 (2083 and 2235)

1 (98). Thus, the losses at 2980 (2230) and 3085 (~2320) cm™!
in Figure 5a and 5b and Table III correspond to the C-H (C-D)
stretching vibrations of a molecule near sp? hybridization. This
indicates that the C=C-H (C=C-D) bond in adsorbed acetylene is
no longer linear. The low frequency mode at 323 em™! does not
shift significantly upon deuteration (~20 cm™!) and most likely
corresponds to the entire molecule vibrating against the surface.
The two largest peaks in the spectrum at 706 and 887 em™) shift
by almost 200 em™! (to 565 and 686 cm”lg respectively) when CyDy
is chemisorbed and can be assigned to C~H (C~D) bending modes.

A more detailed discussion of these mode assignments including
reference to the IR spectra of model organometallic compounds

is presented in reference 24. We assume the adorbate is oriented
with its carbon-carbon axis approximately parallel to the surface
since only small, broad peaks (1300 - 1400 cm” 1) are seen in the
¢~C stretching regione Observation of such a mode in the specular
direction is prohibited by the normal dipole selection rule (3,

4) if the C=C bond is parallel to the surface. The vibrational
mode assignments are summarized in Table III,

Bond lengths, bond angles and the position of adsorbed CoHy
on the surface cannot be accurately determined without a complete
dynamical LEED intensity analysis. Nevertheless, the high resolu-
tion ELS results indicate that acetylene chemisorbs on Rh(111)
below 270 K with its C = C axis oriented approximately parallel to
the surface. The molecule is near spz hybridization and therefore
the C=C-H bond angle is no longer linear. A similar C9Hy geometry
is seen in numerous organometallic cluster compounds (33 34).

Both LEED and ELS indicate that the (2x2) acetylene overlayer
is stable on the surface in vacuum between 210 and 270 K. The
addition of Hy to adsorbed CoHy below ~260 K causes no changes
in the observed ELS spectra, although this surface species is
still quite reactive. The addition of Hy to chemisorbed C9Dy
below 260 K results in a complex vibrational spectrum with peaks
in both the C-H and C-D stretching and bending regions. Although
the deuterium and hydrogen readily exchange, no change in the
adsorbate geometry is detected by high rescolution ELS. The
vibrational spectra of adsorbed acetylene only begin to change
when the crystal is heated above 270 K in vacuum. The (2x2)-CyHy
surface structure also disorders at this temperature.

The vibrational spectrum from the c(4x2) acetylene overlayer
is shown in Figure 5c. This spectrum can either be obtained by



warming the {(2x2) acetylene overlayer to ~270 K in the presence

of 1 x 1078 rorr of hydrogen or by chemisorbing CoHy on Rh(11l)
above 300 K. Hydrogen addition te the surface species above

270 K is necessary to obtain good quality, intense ELS spectra,
however. Hydrogen addition was also required to complete this
conversion in the LEED studies. This species is stable on the
surface up to ~240 K. The structure of this hydrocarbon overlayer
will be discussed in more detail in the next section.

D.4. FELS Studies of Ethylene Chemisorption on Rh(111). The
vibrational spectra from the (2x2) and c(4x2) ethylene surface
structures are shown in Figures 6a and 6b. The ELS spectrum in
Figure 6a is obtained by chemisorbing CoHy on the crystal below
270 K. Spectrum 6b can either be observed by slowly warming the
(2x2) overlayer structure (6a) to room temperature or by simply
adsorbing ethylene on the Rh(111l) surface above 290 K. Small
peaks in the 1800 to 2100 em™ ! region are due to background CO
adsorption (23). Once again the observed vibrational frequencies
are independent of surface order and hydrocarbon exposure (<0.2
to »>50 L). Note that these ELS spectra are almost identical
to the vibrational spectrum from the stable c¢(4x2) acetylene
overlayer shown in Figure 5¢. The hydrocarbon species derived
from ethylene chemisorption is also stable on the surface up
to ~420 K. Degradation of both the c(4x2) LEED pattern and of
the vibrational spectrum occur at this temperature.

The ELS spectrum resulting from the chemisorption of elther
CoHy or CoHy and Hyp on Pr{lll) above room temperature are quite
similar (93, 99). This species is similar to the hydrocarbons
species obtained from the adsorption of ethylene on Rh(111).

This is clearly shown in Figure 7. Although the chemisorption
of ethylene on Pt(11l) has been studied by numerous techniques
(93, 99, 100, 101, 102, 103), there is still debate over the
precise geometry of the stable surface species. Proposed struc-
tures include ethylidyne ($C-CHg) (100, 101), ethylidene (>CH-
CH3) (93, 99), and a vinyl species (>CH-CHp-) (102, 103).

We simply point out that the stable hydrocarbon overlayer formed
from the chemisorption of either ethylene or acetylene and
hydrogen on both Pt(111) and Rh(111) yield identical vibrational
spectra (Figure 7). A more complete discussion of the similar-
ities between the chemisorption of ethylene on Rh(111) and Pt(111)
is presented elsewhere (24),

Tt is interesting to note that the geometry of the adsorbed
ethylene species on Rh{(11l) remains the same (as indicated by the
ELS spectra) while the overlayer structure changes from a (2x2)
to a c(4x2), Although this conversion is not affected by the
presence of hydrogen, H-D exchange will occur in the hydrocarbon
overlayer when Hg is added to chemisorbed C9D4. No change in the
adsorbate geometry is detected by high resolution FLS.

The stable ethylene or acetylene plus hydrogen overlayer on
Rh{111) can be decomposed to surface CH (CD) species above ~420 K.
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The ELS spectra for these two hydrocarbon fragments are shown

in Figure 8. Assignment of the observed vibrational frequencies
is discussed in detail by Demuth and ibach for the decomposition
of acetylene on Ni(111) (104). Tt is possible that species such
as these are important surface intermediates under high pressure
catalytic conditions (105, 106). Further studies in this area
are in progress. -

D.5. Summary. These investigations lead to the following
conclusions:s

1. The chemisorption of acetylene and ethylene on Rh(111)
yields a series of ordered structures:

Rh(111) + CyHy Rh(111) + CoHy
Rh(111) ~ (2x2)~CoHy Rh(111) ~ (2x2)-CoHy
210~270 X 230-270 K

N | /

Rh(111) = c(4x2)-CoH,
270-420 X

}

Rh(111) - disordered CH
420~700 K

where CoH, stands for the stable hydrocarbon species with
undetermined hydrogen content. These order-order transformations
are irreversible,

2. Below 270 X acetylene chemisorbs on Rh{(1ll) with its C= ¢
bond oriented parallel to the surface forming an approximately
sp? hybridized species.

3. Adsorption of CypHy + H or CyHy above 300 K on Rh(111)
produces the same stable species, TDS studies show this species
to have a stoichiometry of CoH,, where n is less than 4 (24).
Adsorption of CypHgy + H or CyHy on Pt(11l) above 350 K leads to
a similar, and most likely identical, species.

4. The geometry of the adsorbed ethylene species on Rh(111),
as determined by ELS, does not change during the conversion from
the metastable to the stable species although the overlayer
structure changes from a (2x2) to a c(4x2),

5. The addition of Hy to chemisorbed C9Dy or Coby, results
in H-D exchange, but no change in the adsorbate geometry is
detected by ELS.

F. Conclusion

In this paper we have presented several applications of high
resolution electron energy loss spectroscopy to the characteriza-
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tion of adsorbed molecules on single crystal surfaces. ELS is
clearly a very powerful technigque for studying the vibrational
spectra of chemisorbed molecules. However, no single surface
sensitive probe alone can yield 2 complete picture of the
structure, bonding and reactivity of adsorbed species. Experi-
ments utilizing a combination of complementary surface sensitive
techniques, in particular ELS and LEED, will yield more detailed
structural information about adsorbed atoms and molecules

in the future.
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Figure Captions

1. Schematic diagram of the high resolution electron energy
loss spectrometer used in these studies. The dispersive elements
are 1279 c¢cylindrical sectors.

2. Vibrational spectra of CO chemisorbed on an initially
clean Rh(111) single crystal surface at 300 K as a function of
gas exposure. WNote the shift in both the 480 and 1990 em™!
losses with increasing surface coverage.

3. Vibrational spectra of CO chemisorbed on Rh(111) at
300 K as a function of background gas pressure. The loss above
2000 cm™! reaches a 11m1t1ng value of 2070 em™! while the peak
at 1870 em™* increases in intensity at a constant frequency.

4. Real space representations of carbon monoxide chemisorbed
on a Rh(111) surface: (a) (¥/3x/3)R30° overlayer structure
visible at low CO exposures; (b) (2x2) structure seen at high
surface coverage.

5. High resolution ELS spectra of chemisorbed acetylene
on Ru(111), (a) (2x2)~CoHy; (b) (2%2)-CyDy and () c{b4x2)-CyHy
+ H, The vibrational assignments for spectra (a) and (b) are
listed in Table ITI. Spectrum (¢) is discussed in more detail
in the next section.

6., High rescolution ELS spectra of chemisorbed ethylene on
Rh(111). (8) (2x2) from CyH, chemisorption; (b) c(4x2) from
CoHy chemisorption and (c¢) (2x2) from C9Ds4 chemisorption.

7. Comparison of the vibrational spectra for ethylene
chemisorbed on (a) Pe{11l) (93) and (b) Rh(111) (24). A discussion
of the similarities between acetylene and ethylene chemisorption
on Rh(111) and Pe{1ll) is presented in reference 24.

8. CH (CD) species can be formed on Rh(111) by heating
chemisorbed (a) CsHy or (b) CoDy to 450 K. The peak assignments
are discussed in rveference 104,
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